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Abstract The International Society of Reconstructive 
Neurosurgery (ISRN) is an “open” multidisciplinary Society 
in evolution. Many different members of the Society inspire 
new trends in many different neurosurgical fields, all dealing 
with neurosurgical reconstruction.

Spine and peripheral nerve reconstructive surgery, central 
nervous system revascularization (via surgery and interven-
tional radiology), neuromodulation, bioengineering, and 
transplantation are recent tools used to promote reconstruc-
tion, restoration, and rehabilitation.

These are the three key words of our creed and all fulfill 
the aim of the ISRN, dealing with mechanical, morphologi-
cal, and functional restoration.

Spinal, functional, vascular, radiological, and oncologic 
neurosurgeons are those to whom our proposals are 
addressed, along with biologists, bioengineers, anatomists, 
physiologists, and physiotherapists, who are precious and 
irreplaceable inspirers.

Keywords Neurosurgical reconstruction • Neurosurgical 
restoration • Neurosurgical rehabilitation

The World Federation of Neurosurgical Societies (WFNS) 
aspires to promote global improvement in neurosurgical 
care, training, and research to benefit patients. Founded in 
1955, the WFNS is a professional, scientific, non- 
governmental organization comprising 5 continental associ-
ations, 115 national neurosurgical societies, and 7 affiliate 
societies, representing some 30,000 neurosurgeons world-
wide. The WFNS is governed by an executive committee 
(EC), consisting of two delegates from each member society, 
and an administrative council, composed of the officers of 

the Federation, who are elected every 4 years. The EC meets 
every 2 years and is guided by the administrative council, 
which meets at least annually. The goals of the WFNS are 
deliberated and pursued through scientific, standing, and ad 
hoc committees, and during the International Congress of 
Neurological Surgery, which takes place every 4 years. The 
Neurorehabilitation and Reconstructive Neurosurgery 
Committee is a special section of the WFNS that promotes all 
those WFNS activities aimed at implementing and promot-
ing all the restorative, reconstructive, and augmentative neu-
rosurgical procedures that were grossly identified in the past 
as the functional neurosurgery subspecialty. But now this 
subspecialty is updating, evolving, and merging with neu-
rooncology, spine surgery, and neuroradiological and neuro-
physiological intraoperative assistance, and, in a broad sense, 
new technologies. The Neuromodulation Committee is 
another different section of the WFNS; it is administered 
by a completely different Board working in an independent 
way and pursuing different objectives. Two years after the 
institution of the WFNS the members of the Board 
Neurorehabilitation and Reconstructive Neurosurgery 
Committee felt the need to found a new Society that would 
be more free to deal with other medical and/or surgical soci-
eties and expert researchers from different branches of biol-
ogy, physiology, and physiotherapy. The IV International 
Congress of the International Society of Reconstructive 
Neurosurgery (ISRN), along with the VII Neurorehabilitation 
and Reconstructive Neurosurgery Symposium (WFNS), was 
held in Cerveteri (Rome) on September 12 to 14, 2015. The 
President of the Congress was Professor Franco Tomasello, 
former Rector of the University of Messina, Italy, and Vice 
President of the WFNS; the present author, Massimiliano 
Visocchi, Past President of the Italian Society of 
Neurosonology and Cerebral Hemodynamics, former 
Secretary of the Spine Section of the Italian Society of 
Neurosurgery, Associate Professor in Neurosurgery at the 
Catholic University of Rome, and Visiting Professor at the 
Shanghai Jiao Tong University School of Medicine, was 
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appointed President Elect of the ISRN and soon after I started 
to ask to myself more questions dealing with reconstructive 
neurosurgery and also to try to better investigate the true 
roots of our society and the supposed mission of the ISRN. In 
other words: “Where are we coming from? Who are we and 
where are we going?”

My first impulse was to have a look at the current litera-
ture on the topic. If we search for “Reconstructive 
Neurosurgery” on PubMed. gov., the United States National 
Library of Medicine-National Institutes of Health, we can 
find 2810 papers updated as at September 30, 2015. The 
papers span from the latest, printed in September 2015 and 
harboring a very intriguing title: Identification of Circulating 
miRNAs in a Mouse Model of Nerve Allograft Transplantation 
under FK506 Immunosuppression by Illumina Small RNA 
Deep Sequencing [1], to the earliest, the very first recog-
nized paper on the subject, printed in November 1947 and 
entitled: A report of the early results in tantalum cranio-
plasty [2]. In between these papers there are many others, 
dealing with craniofacial endoscopy [3], spinal instrumenta-
tion and fusion procedures [4], peripheral nerve reconstruc-
tive procedures [5], vascular reconstructive and cerebral 
blood flow (CBF) restorative surgical procedures [5], neuro-
navigation and video-assisted neurosurgical procedures [6], 
complex craniofacial surgical procedures [7], and intraop-
erative neuromonitoring [8]. Surprisingly, many papers 
dealing with genetics, and biomolecular and cytochemical 
studies dealing with the central and peripheral nervous sys-
tems, are available as well [9]. Reconstruction is intended in 
a purely mechanical way, and no concepts dealing with res-
toration or rehabilitation arise from the majority of the man-
uscripts, but just simple expositions of surgical techniques 
and procedures aiming at just repairing something. Even 
“dysfunctional” syndromes, such as Raynaud’s syndrome, 
are treated with mechanical procedures instead of neuroaug-
mentative ones [10].

Neurosurgeons know very well that the central nervous 
system (CNS), along with the spine and the skull bone compo-
nents, have an intrinsic pattern of complex physiological 
nature, both from the neurochemical and the biomechanical 
points of view. Starting from the experience of the 
Neurorehabilitation Committee of the WFNS, we very soon 
turned our gaze toward restoration and rehabilitation and, 
since the ISRN is an “open” multidisciplinary society in evo-
lution, we first intended the idea of neurosurgical reconstruc-
tion to be interpreted, broadly speaking, in a new way, so that: 
reconstruction also means rehabilitation and restoration.

Nevertheless, in the common literature, restoration is 
strongly linked to the concept of reconstruction, as demon-
strated by the title of the following paper included in the 
PubMed list classified as “Reconstruction”: Restoration of the 
orbital aesthetic subunit with the thoracodorsal artery system 
of flaps in patients undergoing radiation therapy [11].

The concept of neurorehabilitation has different meanings 
and significances in the culture of neurosurgeons; although it 
still deals with reconstruction, e.g.,: Functional restoration 
of diaphragmatic paralysis: an evaluation of phrenic nerve 
reconstruction [12] and also with replantation, as described 
in the paper: Six years of follow-up after bilateral hand 
replantation [13]; functional neurorehabilitation merges 
with the concept of neuromodulation, and neuromodulation 
is the core of functional neurosurgery. So, more simply, 
spine and peripheral nerve reconstructive surgery, CNS 
revascularization (surgical and interventional radiology), 
neuromodulation, bioengineering, and transplantation are 
recent tools used to promote reconstruction in the special 
sense intended by our society.

Classically, neuromodulation deals with the physiological 
process by which a given neuron uses one or more neu-
rotransmitters to regulate diverse populations of neurons. 
This is in contrast to classical synaptic transmission, in 
which one presynaptic neuron directly influences a single 
postsynaptic partner. Neuromodulators secreted by a small 
group of neurons diffuse through large areas of the nervous 
system, affecting multiple neurons. However, in surgical 
praxis, the meaning of neuromodulation has shifted toward 
the armamentarium of surgical tools used with all the proce-
dures involved in CNS electrical and chemical stimulation, 
as performed with spinal cord stimulation (SCS), deep brain 
stimulation (DBS), cortical brain stimulation (CBS), and 
drug delivery system (DDS) implantation, aimed at treating 
pain; movement disorders; spasticity; bowel and bladder 
dysfunction; and peripheral, heart, and cerebral vasculopa-
thies. Interestingly, an effect of SCS on CBF was first 
reported by Hosobuchi [14] in 1985; he reported the intrigu-
ing effect of SCS on CBF in human beings, along with a 
demonstration that SCS could improve peripheral blood 
flow. Following these initial clinical and experimental obser-
vations, he first described the use of cervical SCS for the 
treatment of cerebral ischemia in humans in 1991.

It has been shown that SCS improves the clinical symp-
toms of patients in persistent vegetative states, improves 
CBF in stroke patients, suppresses the hemodynamic mecha-
nism underlying headache attacks in migraneous patients, 
and increases locoregional blood flow in high-grade brain 
tumors in humans. In animals, SCS has been shown to pre-
vent the progression of cerebral infarction, reduce infarct 
volume, reduce ischemic brain edema, and improve vaso-
spasm [15]. Studies from our group have produced variable 
results: SCS can increase CBF, reduce CBF, or have no 
effect. In patients studied with both single-photon emission 
cerebral tomography (SPECT) flowmetry and transcranial 
Doppler sonography (TCD), the size of the induced varia-
tions, when present in both groups, was the same. Cervical 
stimulation more frequently produced an increase in CBF 
(61 % of cervical stimulations) [16–18]. Experimental 
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 studies by our group have confirmed that SCS: (1) interacts 
with CO2 via the competitive regulation of CBF, producing a 
reversible functional sympathectomy; (2) produces similar 
flowmetric changes in the brain and in the eyes; (3) can 
improve both clinical and hemodynamic outcomes in isch-
emic stroke in humans; (4) prevents hemodynamic deteriora-
tion in experimental combined ischemic and traumatic brain 
injury; and (5) prevents experimental early vasospasm [19–
21]. On the other hand, trigeminal ganglion stimulation can 
have the opposite effects [22].

But when we speak about reconstruction we cannot forget 
spinal cord and spine surgery, both being surgical challenges, 
from a biofunctional point of view in the former and from a 
biomechanical point of view in the latter. Instrumentation 
and fusion procedures from the upper to the lower levels of 
the spine have been widely published [23–28]. Nevertheless, 
the choice of alternative minimally invasive video-assisted 
surgical routes for spine reconstruction have also generated a 
great deal of interest and opened new perspectives in recon-
struction, rehabilitation, and restoration; these being the 
three key words of our creed, all fulfilling the aim of the 
ISRN, dealing with mechanical, morphological, and func-
tional restoration [29–35].

Spinal, functional, vascular, radiological, and oncologic 
neurosurgeons are those to whom our proposals are 
addressed, along with biologists, bioengineers, anatomists, 
physiologists, and physiotherapists, who are precious and 
irreplaceable inspirers.
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Abstract Carlo Alberto Pagni, born in La Spezia, Italy, on 
February 13, 1931, was an eminent and respected professor 
of neurosurgery and chairman of the neurosurgical clinic of 
the University of Turin from 1980 to 2003. He died on March 
1, 2009. As a professor of neurology and neurological sur-
gery he was renowned as an expert on vascular, tumor, and 
functional neurosurgery. Beyond the Italian Neurosurgical 
Society, he was the doyen of functional neurosurgery, spe-
cializing in motor cortex stimulation for the treatment of 
focal dystonia, Parkinson’s disease, and postictal spasticity 
and pain. His home was his castle, and his family was funda-
mental to his life. He shared with his wife, Sandra, his pas-
sion for piano playing and for their remarkable library, and 
together with friends, he and his wife enjoyed dinners with 
fine food and Barolo wines. Listening to this Grand Seigneur 
talking about and explaining the music of, above all, Ludwig 
van Beethoven, and Richard Wagner, one felt he was emo-
tionally just “music and mind”. You can imagine this from 
his books on music, chess, and neuroscience. Indeed, he 
adored playing correspondence chess worldwide. A sports-
man too, he loved hiking, mountaineering, skiing, swim-
ming, and fishing. Nature was his source for slowing down, 
for regenerating, and for collecting his strength for new proj-
ects and new challenges. Friends will remember Dr. Pagni as 
a Grand Seigneur.

Keywords Carlo Alberto Pagni • Doyen of Italian func-
tional neurosurgery • Ludwig van Beethoven and Richard 
Wagner • EMN, WFNS Committee, and World-AMN • 
Correspondence chess

 Introduction

In 1993 the annual congress of the German Society of 
Neurotraumatology and Clinical Neuropsychology 
(DGNKN) was organized in the assembly hall of the beauti-
ful baroque castle of our Westphalia University in Münster, 
Germany, when I was the congress president. The main topic 
was “The Spectrum of Neurorehabilitation”, focusing on 
early neurological-neurosurgical rehabilitation and, sec-
ondly, on the neurorehabilitation of children and young 
adults after traumatic brain injuries (TBIs) [1]. One hot spot 
issue was the “Early pharmacological treatment of posttrau-
matic epileptic seizures and the prevention of posttraumatic 
epilepsy in children and adults”, as well as the question of 
long-term medication and/or neurosurgical treatment. To this 
day these subjects are still controversial and therefore the 
neurosurgeon’s approach as a genuine neurotraumatologist 
remains controversial. Our main concern is about the best 
time window for treatment; the type of medication, the daily 
dosage, and the duration over years; and the late onset of 
seizures. Clinical evidence for the treatment of posttraumatic 
epilepsy is limited, regarding the long-term results and pit-
falls, when patients do not respond sufficiently to medica-
tion. Little is known about the pros and cons of subsequent 
functional surgical treatment for epilepsy, e.g., by epidural 
electrical stimulation, microsurgical resection of scar tissue, 
or partial lobectomy. In a recent Cochrane review, the authors 
found only low-quality evidence that early treatment with an 
antiepileptic drug (AED), compared with placebo or stan-
dard care, reduced the risk of early posttraumatic seizures. 
There was no evidence to support a reduction in the risk of 
late seizures or mortality. There still is insufficient evidence 
to reach any conclusions regarding the effectiveness or safety 
of other neuroprotective agents compared with placebo, or 
for the comparison of phenytoin, a traditional AED, with 
another AED [2]. This is in accordance with what my friend, 
the renowned neurosurgeon Johannes Schramm, at the 
University of Bonn [3], explained to me in the early 1990s; 
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to his best knowledge, he could not give us any evidence- 
based recommendation for functional surgical indications in 
pharmacology-resistant posttraumatic epilepsy (personal 
communication). When reviewing the neurosurgical litera-
ture in preparation for our scientific congress program, I 
came across some earlier publications of Carlo Alberto 
Pagni, who, at that time, was the Professor and Director of 
the Neurosurgical Clinic at the University of Turin, Italy [4]. 
I invited him to present at our congress, as he was a well- 
known professional with personal expertise in lecturing. 
Happily, he accepted, and presented a fabulous talk on post-
traumatic epilepsy [5]. His visit was the beginning of our 
friendship.

At our international congress, Dr. Pagni was, as he loved 
to be, accompanied by his wife Mrs Sandra Pagni, who had 
studied piano at the conservatorium in Milan together with 
Claudio Abbado, who later became a world-renowned con-
ductor. When I met these two elegant citizens of the world 
for the first time “there was music in the air”. Music and 
Mind! In fact during our presidential welcome dinner at our 
home (Fig. 1) our friend, Dr. Ivar H. Pawlowitzki, Professor 
of Human Genetics at Münster University Institute, told me 
that he had met with Dr. Pagni and his wife before, at a con-
cert in Italy some years ago, when Dr. Pagni had told him to 
play the piano enthusiastically at his home, in the way that 
Pawlowitzki himself was already doing, quite  professionally! 
And Dr. Pawlowitzki also told me that Dr. Pagni was very 

much in favor of the music of Ludwig van Beethoven, and 
had even written books on him. No wonder, when we became 
friends, Dr. Pagni spoke many times about his beloved favor-
ite composer and showed me many books about Beethoven 
in his library at home. I guess his last book on Beethoven’s 
late sonatas remained unfinished. But I am not sure.

 Years of Academic Interest and Friendship

In the following years I met Dr. Pagni several times at his 
department in Turin, and I carefully watched and enjoyed 
seeing some of his major neurosurgical procedures, sharing 
his passion for aneurysm surgery and functional neurosur-
gery. By taking part in his clinical rounds and by following 
his discussions with his staff members and colleagues from 
other disciplines I saw the acceptance of Dr. Pagni’s author-
ity both as a neurosurgeon and as a real gentleman. It was at 
the time when he had started his extradural motor cortex 
stimulation (EMCS) for Parkinson’s disease. Once he told 
me about his unexpected observation in the operating room, 
that one of his patients, who had undergone cortical electri-
cal stimulation for pain control [6], showed a dramatic 
improvement of his contralateral Parkinson’s symptomatol-
ogy during stimulation. This improvement lasted for months 
with the implanted stimulator. This was the start of Dr. 

Fig. 1 March 18, 1993. 
C.A. Pagni (left) and his wife 
Sandra with Klaus von Wild, 
congress president, at the 
president’s welcome reception at 
his home in Münster, Germany
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Pagni’s final scientific project as a skilled neurosurgeon and 
as a pioneer of epidural electrical stimulation in Parkinson’s 
disease. He was very proud, as he told me, and as he thereaf-
ter showed at our conferences, that he had obtained permis-
sion, on behalf of the Italian Society for Neurosurgery, to 
conduct a research project over the following years, analyz-
ing and publishing the results for selected clinical cases of 
the Study Group of the Italian Neurosurgical Society  
[7–9, 11].

Due to his personality and his great expertise in neuro-
logical surgery, including functional neurosurgery for pain, 
Parkinson’s disease, and epilepsy, I invited Dr. Pagni to 
become one of our first academic members after I established 
the Euroacademy of Multidisciplinary Neurotraumatology 
(EMN) in 1994. Three years later, in 1977, I was able to con-
vince the WFNS Board to found the a new ad hoc Committee 
in the world Federation of Neurosurgical Societies, dedi-
cated exclusively to neurosurgical neurorehabilitation and 
reconstructive neurosurgery. Last but not least in following 
an international demand I instituted the World Academy for 
Multidisciplinary Neurotraumatology (AMN) in following 
EMN in 2003 (Fig. 2). Dr. Pagni used to participate in all 
these scientific activities and enjoyed presenting new results, 
together with his team, in Europe, Asia, and the Far East, 
even when recovering from a heart attack and during his 
retirement. He was always enthusiastically engaged and dis-
cussed intensively his personal views and experiences, espe-
cially in the field of EMCS for Parkinson’s disease and 
intractable pain, as well as deep brain and spinal cord stimu-
lation for patients in a permanent vegetative state and those 

in a minimally conscious state (MCS), when he met with our 
Academicians and friends Drs. T. Tsubokawa, Y. Katayama, 
and T. Yamamoto from Nihon University, Tokyo; Dr.T. Kanno 
and his team at Fujita Health University, Toyoake, Japan; and 
Dr. Jin Woo Chang, from Yonsei University College of 
Medicine, Seoul, Korea.

Dr. Pagni had and was known for his broad vision and cre-
ative curiosity in neuroscience, and so he was invited by Dr. 
Katayama and me to join our then new International Society 
for Reconstructive Neurosurgery (ISRN). Dr. Katayama 
established the ISRN together with me to economically sup-
port our WFNS Neurorehabilitation Committee when Dr. 
Katayama was in charge of the committee that organized the 
biannual international conference after the XII WFNS World 
Congress of Neurosurgery, in Sydney, Australia, on 19–23 
September, 2001; this was when Professor Madjid Samii 
(Germany) was the World President. On the occasion of that 
congress, Dr. Pagni, his wife Sandra, and I spent a very nice 
time together, enjoying a classical opera performance, a 
memorable sailing experience at sunset on Sydney Harbour, 
and a dinner of excellent fresh seafood accompanied by 
excellent Australian white wine (Figs. 3 and 4).

In the following years Dr Pagni and I met each other on 
many occasions. In March 2005, we met when two meetings 
took place simultaneously in Nagoya, Japan. Dr. T. Kanno, 
WFNS Neurorehabilitation Committee member and found-
ing member of the AMN, was the Congress President, who 
had invited us to participate in the 3rd World Congress of the 
AMN, in conjunction with the 6th International Congress of 
Minimally Invasive Neurosurgery (MIN) [10, 12]. As usual, 

Fig. 2 C.A. Pagni (right) and his 
wife Sandra with Klaus von Wild 
and Professor Rita Levi-
Montalcini (22.04.1909 – 
30.12.2012), Italian Nobel 
Laureate 1986 (Nobel Prize for 
Physiology or Medicine; awarded 
for the discovery of nerve growth 
factor ([NGF])) and lifetime 
Italian Senator, at Brescia Town 
Hall—Salone Vanvitelliano, 
Palazzo della Loggia. Presidential 
Reception of Professor G. A. 
Brunelli, 1st AMN Congress, 
Brescia, Italy. See Preface  
pp V–VII by von Wild K.RH (ed) 
Reengineering of the damaged 
brain and spinal cord. Evidence 
based neurorehabilitation. Acta 
neurochir. Suppl. 93 Springer 
Wien New York 2006
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Dr. Pagni took an active part in the discussions, demonstrat-
ing his great personal experience and knowledge. One day, 
during the lunch break, to relax, we went for a sightseeing 
walk to Nagoya Castle, a walking distance of about 40 min-
utes. Together we climbed up the many steps of the tower; 
this was not sot easy for him as it was not so long since his 
cardiac attack! From the top he very much enjoyed the view 
of the fine landscape with a green park and white flowers 
around, and on the way down he admired some Japanese 
antiques in the reconstructed rooms. On the way back, 
bright-eyed, he told me about one of his favorite passions: 
fishing on the Mediterranean coast, where he came from. 
From time to time we slowed down or stopped for a minute 
so that he could recover his breath—it was the first time that 
I observed he needed a short rest. It seemed to be not a good 
omen—for either of us.

Later the same year, Dr. Jin Woo Chang, Congress 
President, had invited us for the 4th Scientific Meeting of the 
WFNS Neurorehabilitation Committee and the 1st Congress 
of the ISRN, both of which were held in Seoul on 1–3 
September, 2005. This was the time when Dr. Pagni intro-
duced his ambitious Italian colleague, Dr. Massimiliano 
Visocchi, from the Institute of Neurosurgery, Catholic 
University Medical School, Rome, Italy, to become an ISRN 

member and AMN Academician. Dr. Pagni knew him well 
from his scientific contributions, also on functional neuro-
surgery, from the Italian Society of Neurosurgery. Dr. 
Visocchi presented part of his research on spinal cord stimu-
lation and cerebral hemodynamics [11]. At this congress Dr. 
Pagni agreed to organize the next but one conference in 
Rome, together with Dr. Visocchi. However, this year, when 
Dr. Visocchi finally organized our congresses as the presi-
dent in Cerveteri, we lament the loss of our dear friend Carlo 
Alberto Pagni, who passed away on March 1, 2009.

Dr. Jin Woo Chang, now Head, Division of Stereotactic 
and Functional Neurosurgery, Yonsei University College of 
Medicine, Seoul, Korea, remained as the chairman of both 
the WFNS Committee and the ISRN until 2013, when Dr. 
Wai. S. Poon, Prince of Wales University, Hong Kong, took 
the chair of the WFNS, and Dr. Maximilian Mehdorn, 
Medical Faculty Christian-Albrechts-University, Kiel, 
Germany, took the ISRN chair. In 2015 Maximilian Mehdorn 
was nominated chair once again of both the WFNS 
Committee and the ISRN. Last, but not least, in Cerveteri 
near Rome, Dr. Visocchi was nominated ISRN chair elect.  
I wished to show, in this short review, the roots of the friend-
ship between Dr. Pagni, Dr. Visocchi, and me in the WFNS 
Committee, ISNR, and AMN.

Fig. 3 WFNS World Congress, Sydney, Australia, 20 September, 2001. 
C.A. Pagni enjoying a fresh fish dish and typical Australian white wine 
at a harborside restaurant

Fig. 4 Sandra Pagni, Sydney, 20 September, 2001

K.R.H. von Wild
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 Carlo Alberto Pagni: Music and Mind

Carlo Alberto Pagni was an excellent pianist. As mentioned 
before, his favorite composer was Ludwig van Beethoven. Dr. 
Pagni is quoted in Remembrance, by Marco Pagni Frette (Milano 
22 April, 2012), and in Breviario Beethoveniano (Milano 
Maggio, 2005) [13], Dr. Pagni quotes various authors on music:

“La musica è una legge morale. Essa è l’essenza dell’ordine ed 
eleva tutto ciò che è buono, giusto e bello, di cui essa è la 
forma invisibile.” Platone, Engkish PLATO. “Vergogna ai 
ciechi che presero Beethoven per sordo!”

Wilhelm von Lenz: “Der Menschheit Würde ist in eure Hand 
gegeben, bewahret sie! Sie sinkt mith euch! Mit euch wird 
sie sich heben!”

Friedrich Schiller: “L’unica cosa importante al mondo è la 
musica: la musica, i libri e un paio di quadri. Fonderò una 
comunità in cui non ci si sposerà, a meno che per caso non ci 
si innamori di una sinfonia di Beethoven”

Virginia Woolf: “Un musicista sordo! Possiamo noi immaginare 
un pittore cieco? Ma noi conosciamo però il veggente dive-
nuto cieco. Il musicista sordo somiglia ora a Tiresia che, 
cieco alla visione del mondo dei fenomeni, contempla con 
l’occhio dell’anima il centro da cui muovono tutti i feno-
meni. Non disturbato dai frastuoni della vita Beethoven 
rimane solo, intento alle sue armonie interiori, e da quelle 
profondità parla ancora a quel mondo che non ha più nulla da 
dirgli”. 

It had always been our wish to listen to the music of 
Richard Wagner together and to experience one of his operas 
at La Scala in Milan. And so, after Dr. Pagni’s retirement, 
when he and his wife had moved to Milan, they invited us to 
the performance of Lohengrin on 28 January, 2007. It was 
conducted by Daniele Gatti, and directed by Nikolaus 

Lehnhoff, and Klaus Florian Vogt sang a memorable 
Lohengrin, accompanied by Solveig Kringelborn (Elsa), 
Linda Watson (Ortrud), and Jurgen Linn (Telramund). After 
the unforgettable opera event Sandra and Carlo Alberto 
Pagni invited us to their new home for dinner, where Carlo 
Alberto had prepared perfectly, as always, his Italian noo-
dles, followed by a fresh fish dish that came with excellent 
wines. Dr. Pagni was a gourmet and wine connoisseur—he 
really appreciated Barolo wines!

As mentioned before, one of his favorite passions was 
fishing. Dr. Pagni adored staying with his three grandchil-
dren in his summer house in Levanto, Liguria—fishing, 
swimming, boating (Fig. 5), and afterwards, cooking the 
fish for them, as his daughter, Benedetta Pagni Frette, has 
just recently confirmed. In the summertime she said the 
children spent almost 2 months with Mrs Pagni and Dr. 
Pagni, exploring the coast he knew so well (Fig. 6) from the 
time that his parents bought their summer house in Liguria 
in the late 1940s. Now his grandchildren, Valeria, Valentina, 
and Tommaso, are between 18 and 12 years of age. Dr. 
Pagni adored fresh fish dishes, but he also cooked Italian 
noodles and enjoyed Barolo wines. Before his children 
were born, he was a passionate glider and competed in 
some Italian championships. All his life he was an excel-
lent, passionate skier, and in wintertime the family went 
skiing . He also went mountaineering and hiking (Fig. 7). 
These sporting activities were a natural source of regenera-
tion for him, where he relaxed from his neurosurgical duties 
and freed his mind for creative thinking about new chal-
lenges and new projects.

Fig. 5 Carlo Alberto Pagni  
with Valeria, 6 months old  
(the first child of his son); 
Levanto, August 1996. (Fotos by 
permission in writing, copyright 
by the daughter Pagni Frette 
Benedetta (bpagni@sperling.it)
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He loved both his libraries as part of his life: his library 
at home, with numerous antique and valuable books, and 
his medical library in his office. When he retired he asked 
me what to do with all the medical books and medical jour-
nals in his comprehensive library that he did not want just 
to sell. He knew about my friendship with Professor Madjid 
Samii, from Hanover, and my professorship in functional 
neurorehabilitation in neurosurgery and restoration of brain 
and spinal cord lesions at the International Neuroscience 
Institute (INI), Hanover, at the medical faculty since 2003. 
He then followed my proposal to give his medical library of 
more than 2000 books, including his own publications, as a 
donation to Professor Madjid Samii for his recently opened 
new INI, to be held in The Professor Carlo Alberto Pagni 
Library. Gratefully, Professor Samii himself came to help 
in transferring the library from Turin to his INI, which, at 
this time, had become a scientific Institute at Otto-von-
Guericke- University, Magdeburg, Germany. What a nice 
generous memento!

Last, but not least, we have to remember Carlo Alberto 
Pagni for his passion and talent in playing chess, and, above 
all, playing correspondence chess in his later years. The Ken 
Whyld Chess Association (KWA) wrote in their obituary:“In 
March 2009 we the KWA received the bad news from Italy, 
Professor Carlo Alberto Pagni had unexpectedly departed this 
earth”. Ralf Binnewirtz et al. wrote, on March 8, 2009: “Our 
Italian KWA member Professor Carlo Alberto Pagni had 
completely unexpectedly passed away in Milan on Monday, 
2nd of March. Nobody could know that after his 78th birth-
day – we still congratulated him at the end of February – only 
such a short time was left to him.” (courtesy KWA).

Fig. 6 Carlo Alberto Pagni with 
Tommaso (now 12, son of his 
daughter Benedetta) in summer. 
(Fotos by permission in writing, 
copyright by the daughter Pagni 
Frette Benedetta (bpagni@
sperling.it)

Fig. 7 Carlo Alberto Pagni in the Brenta Dolomites −1985. (Fotos by 
permission in writing, copyright by the daughter Pagni Frette Benedetta 
(bpagni@sperling.it)

K.R.H. von Wild
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CV of Carlo Alberto Pagni (for KWA, from his own point of view)

“Born in La Spezia 13 February 1931. Medical Doctor, 
Professor of Neurology and Neurosurgery. Resident at the 
Clinic for Nervous and Mental Diseases (Neurosurgical 
section) of the Turin University 1955. Assistant Professor: 
Clinic for Nervous and Mental Disease of the Cagliari 
University and Neurosurgical Department of Cagliari 
1956–1958; Neurosurgical Clinic University of Milano 
1959–1979. Professor of Neurosurgery and Chairman of 
the Neurosurgical Clinic of the University of Torino 1980–
2003. In 1947 he began to play chess; Champion of La 
Spezia in 1950. Owing to study and professional duties he 
abandoned playing chess. In 1970 he began to play by cor-
respondence chess and became Master of the Associazione 
Scacchistica Italiana Giocatori per Corrispondenza when 
participating in many tournaments. Won in the 28th Italian 
Championship in 1977–1978, scored 7–9. In the IV Coppa 
ICCF 1977–1987, he scored 16 out of more than 3000 chess 
tournaments.” 
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Abstract
Background
Chronic low back and leg pain is a disabling condition, affect-
ing, in most cases, older patients with congenital or acquired 
spinal stenosis or patients with failed back surgery syndrome. 
Spinal cord stimulation has been introduced as an effective 
therapeutic option for those patients who have previously 
been operated without significant clinical benefits, or for all 
those patients who are ineligible for traditional surgery.

Methods
We report our experience with ten patients treated with spi-
nal cord stimulation plus medication and physical therapy 
between November 2014 and September 2015. Inclusion cri-
teria were: previous surgical treatments for lumbar stenosis 
and metameric instability and persistent or ingravescent dis-
abling low back and leg pain, with a mean duration of symp-
toms of at least 18 months. A visual analog scale (VAS) was 
employed for back and leg pain, and the Oswestry Disability 
Index (ODI) score was determined, and findings were ana-
lyzed after 6 months.

Findings
No intra- or postoperative complication was recorded. The 
mean VAS score for back pain decreased from 7.5 to 2.9, while 
leg VAS decreased from 8.2 to 3.0. Analysis of ODI values 
showed evident improvement in daily life activities, ranging 
from a median value of 75.7% to 32.7 % after the stimulation.

Conclusion
Spinal cord stimulation has a recognized impact on the pain 
and on the quality of life of patients with failed back surgery 
syndrome.

Keywords Spinal cord stimulation • Chronic low back pain 
• Failed back surgery syndrome

 Introduction

Chronic low back and leg pain is a disabling condition, 
affecting, in most cases, patients aged between 50 and 80 
years old with congenital or acquired spinal stenosis [3]. 
About 30 % of patients who undergo spinal surgery are 
affected by chronic pain from failed back surgery syndrome 
(FBSS), characterized by neuropathic leg pain with radicular 
distribution [7]. The strong impact of such a condition on 
quality of life, regarding both interpersonal relationships and 
professional activities, is well documented. Conservative 
management strategies include medications, physical treat-
ments, and/or peripheral nerve blocks. Spinal cord stimula-
tion (SCS) was introduced 45 years ago as an effective 
therapeutic option for those patients previously operated 
without resolution, or for all those patients who are refrac-
tory to conservative treatment or who are ineligible for tradi-
tional surgery [8]. A large study, the Randomized Controlled 
Multicenter Trial of the Effectiveness of Spinal Cord 
Stimulation (PROCESS), supports the role of stimulation in 
improving the quality of life after 6 months, with further 
amelioration after 24 months, also considering the advan-
tages in terms of economic costs [7]. The PROMISE study, a 
multicenter, prospective, randomized, open-label, parallel- 
group study, proved the efficacy of this technique also in 
those patients with back pain predominant over leg pain. It is 
widely accepted that spinal stimulation plus conventional 
medical management (CMM) versus CMM alone, in 
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 refractory patients, has a strong positive impact on recovery 
of function, and on the economic and the social profile. The 
aim of our retrospective study was to evaluate the effects on 
pain and on quality of life in a clinical series of ten patients 
treated at our Unit of Neurosurgery by spinal cord stimula-
tion plus medication and physical therapy. A visual analog 
scale (VAS) was employed for back and leg pain, and the 
Oswestry Disability Index (ODI) score was determined, with 
analysis done after 6 months.

 Materials and Methods

We report our experience with a group of ten patients treated 
with SCS plus medication and physical therapy between 
November 2014 and September 2015. Inclusion criteria were 
the following: persistent low back and leg pain for at least 6 
months, previous lumbar surgery (decompressive or arthrod-
esis), and loss of response to pharmacological treatments. 
The patients were: six females and four males with a median 
age of 59.3 years (range, 48–73 years). All patients had under-
gone previous surgical treatments for lumbar stenosis and 
metameric instability and had persistent or ingravescent dis-
abling back and leg pain with a mean duration of symptoms 
of 18 months. Pretreatment evaluations of pain and of quality 
of life were performed. Eight patients had prevalent bilateral 
leg pain while the other two were affected by low back and 
leg pain of the same intensity. The mean pretreatment VAS 
scores were 7.5/10 for low back pain and 8.2/10 for leg pain. 
The ODI score was also determined to study several aspects 
of daily life. The median pretreatment value was 75.7 %. All 
patients presented with at least a severe disability, with limita-
tions in taking care of themselves. The demographic values of 
this SCS group are reported in Table 1.

 Description of the Procedure

Preoperative computed tomography (CT) scans of the dorsal 
vertebral tract were performed to individuate eventual canal 
anomalies such as stenosis and scoliosis. All patients underwent 
a trial of SCS for about 2 weeks in order to evaluate toleration of 
the system. The trial treatments were performed under local 
anesthesia. An octopolar epidural electrode (Medtronic, 
Memphis, TN, USA®) was placed at the T8-L1 level. The elec-
trode was constituted by two lines of four platinum iridium con-
tacts in its terminal portion. During the treatment the patients 
referred to their subjective perceptions, guiding the surgeon in 
the procedure. When the system was tolerated, after about 2 
weeks, implant of the permanent system was performed and the 
generator was placed subcutaneously in the abdomen. Patients 
were able to easily adjust the stimulation amplitude, to mini-
mize possible uncomfortable paresthesias, through an external 
remote control device. After the procedure, all patients under-
went close clinical follow-up at 1, 3, and 6 months.

 Results

No postoperative neurological deficits were encountered and 
all patients treated with the SCS tolerated the system, noting 
substantial leg and back pain improvement. More consistent 
results were achieved in the control of leg pain. After 6 
months, together with medical care and physical therapy, the 
mean VAS score for back pain was reduced from 7.5/10 to 
2.9/10, while VAS for leg pain was reduced from 8.2/10 to 
3.0/10. ODI values showed evident improvement in daily life 
activities, changing from a median value of 75.7% to 32.7 % 
after the stimulation (Table 2).

Table 1 Demographic data of patients

Sex Age (years) Back VAS pre Leg VAS pre ODI pre
Back VAS post 
(6 months)

Leg VAS post (6 
months)

ODI post (6 
months)

M 71 7/10 7/10 80 % 3/10 2/10 27 %

F 48 7/10 9/10 75 % 4/10 3/10 20 %

M 58 9/10 10/10 67 % 3/10 6/10 12 %

F 53 8/10 8/10 94 % 2/10 2/10 83 %

F 59 10/10 9/10 96 % 4/10 3/10 75 %

M 73 6/10 8/10 57 % 2/10 5/10 12 %

F 55 8/10 7/10 72 % 3/10 2/10 29 %

M 69 6/10 9/10 71 % 2/10 2/10 21 %

F 52 8/10 7/10 83 % 2/10 2/10 37 %

F 55 6/10 8/10 62 % 4/10 3/10 11 %

Mean values 59.3 7.5 8.2 75.7 % 2.9 3.0 32.7 %

VAS, visual analog scale, ODI, Oswestry Disability Index, M male, F female, pre preoperative, post postoperative

A. Giugno et al.
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 Discussion

Failed back surgery syndrome (FBSS) is a relatively common 
condition in patients treated with spinal surgery. It is more 
common in the elderly and after complex arthrodesis treat-
ments, but it can also occur in young patients who are not 
responsive to traditional surgical procedures. Chronic pain 
leads to social and professional consequences and requires 
extremely high economic resources. It is well known that 
chronic degenerative low back and leg pain worsen the quality 
of life of patients, reducing their autonomy and ability to work. 
Indeed, such pain can be a significant obstacle in daily activi-
ties, raising the number of individuals requiring assistance, 
with an increase in social welfare expenses. It has been esti-
mated by Berger et al. that the healthcare costs for patients 
affected by chronic pain syndromes are three times higher 
than the costs for patients of the same age but without pain [3].

Spinal cord stimulation was first proposed by Shealy in 
1967 [8]. The technological development of SCS in recent 
decades has meant that it is now a widely accepted treatment 
for chronic intractable neuropathic pain [5]. In the past 20 
years some papers have been published regarding the effi-
cacy of SCS and comparing the cost-benefit ratios of SCS 
and other treatments. In 1996 Burchiel and colleagues 
designed a prospective multicenter study to investigate the 
efficacy and outcome of SCS, using a variety of clinical and 
psychosocial outcome measures [4]. They reported the suc-
cess of the therapy, defined as pain relief in 55 % of patients 
at 1-year follow-up. Barolat et al. reported similar results in 
a group of 44 patients treated with SCS utilizing paddle elec-
trodes and a radiofrequency (RF) stimulator [2]. Abeloos 
et al. evaluated the long-term efficacy and the quality of life 

in their series of 55 patients who underwent SCS for FBSS 
[1]. They reported satisfaction in 75 % of the patients after 
8.3 years of follow-up, demonstrating that SCS is an effec-
tive treatment for refractory FBSS. In their retrospective 
study, Kamihara and colleagues evaluated the efficacy of 
SCS for leg pain associated with lumbar spinal stenosis 
(LSS) [6]. They collected 41 patients with LSS-associated 
leg pain who had undergone SCS implantation in the period 
between 2003 and 2011. The percentage of patients who 
showed a good response (defined as SCS continued for 1 
year or longer after implantation) was 95 %, with alleviation 
of pain. Based on this finding, these authors proposed SCS as 
an LSS treatment method that could be intermediate between 
conservative therapy and surgery [6].

Our study evaluated the change in the quality of life in a 
total of ten patients with FBSS treated with SCS at the 
Neurosurgery Clinic at the University of Palermo over the 
period from November 2014 to September 2015. The maxi-
mum follow-up was 6 months. All patients had a preopera-
tive clinical evaluation and then they were evaluated at 1, 3, 
and 6 months. The analysis of the results showed that SCS, 
associated with medical care and intensive rehabilitation, 
appeared to be safe and effective, with a strong positive 
impact on pain relief and on the quality of life of the patients.

 Conclusion

Spinal cord stimulation (SCS) has a recognized impact on 
the quality of life of patients with FBSS. Our study confirms 
that SCS, in association with rehabilitation, may signifi-
cantly improve functional prognosis. This study suggests 
that the concept of “rehabilitation” does not refer exclu-
sively to physical treatment, but consists of a multidisci-
plinary approach that may include, in some cases, SCS. This 
allows for greater efficiency in restoring normal daily activi-
ties and also helps patients to retain their social relationships 
and job autonomy. To confirm these results, long-term fol-
low-up with an extended clinical series is needed.
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Abstract Chronic diseases of consciousness (CDC) can still 
be considered a challenging frontier for modern medicine, 
probably because of their not completely understood physio-
pathological mechanisms. Following encouraging evidence 
on cerebral hemodynamics, some authors have hypothesized 
a role for neuromodulation in the treatment of CDC patients. 
In the past 40 years, spinal cord stimulation (SCS) and deep 
brain stimulation (DBS) have been used experimentally for 
the treatment of patients in a severe altered state of con-
sciousness, with some interesting but not conclusive results. 
The present review summarizes the data currently available 
in the literature on this particular and debated topic. On these 
grounds, further clinical studies are needed to better under-
stand the altered dynamics of neuronal network circuits in 
CDC patients as a step towards novel therapeutic strategies.

Keywords Disorders of consciousness • Neuromodulation  
• SCS • DBS • Minimally conscious state • Vegetative state

 Introduction

At present, chronic diseases of consciousness (CDC) repre-
sent an issue for national healthcare assistance systems [27]. 
The causes of CDC are numerous and include different path-
ological noxae: traumatic brain injury (TBI) surely repre-
sents the most common event causing CDC, especially in the 
younger population, while hypoxic damage, cerebrovascular 
ischemic or hemorrhagic injury, infection of the central ner-
vous system, toxins, poisoning, degenerative diseases, and 
tumors, as well as congenital or developmental disorders, are 
other possible related causes [25, 26]. The increased number 
of CDC patients is probably due to improvements in world-
wide standards of emergency care, providing rapid and quite 
efficient assistance to those suffering serious accidents, in 
which in the past most cases were fatal. CDCs can be still 
considered as a challenging frontier for neuroscience 
research, probably because the physiopathological mecha-
nisms behind them are still not completely understood [3]. 
Following encouraging evidence on cerebral hemodynamics 
in conditions such as ISCHAEMIA some authors have 
hypothesized a role for neuromodulation in the treatment of 
CDC patients. The aim of this review was to compare the 
results of different studies of the management of CDC with 
spinal cord stimulation (SCS) and deep brain stimulation 
(DBS) in order to provide a framework for the future devel-
opment of neurosurgical stimulation.

 Vegetative State

The vegetative state (VS) was first described in 1972 by 
Jennett and Plum [12], and was subsequently defined, by the 
Multi-Society Task Force on PVS [26], as “a clinical condi-
tion of complete unawareness of the self and the environment, 
accompanied by sleep-wake cycles, with either complete or 
partial preservation of hypothalamic and  brainstem  autonomic 
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function”. The persistence of VS for over 12 months after a 
TBI, according to international guidelines; persistence for 
over 3 months after non-traumatic causes, according to guide-
lines from the United States; or persistence for 6 months, 
according to guidelines from the United Kingdom, is consid-
ered to be ‘permanent’ VS (PVS) [25, 31].

 Minimally Conscious State

In 2002, Giacino et al., analyzing a group of VS patients, iden-
tified some particular clinical features, introducing the concept 
of the minimally conscious state (MCS), characterized by 
“inconsistent but clearly discernible behavioral evidence of 
consciousness”, and well distinguished from coma and 
VS. Clinical criteria used to identify MCS are: the following 
of commands, intelligible verbalization, discernible yes–no 
signals (regardless of accuracy), and specific responses to 
selective environmental stimuli, in order to capture nonreflex-
ive behaviors reliably triggered in the presence of a specific 
stimulus, with infrequent occurrence in its absence [10]. Some 
authors have proposed two MCS subcategories [3]: MCS+, 
patients following commands, and having intelligible verbal-
ization and gestural or verbal yes/no responses; and MCS-, 
patients demonstrating pursuit eye movement, ability to local-
ize (and orient) noxious stimuli, and appropriate movements 
or affective behaviors. This possibility of exploring covert 
behaviors, combined with recent advances in neural corre-
lates, such as functional magnetic resonance imaging (fMRI), 
is expected to yield further insight into the phenomenology of 
consciousness applied to clinical phenotypes [7].

 Diagnosis of CDC

Although the clinical criteria of CDC are well established, a 
careful assessment of the patient’s level of awareness is neces-
sary in order to make a differential diagnosis of VS or 
MCS. Accurate examinations have to be performed to distin-
guish purely reflex responses to stimuli from responses that 
require awareness; nevertheless, this distinction is not always 
possible [1]. It is crucial to determine correctly the resting brain 
function. Some recent studies suggest the use of electrophysi-
ological examinations in order to establish the resting brain 
function in CDC patients [36]. Particularly, auditory brainstem 
responses (ABRs) are generally used for the evaluation of 
brainstem function, somatosensory evoked potentials (SEPs) 
are used for studying thalamocortical pathways, continuous 
electroencephalogram (EEG) frequency analysis is used to 
determine the relationship between the brainstem and the cere-
bral cortex, and pain-related P250 analysis is used to evaluate 
higher brain functions [35–37].

 Treatment

As a matter of fact, there is still no standard treatment for 
CDC, VS, or MCS, either medical or surgical, that has reached 
the level of evidence-based treatment. Some medical treat-
ments have been tested, such as dopaminergic agents (levodopa 
and amantadine), zolpidem (a nonbenzodiazepine- specific, 
indirect GABA agonist), or intrathecal baclofen (ITB): they 
have shown, in some cases, beneficial effects in CDC patients, 
but evidence on this topic is still very limited [9]. Recently, 
growing interest has been focused on the application of neuro-
modulation for CDC, based on evidence regarding the possi-
bility of modifying the locoregional cerebral blood flow 
through an electrical stimulus, applied to cerebral structures, 
creating functional changes in those brain circuits that seem to 
be involved in consciousness and the comatose state. The 
application of these techniques to several cerebral low-perfu-
sion syndromes seems to be a promising new trend for the 
treatment of cerebrovascular diseases in order to allow ‘func-
tional’ cerebral revascularization [33].

 Materials and Methods

Searches were performed in the Medline databases (until 
November 2015) using the following key words: ‘vegetative 
state’, ‘minimally conscious’, ‘disorders of consciousness’, 
‘coma’, ‘effect’, ‘therapy’, and ‘recovery’, along with ‘neu-
romodulation’ ‘spinal cord stimulation’, ‘SCS’, ‘dorsal col-
umn stimulation’, ‘cervical stimulation’, ‘deep brain 
stimulation’, and ‘DBS’. The electronic search was comple-
mented by cross-checking the references of all relevant arti-
cles. Only papers dealing with subjects with a diagnosis of 
VS and MCS were included in the research. In order to avoid 
duplications, special attention was paid to identify those 
patients who had been described in more than one publica-
tion (for example, follow-up of already published studies).

 Results and Discussion

 Spinal Cord Stimulation for CDC

Spinal cord stimulation (SCS) is a neuromodulation technique 
that has been experimentally applied in challenging neurosurgi-
cal diseases, such as cerebral ischemia and vasospasm, both in 
animal and human models, with encouraging results, although 
its effective use has been hampered by a lack of understanding 
of its mechanism(s) of action [33]. On these grounds, several 
studies have hypothesized the application of SCS to CDC 
patients, with interesting and surprising results [37].

P.P. Mattogno et al.
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On performing a review of the actual literature, we found 
that 318 CDC patients were treated with SCS from 1988 to 
2012 (Table 1); a clinical response was reported in 166 patients 
(52.2 %), with improved neurological function and arousal. 
Patients were studied using clinical evaluation, neuroimaging 
(magnetic resonance imaging [MRI], computed tomography 
[CT]), metabolite assessment, and neurophysiological and 
brain metabolism investigations. Reported causes of CDC 
were mainly trauma, anoxia, or stroke. In all the studies the 
SCS device was implanted into the epidural space between C2 
and C4, stimulating the spinal cord in a cyclic mode, without 
reaching the motor threshold. Clinical improvement latency 
was quite variable, ranging from 3 days to 1 year after initia-
tion of the stimulation. A better clinical response to SCS was 
evidenced in patients treated sooner, especially in younger 
ones. Radiological findings in all patients showed no marked 
cerebral atrophy and no diffuse low-density areas involving 
the thalamus or brainstem. Cerebral blood flow (CBF), when 
reported, was assessed to be >20–25 ml/100 g/min in patients 
who demonstrated clinical improvement. Increases of cate-
cholamines and decreases of superoxide free radicals were 
reported after SCS. Yamamoto et al. reported that SCS 
increased CBF diffusely in the entire brain in MCS patients, 
with an increase of more than 22 % during the stimulation 
period compared with before stimulation (P 0.0001, paired 
t-test). As reported, SCS can induce muscle twitches of the 
upper extremities, with evidence of functional recovery. On 
these grounds, some authors speculate that both cervical and 
thoracolumbar stimulation may be useful for the functional 
recovery of the upper and lower extremities [34–37].

 Deep Brain Stimulation for CDC

Deep brain stimulation (DBS) is a validated neuromodula-
tion technique traditionally considered to be the “gold stan-
dard” for severe cerebral motor symptoms refractory to 
optimal drug trials. The mechanism of action is the chronic 
disruption of abnormal neural synchrony between affected 
brain regions, inhibiting neural activity and moderating 
abnormal brain function related to disease symptoms [2, 6, 
22]. Targets of stimulation have been numerous: some exam-
ples are: the subthalamic nucleus for Parkinson’s Disease, 
the ventralis intermedius (VIM) nucleus of the thalamus for 
posttraumatic tremor, and the ventroposterolateral nucleus of 
the thalamus for dystonia. Nowadays, DBS is proposed as a 
way to alleviate extrapyramidal motor disorders, and research 
is on-going to explore or validate further indications, such as 
depression, obsessive compulsive disorder, pain, obesity, 
anorexia, and epilepsy [4, 6, 18].

In recent years, encouraged by these experiences, the use 
of DBS has been extended to patients with severe CDC [17]. 
However, this application entails a number of challenges: the 

physiopathological mechanisms of CDC involve multiple 
and often combined events, such as trauma, hemorrhage, 
ischemia, and anoxia, and so, prospectively, patients liable to 
benefit from DBS for severe, chronic, or sometimes long- 
term disorders of consciousness have a wide range of indi-
vidual phenotypes.

On examining the pertinent literature, we found that a 
small number of studies explored the effect of DBS in CDC 
patients (Table 2). A total of 58 CDC patients were treated 
using DBS from 1968 to 2015; 29 of them (52 %) demon-
strated clinical and instrumental signs of arousal from VS. In 
1968 McLardy et al. described the first DBS implantation, in 
a vegetative 19-year-old male, implanted about 8 months 
after severe head injury. The only reported effects were slight 
midbrain contacts, such as left orientation of the head and 
movements of the left hand; slight EEG modifications were 
also observed [23].

One year later, Hassler et al. published a DBS case of a 
26-year-old male in VS implanted about 5 months after head 
injury. He was stimulated bilaterally, electrodes were placed 
in the anterior thalamus (left) and in the pallidum (right). 
Stimulation of the right pallidum was associated with spo-
radic contralateral arm movements, and bilateral acute stim-
ulations provoked stronger effects plus head movements 
following the eyes. Convulsive seizures sometimes occurred 
during high thalamic stimulations (up to 100 Hz). During the 
19-day follow-up, the clinical condition improved: purpose-
ful gaze and mimicking; arm, leg, and head movements; and 
unintelligible vocalization were evidenced. EEG frequencies 
increased during acute thalamic stimulation [11]. Sturm 
reported a DBS implantation in a 68-year-old male in VS, 
implanted about 1 month after the rupture of a basilar artery 
aneurysm and surgical clipping. Bilateral stimulation of the 
thalamus was performed for 4 weeks. The patient improved, 
with verbal contact, sitting in a chair, oral feeding, and sleep- 
waking periods, and general status improved (body tempera-
ture, resolved pulmonary infection); EEG activity shifted to 
a less monotonous activity with theta and delta waves [30]. 
Tsubokawa et al. firstspeculated that DBS may facilitate the 
recovery of consciousness in patients with chronic CDC, 
studying a group of eight VS patients (four traumas, three 
strokes, one anoxia) implanted 6 months after the primary 
cerebral injury. The electrodes were placed in the nucleus 
cuneiformis of the mesencephalic reticular formation (two 
patients) and in the centromedian parafascicular nucleus 
complex (CMPf; six patients). Clinical assessment was 
based on the institutional prolonged coma score (PCS), rang-
ing from 1 (alive with spontaneous respiration) to 10 (verbal 
response). Prior to DBS, the eight patients had PCS values 
ranging from 2 to 4. Open eyes with dilated pupils, open 
mouth and meaningless vocalization, slight increase in blood 
pressure, and EEG arousal patterns were described in all 
these patients after implantation. Increased CBF (10–72 %), 
metabolic rate of oxygen (10–40 %), and glucose uptake 
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(200–300 %), measured by positron emission tomography 
(PET) imaging, were also reported. At 12-month follow-up, 
treatment was rated excellent in three of the eight patients, 
slightly effective in one, and ineffective in four [32]. Cohadon 
et al., in a series of dedicated papers from 1984 to 1993, col-
lected 25 VS patients who had undergone DBS implantation 
6–15 months after TBI. Electrodes were placed in the centro-
median nucleus of the right thalamus in all patients. At the 
2 -month follow-up, 13 patients (52 %) demonstrated signifi-
cant improvements in global functional score; between 2 
weeks and 2 months after DBS was started all of them 
became communicative [5]. In a case report by Schiff et al. 
in 2007, DBS of the central thalamus was shown to lead to 
behavioral improvements in an MCS patient 6.5 years fol-
lowing injury, especially in arousal state, limb control, and 
verbalization, due probably to the preserved innervation of 
the frontal cortex and basal ganglia by thalamic association 
nuclei [28]. The Tokyo Neurosurgical Group, led by 
Yamamoto, studied the possibility of recognizing predictive 
parameters of responsiveness to neuromodulation proce-
dures in CDC patients, in order to quantify the “resting 
brain” after severe brain damage. Electrophysiological 

 criteria (electroencephalography, ABRs, SEPs, and pain-
related evoked potentials) were proposed in order to identify 
CDC patients eligible for DBS implantation. These authors 
identified a total of 21 eligible CDC patients. Electrodes 
were placed in the midbrain reticular formation in 2 patients, 
and in the CMPf in 19 patients during a period of 4–8 months 
following injury. After 12-month follow-up, 8 of the 21 
patients had emerged from a VS and were able to follow ver-
bal instructions [35–37].

 Conclusions

In the light of this review, it seems that neuromodulation 
techniques may be a challenging therapeutic option for 
severe consciousness disorders post-injury, and the tech-
niques must be weighed up in the context of the clinical 
course over time, from resuscitation to rehabilitation. 
However, in the brain injury setting, it absolutely vital to 
identify favorable prognostic factors and the physiopatho-
logical processes involved, in order to quantify brain damage 
and evaluate the possible functional responses. On these 
grounds, the severity of handicap in patients emerging from 
consciousness disorders should also be anticipated. However, 

Table 2 DBS in CDC patients

Author Etiology Patients Hemisphere
Electrode 
location

Time 
from 
trauma Follow-up

Evaluation 
parameters

Responsive 
(%)

McLardy et al. 
(1968) [23] Trauma 1 Unilateral left MRF 8 m 1 m

Clinical, 
EEG

1 (100 %)

Hassler et al. 
(1969) [11]

Trauma 1 Bilateral Anterior 
thalamus (l), 
pallidus (r)

n.a. 5 m Clinical, 
EEG

1 (100 %)

Sturm et al. 
(1979) [30]

Vascular 1 Bilateral Lamella 
medialis (r), 
nucleus 
reticularis (l)

1 m 1 m Clinical, 
EEG

1 (100 %)

Tsubokawa 
et al. (1990) 
[32]

Trauma,stroke, 
anoxia

8 n.a. MRF (two 
cases) CMPf 
(six cases)

6 m 12 m Clinical, 
PET, EEG, 
CBF

4 (50 %)

Cohadon and 
Richer 
(1984–1993) 
[5]

Trauma 25 Unilateral 
right

n.a. 6–15 m 2 m Clinical 13 (52 %)

Schiff et al. 
(2007) [29]

Trauma 1 Bilateral Anterior 
thalamus

6 y 6 m Clinical, 
EEG

1 (100 %)

Yamamoto 
et al. (2003–
2013) [35–37]

Trauma, vascular, 
anoxia

21 n.a. MRF (2 
cases) CMPf 
(19 cases)

4–8 m 12 m Clinical, 
EEG, CBF, 
PET, ABR, 
SEP, 
pain-related 
P250

8 (38.1 %)

Total 58 29 (50 %)

DBS deep brain stimulation, MRF mesencephalic reticular formation, EEG electroencephalogram, CMPf centromedian parafascicular nucleus 
complex, PET positron emission tomography, CBF cerebral blood flow, ABR auditory brainstem response, SEP somatosensory evoked potential, l 
left, r right, n.a. not available, m months, y years
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caution must be applied in interpreting the effectiveness of 
these techniques within an early time frame following injury, 
since patients are likely to exhibit some spontaneous recov-
ery [29]. Modern technical improvements in surgery, such as 
the direct identification of anatomo-functional targets on 
brain images, are important steps forward to aid in the pre-
cise placing of electrodes in stereotactic conditions; these 
improvements make it possible to control electrode position-
ing in the chosen target with significantly reduced errors. 
Reliable clinical evaluation, helped by instrumental quantifi-
cations of behavior assessment, such as fMRI, PET scan, and 
neurophysiology, are crucial for monitoring the treated 
patients. However, although quite suggestive of efficacy (in 
50 % of CDC patients who underwent DBS and in 52.2 % of 
patients treated with SCS), the clinical and experimental 
results of neuromodulation techniques for CDC are still not 
strong enough to lead to an unequivocal interpretation, and 
further studies are needed.
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Abstract Spinal cord stimulation (SCS) is well known for its 
early role in the management of chronic pain, mainly failed 
back surgery syndrome (FBSS), spasticity, and bowel and 
bladder dysfunction. In more recent years, SCS has been pro-
posed for patients suffering from refractory angina or periph-
eral vasculopathies in order to gain symptom relief, thus 
indicating some hemodynamic effect on the peripheral circu-
lation. Taking into account this scientific observation, since 
the late1980s, researchers have started to investigate the poten-
tial effect of SCS on cerebral blood flow (CBF) regulation and 
its possible application in certain pathological settings dealing 
with vascular pattern dysfunction, such as ischemia, subarach-
noid hemorrhage, head trauma, and brain tumors. The aim of 
this study was to review the scientific literature about SCS and 
its effect on CBF, evaluating the results both in “physiologi-
cal” experimental models and clinical studies, as well as in the 
particular pathological conditions we have mentioned above.

Keywords Spinal cord stimulation • Cerebral blood flow • 
Stroke • Brain injury • Vasospasm • Cerebral autoregulation 
• Functional sympathectomy

 Introduction

Spinal cord stimulation (SCS) has been shown to be safe and 
effective in the management of chronic pain of spinal origin and 
complex regional pain syndrome; thus it has been indicated in 
refractory neuropathic pain [67, 68]. Subsequently, the indica-
tion has been extended to the treatment of spasticity and bowel 
and bladder dysfunction. Advances in this therapy have led to its 
use in enhancing peripheral blood flow and reducing ischemic 
pain patterns: the application of SCS to treat angina and improve 
outcomes in patients suffering from peripheral vascular disease 
is now becoming part of the algorithmic standard of care [2]. 
Many experimental models have widely investigated the effects 
of SCS on cerebral blood flow (CBF) since the first experience 
[46]. Since the publication of the experimental study by 
Hosobuchi [21] on the relation between SCS and CBF about 
30 years ago, many advances have been made in understanding 
SCS-mediated effects on CBF. The aim of this study was to 
review the scientific literature on the effects of SCS on CBF in 
the form of laboratory observations, neurophysiological theo-
ries, and clinical trials. We collected studies of SCS related to 
different kinds of pathological settings (subarachnoid hemor-
rage [SAH], stroke, brain injury, brain tumor) in order to point 
out the effect of SCS on cerebral hemodynamics and its possible 
future clinical applications.

 Materials and Methods

We performed a systematic review of the literature on the 
cerebral hemodynamic effects of SCS, using the following 
key words in association:“spinal cord stimulation”, “cerebral 
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blood flow”, “stroke”, “brain injury”, “vasospasm”, “cere-
bral autoregulation”, and “functional sympathectomy”. We 
searched on Pubmed, Medline, and Scopus for articles in 
English published between 1985 and November 2015. We 
included only clinical or experimental studies in humans and 
animal models investigating the physiopathological mecha-
nism and results of SCS on CBF.

 Results

We found 1644 articles, of which we selected 45 according to 
our inclusion criteria. Of these 45 articles, 17 were experimen-
tal and clinical studies in humans (10) or animals (7) investi-
gating the cerebral hemodynamic effects of SCS and its 
possible mechanism, 13 were experimental studies evaluating 
the effects of SCS on cerebral hemodynamics in low- perfusion 
syndrome (stroke, brain injury, and subarachnoid hemorrhage 
SAH), and 15 were clinical studies of the effects of SCS on 
cerebral ischemia, vasospasm, and brain tumor perfusion.

 Discussion

It is estimated that each year more than 14,000 SCS implanta-
tions are performed worldwide [31]. Even though SCS is still 
mostly indicated for the treatment of neuropathic pain and, spe-
cifically, failed back surgery syndrome (FBSS) [24, 27], its use 
in peripheral cardiac and cerebral vascular diseases advanced 
rapidly during the late 1980s and 1990s, particularly in Europe 
[69]. Clinical and basic studies indicate that the beneficial effects 
of SCS on these diseases are mainly associated with increased 
blood flow or the redistribution of blood flow to the ischemic 
area [14, 32]. It is accepted that the stimulation has to be applied 
in the upper cervical spinal segments (C1-C2) in order to obtain 
a remarkable effect. The gain of CBF is associated with a 
decrease in sympathetic activity (so-called functional sympa-
thectomy), an increase in vasomotor center activity, and the 
release of neurohumoral factors [70]. Table 1 reports experimen-
tal studies on hemodynamic modification induced by SCS. The 
first experimental observations in an animal model were con-
ducted between 1987 and 1989 by Garcia-March [15, 16], who 
reported a CBF increase of more than 60 % induced by SCS in 
goats and dogs during the first 15 min of stimulation. We reported 
the same results in our laboratory model of cervical SCS in rab-
bits in 1994 [57]. Isono et al. [23], in 1995, reported, in a cat 
model, a long-lasting hemodynamic effect with low- frequency 
(20 Hz) stimulation in the high cervical cord, with the effect not 
seen in dorsal column section. Since 2000, Sagher and Huang 
[52] and Zhong [76] have focused on the mechanism of the 
increase in cortical CBF in SCS mediated by sympathetic and 

parasympathetic pathways. The concept of “functional sympa-
thectomy” was already hypothesized in 1991 by Myklebust [41] 
in monkeys and by Linderoth et al. [29, 30] in rats submitted to 
SCS in order to obtain improvement of peripheral vascular circu-
lation. Linderoth et al. studied SCS-induced neurotransmitter 
release in the spinal dorsal horn and the periaqueductal gray sub-
stance of rats and cats, demonstrating that SCS-induced periph-
eral vasodilatation was abolished by bilateral sympathectomy in 
rats, and that peripheral sympathetic activity might be suppressed 
by SCS applied at the T2 level in cats. Two different papers by 
Patel, in 2003–2004 [44, 45], focused on the strict relation 
between the hemodynamic effect of SCS and sympathetic tone 
through pharmacological and surgical blocking system, suggest-
ing a possible role for brainstem vasomotor centers in CBF regu-
lation by SCS. In 2004 Zhong et al. [75] demonstrated, in a rat 
model, that the magnitude of the hemodynamic effect of SCS 
varied according to the stimulation parameters, with better results 
with a stimulation of 0.25-ms pulse and 50-Hz frequency. More 
recently the research has focused on the molecular pathways 
involved in the regulation of the cerebral [73] and peripheral [71, 
72] circulation in SCS animal models. Wu et al. concluded that 
SCS activated the transient receptor potential vanilloid type 1 
(TRPV1), which contains sensory fibers, and produced the 
release of calcitonin gene-related peptide, twhich is known to be 
a powerful mediator of vascular dilatation. Yang et al. further 
explored the role of these mediators, suggesting that cerebral but 
not spinal TRPV1 is involved in SCS-induced cerebral vasodila-
tation. Again, Wu et al. identified two new molecular pathways 
in the spinal cord, extracellular signal-regulated kinase and pro-
tein kinase B, which are involved in SCS- induced vasodilatation. 
In regard to observations in humans (Table 2), in 1985 Hosobuchi 
[21] was the first to plan a clinical study on the effects of SCS on 
cerebral hemodynamics, using a single-photon emission com-
puted tomography (SPECT) technique in ten patients treated 
with SCS for chronic intractable pain. In 1981 [37] and subse-
quently in 1986, a clinical study published by Meglio et al. [38] 
confirmed the functional sympathectomy induced by SCS, con-
firming decreases in the heart rate in a group of 25 patients who 
had undergone neuromodulation for different pathologies. The 
same authors, in 1991 [39, 40], reported a clinical study with a 
larger series than Hosobuchi’s one, leading to similar results. 
Mazzone et al. [35, 36] introduced the concept of ‘redistribution 
of CBF’: it would be influenced mainly in the anterior regions 
related to ascending reticular pathways through the thalamocor-
tical projections. Clinical studies conducted in our laboratories 
since 1991 [58, 61, 66] have been performed by using a CO2 
autoregulation test evaluating transcranial Doppler velocimetry 
(TCD) patterns during progressive hypercapnia, both in baseline 
conditions and during SCS. We demonstrated that SCS reduced 
the vasodilator response to CO2: we hypothesized that SCS and 
CO2 act on the mechanism of CBF regulation in a competitive 
way. In 2004 Robaina et al. [47] performed the most recent clini-
cal study of SCS, in 35 patients, with cancer (29) and pain 
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syndromes (6), treated with cervical SCS (voltage 1–3 V, pulse 
200 ms, frequency 80–100 Hz). These authors used a semiquan-
titative method, TCD, for the middle cerebral artery, and a quan-
titative method, color Doppler, for the common carotid artery, 
and showed an increase in CBF induced by SCS. It is quite clear 
that the scientific literature published in the past 30 years (sum-
marized in Tables 1 and 2) supports the idea that the autonomic 
nervous system plays the most important role in the cerebral 
hemodynamic modification induced by cervical SCS [54], even 
though more recent studies focus attention on the importance of 
some chemical mediators in determining this well-known effect 
of SCS.

From the first experimental observation concerning the 
role of SCS in the regulation of CBF, researchers soon started 
to think about the possible application of the same stimula-
tion in pathological models that could resemble so-called 
low-perfusion syndromes. Thus, several experimental studies 
on animals came along, each one of which was designed to 
mimic a pathological status such as SAH and/or related vaso-

spam [50], or cerebral ischemia and brain injury, searching in 
this particular condition for some possible blood flow changes 
after SCS application. A large number of papers about this 
matter have been published since the late 1980s (Table 3). 
The first to describe some evidence in this field was Matsui, 
in 1989 [34], who reported the effects of cervical SCS on an 
experimental stroke model. Matsui induced a middle cerebral 
artery occlusion (MCAO) in a group of 31 cats, dividing them 
into three subgroups, one of which underwent MCAO and 
subsequent cervical SCS. Data on infarct size were checked 
in the three group underwent middle cerebral artery occlu-
sion; among them just one group underwnt spinal cord 
stimualtion after the occlusion, using a computer system 
model, and compared. The analysis showed a prolonged sur-
vival rate within 24 h after ischemia and prevention of infarct 
size progression in the SCS group, demonstrating that cervi-
cal SCS prevents the progression of brain infarction. In 1991 
Gonzales-Darder [19] discovered the role of SCS in reducing 
brain edema in an experimental stroke model induced by 

Table 1 Experimental studies in animal models investigating the mechanisms involved in SCS effects on CBF

Author (year) 
references Animal model Observation method Site of stimulation Results

Garcia-March et al. 
(1987, 1989) [15, 16]

Dog and goat
Electromagnetic flowmetry; 131I 
antipyrine brain scintigraphy Upper cervical (C2)

Increase of CBF at the common 
and internal carotid level of more 
than 60 % and an increase of CBF 
of more than 50 % increase in 
cerebral blood flow

Visocchi et al. (1994) 
[57]

Rabbit Electromagnetic flowmetry; CW 
Doppler

Cervical Reduction of sympathetic 
excitability

Isono et al. (1995) 
[23]

Cat Hydrogen clearance method Cervical No CBF effects during SCS after 
lesion of dorsal column

Sagher and Huang 
(2000), Zhong (2006) 
[52, 76]

Rat Laser Doppler flowmetry Cervical Changes in CBF were 
significantly attenuated after 
interruption of sympathetic or 
parasympathetic pathways

Patel et al. (2003) 
[44]

Rat Laser Doppler flowmetry Cervical Sympathetic nervous system 
blockers (hexamethonium and 
prazosin) abolish the SCS- 
induced increase in CBF

Patel et al. 2004 [45] Rat 14C-inosine monophosphate 
radiotracer studies

Cervical Spinal transection strongly 
attenuated the effect of SCS on 
CBF, otherwise no similar effect 
in cases of superior cervical 
ganglion resection (effects of SCS 
involve central influences rather 
than cervical sympathetic outflow)

Zhong et al. (2004) 
[75]

Rat Laser Doppler flowmetry Cervical Magnitude of the response varied 
in a dose-dependent fashion with 
the stimulation amplitude

Yang et al. (2008) 
[73]

Rat Laser Doppler flowmetry Cervical TRPV1 agonists block CBF 
effects; cerebral but not spinal
TRPV1 is involved in cSCS- 
induced cerebral vasodilatation

SCS spinal cord stimulation, CBF cerebral blood flow, TRPV1 transient receptor potential vanilloid type 1, cSCS cervical spinal cord stimulation,  
CW cervical spinal cord  stimulation, Doppler continuous-wave Doppler
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bilateral carotid artery occlusion in rats. That study suggested 
that the stimulation could have the most relevant role just dur-
ing the reperfusion period, because the hemodynamic effect 
was described only when SCS was applied 60 min before 
ischemia or at the beginning of the reperfusion period. The 
basilar mechanism mediating such an effect of SCS could be 
related to a global increase in CBF, protecting the brain 
against ischemia, or it could be related to the activation of 
vascular regulation systems. A similar experience was pub-
lished by Broseta et al. [3] in 1994, in 45 rabbits with differ-
ent stroke models (bilateral carotid ligation, unilateral 
microcoagulation of the middle cerebral artery [MCA], and 
microcoagulation of the vertebral artery). More recently, 
Sagher et al. [51] used an MCA occlusion model in rats and 
observed that SCS reduced stroke extension; they proposed 
SCS as feasible for the treatment and prevention of stroke. 
Visocchi et al. [63] carried on these studies, building an 
experimental model combining head trauma and ischemic 
injury in 20 rabbits. They reported some results indicating the 
‘preventive’ effect of SCS on the secondary damage induced 
by trauma in an already established vascular insufficiency set-
ting. Since 2001 various authors have carried out experimen-
tal studies on SCS in cerebral vasospasm and SAH models, 
focusing attention on this possible therapeutic subset. Goksel 
et al. [18] investigated the mechanism of the SCS-induced 
increase in CBF and its relation with physiological vasomotor 
mediators, using an NO synthase inhibitor in an animal model 
of SAH . They concluded that the effect of SCS on CBF could 
be attenuated but not completely  suppressed by NG-nitro-L-
arginine methyl ester (L-NAME). Gurelik et al. [20] were the 

only ones to propose a study in which the hemodynamic 
effect of SCS in a vasospasm model was measured indirectly, 
recording motor evoked potentials and changes occurring in 
the latency and amplitudes of the signal. The studies pub-
lished by Karadag et al. [26] and Lee et al. [28] reported simi-
lar animal models (rabbits and rats) enhancing the remarkable 
effect of SCS on vasospasm in the anterior and posterior cir-
culation. Visocchi et al. [60, 62, 65] pointed out the protective 
role of SCS in SAH regarding the prevention of ‘early’ vaso-
spasm. TCD provides an easy and reliable indication of cor-
responding CBF modifications both in homeostatic conditions 
(CBF augmentation with increase in TCD velocities along 
with a reduction in the resistive index) and during vasospasm 
(decrease in CBF with increase in TCD velocities, as well as 
an increase in the resistive index). These pioneer observations 
were followed by Ebel et al. [12, 13], who evaluated the effect 
of cervical SCS on CBF in rats with SAH, demonstrating an 
enhancement of cerebral and cerebellar blood flow (Table 4).

The fruitful research on the hemodynamic effects of cer-
vical SCS has been applied in clinical studies since 1989, as 
the preliminary observations in experimental models of SCS 
in low-perfusion syndromes had led to great interest in their 
possible applications in humans. The clinical studies pub-
lished in the literature deal with patients I a persistent 
vegetative- state, and those with cerebral ischemia, cerebral 
vasospasm within SAH [43, 55, 74], and brain tumors.

It was Kanno et al. [25] who first reported treating patients 
in a vegetative state with cervical SCS; good clinical 
improvement was reported in 8 of their 23 patients, although 
there was no clear correlation between the modification of 

Table 2 Clinical studies investigating the mechanisms involved in SCS effects on CBF

Author (year) references Observation method Site of stimulation Results

Hosobuchi (1985) [21]

SPECT (133Xe) Cervical/thoracic

Indomethacin blocks CBF effects; 
atropine dose not affected CBF 
effects

Meglio et al. (1991) [39, 40] TCD; SPECT (133Xe) Cervical/thoracic Decrease in cerebral vascular 
resistance and increase in flow 
velocity observed in 63 % cervical 
SCS and 29.4 % thoracic SCS

Visocchi et al. (1992) [58] TCD; OBF system of 
Langhans

Cervical/thoracic SCS changes CBF and OBF at the 
same time with the same sign (same 
autoregulatory mechanisms?)

Visocchi et al. (1996) [61] TCD Cervical SCS and CO2 interact with 
mechanisms of regulation of CBF 
in a competitive way

Mazzone et al. (1995, 1996) 
[35, 36]

TCD; SPECT (133Xe) Cervical/thoracic Increase of CBF induced by SCS 
mainly in the anterior region

Robaina et al. (2004) [47] TCD for middle cerebral 
artery velocity and color 
Doppler for common carotid 
artery blood flow

Cervical Increase in flow velocity in middle 
cerebral artery and common carotid 
artery blood flow

CW Doppler Continuous-wave Doppler, NE norepinephrine, OBF ocular blood flow, SPECT Single Photon Emission Computed Tomography, 
TCD Trans-cranial doppler
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CBF recording and the clinical outcome. A similar conclu-
sion was reached by Matsui et al. [34] in a series of patients 
with impaired consciousness due to trauma, cerebral hemor-
rhage, and vasospasm. A clinical study by Liu et al. [33] per-
formed in 2008 in 20 comatose patients suggested that SCS 
increased cerebral blood perfusion, attenuated oxidative 
stress, and increased biogenic amines. As can be gathered 
from these studies, comatose patients represent a complex 
clinical entity because of the variability of the pathological 
basis, the extensive damage, and the remarkable pre-existing 
functional alterations: from this assumption the correct inter-
pretation of the real effect of SCS can be difficult.

Clinical studies of the possible application of SCS in 
patients with cerebral ischemia have appeared in the literature 
since the early1990s. Hosobuchi [22] first used cervical SCS 
specifically for three patients with cerebral ischemia caused by 
basivertebral or bilateral carotid occlusive disease, describing 
an improvement of the ischemic symptoms associated with an 
increase in CBF. Visocchi et al. [59] reported, in 1994, the case 
of a 64-year-old patient with spastic hemiparesis and dyspha-
sia following a left parietotemporal ischemic stroke who 
was treated with cervical SCS, with improvement shown in 
clinico-neurophysiological findings and CBF velocity. In this 
case, as these authors have already discussed extensively, the 

Table 3 Experimental studies on animals checking the effect of cervical SCS on cerebral low-perfusion syndromes

Author (year) 
references Experimental model Animal Observation method Results

Matsui and 
Hosobuchi  
(1989) [34] Experimental stroke (middle 

cerebral artery occlusion) Cat

TTC method; measurement by 
computer technique 
(PDP-11/23)

Reduction in death rate within 
24 h after MCAO; prevention 
of progression of brain 
infarction

Gonzales-Darder and 
Canadas-Rodriguez 
(1991) [19]

Experimental stroke with 
bilateral carotid artery 
occlusion

Rat Microgravimetric technique Reduction in ischemic brain 
edema

Broseta et al.  
(1994) [3]

Experimental ischemic 
infarction in three models 
(middle cerebral artery 
microcoagulation; bilateral 
carotid artery occlusion; 
vertebral artery occlusion)

Rabbit LDF Improved CBF in right 
emisphere and posterior fossa 
(mean of 27 % and 32 %, 
respectively)

Visocchi et al.  
(2001) [63]

Experimental stroke and brain 
injury in conjunction (bilateral 
carotid artery occlusion plus 
“mechanical injury”over the 
dura mater after bone removal; 
right emispheric craniectomy)

Rabbit MRI No ischemic damage far from 
the “traumatic injury site”

Gőksel et al.  
(2001) [18]

Experimental SAH and cerebral 
vasospasm (intracisternal saline 
injection and administration of 
L-NAME)

Rabbit TDU SCS induced vasodilation in 
all SAH animals even after the 
administration of L-NAME

Sagher et al.  
(2003) [51]

Experimental stroke-middle 
cerebral artery occlusion

Rat LDF;
radiotracer clearance

Reduction in stroke volume

Visocchi et al.  
(1996, 2001) [60, 62]

Experimental vasospam in SAH Rabbit Angiography; electromagnetic
flowmetry

Prevention of vasospasm

Ebel et al. (2001)  
[12, 13]

Experimental SAH Rat (99 m)Tc-HMPAO 
investigation

Improved cerebral and 
cerebellar blood flow

Gurelik et al.  
(2005) [20]

Experimental vasospasm Rat MEP evaluation Improved changes in MEP 
latency and amplitude in 
“vasospasm group”

Karadag et al.  
(2005) [26]

Experimental vasospasm in 
SAH

Rabbit LDF Increasedcortical cerebral 
blood flow

Lee et al.  
(2008) [28]

Experimental vasospasm in 
SAH

Rat Studies of the BA
diameter and LDF

Increase in the diameter of BA 
and increase in cortical blood 
flow

TTC triphenyltetrazolium chloride solution, SAH subarachnoid hemorrhage, MEP motor-evoked potential, LDF Laser Doppler flowmetry, TDU 
transcranial Doppler ultrasonography, L-NAME L-Nitro-L-arginine methyl ester, (99 m)Tc-HMPAO flow tracer, BA basilar artery, MRI magnetic 
resonance imaging, MCAO middle cerebral artery occlusion, PDP 11/23 Programmed Data Processor model 11
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evidence of improvement of dysphasia suggested the primary 
role of CBF changes as an effect of SCS. Later the same 
authors published a personal series of 18 patients with stroke 
in whom, through TCD, single-photon emission computed 
tomography (SPECT), and Near Infrared Spectroscopy 
(NIRS) they demonstrated an increase in regional CBF in the 
areas surrounding the stroke area during SCS in half of the 
patients [64].

Broseta et al. [3] reported similar results in various cerebral 
low-perfusion syndrome cases in which the patients achieved 
a significant but not constant increase of superior cognitive 
abilities in skilled acts, probably due to an ‘increase in blood 
flow in the penumbral perilesional area’ revealed by SPECT. In 
2007 De Andres et al. [9] and Robaina [48] reported a series 
of patients with cerebral ischemia treated with SCS. The latter 
study demonstrated, in 49 post-stroke patients treated with 

Table 4 Clinical studies on the effect of cervical SCS in cerebral ischemia, vasospasm, and tumor perfusion in humans

Author (year) 
references Clinical condition

No. of 
patients Effect recording Observation

Kanno et al. 
(1989) [25]

Impaired consciousness 
(persistent vegetative states) 23 SPECT

Increase in regional CBF; 
increase in the metabolism of 
catecholamines in CSF; 
improvement in EEG and 
clinical condition

Matsui and 
Hosobuchi  
(1989) [34]

Impaired consciousness 
(persistent vegetative states)

8 SPECT Clinical improvement (no 
correlation of clinical 
outcome with SPECT CBF 
investigation)

Hosobuchi  
(1991) [22]

Cerebral ischemia 3 SPECT Increase in CBF

Visocchi et al. 
(1994) [59]

Cerebral ischemia 1 NIRS; surface
polyelectromyography; TCD

Clinical-neurophysiological 
improvement

Broseta et al. 
(1994) [3]

Cerebral low-perfusion syndrome 10 SPECT Clinical improvement, no MRI 
changes; increase in CBF

Takanashi and 
Shinonaga  
(2000) [53]

Cerebral vasospasm (SAH 
patients; Hunt Hess 2–3, Fisher 3)

10 xenon computed tomography
and cerebral angiography

Increase in CBF, clinical 
improvement

Visocchi et al. 
(2001) [64]

Ischemic/hemorrhagic brain 
damage

18 TCD; NIRS; SPECT Clinical improvement, no 
absolute correlation increase, 
reduction, no changes in 
cerebral blood flow, or either 
increase/reduction of cerebral 
blood flow

Clavo et al. (2007, 
2004, 2003, 2002) 
[4–7]

Brain tumor perfusion (advanced 
gliomas and head and neck 
tumors)

64 TCD, polarographic probes Increased tumor blood flow 
and oxygenation

Robaina and 
Clavo  
(2007) [48]

Cerebral ischemia 49 SPECT; TCD; Color doppler, PET Significant increases in 
velocity in middle cerebral 
artery flow and common 
carotid artery flow and 
glucose metabolism

De Andrés et al. 
(2007) [9]

Ischemic brain damage 1 Doppler, functional MRI Clinical improvement, 
increase in CBF

Liu et al. (2008) 
[33]

Impaired consciousness 
(persistent vegetative states)

20 SPECT Clinical improvement, 
increase in CBF; increase in 
DA and NE in CSF

Clavo et al.  
(2012) [8]

High-grade glioma 26 TCD, SPECT, Polarographic probes Increase in locoregional blood 
flow, oxygenation, and glucose 
metabolism, improved 
chemotherapy delivery, oxygen 
effect during radiotherapy

CBF cerebral blood flow, CSF cerebrospinal fluid, EEG electroencephalogram, DA dopamine, MRI Magnetic Resonance Imaging, NE norepineph-
rine, NIRS Near Infrared Spectroscopy, PET Positron Emission Tomography, SPECT Single Photon Emission Computed Tomography, TCD trans 
cranial doppler 
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cervical SCS, a considerable improvement in CBF and brain 
metabolism, in the form of  statistically significant increases in 
systolic and diastolic velocity in the MCA, increases in com-
mon carotid artery (CCA) confirm other edits in paragraph 
blood flow, and increases in glucose metabolism.

The only clinical study of SCS for cerebral vasospasm was 
the one published by Takanashi and Shinonaga [53] in 2000. 
They reported a series of ten SAH patients with secured cere-
bral aneurysm (ranging from Hunt Hess grades 2 to 4, Fisher 
grade 3) implanted with percutaneous epidural cervical leads 
and stimulated continuously from the 5th day post-bleeding 
for 10–15 days, in association with standard medical treat-
ment. They observed a significant increase of CBF in the 
MCA territory. Four of the ten patients showed angiographic 
vasospasm, but none developed severe clinical sequelae: the 
overall outcome was good or excellent in seven of the ten 
patients. No serious adverse effect was attributed to SCS. The 
main limitations of this study were the small number of 
patients and the severe clinical status (Hunt Hess grade 3 or 4) 
on admission; such severity could represent a confounding 
element in attributing morbidity and mortality to hemorrhage 
itself and to vasospasm. No definitive proof of clinical effi-
cacy can originate from this study, but surely it could repre-
sent the first attempt to evaluate SCS as an adjunctive therapy 
for cerebral vasospasm following SAH. A different field in 
the possible application of SCS is represented by high-grade 
tumors, in that SCS can increase blood flow to the lesion and 
thus increase the radiochemosensitivity. In the past 10 years 
Clavo and colleagues [4–7, 49] published several scientific 
works on the application of SCS in patients with high-grade 
gliomas and head and neck tumors, investigating its ability to 
increase locoregional blood flow and thus the delivery of che-
motherapy and oxygen. In a more recent paper, in 2012 [8]: 
Clavo reported a series of 26 patients with high-grade glio-
mas in whom he assessed pre- and post-SCS CBF, tumor 
blood flow, tumor partial pressure of oxygen (pO2), and glu-
cose metabolism, using (18) fludeoxyglucose positron emis-
sion tomography (FDG-PET). He demonstrated how SCS can 
modify the tumor microenvironment, improving its radioche-
motherapy sensitivity. These clinical studies demonstrate that 
SCS can enhance locoregional blood flow, increasing the 
delivery of chemotherapeutic drugs and of oxygen, with 
improvement of tumor radiosensitivity . Even though they are 
still preliminary, these findings open up an exciting field of 
research in the clinical application of SCS, in that it can influ-
ence radiochemotherapy sensitivity and, thus, the prognosis 
of tumor patients [4, 49].

 Conclusions

SCS has been widely used for the the treatment of chronic 
pain [42], such as that described in patients with FBSS, 
complex regional pain syndrome (CRPS), peripheral neu-
ropathy, phantom limb pain, angina [1, 11], and ischemic 

limb pain [10, 24]. Since the late 1980s researchers have 
started to think about the possible application of SCS in 
the regulation of CBF, checking its hemodynamic effects 
in animal models and in humans, both under “physiologi-
cal conditions” and “in particular settings such as low-
perfusion syndrome”.

Multiple data have been published concerning the 
effect of neurostimulation in increasing local or global 
CBF in physiological conditions and also in low-perfu-
sion syndrome; although it is quite clear that SCS applied 
at the cervical level has some effects on CBF [17], it is 
still necessary to continue with the research in order to 
acquire some evidence that can justify the use of this par-
ticular treatment in clinical practice, and to clarify the 
proper way to do it.

Regarding what it is in the literature nowadays, SCS 
seems to have shown some true effect in “protecting” the 
brain from the progression of damage in cerebrovascular 
disease models (animals), as demonstrated for cerebral 
edema, stroke, and vasospasm, whether or not the latter 
is related to SAH; however, the latest clinical studies on 
this topic have not demonstrated any clear useful effect 
in clinical practice; it is important to emphasize that, 
according to the literature, the main role of SCS remains 
for brain “protection”; there is still no strong data avail-
able that can sustain the “therapeutic” use of SCS in 
“low-perfusion syndromes”, and this is probably the 
main aspect that should therefore be the focus of our 
attention in future years.

Possible therapeutic perspectives in the future will also 
deal with the observations that SCS can modify blood flow 
circulation within the “target area” in high-grade malignant 
brain tumors; the first data published suggest that SCS 
might represent an “adjuvant” weapon in the therapeutic 
approaches following surgery, working in conjunction with 
standard chemo- and radiotherapy [4, 49].

Spinal cord stimulation has been established over the 
past years as a very promising tool in the hands of the 
neurosurgeon, in regard to the interesting results obtained 
in the regulation of cerebral hemodynamics, both in ani-
mal models and in humans [56, 76]. It can also be seen 
that SCS, due to this effect, can modify in some way the 
course of some well- known detrimental pathological 
events in particular diseases, such as ischemia/stroke, 
SAH, and vasospasm, and can also have a significant role 
in brain tumor management, to increase the sensitivity of 
pathological tissue to radiochemotherapy.

However, statistical evidence is still lacking, and this 
negatively affects the possible application of SCS in 
daily clinical practice; the collection of statistical evi-
dence is the way researchers should continue on this 
pathway, with more clinical studies and randomized 
control trials: to give SCS the possible wide application 
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it could have in functional neurosurgery and, more 
widely speaking, in the management of some of the 
most relevant brain diseases.
As far as we know, worldwide, there is only one ongoing 

trial aimed at evaluating the global hemodynamic effects and 
metabolic effects of SCS on chronic stroke; this trial is being 
conducted in Italy at the Neurosciences Institute “Neuromed” 
in Pozzilli (IS). The Chief of the Institute is Professor 
Vincenzo Esposito and the Principal Investigator is 
Massimiliano Visocchi.
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Abstract Twenty-one vegetative state (VS) patients and 10 
minimally conscious state (MCS) patients were treated by 
spinal cord stimulation (SCS) following an electrophysiologi-
cal evaluation 3 months or more after the onset of brain injury.

A flexible four-contact cylindrical electrode was inserted 
into the epidural space of the cervical vertebrae, and placed 
at cervical levels C2–C4. Five-hertz stimulation was applied 
for 5 min every 30 min during the daytime at an intensity that 
produced muscle twitches of the upper extremities.

Both the fifth wave in the auditory brainstem response 
(ABR) and N20 in the somatosensory evoked potential (SEP) 
were detected in 8 of the 21 VS patients and 9 of the 10 MCS 
patients. Of the 3 VS patients and 7 MCS patients who 
recovered following SCS therapy, all showed a preserved 
fifth wave in the ABR and N20 in the SEP, and all had 
received SCS therapy within 9 months after the onset of 
brain injury. Although the 3 patients who recovered from VS 
remained in a bedridden state, all 7 patients who recovered 
from MCS were able to emerge from the bedridden state 
within 12 months after the start of SCS.

Five-hertz cervical SCS caused increased cerebral blood 
flow (CBF) and induced muscle twitches of the upper 
extremities, and MCS patients showed a remarkable recov-
ery of consciousness and motor function in the upper extrem-
ities compared with the lower extremities. This SCS method 
could be a new neuromodulation and neurorehabilitation 
technique, and MCS patients may be good candidates for 
SCS therapy.

Keywords Minimally conscious state • Spinal cord stimula-
tion • Vegetative state • Auditory brainstem response • 
Somatosensory evoked potential

 Introduction

In 1972, Jennett and Plum first reported the concept of a 
persistent vegetative state (PVS) [9]. Later, in 1994, The 
Multi- Society Task Force on PVS proposed a definition of 
PVS [21, 22] as a clinical condition of complete unaware-
ness of the self and the environment, accompanied by sleep-
wake cycles, with either complete or partial preservation of 
hypothalamic and brainstem autonomic function. In 2002, 
Giacino et al. proposed the concept of the minimally con-
scious state (MCS) [5], which is characterized by inconsis-
tent but clearly discernible behavioral evidence of 
consciousness and can be distinguished from coma and VS 
by the presence of specific behavioral features not found in 
either of these conditions.

Results of many medical and surgical interventions for 
the treatment of VS and MCS have been reported, but the 
estimations of resting brain function in VS and MCS patients 
have generally been unclear [19, 21, 22]. We have reported 
that VS and MCS can be distinguished neurologically, but 
that the resting brain function in VS and MCS patients differs 
markedly among patients, and that estimations of resting 
brain function in VS and MCS patients are essential in dis-
cussions about the effects of treatment [24–26]. Therefore, 
we previously carried out an electrophysiological evaluation 
to clarify the resting brain function in VS patients and found 
that deep brain stimulation (DBS) of the thalamic centre 
médian parafascicular (CM-pf) complex was useful for the 
treatment of VS patients when candidates were selected on 
the basis of an electrophysiological evaluation [26].

In this study, we report the long-term follow-up results of 
5-Hz cervical SCS for the treatment of VS and MCS patients, 
in conjunction with the results of electrophysiological 
 evaluation, which included assessments of auditory brain-
stem response (ABR) and somatosensory evoked potentials 
(SEPs). We examined the effects of 5-Hz cervical SCS for 
the recovery of motor function as well as consciousness in 
VS and MCS patients.
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 Patients and Methods

 Chronic SCS in VS and MCS Patients

Electrophysiological evaluations, including assessments of 
ABR and SEP, were carried out more than 3 months (90 days) 
after the onset of brain injury and the initial coma. in 21 VS 
and 10 MCS patients whose families desired and agreed to 
SCS therapy; all patients were treated with cervical SCS. The 
ages of the 21 VS patients ranged from 16 to 73 years (mean 
47 ± 18.4) while those of the 10 MCS patients ranged from 
16 to 67 years (mean 32 ± 15.9). The causes of the initial 
coma in the VS patients were head injury (4 patients), cere-
brovascular accident (13 patients), and anoxic brain insult (4 
patients); in the MCS patients, the causes were head injury (6 
patients), encephalomyelitis (1 patient), and cerebrovascular 
accident (3 patients).

 Electrophysiological Evaluation

We used Neuropack 2208 (Nihon Kohden, Tokyo, Japan) for 
the recording of ABR and SEP. For the ABR recording, nee-
dle electrodes were placed on the earlobes, the top of the head 
(Cz at the International 10–20 system), and forehead (ground). 
The bandpass was set from 10 Hz to 3 KHz. Binaural click 
stimuli were presented through earphones at 90 dB HL (hear-
ing level) at a rate of 10/s. In each trial, 2048 responses were 
recorded. For the SEP recording, a four-channel montage was 
used: (1) Erb’s point: the non- cephalic reference; (2) the spi-
nous process of the C5 vertebra; (3) the contralateral scalp 
(C3′ or C4′); and (4) the ipsilateral scalp (C4′ or C3′). Square-
wave pulses with a duration of 0.1 ms and a frequency of 5/s 
were delivered at a sufficient intensity. The bandpass was set 
from 0.5 Hz to 3 KHz. For the ABR and SEP recordings, at 
least two traces were recorded and superimposed to check 
their reproducibility. On the basis of the results of our previ-
ous work, we examined whether or not the fifth wave of the 
ABR and the N20 of SEP could be recorded, even if with a 
prolonged latency or on just one side [25–27].

 SCS Method for VS and MCS Patients

Each patient was placed in the prone position, and the 
18-gauge Tuohy needle included in the electrode package 
was inserted into the midline epidural space at the cervical- 
thoracic junction under radiographic control. The spinal epi-
dural space was confirmed from the change of resistance 
observed in practice with an air injection through the Tuohy 
needle. Through the Tuohy needle, a flexible, four-contact 
cylinder electrode with a stylet (3487A PISCES-Quad; 

Medtronic, Minneapolis, USA was inserted into the epidural 
space of the cervical vertebrae, and placed at cervical levels 
C2-C4. The stylet and Tuohy needle were then removed, and 
the stimulation electrode was connected with an extension 
cable to an implantable pulse generator (7427 Synergy; 
Medtronic, Minneapolis, USA), which was implanted under 
the anterior chest wall (Fig. 1). Stimulation was applied 
automatically by the implanted pulse generator for 5 min 
every 30 min during the daytime, at an intensity that pro-
duced apparent muscle twitches of the upper extremities. We 
used 5 Hz for cervical SCS, considering that such a stimula-
tion can activate the ascending reticular activating system 
indirectly, and not only increase cerebral blood flow (CBF) 
and cerebral metabolism but also induce muscle twitches, 
which can be a useful method of functional neurorehabilita-
tion for VS and MCS patients [27].

The families of all the patients provided their written 
informed consent for this procedure. This study was approved 
by the Committee for Clinical Trials and Research on 
Humans of our university and conformed with the principles 
outlined in the Declaration of Helsinki.

 Measurement of Regional Cerebral Blood 
Flow Before and During SCS

Employing single-photon emission computed tomography 
(SPECT), we could measure the CBF of the whole brain 
before and during SCS in eight of the ten MCS patients who 
were treated with SCS. SPECT was performed using a Prism 
2000XP gamma camera system (Shimazu, Kyoto, Japan). 
Using an ethyl cysteinate dimer, quantitative regional CBF 
images were converted from qualitative axial SPECT images 
by the application of Patlak plot graphical analysis with radio-
nuclide angiography and Lassen’s linearization. We compared 
CBF before and during SCS.

 Statistical Analysis

Changes in the regional (r) CBF of the whole brain induced by 
SCS in MCS patients were compared using the paired t-test.

 Results

 Electrophysiological Evaluation of VS 
and MCS Patients

As VS candidates for SCS therapy, we generally try to select 
patients who showed both the fifth wave in the ABR and 
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N20 in SEP by electrophysiological evaluation [24–27]. 
However, it has not been so easy to find VS patients in whom 
both the fifth wave in ABR and N20 in SEP are detectable. 
Both measures were recorded in only 8 of the 21 VS patients 
treated with SCS in the present study. In contrast, we detected 
both the fifth wave in the ABR and N20 in SEP in 9 of our 10 
MCS patients.

 Phenomena Induced by 5-Hz Cervical SCS 
in VS and MCS

SCS did not induce strong arousal responses such as those that 
were observed by the deep brain stimulation (DBS) of the 
CM-pf complex and mesencephalic reticular formation in our 
previous reports [23, 25, 26]. However, 5-Hz cervical SCS 
induced muscle twitches of the bilateral upper extremities; 
these were not induced by DBS. While 5-Hz cervical SCS 
induced muscle twitches, 25-Hz cervical SCS induced muscle 
contraction of the upper extremities. Thus, we considered that 
5-Hz cervical SCS is more suitable for neurorehabilitation and 
neuromodulation than higher-frequency cervical SCS.

In eight MCS patients, the average CBF without SCS was 
38.8 ± 5.1 ml/100 g/min, while that during SCS was 
47.51 ± 7.8 ml/100 g/min. SCS increased CBF diffusely in 
the brain, except at the lesion site, and the average CBF of 
the whole brain increased by 22.2 % during SCS compared 
with the CBF before SCS (p < 0.0001, paired t-test).

 Long-Term Effect of SCS in VS Patients

Among the 21 VS patients treated by SCS, only 8 patients 
showed both the fifth wave in the ABR and N20 in SEP 
before SCS. Of these 8 patients, only 3 patients recovered 
from VS and became able to communicate through speech or 
other responses. The causes of brain injury in the 3 VS 
patients who recovered were head injury (1 case) and cere-
brovascular accident (2 cases). These 3 VS patients were 
treated by SCS at 3, 5, and 8 months after the brain injury. 
The 5 other VS patients showing both the fifth wave in the 
ABR and N20 in SEP, and who failed to recover from VS, 
were treated by SCS at 13, 14, 20, 36, and 51 months after 
the initial brain injury and coma. In the 3 patients who 

Fig. 1 Cervical spinal cord stimulation (SCS). Radiography images show the location of the stimulation electrode and implantable pulse generator 
(IPG). Left, IPG under the anterior chest wall; Middle, lateral view of cervical X-ray; Right, antero-posterior (A-P) view of cervical X-ray
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 recovered from VS, the head injury patient recovered at 
14 months, and the two cerebrovascular accident patients 
recovered at 8 and 12 months after the initial brain injury and 
coma. All 3 patients who recovered from VS remained in a 
bedridden state with severe disability, determined on the 
basis of the Glasgow Outcome Scale [10].

 Long-Term Effect of SCS in MCS Patients

Giacino et al. [5] proposed criteria for determining emer-
gence from MCS, characterized by reliable and consistent 
demonstration of one or both of the following: (1) functional 
interactive communication and (2) functional use of two dif-
ferent objects. On the basis of these proposed criteria, it was 
determined that seven of our ten patients emerged from MCS 
following SCS therapy.

In nine of the ten MCS patients, both the fifth wave in the 
ABR and N20 in SEP were detectable before SCS. All seven 
patients who recovered from MCS following SCS were 
among this group. The cause of brain injury in these seven 
patients was head injury (6 cases) and cerebrovascular acci-
dent (1 case), and the patients were treated by SCS at 
3 months (4 patients), 8 months (1 patient), and 9 months (2 
patients) after the initial brain injury. Among these seven 
patients, one showed improvement to only moderate disabil-
ity at 1 year after the start of SCS therapy, as determined 
using the Glasgow Outcome Scale [10], and became able to 
walk by himself. Although the other six patients required the 
use of a wheelchair, four were able to use the wheelchair by 
themselves with some assistance. The other two patients 
were unable to handle the wheelchair by themselves even 
with some assistance. The two MCS patients who showed 
the fifth wave in the ABR and N20 in SEP but did not recover 
from MCS were treated with SCS at 11 and 12 months after 
the initial brain injury.

 Discussion

 Electrophysiological Evaluation  
and Timing of SCS

We have reported that electrophysiological evaluation is use-
ful for estimating the resting brain function of VS and MCS 
patients, and we have recorded ABR, SEP, pain-related P250, 
and used continuous electroencephalogram (EEG) frequency 
analysis for the treatment of VS with DBS [24, 27]. In the 
present study, we performed only ABR and SEP for electro-
physiological evaluation, because SCS for VS patients was 

applied mainly in our satellite hospital where pain-related 
P250 and continuous EEG frequency analysis are typically 
not recorded before SCS treatment. In general, ABR is used 
for the evaluation of brainstem function and SEP for the 
evaluation of thalamocortical function in the brain.

In this study, 3 of the 21 VS patients and 7 of the 10 MCS 
patients showed recovery of consciousness. All patients who 
recovered from VS or MCS showed the fifth wave in the 
ABR and N20 in SEP before SCS therapy. Based on these 
results, we consider that at least the fifth wave in the ABR 
and N20 in SEP must be detected by electrophysiological 
evaluation in order for SCS therapy to be effective in treating 
VS or MCS.

This study indicated that the timing for starting SCS is 
also very important. Three patients recovered from VS with 
SCS treatment, and all of these patients were started on SCS 
within 8 months after the onset of the initial brain injury and 
the comatose state. In addition, seven patients recovered 
from MCS with SCS treatment, and all of these seven patients 
underwent SCS within 9 months after the onset of the initial 
brain injury and comatose state. The other VS or MCS 
patients who showed the fifth wave in the ABR and N20 in 
SEP, but were treated with SCS 9 months or more after the 
onset of the initial brain injury and comatose state, did not 
recover from VS or MCS. Thus, we think that not only elec-
trophysiological evaluation but also the timing of the start of 
SCS is critical for the treatment of VS and MCS. Although 
the neurological findings in VS and MCS are quite different, 
the effective timing for the start of SCS was not very differ-
ent between the two groups.

Anatomical findings on computed tomography (CT) or 
magnetic resonance (MR) images are also useful for 
 evaluating severe brain damage, such as bilateral diffuse 
injury of the thalamus or cerebral cortex; however, it is usu-
ally difficult to evaluate resting brain function correctly in 
the more mildly damaged brain [26]. CBF is usually lower in 
VS and MCS patients than in normal subjects, and some 
reports indicate the importance of CBF for the selection of 
candidates for SCS [11]; however, we must recognize that 
chronic stage CBF does not always represent the severity of 
acute brain anoxia.

 Long-Term SCS for VS

The Multi-Society Task Force on PVS indicated that recovery 
of consciousness in post-traumatic VS is unlikely after 
12 months, and that recovery from nontraumatic VS after 
3 months is exceedingly rare [21, 22]. In our study, three 
patients recovered from VS following cervical SCS; one head 
injury patient recovered at 14 months, and two cerebrovascu-
lar accident patients recovered at 8 and 12 months after the 
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initial brain injury. Based on the report from The Multi- Society 
Task Force on PVS, the recovery from VS in our three patients 
would be classified as rare if the recovery had occurred spon-
taneously. However, we could not demonstrate definite evi-
dence that the SCS was useful for the recovery of VS patients 
in this study. Otherwise, we have reported that DBS of the 
CM-pf complex is useful for the treatment of VS patients 
when candidates are selected on the basis of an electrophysi-
ological evaluation [25, 26, 28]. If the option of treating VS 
patients with SCS therapy exists, the fifth wave in the ABR 
and N20 in SEP should be verified as detectable, and the SCS 
should be started within 8 months after the initial brain injury.

Chronic DBS of the mesencephalic reticular formation and 
the thalamic CM-pf complex for the treatment of VS was first 
reported by Tsubokawa et al. [23, 24] and Chohadon and 
Richer [2]. Unilateral DBS of the intact side of the thalamic 
CM-pf complex can induce a very strong arousal response in 
VS patients [23, 25, 26, 28]. It seems important to increase the 
arousal level in VS patients for them to recover from the VS 
[6, 8, 16, 19, 20]. The fact that SCS does not induce an arousal 
response, although SCS can increase CBF, may be a clear 
instance of its difference from DBS therapy for VS patients.

 Long-Term SCS for MCS

In contrast to VS patients, MCS patients retain some con-
sciousness. In 2007, Schiff et al. [19] reported good results 
for bilateral DBS of the anterior intralaminar thalamic nuclei 
and adjacent paralaminar regions of the thalamic association 
nuclei, following a 6-month double-blind alternating cross-
over study in the treatment of MCS patients. Considering the 
persistence of a bedridden state before recovery from MCS, 
we selected 5-Hz cervical SCS rather than DBS. Five-hertz 
cervical SCS can increase CBF in the entire brain and induce 
muscle twitches; these cannot be induced by DBS [27, 28].

In this study, nine of the ten MCS patients showed the 
fifth wave in the ABR and N20 in SEP. Seven of these nine 
patients recovered from MCS and consistently demonstrated 
functional interactive communication. These findings indi-
cate that electrophysiological evaluation with ABR and SEP 
is quite useful for predicting the effectiveness of SCS for 
MCS patients. Although SCS treatment for VS patients 
showed minimal improvements, we were able to confirm that 
cervical SCS therapy is truly effective for MCS patients.

In 1985, Hosobuchi reported that cervical SCS could sig-
nificantly increase CBF in the hemisphere ipsilateral to the 
induced paresthesia, while thoracic SCS showed no effect on 
CBF [7]. The first use of SCS was for the treatment of pain 
or spasticity [1, 15, 17, 18]. SCS was not used for the treat-
ment of VS and prolonged coma until 1989 [4]. Subsequent 
SCS studies for the treatment of VS also used high-frequency 

SCS [3, 12–14]. In contrast to those studies, we first reported 
that 5-Hz cervical SCS not only can increase CBF in the 
whole brain but can also induce muscle twitches of the upper 
extremities, which may constitute a new step toward reha-
bilitation [27]. We selected 5-Hz for SCS, since 5-Hz cervi-
cal SCS induced muscle twitches most clearly and strongly 
compared with other frequencies.

 Recovery of Motor Function After 5-Hz 
Cervical SCS in MCS Patients

It is important that all seven patients who recovered from 
MCS after 5-Hz cervical SCS therapy showed good recovery 
of motor function in their upper extremities compared with 
their lower extremities. Five-hertz cervical SCS induced 
muscle twitches only in the upper extremities and not in the 
lower extremities. These results indicate that induced muscle 
twitches may be an important factor for the recovery of 
motor function. We chose stimulation for 5 min every 30 min 
to prevent the muscle fatigue that could been induced by 
continuous stimulation.

We placed the stimulation electrode at the center and dor-
sal part of the epidural space of the cervical spinal cord to 
facilitate chronic stimulation of the cervical dorsal column 
by the implanted SCS electrode. Regarding the mechanism 
of muscle twitches induced by dorsal column stimulation, 
there are several possible explanations: (1) current spreading 
to the anterior root, (2) direct stimulation of the corticospinal 
tract, (3) current spreading to the dorsal root, and (4) anti-
dromical stimulation of sensory fibers from the dorsal horn 
to the dorsal funiculus (Fig. 2).

SCS electrode

Dorsal root

Sensory group Ia fiber

Leg

Trunk

Arm (corticospinal tract)

Anterior root

(Stimulation point)

α-motoneuron

Fig. 2 Possible mechanism of muscle twitches induced by dorsal 
 column stimulation. We speculate that dorsal column stimulation acti-
vates: (1) sensory fibers from the dorsal horn antidromically or (2) the 
dorsal root directly, and this stimulation activates α-motoneurons via 
interneurons

Spinal Cord Stimulation for Vegetative State and Minimally Conscious State: Changes in Consciousness Level and Motor Function



42

We speculate that dorsal column stimulation activates 
either: (1) sensory fibers from the dorsal horn antidromically 
or (2) the dorsal root directly, and this stimulation activates 
the α-motoneurons via interneurons. Five-hertz stimulation 
can synchronize the firing of α-motoneurons, and induce 
muscle twitches. We speculate that such repeated and 
induced muscle twitches are useful in both preventing the 
muscular atrophy and joint contracture that arises from dis-
use, and in encouraging the recovery of motor function. We 
also speculate that stimulation of the lower thoracic level, 
which induced muscle twitches of the lower extremities, may 
be useful for the recovery of the motor function of the lower 
extremities, just as cervical stimulation seems to be useful 
for the upper extremities. Further studies are required to 
investigate this hypothesis. Such neuromodulation may 
prove to be useful as a new neurorehabilitation technique.
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Abstract Vagal nerve stimulation (VNS) is an effective 
treatment for drug-resistant epilepsy that is not suitable for 
resective surgery, both in adults and in children. Few reports 
describe the adverse effects and complications of VNS. The 
aim of our study was to present a series of 33 pediatric 
patients who underwent VNS for drug-resistant epilepsy and 
to discuss the adverse effects and complications through a 
review of the literature.

The adverse effects of VNS are usually transient and are 
dependent on stimulation of the vagus and its efferent fibers; 
surgical complications of the procedure may be challenging 
and patients sometimes require further surgery; generally 
these complications affect VNS efficacy; in addition, hard-
ware complications also have to be taken into account.

In our experience and according to the literature, adverse 
effects and surgical and hardware complications are uncom-
mon and can usually be managed definitely. Careful selec-
tion of patients, particularly from a respiratory and cardiac 
point of view, has to be done before surgery to limit the inci-
dence of some adverse effects.

Keywords Vagal nerve stimulation • Complications • 
Pediatric age • Drug-resistant epilepsy

 Introduction

The worldwide prevalence of epilepsy in the pediatric population 
is estimated to be 0.5–1 % [5]; an effective treatment is particu-
larly important in children because uncontrolled seizures can gen-
erate significant effects on normal cognitive development and 
quality of life [5, 21]. In addition, one-third of epileptic patients 
may develop drug-resistant epilepsy requiring surgery [15, 16].

Whenever resective surgery was not indicated, vagal 
nerve stimulation (VNS) has been suggested as an alterna-
tive and it has been widely used for treatment of epilepsy for 
at least 15 years. Positive effects of VNS in children have 
been widely described throughout the literature [21].

However, there are few reports concerning the possible 
adverse effects of stimulation of the vagal nerve and the sur-
gical and hardware complications of VNS.

Voice alterations, hoarseness, cough, arrhythmias, 
obstructive sleep apnea, dysphagia, nausea/vomiting, head-
ache, and Horner’s syndrome have been reported to be pos-
sible adverse effects of vagal stimulation, while surgical 
complications are reported to depend upon carotid artery or 
jugular vein damage, infections, or hardware failure [4, 8, 
12, 14, 17, 24, 25].

The aim of our study was to review the adverse effects 
and complications in our consecutive series of 33 pediatric 
patients implanted with VNS for intractable epilepsy and to 
compare our data with the literature.

 Materials and Methods

 Patient Population

Since 2006, 33 pediatric patients (18 male and 15 female) 
have received VNS for refractory epilepsy not eligible for 
resective surgery at our Institution. Their age range was 
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between 8 months and 17 years. Mean age at implant was 
8 years and mean follow-up time was 3. Two years. On aver-
age, VNS was performed 7 years after the diagnosis of 
refractory epilepsy.

Each patient underwent careful presurgical evaluation 
that included history, physical and neurological examination, 
magnetic resonance imaging (MRI) and functional MRI 
imaging, electroencephalogram (EEG) and video-EEG, and 
cardiac and respiratory investigations. All patients under-
went VNS as the primary surgical treatment after the failure 
of multiple antiepileptic drugs (AEDs). Resective surgery 
was excluded upon anatomo-functional considerations; in 
detail, these were: the radiological absence of a well-defined 
epileptic lesion, the unfeasibility of identifying an epilepto-
genic zone, and features of complex and diffuse anatomical 
modifications or genetic alterations.

Epilepsy was due to the following pathologies: tuberous 
sclerosis complex (TSC, 4 patients), genetic disease (14 
patients), malformations of cortical development (MCD, 7 
patients), channelopathies (4 patients), and miscellaneous 
pathologies (4 patients). Epilepsy was characterized by 
spasms in most of the patients. Three cases of refractory sta-
tus epilepticus (SE) were treated acutely with VNS, with a 
dramatic reduction in the frequency and intensity of seizures 
without recurrence of further episodes of SE.

 Surgical Technique

A single neck incision, on the left side, was used in the first 
cases; later we preferred to perform a second incision under 
the clavicle to be more comfortable in positioning the elec-
trode and the implantable pulse generator (IPG). Cyberonics 
VNS Pulse model 102 or a DemiPulse model 103 was 
implanted (Cyberonics, Houston, TX, USA).

The patient is placed under general anesthesia in a supine 
position with a roll beneath the scapulae to provide mild 
neck extension. The head is lightly rotated towards the right 
and fixed to the operative table. To implant the electrode, a 
3- to 4-cm left paramedian neck incision is made and the 
vagal nerve is reached deep and medial to the internal jugular 

vein through blunt dissection. Under the operative micro-
scope dissection of the nerve is performed for at least 4 cm 
and the electrode coils are positioned along the vagal trunk. 
A 5-cm subclavian incision is made and a pocket is created 
to implant the IPG above the muscular fascia. The connect-
ing cable is tunneled and a tension-relief loop is made and 
fixed to the sternocleidomastoid muscle. The IPG itself is 
fixed to the muscular fascia to prevent future migration of the 
device. Once the cable is connected to the generator, a lead 
test is carried out to measure impedances. Antibiotics are 
administered preoperatively. If no complications occur, the 
child is usually discharged after 24–48 h and referred to  
the children’s neuropsychiatric clinic 2 weeks later to start 
the stimulation.

 Results

During follow-up the patients were evaluated neurologi-
cally and with repeated EEGs. AEDs were reduced in all 
patients. The mean current output of the device is 1.3 mA 
(range 1–1.75 mA) and mean duty cycle is 13 % (range 
10–35 %).

Modified McHugh’s score modified McHugh’s score was 
used to evaluate VNS efficacy. In our series we had 14 
patients in class I (47 %), 10 patients in class II (33 %), 2 
patients in class III (7 %), and 4 patients in class V (13 %). 
Three patients died of different causes: sudden unexpected 
death in epileptic patient (SUDEP; 1 patient), prolonged and 
intractable SE (1 patient), and systemic complications due to 
the underlying syndrome (1 patient).

The overall complication rate was 18.2 % and the adverse 
effects rate was 9.09 %; the details are summarized in Table 1.

Out of the 33 patients, 4 (12.1 %) experienced breakage of 
the connecting cable as a consequence of falls or a direct hit.

One patient (3.03 %) developed a keloid at the level of the 
thoracic incision.

In one patient an intraoperative lesion of the thoracic duct 
occurred, with consequent lymphorrhea and the need for sur-
gical closure of the duct. No further postoperative clinical 
troubles have been observed in this patient.

Table 1 Summary of adverse effects and complications in our series of 33 pediatric patients

No. of patients Incidence (%) Event description Solution

4 12.1 Accidental electrode rupture Replacement (IPG + electrode)

2 6 Cough VNS parameters adjustment

1 3.03 Thoracic duct lesion Surgical closure of the duct

1 3.03 Nausea/vomiting VNS parameters adjustment

1 3.03 Keloid Conservative management by plastic surgeon

IPG implantable pulse generator, VNS vagal nerve stimulation
None of the patients experienced irreversible deficits or clinical problems
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So far, we have not observed any infection, either postop-
eratively or during long-term follow-up.

As far as adverse effects are concerned, we experienced 
one case of cough and one case of nausea/vomiting that pro-
gressively resolved with adjustment of the stimulation 
parameters. In particular, the nausea and vomiting appeared 
in a patient in whom the stimulation was started immediately 
after the implant because of a challenging clinical picture, 
characterized by frequent falls. Given this adverse effect, the 
stimulation was stopped and gradually restarted after 
10 days.

 Discussion

Vagal nerve stimulation is nowadays considered a safe surgi-
cal and neuromodulatory technique. Positive results in sei-
zure control and quality of life improvement have been 
observed in children [1, 8, 19, 21, 23]. In the literature, the 
rates of surgical complications and adverse effects are 
reported to be between 2.5 and 16.8 % [1, 12, 14, 24, 26].

However, as far as hardware complications are concerned, 
the literature reports a rate ranging from 0 to 21 % [1, 6, 8, 
11–14, 24, 26].

After our analysis of the abovementioned studies, it was 
clear that the most common and relevant complications con-
cerning VNS implantations are: infections, vocal cord palsy, 
and hardware-related inconveniences.

In these studies the infection rate was reported to be 
between 0 and 10.9 %. In most cases, infections could be 
considered as a minor complication, only requiring oral and/
or local antibiotics. Sometimes infections become a major 
event and explantation of the device is needed. The risk of 
infection is undoubtedly due to the implantation of the pros-
thetic device. One comparable neurosurgical procedure is 
deep brain stimulation (DBS), where the literature reports 
infection rates between 2.5 and 8.5 %, values that are similar 
to those reported for VNS [12]. In our series we have not had 
any case of infection so far. This could be explained by sev-
eral factors; in particular: the careful draping of the sterile 
field, the surgeon’s behavior (reduction of operative time, 
changing gloves, use of disposable materials, etc), the admin-
istration of intravenous antibiotics (usually cefazolin) 1 h 
before surgery, and the care of the wound during hospitaliza-
tion and at home, after accurate training of the care-givers. 
An increased infection rate seems to be a consequence of the 
number of pulse generator replacements, for battery exhaus-
tion [12] and the rate could be reduced by the introduction of 
new stimulator models s with longer battery life or recharge-
able generators, as employed for DBS devices.

As far as vocal cord palsy is concerned, an incidence 
between 1 and 5.6 % emerged from the aforementioned 

 studies. This kind of complication appears to be a direct con-
sequence of the manipulation of the vagus nerve, or it may be 
due to recurrent laryngeal nerve injury; usually, it is a tran-
sient adverse effect. A similar incidence of vocal cord palsy 
was also reported following a second surgery, performed for 
the replacement or explantation of the electrode; commonly, 
in these cases, the palsy may last longer [12, 27]. The reason 
could be that fibrosis and scar near the previous lead inser-
tion would make dissection more troublesome. However, it 
seems evident that vocal cord palsy is a complication that 
affects adults more than children [26].

Left vocal cord adduction due to stimulation of the left 
recurrent laryngeal nerve could be the cause of laryngeal and 
respiratory symptoms that might develop in these patients. It 
has been demonstrated that stimulation of the vagus leads to 
an increase in respiratory rate and to a decrease in respiratory 
amplitude, tidal volume, and oxygen saturation. These respi-
ratory alterations could cause sleep apnea or exacerbate it in 
patients with a preexisting diagnosis. Moreover, as the VNS 
device is usually implanted in patients who could, poten-
tially, have abnormal central nervous system (CNS) develop-
ment and who generally receive active CNS drugs, it has to 
be kept in consideration that these patients are at higher risk 
of apnea than the normal population, even in the absence of 
the usual risk factors, in that the stimulation of the vagus 
could influence respiratory drive and the opening of the 
upper airway during sleep [22].

Cardiac complications (arrhythmias) are uncommon, 
with an incidence lower than 1 % [3, 12]. The left vagus 
nerve has fewer cardiac efferent fibers than the right vagus 
nerve and this could potentially limit the arrhythmogenic 
effects of left vagal stimulation. Patients with a history of 
bradyarrhythmias and asystole are at greater risk of cardiac 
effects [10].

Given the risk of cardiac and respiratory complications, it 
is mandatory for potential VNS patients to undergo a careful 
preoperative screening.

Transient side effects of VNS, such as cough (6–45 %), 
headache, nausea/vomiting, and neck spasms are usually 
dependent on the stimulation parameters and occur during 
stimulus. These effects are reported to be reversible after 
parameter adjustment and, if persistent, are usually well tol-
erated by the patients and do not impinge on the efficacy of 
VNS [24].

Since many of the patients who have undergone VNS for 
drug-resistant epilepsy are mentally disabled and could not 
well describe some types of adverse symptoms, their fre-
quency could be underestimated and, in particular, vocal 
cord palsy and consequent hoarseness could be more fre-
quent, as reported in the literature [12].

A very uncommon surgical complication described in our 
series is a case of lesion of the thoracic duct with subsequent 
lymphorrhea; the duct was immediately surgically sealed, 

Adverse Effects and Surgical Complications in Pediatric Patients Undergoing Vagal Nerve Stimulation for Drug-Resistant Epilepsy



46

without any systemic postoperative complication. To the best 
of our knowledge, this complication has never been reported 
in the literature. Possible reasons for the surgical accident 
might depend on anatomical variants of the vagal nerve and 
variants of its relationship with the internal jugular vein and 
carotid artery. In our series we observed two cases of plexi-
form nerve and one case of vagal nerve positioned lateral and 
more posterior to the internal jugular vein.

These anatomical variants required a more challenging 
and extensive dissection of the nerve trunk, to adequately 
isolate the nerve; in particular in the caudal portion, where it 
is more likely that the thoracic duct, which runs posterior and 
medial to the internal jugular vein, below the clavicle, will be 
found and damaged, .

Other complications, such as lesion of the jugular vein 
or carotid artery, neck hematoma, dysesthesia due to sen-
sory nerve damage, keloid development, and Horner’s syn-
drome are reported more rarely, with an incidence of less 
than 2 % [12].

Hardware complications most commonly consist of 
breakage of the connecting cable or deterioration of its iso-
lating shield. In both such cases, replacement of the lead is 
required [1, 2, 6–8, 11–14, 24, 26]. The failure of VNS leads 
can be determined clinically, with the loss of efficacy of the 
stimulation, i.e., the recurrence of seizures, and failure may 
be highlighted by interrogation of the device, verifying the 
presence of very high lead impedances.

Moreover, chest and neck pain, shock-like sensations, and 
paresthesias could be other clinical consequences of lead 
failure, usually disappearing after revision [18, 26].

Dislocated leads, hardware-related infections, and device 
malfunction are other uncommon but reported causes of 
VNS failure [7, 26]. Radiological imaging of the chest and 
neck can help to diagnose lead dislocations or cable breaks 
(Fig. 1), although in most patients experiencing high 

 impedances neither damage nor gross breakage of the lead 
are detectable [7]. When a history of trauma is excluded, the 
cause of high impedance and consequent VNS failure may 
be doubtful. Some authors have pointed out the possibility of 
micro-lesions spontaneously developing within the lead 
[26], while others have observed that scar tissue developing 
over time around the lead and the vagal nerve could be the 
cause of high impedance and lead failure [20].

Lead revision surgery can be challenging [7, 9, 12] and 
usually requires a longer operative time, due to the presence 
of scar tissue and fibrosis, which modify and bend the nor-
mal anatomy of the neck. In cases of extensive scars or 
fibrous reaction, some authors suggest leaving the damaged 
electrode in place and inserting the new one more cranially 
along the nerve [9, 12]. In our series we report four cases of 
traumatic lead breakage documented both radiologically 
(Fig. 1) and clinically, leading to a rapid increase in the 
intensity and frequency of seizures; high impedance along 
the cable was detected after system interrogation. All these 
four patients were implanted more than 5 years ago, with the 
rigid cable available at the time . Recently, a more flexible 
cable has been available from Cyberonics, and with the use 
of this cable ruptures were no longer experienced. Surgery 
for lead and cable replacement was performed in all four 
patients, with no complications, and recovery of the previous 
efficacy in seizure control was always obtained.

In conclusion, in our experience and according to the lit-
erature, VNS can be considered an effective and safe tech-
nique to treat refractory epilepsy not eligible for resective 
surgery, even in children. Complication and adverse effect 
rates are low; they may be successfully managed and gener-
ally they do not affect VNS efficacy.

Careful preoperative selection should be performed to 
determine the best candidates for VNS and to further reduce 
the incidence of complications. In particular, respiratory and 
cardiac screening should be mandatory.

Given the evidence of its efficacy and the low incidence of 
major complications, it seems to be possible in the future to 
depict a role of VNS as first-choice therapy in the treatment 
of drug-resistant epilepsy.
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Abstract
Background
Vagal nerve stimulation (VNS) is a palliative treatment 
option for drug-resistant epilepsy. The aim of this study was 
to describe the clinical and demographic features of selected 
patients scheduled for VNS and to evaluate the long-term 
efficacy of VNS in seizure control.

Materials and Methods
Between 2006 and 2013, 32 consecutive epileptic patients 
(14 male and 18 female) were enrolled at our Institute for 
VNS implantation. In all cases resective surgery had previ-
ously been excluded by the use of a noninvasive presurgical 
study protocol. Mean age was 32 years (range 18–50), and 
mean epilepsy duration 23 years (range 11–39). All subjects 
were followed-up for at least 2 years (mean 6 years, range 
2–9) after VNS implantation. Patients were considered 
responders when a reduction of seizures of more than 50 % 
was reported.

Results
All patients had complex partial seizures, in 81 % of the patients 
with secondary generalization and in 56 % with drop attacks. 
Neurological examination revealed focal deficits in 19 % of the 
patients. Brain magnetic resonance imaging (MRI) was posi-

tive in 47 % of the patients. No surgical complications were 
observed in this series. Three patients were lost to follow-up. 
Twelve patients were classified as responders. Among the oth-
ers, 1 patient experienced side effects (snoring and groaning 
during sleep) and the device was removed.

Conclusions
Our data confirm that VNS is a safe procedure and a valid 
palliative treatment option for drug-resistant epileptic 
patients not suitable for resective surgery.

Keywords Vagal nerve stimulation • Drug-resistant epilepsy 
• Intractable epilepsy • Neuromodulation • Palliative surgery

 Introduction

Epilepsy constitutes the second most common neurological 
disorder in incidence and prevalence after cerebrovascular 
diseases [26]. Antiepileptic drugs (AEDs) are the first-line 
treatment that allow seizure control for most patients. 
However, drug-resistant epilepsy (DRE), defined as the fail-
ure of adequate trials of two tolerated, appropriately chosen 
and used antiepileptic drug schedules (whether given as 
monotherapies or in combination) to achieve sustained free-
dom from seizures [21], has been reported to occur in 
20–40 % of cases [5, 9, 14, 20, 21]. Resective epilepsy sur-
gery may provide seizure freedom in focal epilepsy, mainly 
if associated with focal lesions. Particularly for mesial tem-
poral epilepsy, seizure freedom rates range from 60 to 90 % 
in hippocampal sclerosis, from 60 to 70 % in focal cortical 
dysplasia, and from 70 to 85 % in glioneuronal tumors or 
vascular malformations [27]. In most centers the selection of 
candidates for resective surgery is based primarily on pro-
longed video-electroencephalography (V-EEG), neuroimag-
ing, and neuropsychological testing. Recent advances in 
neuroimaging and in digital EEG signal analysis, as well as 
the employment of invasive recordings both through depth 
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and subdural electrodes, may improve the localization of the 
epileptogenic zone, thus increasing the number of patients 
eligible for resective procedures. Nevertheless, in 40–60 % 
of patients with DRE, surgery cannot be indicated due to 
generalized seizures, multifocal epilepsy, or eloquent cortex 
involvement [12]. Vagus nerve stimulation (VNS; VNS 
Therapy System; Cyberonics, Houston, TX, USA) is a neu-
romodulation therapy and a palliative option to reduce epi-
leptic seizures in patients with DRE. VNS was approved by 
the United States Food and Drug Administration (FDA) in 
1997 and by the European Medicines Agency (EMA) in 
1994 as an adjunctive therapy for the treatment of intractable 
partial epilepsy in adults and children over 12 years of age, 
although many off-label indications of VNS therapy have 
been reported [4, 8, 11, 12, 19, 22, 25].

We report a series of 32 patients who have received VNS 
therapy at our Institution since 2006, focusing on the selec-
tion criteria and clinical outcome.

 Materials and Methods

This is a retrospective observational analysis of all patients 
who received VNS therapy at I.R.C.C.S. Neuromed, Pozzilli, 
Italy, from October 2006 to July 2013. Data collected 
included demographic information, surgical and medical 
history, etiology, physical and neurological examinations, 
epilepsy characteristics and time to implant, seizure fre-
quency (obtained from logs kept by patients or their carers), 
and concomitant pharmacological treatment. A Multi- 
disciplinary Epilepsy Committee evaluated each patient in 
order to select potential candidates, considering clinical his-
tory, physical and neurological examinations, psychological 
evaluation, V-EEG monitoring, magnetic resonance imaging 
(MRI) (1.5/3 T), and in some cases, MRI functional studies 
and positron emission tomography (PET). Among the 
patients with DRE, selection criteria for VNS implantation 
included: focal, multifocal, or diffuse seizure onset unsuit-
able for surgical resection; recurrent seizures following 
resective surgery; and/or patient or family preference for 
conservative measures. The surgical technique for VNS 
device implantation has been reported previously in the per-
tinent literature [2, 17, 20]. All the procedures were per-
formed, under general anesthesia, on the left vagus nerve, 
with the pulse generator positioned in a subcutaneous pocket 
on the chest. Patients usually stayed in hospital for one night 
after surgery. Follow-up was conducted by means of outpa-
tient programs. The device was turned on approximately 
2 weeks after the surgery. Adjustments of VNS duty cycle or 
AEDs were subsequently performed when required, with 
variable schedules. Seizure outcome was reported as the 

responder rate (percentage of patients with ≥50 % seizure 
reduction). Information about seizure frequency, use of the 
external magnet to switch-off the pulse generator, and side 
effects were obtained from the logs kept by the patients/fam-
ily members or by means of phone enquiries.

 Results

Between October 2006 and July 2013, 32 patients underwent 
surgery for VNS implantation at our Epilepsy Unit. All the 
procedures were primary implantations. Table 1 summarizes 
patients’ demographic and clinical data. Epileptic syndromes 
(Table 2) included partial multifocal epilepsy in 10 patients 
(31 %), partial (secondarily generalized) cryptogenic epi-
lepsy in 9 cases (29 %), epileptic encephalopathy in 6 cases 
(19 %), bitemporal epilepsy in 2 cases (6 %), and Lennox 
Gastaut syndrome in the remaining 2 (6 %). Three patients 
had partial focal epilepsy (9 %); in two of them resective sur-
gery was excluded because the epileptogenic zone over-
lapped with the eloquent cortex, while the remaining 1 
patient did not give informed consent for the surgical proce-
dure. Regarding seizure type, all patients had complex par-
tial seizures, secondarily generalized in 26 cases (81 %) and 
with drop attacks in 18 (56 %). MRI was performed in 100 % 
of the patients, with normal results in 59 % and showing 
encephalomalacia in 13 %, cortical dysplasia in 13 %, atro-
phy in 6 %, bilateral periventricular heterotopia in 6 %, and 

Table 1 Demographic data and preoperative status of patients

Patient population

Male 14 (44 %)

Female 18 (56 %)

Drug resistance 32 (100 %)

Age at onset (years) Mean 10 (range 1–23)

Age at surgery (years) Mean 32 (range 18–50)

Epilepsy duration (years) Mean 23 (range 11–39)

Abnormal neurological examination (motor deficits) (19 %)

Mental retardation (57 %)

Seizure type Complex partial 6 (19 %)

Complex 
partial + generalized

26 (81 %)

Drop attack 18 (56 %)

High seizure frequency 
(monthly/daily)

32 (100 %)

No. of antiepileptic drugs 
(AEDs)

2 4 (13 %)

3 15 (47 %)

≥4 13 (40 %)

R. Morace et al.
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hydrocephalus in only 1 patient. Four patients (13 %) had a 
history of traumatic brain injury and in 6 (18 %) perinatal 
hypoxia had been reported. Seizure frequency was daily in 
15 patients, weekly in 15, and monthly in the remaining 2 
patients. Twenty-eight patients (87 %) were receiving three 
or more AEDs.

The mean duration of follow-up was 6 years (range 2–9). 
Twelve patients (41 %) were considered responders (percent-
age of seizure reduction ≥50 %). Changes in device setting 
and the duty cycle were performed in 15 patients (47 %). In 
1 patient the VNS device was removed after 3 months 
because he had experienced sleep snoring. No surgical com-
plications were observed in this series.

 Discussion

VNS is described as an effective palliative treatment option 
for DRE [4, 8, 19, 25]. A major indication for VNS is symp-
tomatic epilepsy with multifocal independent foci. Several 
etiologies are implicated in multifocal ictal foci, such as neu-
ronal migration disorders, cerebral palsy, traumatic brain 
injury, infections, phacomatosis, and metabolic syndromes 
[11, 12, 28]. Cryptogenic generalized epilepsy with diffuse 
epileptogenic abnormalities (e.g., Lennox-Gastaut syndrome) 
is another indication for VNS therapy. These patients are suit-
able candidates both for corpus callosotomy (CC) and 
VNS. In 2013, Lancman et al. published an interesting meta-
analysis demonstrating that VNS offered rates comparable to 
CC in patients with tonic, generalized tonic-clonic, and com-
plex partial and myoclonic seizures [22]. Other cases suitable 
for VNS can also be considered: refractory idiopathic gener-
alized epilepsy (IGE) [24] and failed resective epilepsy sur-
gery [3]. As widely described, resective surgery offers a 
satisfactory seizure outcome in patients with focal symptom-
atic epilepsy and is the recommended treatment option in 
such patients [10, 27]. Furthermore, advances in neuroimag-
ing and the employment of intracranial recordings, as well as 

the recent developments in digital EEG analysis, allow a bet-
ter identification of the epileptogenic zone, increasing the 
number of candidates for resective surgery. However, if the 
epileptogenic focus arises from/overlaps with the eloquent 
cortex, open cranial surgery should be excluded. In addition, 
some patients may refuse the risks associated with intracra-
nial procedures.

In line with the current literature, VNS in our series was 
performed in 29 patients (91 %) due to multifocal epilepsy, 
and in 2 patients (6 %) in whom resective surgery could not 
be performed, since the epileptogenic zone involved the elo-
quent cortex. Only 1 patient (3 %), with left temporal lobe 
epilepsy that was suitable for resective surgery, underwent 
VNS device implantation because he refused “open” cranial 
surgery.

During a mean follow-up of 6 years (range 2–9) we 
observed 41 % of responders in our series (percentage with 
seizure reduction ≥50 %). DeGiorgio et al. reported a 
responder rate of 35 % [7]; in the E01-E05 study, 440 
patients were followed-up for 3 years, with responder rates 
of 36.8 % at 1 year, 43.2 % at 2 years, and 42.7 % at 3 years 
[1, 18, 23]. The largest retrospective study, with 436 patients, 
demonstrated a mean seizure reduction rate of 55.8 % in 
nearly 5 years of mean follow-up duration, and also found 
that the mean seizure reduction at 10 years was 75.5 % in 65 
consecutive patients [12, 13]. In their review of more than 
1800 patients, Connor et al. [5] reported a mean seizure 
reduction of 42.8 %, with 50.9 % of patients being respond-
ers. Other studies have been performed to explore changes 
in health-related quality of life in patients treated by VNS 
[6, 15]. Patients were evaluated with the Quality of Life in 
Epilepsy-l0 (QOLIE-l0), and demonstrated significant 
improvements in outcomes such as energy level, memory 
difficulties, social aspects, mental effects, and fear of sei-
zures [6]. VNS implantation and therapy was associated 
with a persistent and positive improvement in subjective 
quality of life [15].

Differently from results in the current literature [12, 16], 
we did not experience any surgical complications (e.g., neck 
or arm pain, wound infection, hemorrhage, pneumothorax) 
and VNS was well tolerated in the majority of patients. The 
device was removed in only one patient due to sleep 
snoring.

 Conclusion

Our results confirm that VNS is a safe and effective 
treatment option for reducing seizure frequency in many 
patients with multifocal DRE. Patients with focal symp-
tomatic epilepsy may be treated with VNS if the results of 
presurgical evaluation contraindicate resective procedures.

Conflict of Interest Statement We declare that we have no conflict of 
interest.

Table 2 Epileptic syndromes in patients treated with vagal nerve stim-
ulation (VNS)

Epileptic syndrome No. of patients (%)

Epileptic encephalopathy 6 (19 %)

Partial multifocal epilepsy 10 (31 %)

Partial (secondarily generalized) 
cryptogenic epilepsy

9 (29 %)

Bitemporal epilepsy 2 (6 %)

Lennox Gastaut syndrome 2 (6 %)

Partial symptomatic epilepsy 2 (6 %)

(Left) temporal lobe epilepsy 1 (3 %)

Vagal Nerve Stimulation for Drug-Resistant Epilepsy: Adverse Events and Outcome in a Series of Patients with Long-Term Follow-Up
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Abstract
Background
Tremor is a disabling condition, common to several neuro-
degenerative diseases. Lesioning procedures and deep brain 
stimulation, respectively, of the ventralis intermedius 
nucleus for intentional tremor, and of the subthalamic 
nucleus for parkinsonian resting tremor, have been intro-
duced in clinical practice for patients refractory to medical 
treatment. The combination of high-energy focused ultra-
sound (HIFUS) with sophisticated magnetic resonance 
(MR) instrumentation, together with accurate knowledge of 
the stereotactic brain coordinates, represents a revolution in 
neuromodulation.

Methods
At the Neurosurgical Clinic and the Radiology Department 
of the University of Palermo,, two patients affected by severe 
and refractory forms of intentional tremor were treated by 
MRI-guided FUS (MRgFUS) with a unique 1.5 T MR scan-
ner prototype that uses FUS. This apparatus is the only one 
of its type in the world.”

Findings
This is the first Italian experience, and the second in Europe, 
of treatment with MRI-gFUS for intentional tremor. But this 
is the very first experience in which a 1.5 T MRI apparatus 
was used. In both patients, the treatment completely abol-
ished the tremor on the treated side, with results being excel-
lent and stable after 7 and 5 months, respectively; no side 
effects were encountered.

Conclusion
MRgFUS, recently introduced in clinical practice, and widely 
used at several clinical centers, has been shown to be a valid 
therapeutic alternative in the treatment of tremor in several 
neurodegenerative diseases. It is virtually safe, noninvasive, 
and very efficacious. We report this technique in which a 
1.5 T MR scanner was used. Further investigations with long-
term follow up and larger clinical series are needed.

Keywords Parkinson’s disease • Essential tremor • 
Functional neurosurgery • Lesioning surgery • MRI- guided 
focused ultrasound (MRgFUS)

 Introduction

“The unhappy sufferer has considered it an evil, from the dom-
ination of which he had no prospect of escape”. This is how 
James Parkinson, in his monograph, Essay on the Shaking 
Palsy (1817) [14], depicted what came to be known as 
Parkinson’s disease (PD). He showed deep participative feel-
ings in his reports, joining his clinical observations to the per-
sonal experiences of affected patients, together with all their 
sufferings. This is the first description fully reporting all the 
characteristic features of PD. Since 1817, neurophysiologists 
have tried to explain how a dysfunction could generate pathol-
ogy. The ideal goal has been to modify the neural circuits to 
restore normal function, and this aim guides functional neuro-
surgery. Tremor is the most common movement disorder-
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related symptom. Resting tremor with an oscillation frequency 
of 3–5 Hz usually indicates the onset of hyperkinetic forms of 
PD, while in essential tremor (ET), patients suffer postural or 
kinetic tremor that shows an oscillation frequency between 4 
and 12 Hz. Since the 1960s, lesioning procedures and, later, 
deep brain stimulation (DBS), respectively, of the ventralis 
intermedius nucleus (VIM) for intentional tremor, and of the 
subthalamic nucleus (STN) for parkinsonian resting tremor, 
have been introduced in clinical practice for patients refractory 
to medical treatment. Nevertheless, there is a need for a math-
ematically safe and precise technique, and not all patients can 
benefit from or are suitable for invasive surgical procedures. In 
this view, ultrasound delivered under magnetic resonance 
imaging (MRI) guidance, has been used. The combination of 
high- energy focused ultrasound (HIFU) under sophisticated 
MRI instrumentation, together with accurate knowledge of the 
stereotactic brain coordinates, represents a revolution in neu-
romodulation. Here we report our preliminary experience with 
two patients with intentional tremor successfully treated by 
this method [7].

 Materials and Methods

At the Neurosurgical Clinic and the Radiology Department of 
the University of Palermo, two patients affected by severe and 
refractory forms of intentional tremor were treated with MRI-
guided high-intensity focused ultrasound (MRgFUS). Actually, 
the US generator is worldwide integrated in a 3 T high-field 
MR while at the University of Palermo the Authors have used 
aUS generator integrated in the unique 1.5 T MR prototype 
scanner. At the University of Palermo there is a unique 1.5 T 
MR prototype scanner that uses FUS. The US generator con-
sists of 1024 ultrasonic transducers and is connected to a sys-
tem for circulating and degassing cool water. The system is 
controlled by a workstation to modulate intensity, energy, 
coordinates, and sonications. The selection of patients is criti-
cal: prior to the treatment, the diagnosis of intentional tremor 
was confirmed and other neurological illness was excluded. A 
significant preexisting tremor was documented on the Fahn-
Tolosa-Marin Tremor Rating Scale (FTMTRS). Prior to the 
procedure, each patient underwent brain computed tomogra-
phy (CT) and MRI with contrast medium. The first procedure 
was necessary to obtain a skull- correction algorithm for soni-
cation through the skull. The second procedure, obtained with 
1.5-mm-thick slices, allowed precise individuation of the basal 
ganglia. The coordinates of the VIM were determined as being 
three-quarters of the length of the anterior commissure-poste-
rior commissure (AC-PC) line and 14–15 mm lateral of the 
midline. On the day of the treatment a stereotactic frame 
Radionics (Burlington, MA 01803 USA) was positioned, as 
low as possible, after meticulous shaving of the scalp, in order 

to avoid air bubble formation during the sonication procedure. 
The patient was pharmacologically relaxed and vital parame-
ters were continuously monitored by the anesthesiologist. 
Then, the frame was connected to the MRI table together with 
the ultrasonic transducers. An initial pretreatment scan was 
acquired to adjust the coordinates of the transducer to the real 
position of the VIM. After the planning phase, a series of soni-
cations of increasing energy were performed. Each sonication 
took about 10–15 s and was followed by a “rest phase” to avoid 
overheating of the system. At 50–53 °C transitory effects 
(mock lesions) were visible. In the meantime, continuous neu-
rological evaluations were performed to observe the first neu-
rological response and to note any possible deficit. At 
57–58 °C, tissue coagulation and denaturing of proteins 
occurred within seconds and the lesion was visible, appearing 
as a small hyperintense point on the VIM. In the meantime, it 
was possible to slightly shift the transducer 1 mm in the desired 
direction, to precisely shape the lesion itself and to ameliorate 
the clinical effects. In the following 24 h the lesion grew in size 
because of edema, and a 48-h control MRI was used to evalu-
ate the final results.

 Results

In both patients, the treatment completely abolished the 
tremor on the treated side, and no side effects were encoun-
tered. The results were actually excellent and stable after 7 
and 5 months, respectively. The formation of the lesions is 
shown in Figs. 1 and 2, and the sonication parameters are 
reported in Table 1.

 Discussion

This is the first Italian experience [7], and the second in 
Europe, of treatment with MRI-gFUS for intentional tremor. 
But this is the very first experience in which a 1.5 T MRI 
apparatus was used. Tremor is a disabling condition, common 
to several neurodegenerative diseases. Electrophysiological 
studies support the peculiar role of the VIM in the patho-
genesis of intractable tremor [5]. Pharmacological treat-
ment is often inadequate: about 30–50 % of patients affected 
do not respond [1]. In the 1990s, DBS almost completely 
replaced lesioning procedures in the surgery of movement 
disorders, making lesioning procedures almost obsolete in 
the past two decades. Electrical stimulation is, in fact, adjust-
able and reversible. Of note, Dwarakanath et al [3]. analyzed 
a series of patients affected by tremor of different origins. 
They observed excellent clinical outcomes after lesioning, 
which could be considered as a strong alternative to DBS 
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bFig. 1 Patient 1 (a) scan 
immediately before sonication;  
(b) sonication N° 21; (c) 
sonication N° 26; (d) 48-h 
follow-upscan

a

c

d

b

Fig. 2 Patient 2 (a) scan 
immediately before sonication;  
(b) sonication N°23; (c) sonication 
N°28; (d) 48-h follow-up scan

HIFU 1,5 T MR for Neurological Restoring
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in prevalently  unilateral tremor and in those cases in which 
DBS is not feasible. Nowadays DBS is the gold standard sur-
gical procedure for treating both ET and PD-related tremor, 
because it is safer and allows physicians to modulate energy 
and related effects over a long period. The indications for 
lesioning and stimulation are similar. In particular, the selec-
tion of candidates enrolls patients who are refractory to the 
best medical treatment, with disabling tremor that, in PD, 
must be the predominant neurological manifestation, with 
better surgical outcomes if the tremor is unilateral or asym-
metrical. After the correct selection of the patient, surgical 
treatment, either lesioning or electric stimulation, shows 
excellent rates of therapeutic success. The most impor-
tant questions are which is the best and safest modality to 
recognize the target, how to reach it with the highest pre-
cision, and to how to achieve the best feedback, maybe in 
real time, of the creation and development of the lesion. So 
the ideal treatment should be mathematically precise and 
safe; however, neither lesioning nor DBS is mathematically 
precise and safe, even with sophisticated modern technol-
ogy. Focused ultrasound, without the need for craniotomy, 
but with extremely high stereotactic precision, gives the 
best answers to our question. The clinical utility of FUS has 
been the subject of investigation since 1938, when Raimar 
Pohlman showed specific “therapeutic effects” of acoustic 
waves on human tissues [13]. The physical principle of this 
technique is based on thermal energy, together with the inju-
rious mechanical effects of cavitation due to the sonication 
itself. The thermal energy is derived from the absorption of 
US passing through biological tissues; the higher the deliv-
ered energy, the higher is the local temperature. In the 1940s, 
the ablative effects of FUS on the animal brain were dem-
onstrated by Lynn and Putnam [11]. Other preclinical stud-
ies with HIFUS were performed by Briquard and Langevin 
in 1972 [1]. During the successive decades, the advent of 
MR, together with galloping technological progress, led to 

the evolution of MRgFUS, used with ablative purposes. The 
term “focused” US is used because of the submillimetrical 
precision in delivering acoustic energy to a specific anatomi-
cal site. The main obstacle to the use of US in treating trem-
ors is represented by the cranial bone, which can interfere 
with the US field and absorb the energy. The HIFU technique 
has gained a role of growing importance in the treatment 
ofseveral medical conditions [6], as well as in neurosurgery.
Actually, tremors related to ET or PD and chronic thalam-
icpain are the only clinically accepted applications for HIFU 
treatment. With HIFU, the energy used is able to generate 
heating-related lesions in biological tissues; furthermore, this 
heating effect is accompanied by nonthermal effects such as 
cavitation and acoustic streaming. The phenomenon of cavi-
tation consists of the formation of bubbles inside fluid tissues 
due to the mechanical effects of the US. The oscillations of 
the bubbles themselves cause cellular membrane destruction. 
FUS has several advantages compared with classical surgery 
and even radiosurgery; it does not require scalp incisions and 
burr holes, and there is no blood loss and no infective risk. 
Also, this is a high- precision treatment, with the boundary 
zone between the necrotic treated tissue and the remaining 
tissue measuring less than 0.1 mm, being more accurate than 
stereotactic radiotherapy. Furthermore, unlike the use of the 
Gammaknife or cyberknife, FUS is easily repeatable when 
necessary, since there are no cumulative toxic effects. The 
FUS-induced necrosis is immediately visible and is docu-
mented by intraoperative MRI sequences that visualize the 
lesion as a hyperintensity on T2-weighted images. Finally, 
symptom relief is almost immediate. The first experimental 
observations of the effects of transcranial high-intensity FUS 
were conducted at the University of Zurich, Switzerland, 
with cadaveric head preparations. Since that time, only a few 
centers have been able to perform such procedures, and there 
is only a very small number of clinical series, with limited 
periods of clinical follow-up. At present, the best results with 
such procedures are achieved in patients with ET. A detailed 
review of the available literature showed that, of the few clin-
ical series, only four of them had already been concluded. 
The most important clinical study has been reported by Elias 
and colleagues [4], with 15 cases of unilateral FUS thalamot-
omy of the VIM nucleus in patients with refractory ET. After 
a 12-month follow-up, the patients showed a substantial 
reduction, of 75 %, in tremor in the arm opposite to the treated 
thalamus, documented by the FTMTRS. Also, a reduction of 
of about 85 % in disability was observed, assessed accord-
ing to the quality of life subsection of the FTMTRS, with 
a strong improvement in the quality of life scores, which 
changed from from 11 % to 37 %, assessed by the quality of 
life in the ET Questionnaire. Four patients showed paresthe-
sias as adverse effect of the treatment. Chang and colleagues 
[2], in a 6-month follow-up of 11 medication-refractory ET 
patients who had completed MRgFUS treatment, reported 

Table 1 Details of first and second treatments

Left thalamotomy 
(VIM)
Patient 1

Left thalamotomy 
(VIM)
Patient 2

No. of sonications (s) 26 (10–13 s) 28 (10–17 s)

Amplitude (W) range 200–1100 150–1100

Amplitude (W) range 
measured

192–1028 151–1042

Energy (J) range 2000–14,300 1500–18,698

Energy (J) range 
measured

1903–13,218 1496–17,094

Temperature (°C) 
range

43–62 42–60

Duration 2 h 34 min 2 h 45 min

VIM ventralis intermedius nucleus
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immediate and sustained neurological relief with a consis-
tent reduction of tremor in 8 of the 11 patients; in the other 
3 patients, the optimal temperature was not reached dur-
ing the sonication process. Lipsman et al. [10] treated four 
patients with ET with FUS, observing, at 3 months, a stable 
reduction of tremor in 81.3 % of the patients. Clinical results 
obtained with 3-T MRgFUS are promising, despite the short 
follow-up interval thus far. In view of these data, Jung and 
colleagues [9] reported the radiological outcomes of 11 ET 
patients treated by MRgFUS; 8 of them had completed the 
whole treatment: after a monolateral VIM nucleus MRgFUS 
thalamotomy, at a 3-month follow-up interval, an increasing 
lesion volume was shown, due to perilesional edema, with a 
subsequent reduction of 92 % in 3 months.

Preliminary data on the first eight patients treated for 
PD-related tremor were presented at the Third International 
Symposium of the Focused Ultrasound Surgery Foundation [8]. 
These patients suffered from Levo-Dihydroxyphenylalanine 
(L-DOPA)-refractory tremor with a predominant side, and in 
all patients the thalamic fasciculus was targeted. Three 
months after treatment, a mean improvement of 57.1 %, on 
the Unified PD Rating Scale, was reported. No adverse 
symptoms occurred.

MRgFUS seems to be a very interesting technique that is 
suitable for treating ET and PD-related tremors. We have 
reported a unique experience by the use of HIFU apparatus 
coupled with a 1.5 T MR machine. This kind of machines are 
widely used in several clinical centers in Italy, while the 3 T 
MR are not allowed for clinical use but only for research 
purposes. Compared with 3-T equipment, 1.5-T equipment 
is safer and cheaper, and the quality of images is almost the 
same, with satisfactory visualization of the basal ganglia. 
Neurobehavioral studies have shown adverse responses in 
animals under exposures higher than 1.5 T [15]. On the other 
hand, magnetic fields lower than 1 T are not related to geno-
toxic risks [12]. Possible cancerogenic effects caused by 
higher magnetic fields are being debated; a recent study [16] 
reported significant time- and dose-dependent induction of 
micronuclei in mice exposed to 2, 3, or 4.7 T.

 Conclusion

MRgFUS, recently introduced in clinical practice, has 
been shown to be a valid therapeutic alternative in the 
treatment of tremor; it is safe, noninvasive, and very effi-
cacious. In fact the first clinical reports show promising 
positive results, with immediate and almost complete 
benefits that are stable in the medium term. The efficacy 
seems to be about the same as that of DBS, but without its 
risks. Our preliminary experience demonstrates that a 
1.5-T machine may have the same clinical reliability as a 
3-T machine. Further investigations are needed, and this 
procedure could be, potentially, the treatment of choice in 
the future for several neurodegenerative diseases.
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Abstract
Background
In this study we evaluated the role of a unilateral intertrans-
versarii microsurgical approach for the treatment of extrafo-
raminal lumbar disk herniations (ELDHs), with short-, 
medium-, and long-term follow-up.

Methods
We retrospectively evaluated 96 patients who had undergone 
surgery for ELDH between 2001 and 2012 at our Institution. 
All the patients had been examined before the intervention, 
immediately after, and at 6 weeks, 6 months, and 18 months 
after the intervention.

All the patients underwent surgical exploration with a uni-
lateral intertransversarii microsurgical approach. After a mid-
line incision was made, the paraspinal muscles were retracted 
laterally up to the transverse process, in order to visualize the 
intertransversarii ligament. Removal of this ligament allows 
microsurgical exposure of the extraforaminal pathology.  

If necessary, interlaminar microsurgical exploration is per-
formed in the same session.

Results
At 6-week postoperative follow-up we noted a significant 
decrease of pain both in patients who suffered from leg pain 
and in patients who reported back pain. Also, sensory and 
motor deficits had improved considerably. At 6-month post-
operative follow-up we observed a further improvement in 
the clinical conditions of almost all patients. At the 18-month 
postoperative follow-up we observed a very low incidence of 
relapse of neurological symptoms.

Conclusion
Our technique can be reasonably proposed because of its low 
morbidity, fast recovery, and short hospital stay.

Keywords Extraforaminal • Disk herniation • Neurosurgical 
procedure • Microsurgery • Paraspinal muscle

 Introduction

Extraforaminal lumbar disk herniations (ELDHs) are rela-
tively uncommon. representing approximately 5 % of all pro-
lapsed lumbar disks requiring surgery [1, 9, 12, 19, 23].

ELDHs have been traditionally considered as a difficult- 
to- solve problem from both the diagnostic and the surgical 
points of view. Historically, these lesions were very diffi-
cult, if not impossible, to demonstrate on myelographic 
examination and they became identifiable only after the 
introduction of modern imaging technology [4, 9]. When 
the classical interlaminar approach is used, the surgical 
removal of an ELDH is very problematic, if not impossible, 
for two main reasons: (1) significant removal of the  articular 
facet is required in order to expose the far laterally located 
disk fragment, with the consequent risk of  postoperative 
instability [25]; and (2) there is inadequate visualization of 
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the fragments in most instances, with a consequent high 
possibility of leaving disk material in situ, leading to non-
negligible postoperative problems [20].

More recently some authors have proposed a direct surgi-
cal approach to the outer portion of the root foramina, where 
the nerve roots are disturbed by the prolapsed disk, with the 
aim of directly visualizing the offending lesion without put-
ting joint stability at risk [10, 13, 21]. A key point of this 
approach is the exposure of the intertransversarii ligament, 
which covers the nerve root exit space and the outer portion 
of the foramen where the ELDH is located. This exposure 
can be achieved either by extending the classical midline 
unilateral fascial muscular-subperiosteal dissection further 
laterally, as originally described by Abdullah et al. [1], or by 
using a paramedian transmuscular approach targeted to the 
lesion location. This latter approach has been superbly 
described by Tessitore and de Tribolet [27].

From 1989 we had been treating ELDH with a direct 
intertransversarii transmuscular approach, as originally 
described by Recoules-Arche [24], and shortly afterwards 
revised by the de Tribolet group [27].

A few years later we changed our policy and started using 
a midline unilateral approach to the targeted intertransversa-
rii space for microsurgical ELDH removal, rather similar to 
the approach described by Jane et al. [7]; we operated on 
over 100 cases with this technique during a 20-year time 
span. Here we describe the clinical-diagnostic implications 
and short- and medium-term results of the microsurgical 
technique used for treating ELDH at our Institution. Long 
term-evaluation of the patients is still ongoing and will be the 
subject of further studies.

 Materials and Methods

 Patients

Ninety-six patients (53 men and 43 women) who had under-
gone surgery for ELDH between 2001 and 2012 at our 
Institution were retrospectively evaluated by reviewing their 
medical records and outpatient charts. Their mean age was 
57.1 ± 12.6 years (minimum 36, maximum 80). Data consid-
ered included signs and symptoms before and after surgery, 
age, level of the ELDH, operative findings, and complications 
associated with the surgery. All the patients had been examined 
before and after the intervention (Figs. 1, 2, and 3), with post-
operative examinations 6 weeks and 6 and 18 months after the 
intervention. Physical examination focused on radicular symp-
toms, the Lasègue sign, reverse Lasègue sign, crossed Lasègue 
sign, and Wasserman sign. Pain was evaluated at 6 weeks and 
6 months after surgery using a visual analog scale (VAS). VAS 

ratings of 0–1 were considered as no pain; 2–4, mild pain; 5–7, 
moderate pain; and 8–10, severe pain [8]. At the 18-month 
follow-up we considered pain as indicating recurrent pathol-
ogy unless specifically described as “persistent” by the patient.

 Surgical Technique

After a midline 6- to 8-cm-long skin incision is made, centered 
on the affected disk space, a curvilinear fascial incision is made, 
and the paraspinal muscles are retracted laterally up to the trans-
verse processes. For this purpose, a gentle dissection laterally to 
the articular facets is achieved, using only bipolar coagulation in 
order to minimize bleeding. As a rule this maneuver requires 
tilting of the operating table towards the surgeon, in order to 
optimize the illumination and visualization of the anatomical 
structures to be dissected and exposed. The paraspinal muscles 
are retracted by using a Finochietto retractor with one hook-like 
blade held on the interspinous process at the midline and an 
extra-long two- valve (3-cm-large) retractor spreading the mus-
cles away from the intertransversarii space. Once the superior 
and inferior transverse processes are exposed and the intertrans-
versarii ligament is visualized, the operative microscope is 
brought into the surgical field. A “limited” drilling is performed 
between the superior transverse process and the isthmus. The 
exposure and enlargement of the outer portion of the neural 
foramen is allowed by the detachment of the intertransversarii 
ligament from the drilled transverse process in a medial- to- 
lateral direction, done by using a Kerrison punch. At this step, 
the operating table is tilted away from the surgeon and the angle 
of the operating microscope is changed accordingly, in order to 
obtain the best view of the nerve root and of the underlying 
ELDH. The ruptured disk is usually seen superior and medial to 
the nerve root. Microdissection is carefully performed, using 
low-power bipolar coagulation, fine suckers, and microdissec-
tors, in order to minimize both surgical trauma and bleeding. 
Depending on the size and the actual location of the ELDH, the 
nerve root is retracted by using an angled microretractor and the 
fragment is removed (Fig. 3). The disk’s space is entered and 
emptied as much as necessary. At the end of the procedure, the 
intervertebral foramen is explored with a long 90° instrument, in 
order to check for adequate decompression of the nerve root. 
Careful hemostasis is achieved and the wound is carefully irri-
gated and closed in layers. In cases where preoperative diagnos-
tic tests could indicate interlaminar exploration, and/or if the 
foraminal exploration could suggest that decompression was 
not adequate, a standard interlaminar exposure is made and the 
affected nerve root is exposed at its exit from the dural sac. In 
such cases, drilling of the medial part of the facet is minimized 
as much as possible in order to prevent the risk of postoperative 
instability. Approximately one-sixth of the  present patient 
cohort required interlaminar exploration also. In those patients 
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in whom disk rupture was also intraspinal, laminotomy was per-
formed in the same session and fragments were removed from 
both sides of the neural foramen. For L5-S1 herniations we used 
basically the same technique, which, however, as a rule requires 
a certain amount of drilling of the lateral portion of the sacrum, 
which varies from case to case.

The patients were allowed to stand as soon as they were 
discharged from the recovery room, on average 6–8 h after 
the end of the surgical procedure. No immobilization vest 
was required and the patients were asked to limit only some 
of their usual activities (for example, lifting weights) for 2 
months only and then resume their usual activities, including 
sports, with the obvious exception of sporting activities 
requiring excessive stress load to the spine.

 Results

 Preoperative Findings

The ELDH was located at the level of L1-L2 in 2 patients 
(2.08 %), L2-L3 in 6 (6.25 %), L3-L4 in 22 (22.92 %), 
L4-L5 in 58 (60.42 %), L5-L6 in 3 (3.13 %), and at the level 
of L5-S1 in 5 patients (5.20 %). On admission 90 (93.75 %) 
patients suffered from leg pain, 68 had sciatic pain, and 22 
had femoral pain. Back pain was present in 92 patients 
(95.85 %), 41 of whom reported nocturnal exacerbation. 
VAS results are summarized in Table 1. The Lasègue sign 
was positive in 68 patients (70.83 %), reverse Lasègue in 22 

a b c

Fig. 1 Case 1. A 58-year-old man with lower back pain radiating to the 
right lower limb. Computed tomography (CT) study documented a her-
niated disk in the right lateral L4-L5 intra-and extraforaminal space. 

(Red arrow) Sagittal (a), coronal (b), and axial (c) planes show the disk 
pathology

a b c

Fig. 2 Case 2. A 63-year-old woman with lower back pain radiating to 
the right leg over the superior-lateral surface. Axial CT study (a) docu-
mented the presence of a herniated disc in the left lateral L4-L5 extra-

foraminal space, also evident in the coronal reconstruction plane (b). 
CT after removal of the herniated disc (c)

Extraforaminal Disk Herniation Treatment with Surgical Exploration by Unilateral Intertransversarii Microsurgical Approach
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(22.92 %), and crossed Lasègue in 16 (16.67 %). The 
Wasserman sign was found in 21 patients (21.87 %). Fifty- 
three patients (55.21 %) reported congruous monoradicular 
sensory deficits and 45 (46.86 %), motor deficits (see 
Tables 2 and 3). No patient had vegetative dysfunction.

 Surgical Approaches

All the patients underwent surgical exploration by a unilat-
eral intertransversarii approach. A combined intertransverse- 
interlaminar approach was used in 15 patients (15.63 %). An 
interspinous device was implanted in 12 of these patients 
(12.5 %). In 3 patients implantations were performed at the 
L5-S1 level, where a significant amount of sacral drilling 
was required. The remaining 9 patients were operated on 
with a simultaneous intra- and extraforaminal approach and 
required the removal of almost 50 % of the facets and/or 
exhibited radiological signs of segmental instability on pre-
operative flexion-extension X-rays.

 Surgical Complications

Only one case of recurrence was observed in the present 
patient cohort; this occurred 3 months after surgery. The 
patient underwent reoperation, at which an interspinous 
BacJac® Pioneer Surgical Technology inc, headquartered in 
Marquette, Michigan. implant was implemented in order to 
prevent postoperative instability. Another patient was readmit-
ted 3 months after surgery for spondylodiscitis and received 
antibiotic therapy, with complete benefit. In one patient a cere-
brospinal fluid fistula was discovered incidentally during the 
intervention and managed successfully with bed rest.

 Six-Week Postoperative Findings

A significant improvement of all clinical parameters occurred 
during the first 6 weeks after surgery in almost all patients. 
Particularly, pain was reduced quite significantly, with only 

a b c

Fig. 3 Intraoperative view: upper, articular facet; lower, the lateral 
side with muscle retracted. Right, the lower transverse process; left, the 
upper transverse process. (a) The sucker points to the decompressed L4 
left nerve root, and the dissector touches the prolapsed disk. (b) 

Following disk removal, the sucker gently retracts the decompressed 
nerve root. The dissector indicates the disk space. The articular facet is 
better shown in this picture. (c) CT axial plane after removal of the 
prolapsed disk clearly shows the foraminal decompression

Table 1 Pain occurrence in the present cohort

Localization of pain Timing of follow-up No pain Mild pain Moderate pain Severe pain Average VAS

Pain radiating along 
the leg surface

Preoperative 6 7 8 75 79.35

Postoperative 6 weeks 85 6 3 2 8.26

Postoperative 6 months 88 5 2 1 5.27

Postoperative 18 months 90 5 1 1 4.14

Back pain Preoperative 4 6 11 75 81.48

Postoperative 6 weeks 82 6 5 3 10.06

Postoperative 6 months 86 5 3 2 6.90

Postoperative 18 months 89 5 2 1 3.37

Average visual analog scale (VAS) values (with levels expressed according to patient numbers), differentiated for localization of pain and timing 
of follow-up
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11 patients (11.46 %) complaining of residual leg pain (8 of 
whom had sciatic pain and 3 had pain localized in the femoral 
area) and 14 (14.58 %) with back pain. Nocturnal pain was 
still complained of by 12 patients (12.50 %). The Lasègue 
sign was positive in 7 patients (7.29 %), reverse Lasègue was 
positive in 5 (5.21 %), and crossed Lasègue was positive in 7 
(7.29 %). Wasserman sign was positive in 3 patients (3.1 %). 
Sensory deficits persisted in 14 patients (14.58 %), while 
weakness was noted in 15 (15.63 %).

 Six-Month Postoperative Findings

A further improvement of clinical features was observed at 
the 6-month follow-up. Residual leg pain was present in 
eight patients (8.33 %), five (5.21 %) with sciatic and three 
(3.1 %) with femoral distribution. Ten patients (10.42 %) suf-
fered from persistent back pain; however, they had signifi-
cant improvements in VAS scores (see Table 1). Nine patients 
(9.38 %) reported nocturnal pain. The Lasègue sign was still 
positive in five patients (5.21 %), while reverse Lasègue was 
positive in four (4.17 %) and crossed Lasègue was positive in 
five (5.21). Wasserman’s sign was still positive in three 
patients (3.1 %) Sensory deficits persisted in ten patients 
(10.12 %) and motor dysfunction in eight (8.33 %). The 

dynamics of clinical evolution in the present cohort are 
shown in Table 2.

 Eighteen-Month Postoperative Findings

At the 18-month follow-up we observed that residual leg 
pain was present in seven patients (7.28); five (5.20 %) with 
sciatic distribution and two (2.07 %) with femoral distribu-
tion. Eight patients (8.34 %) suffered from  persistent back 
pain. Seven patients (7.29 %) reported nocturnal pain. The 
Lasègue sign persisted in four patients (4.17 %), reverse 
Lasègue in three (3.07 %), and crossed Lasègue in three 
(3.13 %). Wasserman’s sign was still positive in two patients 
(2.06 %). Sensory deficits were observed in eight patients 
(8.09 %) and motor dysfunction in six (6.62 %). The data 
for the 18-month follow-up are shown in Tables 1 and 2.

 Discussion

ELDH is considered a diagnostic as well as a surgical chal-
lenge. It represents a well-known cause of unsatisfactory 
results following lumbar disk surgery. Although it was dis-
covered as a clinical entity in the pre-computed tomography 

Table 2 Changes in clinical symptoms and signs before and after surgery, differentiated for localization of pain according to different follow-up 
timings

Symptoms Preoperative
Six weeks 
postoperative

Six months 
postoperative

Eighteen months 
postoperative

Leg pain localization Total leg pain 
distribution 90 (93.75 %) 11 (11.46 %) 8 (8.33 %)

7 (7.28 %)

Sciatic distribution 68 (70.83 %) 8 (8.33 %) 5 (5.21 %) 5 (5.20 %)

Femoral distribution 22 (22.92 %) 3 (3.1 %) 3 (3.1 %) 2 (2.07 %)

Back pain 
localization

No circadian 
differences

92 (95.85 %) 14 (14.58 %) 10 (10.42 %) 8 (8.34 %)

Nocturnal pain 41 (42.71 %) 12 (12.50 %) 9 (9.38 %) 7 (7.29 %)

Values are expressed as numbers of patients and percentages

Table 3 Changes in clinical signs differentiated according to different follow-up timings

Clinical signs Preoperative Six weeks postoperative Six months postoperative
Eighteen months 
postoperative

Lasègue sign 68 (70.83 %) 7 (7.29 %) 5 (5.21 %) 4 (4.17 %)

Reverse Lasègue sign 22 (22.92 %) 5 (5.21 %) 4 (4.17 %) 3 (3.07 %)

Crossed Lasègue sign 16 (16.67 %) 7 (7.29 %) 5 (5.21 %) 3 (3.13 %)

Wasserman sign 21 (21.87 %) 3 (3.1 %) 3 (3.1 %) 2 (2.06 %)

Sensory deficits 53 (55.21 %) 14 (14.58 %) 10 (10.12 %) 8 (8.09 %)

Motor deficits 45 (46.86 %) 15 (15.63 %) 8 (8.33 %) 6 (6.62 %)

Values are expressed as numbers of patients and percentages
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(CT) era [15], it was only after the  introduction of 
CT-scanning technology that the diagnosis of ELDH became 
possible on the basis of imaging  technology [6].

 Clinical Aspects

Some specific clinical aspects are pathognomonic of ELDH, 
such as the prevalence of positivity for “femoral stretching” 
over the Lasègue sign, much more common than in the usual 
clinical setting of a lumbar disk herniation, and the charac-
teristic nocturnal pain, which forces the patient to get up at 
night in order to relieve the pain, as happens in the case of a 
lumbar spinal tumor. However, these signs are frequent but 
not constant ones, and to rely only on the clinical suspicion 
may be obviously misleading.

 Radiological Diagnosis

Magnetic resonance imaging (MRI) has been recognized as 
the modality of choice in the evaluation of the spine. MRI 
findings should be interpreted with consideration of all clinical 
signs, symptoms, and other relevant background findings [11].

Guidelines provide the standardization of terms to more 
consistently describe disk herniation. We used a specified 
protocol for imaging (T1- and T2-weighted sequences in the 
sagittal plane, T2-weighted sequences in the axial plane, and 
T2-weighted sequences with fat saturation suppression of 
the signal in the sagittal plane).

In our study, when comparing MRI interpretations, radi-
ologists and clinicians were found to be in agreement (95 %) 
on the presence and level of herniation, in accordance with 
data in the literature. However, with a relatively inexperi-
enced eye, the hypodense appearance of the laterally placed 
disk fragment can sometimes be confused with the similar 
appearance of the root ganglia at the foraminal exit, and this 
is the reason why it is not so exceptional that the MRI diag-
nosis of ELDH can be missed, at least in the early stage of 
the disease.

On the other hand, the value of CT examination in the 
preoperative diagnosis of ELDH has been recognized since 
1984. In fact, lateral disk protrusion/herniation is quite well 
shown on axial CT sections, due to its hyperdense appear-
ance, which is different from the surrounding hypodense soft 
tissues, and the value of postoperative CT scanning for 
detecting surgical decompression is also quite evident for the 
same reason.

MRI shows potentially relevant morphological abnormal-
ities of the end plate and marrow signal, disk abnormalities, 
the degree of nerve root compression and degeneration of the 

facet joint, and injuries of the posterior ligamentous complex 
of the cervical and thoracolumbar spine [14, 22].

In the present study, in cases where it was not possible to 
perform an MRI examination, CT examination was 
performed.

 Other Diagnostic Modalities

Sometimes diagnosis of an ELDH can be difficult and other 
diagnostic modalities are required. Electromyography 
(EMG) examination results can be misleading. In patients in 
whom the clinical impact of lateral disk bulging is not clear, 
a CT-guided selective block of the affected nerve root can 
lead to the right diagnosis, since this procedure mimics the 
expected results of surgical decompression, at least as far as 
pain control is concerned. We used this procedure in five 
patients before performing surgery.

 Surgical Approaches

Various surgical strategies have been proposed in the past 
for operating on extraforaminal disk herniations, including 
a contralateral angled-view approach [2], a variety of unilat-
eral approaches combined with significant laminar and/or 
facet removal [17], total unilateral facetectomy [5], and a 
transmuscular approach [16, 18]. These approaches were 
superbly reviewed in 1995 in a fundamental paper by 
Epstein [3].

In our early experience we used a transmuscular 
approach, and noticed that muscle swelling and related local 
pain represented a non-negligible problem in some patients 
[26]. This issue appears to be solved if the transmuscular 
dissection is performed according to the suggestion of 
Tessitore and de Tribolet, with better results if an endo-
scopic technique is used [27]. However, this kind of expo-
sure does not allow interlaminar exploration if necessary, 
and such exploration was required in one-sixth of the 
patients in the present study.

Unilevel facetectomy, though apparently well tolerated, 
accounts for a not insignificant risk of future instability, 
which cannot be considered marginal in the modern era of 
spinal neurosurgery. Moreover, the contralateral approach 
requires a bilateral exposure, a fact which makes its inva-
siveness definitely more significant than that of the more 
extensively used unilateral—either transmuscular or 
intertransversarii—approaches.

The surgical technique described in the present study not 
only allows the patient to stand right after the surgery but 
also allows the surgeon to perform simultaneous  interlaminar 
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and extraforaminal exposure, when necessary, without the 
need for total facetectomy. In particular, no significant com-
plaint was reported by the patients as a possible result of the 
significant muscle dissection that this technique requires.

The clinical results of our series are very good, at least in 
the short term. We recognize that some more refinements 
are perhaps needed in the diagnostic techniques, and more 
experience in new developing mininvasive endoscopic tech-
niques will, perhaps, restrict the indication for this surgical 
strategy in the near future. However, at present, our experi-
ence seems to indicate that the surgical technique described 
here represents a sound strategy for managing these chal-
lenging cases.

 Conclusion

ELDH is a relatively uncommon condition. Clinical diag-
nosis remains a challenge. Apart from the different surgi-
cal strategies described in the past, our technique can be 
reasonably proposed because of its low morbidity, fast 
recovery, and short hospital stay.

The short-term results with our surgical strategy are 
very good. The long-term impact of this strategy con-
firmed that there was improvement of symptoms, with a 
greater effect shown in the first 6 months after the surgical 
treatment, and a smaller, but significant, further regres-
sion of the symptoms in the subsequent 12 months.
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Abstract Minimally invasive spine surgery (MISS), includ-
ing percutaneous pedicle-screw fixation (PPSF), mini-open 
transforaminal lumbar interbody fusion (m-open TLIF), ver-
tebroplasty, and stentoplasty, allows the preservation of neu-
rological function and the restoration of spine stability, while 
reducing associated risks and complications. This study 
aimed to analyze the safety and efficacy of MISS in elderly 
patients suffering from degenerative or traumatic thoraco-
lumbar diseases. Forty-five patients (28 females), with a 
mean age of 73 years (range 65–89), suffering from osteopo-
rotic vertebral fractures (24), degenerative spondylolisthesis 
(15), and lumbar canal stenosis with instability and/or de 
novo scoliosis (6) were included.

Twenty-one patients underwent PPSF and m-open 
TLIF. The remaining patients received PPSF without inter-
body fusion, and in six of these fenestrated screws were used 
for vertebral body cement augmentation.

Functional evaluation was obtained with a visual analog 
scale (VAS) and the Oswestry Disability Index (ODI) pre- 
and postoperatively. Preoperative imaging included X-rays, 
computed tomography (CT), and magnetic resonance imag-
ing (MRI). Patients were followed-up with X-rays, and a CT 
scan was also obtained at the last follow-up. Follow-up 
ranged from 6 to 59 months (mean 28 months). Follow-up 
CT scan documented intersomatic fusion in only 14 % of 
patients treated with m-open TLIF. Despite the high inci-
dence of non-union, mean VAS and ODI scores showed a 

significant improvement, with a reduction of mean VAS from 
9 to 4 and a reduction of mean ODI from 76.33 to 38.15 %. 
Only three patients developed postoperative complications. 
No patients showed neurological deficits.

Minimally invasive spine surgery for degenerative and 
traumatic spinal diseases is a safe and effective treatment 
also in elderly patients.

 Introduction

Spinal canal stenosis, degenerative spondylolisthesis, and 
vertebral body fractures represent major causes of morbidity 
in patients aged ≥65 years, needing rapid and effective treat-
ment to achieve preservation of neurological function and 
restoration of spinal stability [1].

A growing body of studies suggests that in the adult pop-
ulation minimally invasive spine surgery (MISS) is a safe 
and feasible treatment option for degenerative and traumatic 
thoracolumbar spine diseases, avoiding or reducing postsur-
gical complications and improving early postoperative clin-
ical outcome [2–4]. Recently, MISS has also been proposed 
for deformity surgery, with the intended goal of reducing 
the morbidity linked to open surgery [5–7]. When open sur-
gery is chosen, the patient’s age is an important factor to 
consider. Elderly age, i.e., ≥ 65 years, is not always a con-
traindication for open surgery, but it can be an added risk 
factor; indeed, older patients are more prone to suffer from 
several medical comorbidities, including osteoporosis. And 
these conditions might consistently increase the risks asso-
ciated with open surgery. In such a scenario, MISS might be 
a safe and effective alternative treatment modality [8–11]. 
Recent technical innovations, such as fenestrated pedicle 
screws [12] and expandable screws [13], have further 
expanded the feasibility of MISS fixations also in the elderly 
population.
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This study analyses the prospectively collected clinical, 
functional, and radiological data of elderly patients treated 
with MISS for degenerative and traumatic thoracolumbar 
pathologies.

 Patients and Methods

Forty-five patients (17 males, 28 females), with a mean age 
of 73 years (range 65–89), suffering from degenerative spon-
dylolisthesis (15), lumbar canal stenosis with instability and/
or de novo scoliosis (6), and traumatic osteoporotic vertebral 
fractures (24) were prospectively enrolled. Forty patients 
were treated at the Department of Neurological Surgery, 
Policlinico “G. Rodolico” University Hospital, Catania, 
Italy, and 5 patients were treated at the Department of Spine 
Surgery, Al-Razi Hospital, Kuwait.

Preoperatively, clinical and functional outcomes were 
measured with a visual analog scale (VAS) and the Oswestry 
Disability Index (ODI). The same outcome measures were 
then used at 1, 3, 6, and 12 months after the index procedure 
and yearly thereafter. Imaging included X-rays, with flexion/
extension views, magnetic resonance imaging (MRI), and 
computed tomography (CT).

Because of the patients’ age, thorough and accurate clini-
cal evaluation (cardiovascular and respiratory functions, 
blood tests, nutritional status) was performed before surgery 
to rule out comorbidities. Osteoporosis was not routinely 
investigated before surgery, as we assumed it to be wide-
spread among elderly people. When a likely osteoporotic 
condition was suggested during surgery by a reduced device 
grip, we opted for cement augmented or expandable screws.

In 21 patients a MISS pedicle-screw fixation with mini- 
open transforaminal lumbar interbody fusion (m-open TLIF) 
was performed (14 single-level, 5 two-level, and 2 three- 
level cases). Of the remaining 24 patients treated with MISS, 
18 underwent percutaneous pedicle-screw fixation (PPSF) 
with or without vertebral body cement augmentation 
(Confidence Spinal Cement; DePuy Spine,) and 6 underwent 
vertebroplasty or kyphoplasty.

The Viper percutaneous pedicle-screw fixation system 
with fenestrated screws (DePuy Spine Raynham, US) or the 
Illico percutaneous fixation system (Alphatec Spine 
Carlsbad, US, US) with expandable screws (Osseoscrew; 
Alphatec Spine Carlsbad, US) was used.

We performed m-open TLIF on the most symptomatic 
side, where the most severe spinal canal stenosis or neural 
structure compressionwas present. Either carbon fiber cages 
or polyether ether ketone (PEEK) cages were used. In 
patients with m-open TLIF a microsurgical unilateral face-
tectomy and hemilaminectomy was performed; the base of 
the spinous process was trimmed off, and the contralateral 

ligamentum flavum removed. Such maneuvers, together with 
a contralateral surgical table inclination [14], allowed us to 
recalibrate and enlarge the spinal canal and decompress the 
neural structures (Figs. 1 and 2).

 Results

Follow-up ranged from 6 to 59 months, with a mean of 28 
months.

VAS and ODI scores showed significant postoperative 
improvements; in particular, the mean VAS score decreased 
from 9 to 4 and the mean ODI score decreased from 76.33 to 
38.15 %.

Three of the 45 patients (6.7 %) developed the following 
postoperative complications: spondylodiscitis (1), screw dis-
location (1) (Fig. 3), and cage dislocation (1). No patients 
showed postoperative neurological deficits or any age-related 
or device-related complications.

Solid intersomatic fusion was observed in 3 of the 21 
(14 %) patients who had undergone m-open TLIF. Evaluation 
of intersomatic fusion was performed using multiplanar 
reconstructed CT scans at follow-up visits.

 Discussion

Surgery in the elderly population is still a debatable issue. 
Boundaries between overtreatment and standard of care are 
often undefined and unclear; therefore, surgeons and anesthe-
siologists should evaluate surgical indications, as well as pre-
dict the complications, to balance the risks and benefits for 
patients [15]. Decision-making in the surgical management 
of elderly patients also has to consider the role of frailty and 
disability, aiming to obtain the best results with minimal risks 
for the delicate general homeostasis of the aging population.

Minimally invasive techniques applied to spinal surgery 
have gained appeal over the past decade, as they have dem-
onstrated good clinical outcomes and low complication rates 
along with the well-known advantages of low invasiveness 
[4, 16, 17]. Currently, various spinal diseases (degenerative, 
neoplastic, or traumatic) may be approached using MISS 
techniques, with reduced blood loss, limited muscular dis-
section, better control of postoperative pain, and decreased 
hospitalization time [18]. To state the philosophy of MISS: 
elderly patients should be considered ideal candidates for 
spine surgery using less invasive techniques. Advances in 
MISS devices and techniques have led to an overall increase 
of surgical procedures in elderly patients, as demonstrated 
by the growing number of recently published reports on this 
topic [19–21].

G.M.V. Barbagallo et al.
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In 2008, Lee et al. analyzed the clinical and radiological 
outcomes of 27 patients, aged over 65 years old, who under-
went single-level m-open TLIF as surgical treatment for 
degenerative spondylolisthesis [19]. They documented a 
high fusion rate (77.8 %), good spinal realignment (improved 
segmental lordosis in all patients), and a low complication 
rate. However, a possible inclusion bias in their series could 
be related to the patients’ American Society of 
Anesthesiologists (ASA) grading, with a score ranging 
between 1 and 2 in all enrolled patients.

In 2011, Drazin et al. reviewed clinical data from the lit-
erature on complications and outcomes after spinal defor-
mity surgery in patients over60 years old [7]. Interestingly, 
they supported the application of minimally invasive tech-
niques in order to reduce the complication rate, encouraging 
future studies in this direction. A further review published in 
2014 [22] highlighted the scant number of adequate clinical 
studies on this topic, pointing out the importance of CT scans 
for the thorough evaluation of fusion rates. Indeed, most of 
the published studies, including the previously cited one by 

Lee et al. [19], did not use CT scans in radiological 
follow-up.

A recent review of the existing literature on MISS in 
elderly patients [20] revealed a good clinical outcome with 
an acceptable complication rate, albeit that all the published 
studies reviewed had low-quality evidence, based on retro-
spective series. The authors concluded that symptomatic 
elderly patients may benefit from MISS techniques and they 
should not be excluded from surgery.

We have reported our experience with minimally inva-
sive techniques in the surgical treatment of different spinal 
pathologies in a consecutive cohort of patients aged over 
65 years old. Differently from Lee’s series, we included 
patients regardless of their ASA score or surgical tech-
niques, aiming to observe the impact of MISS in improv-
ing clinical outcome and allowing a rapid recovery. Early 
patient mobilization and short hospitalization have been 
considered primary goals, and surgical indications have 
been advised accordingly. We included in this series 
20 patients suffering from traumatic and osteoporotic  
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Fig. 1 Illustrative case. Minimally invasive surgical treatment of mul-
tilevel lumbar canal stenosis with L4-L5 instability is shown. A 77-year-
old woman suffering from left sciatica and neurogenic claudication 
underwent spine magnetic resonance imaging (MRI), documenting 
lumbar canal stenosis (a) with severe bilateral foraminal stenosis at 
L3-L4 (b) and L4-L5 (c) levels. Anteroposterior (d), lateral (e), and 

flexion/extension (f, g) X-rays showed L4-L5 instability with slight 
L3-L4 and L4-L5 spondylolisthesis. The patient underwent L2-L5 fixa-
tion with percutaneous screws and left-sided mini-open transforaminal 
lumbar interbody fusion (TLIF) at L4-L5 (h). Cannulated screws at L4 
and L5 allowed cement augmentation (i). Postoperative X-rays docu-
mented correct device positioning (j, k)
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vertebral fractures. In this subgroup, minimally invasive 
techniques (PPSF with or without cement augmentation or 
expandable screws, or simple vertebro/kyphoplasty) 
ensured rapid recovery from symptoms, with unequivocal 
clinical advantages, as documented by a reduction of the 
VAS score from 9.3 to 3.2 (considering only patients with 

vertebral fractures). In this subgroup, we observed only 
one case of screw displacement, requiring revision sur-
gery. Moreover, we combined PPSF and cement augmen-
tation of the fractured vertebral body in 5 of these 20 
patients, following the positive clinical experience with 
such a technique reported by Gu et al. [21]. Short- segment 

a b

c

d f

e

Fig. 2 Surgical treatment of Th12 burst fracture (a–c) in an 80-year-
old man without neurological deficits is shown. Expandable screws (d, 

e) were inserted, using a percutaneous technique (f), in order to prevent 
screw loosening

a b c d e

Fig. 3 Th12-L3 fixation performed in a 72-year-old woman for surgi-
cal treatment of L2 burst fracture, previously treated elsewhere with 
percutaneous cement injection (a, b). X-rays performed 3 weeks after 

the procedure documented the pull-out of L3 screws (c). Replacement 
and augmentation of the L3 screws was performed, together with cau-
dal extension of instrumentation (d)
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percutaneous fixation has been proposed as a viable alter-
native to open posterolateral fusion in patients with thora-
columbar burst fractures [23, 24]; in our series, short 
fixation with expandable or fenestrated screws for cement 
augmentation and short screws in the pedicles of fractured 
vertebrae were used in 8 of 24 patients, whereas 10 patients 
underwent percutaneous fixation with screws placed two 
levels above and two levels below the fractured vertebra.

The surgery-related complication rate was definitely low 
in our cohort. The application of our previously reported sur-
gical technique [4] for m-open TLIF increased the safety of 
the procedure, reducing the risks of dural and/or neural 
lesions. Interestingly, the incidence of inhadvertent dural 
lesions during MISS in an elderly population was reported as 
5 % in the review by Shamji et al. [20], whereas in our expe-
rience it was 0 %.

Despite the clinical parameters in our series showing a 
good or excellent outcome, our fusion rate, assessed by 
CT scan, in the subgroup of patients treated with m-open 
TLIF was low (14 %). Nonunion after MISS has been sug-
gested as a possible weakness of such a procedure, par-
ticularly in patients with low-quality bone [8, 19]. 
However, in our series, pseudoarthrosis was never associ-
ated with poor clinical outcome and no device-related 
complications, such as dislocations, were observed. We 
think that this low fusion rate may also be due to the tech-
nique used to assess fusion. Indeed, X-rays may overesti-
mate the fusion rate in patients with interbody devices, 
whereas CT scans offer a more accurate evaluation of 
intersomatic fusion.

On analyzing our results, we felt that complications could 
be reduced and predicted with a thorough presurgical evalu-
ation, including assessment of osteoporosis and comprehen-
sive medical management. Although we did not perform 
routine evaluation of osteoporosis and relied on intraopera-
tive data only, we acknowledge that in elderly patients a pre-
operative osteoporosis assessment is advisable.

Finally, the patient’s age was not a contraindication for 
instrumented MISS in our series, but tailored clinical evalu-
ation and appropriate choice of a suitable device guided our 
indication, to achieve the best clinical results. Pseudoarthrosis 
did not correlate with poor clinical or functional outcome. 
When patients are carefully selected, MISS may be the best 
surgical strategy to obtain pain relief and improvement of 
myeloradicular signs and symptoms, as well as spinal 
stability.

Clinical trials with long-term follow-up should be 
designed to demonstrate the real impact of MISS in the man-
agement of degenerative or traumatic spinal diseases in 
elderly patients.
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Abstract
Background
Atlantoaxial joint distraction has been advocated for the decom-
pression of the brain stem in patients affected by basilar invagi-
nation, avoiding direct transoral decompression. This technique 
requires C2 ganglion resection and it is often impossible to per-
form due to the peculiar bony anatomy. We describe a cadaveric 
anatomical study supporting the feasibility of C1-C2 distraction 
performed with an expandable device, allowing easier insertion 
of the tool and preservation of the C2 nerve root.

Methods
In five adult cadaveric specimens, posterior atlantoaxial sur-
gical exposure was performed and an expandable system 
was inserted within the C1-C2 joint. The expansion of the 
device, leading to active distraction of the joint space, 
together with all the surgical steps of the technique was 
recorded with anatomical pictures and the final results were 
checked with a computed tomography (CT) scan.

Results
Insertion of the device was easily performed in all cases 
without anatomical conflict with the C2 ganglion; CT scans 
confirmed the distraction of the C1-C2 joint.

Conclusion
This cadaveric anatomical study confirms the feasibility of 
the introduction of an expandable and flexible device within 
the C1-C2 joint, allowing it’s distraction and preservation of 
the C2 ganglion.

Keywords Basilar invagination • Atlantoaxial dislocation • 
Atlantoaxial distraction • Expandable device

 Introduction

In 1998, Atul Goel introduced a a new classification of 
congenital basilar invagination (BI) based on the presence 
or absence of Chiari malformation [4]. Type A, previously 
well defined by Von Torklus and Gehle as “a prolapse of 
the cervical spine into the base of the skull” [13], exhibits 
a fixed atlantoaxial dislocation with the tip of the odon-
toid process above the Chamberlain line, the McRae fora-
men magnum line, and the Wackenheim clival line. In 
type B, the clivus, basiocciput, and the craniocervical 
junction are located rostrally, with the tip of the odontoid 
process lying above the Chamberlain line but below the 
McRae and Wackenheim lines. In this type there is no 
atlantoaxial dislocation. Nowadays the standard surgical 
treatment of BI is still transoral decompression followed 
by posterior occipito-cervical or atlantoaxial fixation sur-
gery [1, 2, 10].

In 2004, Goel published a case series of patients with BI 
type A treated with atlantoaxial joint distraction and direct 
lateral mass fixation [5]. The technique, already described in 
2002 [6], allows the indirect decompression of the brainstem 
by pulling the axis downward. It also requires section of the 
C2 ganglion in order to better expose the atlantoaxial facet 
and to distract C1-C2 articulation by inserting titanium or 
polyether ether ketone (PEEK) spacers into the joints. The 
quality of life (QoL) of patients who underwent C2 root sec-
tion has been investigated [3, 8] confirming what Goel 
affirmed about his personal experience [7]: patients undergo-
ing C2 ganglion resection seem to have a better prognosis 
than those who do not, in terms of postoperative neuropathic 
disturbances. Beyond the need for choosing whether or not 
to resect the root, the narrowness and the sagittal inclination 
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of the C1-C2 joint in patients with BI frequently make the 
insertion of a cage hardly feasible.

 Methods

In the Laboratory of Anatomy of Nantes University 
(France), five adult cadaveric specimens were surgically 
dissected in order to evaluate the possibility of distracting 
the atlantoaxial joint with an expandable device, without 

resecting the C2 ganglion and minimizing its stretching. 
The cadaveric specimens were placed prone, and the suboc-
cipital region and the upper cervical spine were exposed 
through a longitudinal midline skin incision. After the sec-
tioning of the paraspinal muscles, the posterior arch of C1, 
the C2 lamina and C1-C2 joints were exposed. C2 nerve 
roots were identified and gently moved cranially, with a 
dissector exposing the joint (Fig. 1a). Protecting the root 
with a blunt dissector, we created a cylindrical cavity in the 
joint bilaterally with a 4-mm diamond ball, sparing the 
anterior cortex (Fig. 1b).

a

b

Fig. 1 (a) Cadaveric specimen, craniocervical junction, posterior view. 
Atlantoaxial joints and C2 nerve roots are exposed bilaterally. (b) The 

drilling of the C1-C2 joint to create an appropriate cavity for the 
expandable device, protecting the C2 nerve root with a blunt dissector

F.M. Polli et al.
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A Vertebral Body Stent (VBS®; DePuy Synthes Spine, 
Zuchwil – Switzerland), a balloon- expandable metal stent 
mounted on a balloon-catheter for kyphoplasty, was short-
ened in order to fit into the atlantoaxial joint. The modified 
device was inserted within the joint cavity—with the C2 
ganglion being preserved with a dissector—and expanded 
along with dilatation of the balloon. Once the distraction 
was visually accomplished, the balloon was pulled out, and 
the correct positioning of the stent within the joints bilater-
ally was checked visually (Fig. 2a).

 Results

In all five cadaveric specimens, the device was inserted with-
out difficulty and with a gentle mobilization of the C2 root, 
avoiding any stretching of the nerve. Visual inspection of the 
atlantoaxial joint revealed no conflict between the C2 nerve 
root and the device (Fig. 2b).

Control CT scans showed the correct positioning of the 
devices bilaterally and the symmetrical distraction of the 
C1-C2 joint (Fig. 3a).

 Discussion

Basilar invagination is a relatively rare developmental 
anomaly of the craniovertebral junction, in which the odon-
toid abnormally prolapses into the foramen magnum. It can 
be associated with other osseous anomalies of the cranio-
vertebral junction, including atlanto-occipital assimilation, 
incomplete C1 ring, and hypoplasia of the atlas, basioc-
ciput, and occipital condyles. It is also associated with 
other malformations, including Chiari malformation, 
hydrocephalus, and syringomyelia. Patients often present 

with neurologic deficits and need surgical treatment to pre-
vent progression [11].

Despite recent improvements in the surgical technique 
[14], the transoral approach for odontoid process removal 
still carries important surgical risks and entails the need for 
performing surgery in two steps [9, 12].

In order to avoid the risks of transoral surgery and to 
accomplish brainstem decompression in a single surgical 
stage, in 2004 Goel [5] proposed distraction of the atlanto-
axial joint for the treatment of type A BI, using a fixed 
atlantoaxial dislocation with the tip of the odontoid process 
above the Chamberlain line, the McRae foramen magnum 
line, and the Wackenheim clival line. This innovative surgi-
cal strategy allows the reduction of the atlantoaxial disloca-
tion, pulling the axis downwards with its dens, 
decompressing the brainstem and improving clinical symp-
toms, thus avoiding the complications related to the tran-
soral approach.

The introduction of two spacers/cages in the C1-C2 joint 
requires the section of the C2 ganglions and of their perira-
dicular venous plexuses, followed by a C1-C2 lateral mass 
fixation [5].

The postoperative QoL of patients who underwent C2 
root section was investigated recently in a small group of 
patients. In that study the C2 nerve root resection was asso-
ciated with increased occipital numbness but had no effect 
on the patients’ QoL [3]. Interestingly, this C-2 neurectomy 
group showed no cases of new-onset postoperative C-2 
neuralgia, in contrast to the reporting of new-onset C-2 
neuralgia with C-2 ganglion preservation in a growing 
number of articles in the literature. Moreover, in 80 % of 
patients in a different series who had preoperative occipital 
neuralgia, this neuralgia was relieved following C1–2 
instrumented arthrodesis with C-2 neurectomy in all of 
these patients [8].

However, ganglion resection requires a fine microsurgical 
technique, and the extensive bleeding from the adjacent 

a b

Fig. 2 (a) The insertion of the device is feasible with preservation of the C2 ganglion. (b) At the end of the procedure there was no conflict 
between the device and the C2 nerve root

Atlantoaxial Joint Distraction with a New Expandable Device
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venous plexus can make the exposure difficult. Furthermore, 
although relatively rare, as described by Goel, there are 
anomalies in the vertebral artery course, with possible inad-
vertent laceration occurring due to the close anatomical rela-
tionship of this artery with the ganglion [7]. Considering the 
anatomical malformation involving the craniocervical junc-
tion in patients affected by BI, the insertion of a device in the 
C1-C2 joint is often difficult or impossible due to the nar-
rowness and the sagittal inclination of the joint (Fig. 3b).

The vertebral body stenting device (VBS®; DePuy Synthes 
Spine, Zuchwil – Switzerland) we used is flexible, it mini-
mizes nerve root manipulation and, at the same time, it maxi-
mizes joint distraction. Although not tested and developed for 
the purpose described here, this device exhibits characteristics 
that can overcome the bony anatomical limitations of the 
introduction of a cage, while preserving the C2 roots. C1-C2 
distraction can also increase the C2 foraminal space, thus pos-
sibly reducing the risk of postoperative suboccupital neuralgia 
due to C2 nerve root- C1 lateral mass screw conflict.

 Conclusions

This cadaveric anatomical study confirms the feasibility 
of the introduction of an expandable and flexible device 
within the C1-C2 joints, allowing easier distraction of the 
joints—compared with a cage—while preserving the C2 
nerve roots. Further mechanical tests are needed to ana-
lyze the stiffness to axial load parameters of the VBS® 
and other expandable devices before proceeding with 
in vivo clinical studies.
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Abstract
Background
Painful spinal metastases usually occur in malignant neoplas-
tic disease. Treatment for bone metastases has been largely 
conservative, and it includes the use of high doses of analge-
sics, radiotherapy, chemotherapy, hormone therapy, and 
bisphosphonates; however, results are sometimes transient 
and ineffective. In the presence of neurological involvement a 
surgical strategy should be considered. Recently, percutane-
ous procedures such as radiofrequency ablation, vertebro-
plasty, and kyphoplasty have been introduced as palliative 
techniques to treat painful vertebral metastases [3, 11, 25].

Methods
In our study we combined the use of radiofrequency ablation 
with vertebroplasty in the treatment of dorsolumbar meta-
static vertebral fractures in order to examine the relationship 
between restoration of the vertebral structure and decrease in 
pain. From January 2014 to March 2015 we retrospectively 
analyzed 18 patients with malignant vertebral lesions who 
underwent radiofrequency ablation with vertebroplasty fol-
lowed by cementoplasty, with posterior transpedicle fixation 
on levels near the lesions. The parameters examined were: 
demographics, pain relief, and the distribution of polymeth-
ylmethacrylate (PMMA) determined by the mean Saliou fill-
ing score; all complications were recorded.

Findings
The mean age of the patients was 55.72 years (range 34–69); 
average operative time was 60.4 min (range, 51–72). The 

average pain index score (visual analog score; VAS) decreased 
significantly from 8.05 at baseline to 3.0 (p < 0.05) after 6 
months. The Saliou filling score revealed a distribution of 
PMMA in the vertebral body that was satisfactory (12–18) in 
eight patients, mediocre (6–12) in seven patients, and inade-
quate (0–6) in the remaining three patients. In two vertebrae, 
minimal asymptomatic cement leakage occurred in the lateral 
recess without neurological damage. No pulmonary embo-
lism and no visceral or neural damage was recorded.

Conclusion
Radiofrequency ablation combined with vertebroplasty 
seems to achieve rapid and lasting improvement in clinical 
symptoms in patients with malignant vertebral lesions. There 
was wide diffusion of PMMA in the vertebral body, with a 
mean cement volume of 4.5 ml.

Keywords Radiofrequency ablation • Vertebroplasty • 
Minimally invasive spinal surgery • Spinal metastases • 
Vertebral fractures

 Introduction

The spine is the most frequent location of skeletal metasta-
ses, which occur in up to 40 % of patients with cancer. The 
thoracic spine is affected in up to 70 % of cases, followed by 
the lumbar and cervical areas [27]. In the United States 
alone, more than 350,000 cases of spinal metastasis are 
reported each year—due to prostate, breast, kidney, lung, 
and thyroid cancers [30]. For patients with limited life 
expectancy arising from their underlying disease, high sur-
gical complication rates with subsequent decrease in quality 
of life are most unacceptable; hence, minimally invasive 
techniques for the treatment of spine tumors have been 
explored with great enthusiasm [10, 27]. Recently, percuta-
neous procedures such as radiofrequency ablation (RFA; or 
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coblation), vertebroplasty, and kyphoplasty have been intro-
duced as palliative techniques to treat painful vertebral 
metastases [16, 17, 20, 21]. Radiofrequency ablation of 
tumorous masses has been proven, in numerous studies, to 
be an effective therapeutic option for the treatment of neo-
plasms of the liver, kidney, lung, and bone. It has also been 
increasingly used as pain therapy for unresectable spine 
tumors, either alone or in combination with vertebroplasty 
[6, 7]. The aim of performing RFA before cementoplasty in 
spinal metastasis is to destroy tumor tissue by favoring cen-
tral necrosis and vessel thrombosis and thereby creating a 
cavity inside the vertebral body, allowing a low-pressure 
injection of high-viscosity cement, thus reducing the risk of 
cement leakage [18, 19, 25]. Besides this, the addition of 
polymethylmethacrylate (PMMA) may help to stabilize ver-
tebral bodies [1, 20]. There are few reports regarding RFA 
combined with cementoplasty for painful bone metastases 
[14, 21, 26, 29, 30]. The aim of the present retrospective 
study was to review the efficacy and safety of RFA followed 
by percutaneous vertebroplasty in a clinical series of thora-
columbar vertebral metastatic fractures [30].

 Materials and Methods

Study Design We retrospectively studied 18 patients (7 
female and 11 male; mean age 55.72 years; age range 34–69) 
with painful osteolytic dorsolumbar vertebral body metasta-
ses. Radiofrequency ablation combined with vertebroplasty, 
together with short pedicle percutaneous fixation of verte-
brae near the metastasis, was performed under general anes-
thesia, at the Department of Neurosurgery, University of 
Palermo. The patients’ backgrounds are summarized in 
Table 1. We treated patients with unremitting pain over the 
spine, in the absence of symptomatic spinal cord or root 
compression and refractory to conventional therapeutic 
options such as radiation therapy, chemotherapy, surgery, 
and the use of analgesics. The primary neoplasms were: kid-
ney carcinoma (n = 2), breast carcinoma (n = 6), lung carci-
noma (n = 7), melanoma (n = 1), and bladder carcinoma 
(n = 2) (Table 2). Lesion levels were D8 (n = 1), D10 (n = 2), 
D11 (n = 1), D12 (n = 3), L1 (n = 3), L2 (n = 3), L3 (n = 2), L4 
(n = 2), and L5 (n = 1) (Table 3). All the treated lesions were 
osteolytic, with massive bone destruction. Combined RFA 
and vertebroplasty was well tolerated by all patients. The 
procedures were performed using fluoroscopic guidance. 
Inclusion and exclusion criteria are summarized in Table 4.

Surgical Procedure Prior to the procedure, written informed 
consent was obtained from all patients. Radiofrequency abla-
tion and the following vertebroplasty were performed percu-

taneously, with the aid of a fluoroscopic device, in all patients 
under general anesthesia. In all patients, short pedicle fixation 
was performed on the vertebral levels nearest the lesions dur-
ing the RFA/ vertebroplasty surgical procedure. RFA was per-
formed with the STAR Tumor Ablation System (consisting of 
the SpineSTAR ablation instrument and the MetaSTAR gen-
erator; DFine, San Jose, CA, USA). The SpineSTAR is an 
articulated navigational bipolar radiofrequency electrode 
containing a pair of thermocouples positioned along the 
length of the electrode, 10 and 15 mm from the center of the 
ablation zone. There is a 3: 2 length-to-width aspect ratio for 
the ablation zone, with the maximum ablation zone being 
3 cm × 2 cm when the proximal thermocouple reaches 50 
degrees Celsius. The MetaSTAR generator continuously dis-
plays the two thermocouple readings, permitting real-time 
monitoring of the peripheral edge of the ablation zone. 
Following ablation, cement augmentation (StabiliT Vertebral 
Augmentation System; DFine) was performed in all cases via 
the same working cannula [2, 17].

Follow-Up and Patient Evaluation For the evaluation of 
pain relief, a ten-point verbal visual analog scale (0–10 scale, 
with 0 indicating no pain and 10 mm the maximum imagin-
able pain) with intensity description was administered prior 
to the procedure and then at 1 week and at 1, 3, and 6 months 
after the procedure. The analgesic consumption was evalu-
ated. Opioid analgesic medication use was translated into a 
morphine-equivalent dose and recorded [18]. Thin-slice CT 
scanning was performed immediately postoperatively and 
then 6 months after the procedure. Intraoperative assessment 
was made with plain radiographs or fluoroscopic images. 
Cement distribution and vertebral body cement filling were 
assessed according to the criteria of Saliou et al. [24]: lateral 
and anteroposterior views of the treated vertebrae were 
equally divided into nine ninths, summarizing 18 equal por-
tions. Each portion was considered filled if some cement was 
visible in it, resulting in a vertebral body cement filling score 
(Saliou filling score) ranging from 1 to 18. Filling was con-
sidered satisfactory if the score was more than 12 (2/3 of the 
vertebra), mediocre when the score ranged from 6 to 12, and 
inadequate when the score was less than 6 [4, 24].

 Results

Pain was significantly decreased after treatment. Mean 
VAS scores at baseline, at 1 week, and at months 1, 3, and 
6 were 8.05 (range 6–10), 3.5 (range 2–6), 2.8 (range 2–5), 
2.6 (range 2–4), and 3.0 (range 2–4), respectively (Table 5). 
Compared with the mean preoperative VAS score (8.5), the 
VAS score was significantly decreased at all time points 
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(p < 0.05) suggesting the relief of symptoms and the effec-
tiveness of the RFA treatment combined with vertebro-
plasty. Analgesic reduction was achieved in most of the 
patients. The mean duration of the RFA procedure was 
60.4 min (range, 51–72). Cement injection phases were 
monitored by visualizing the vertebra with fluoroscopic 
guidance in both anteroposterior and lateral projections. 
Images acquired during and immediately after the proce-
dure demonstrated intraosseous cement distribution within 
the ablated cavity in all patients who were successfully 
coblated. Thin-slice CT scans performed immediately 
 postoperatively revealed a satisfactory Saliou filling score 

(12–18) in eight patients (44.4 %), mediocre score (6–12) 
in seven patients (38.8 %), and inadequate score (0–6) in 
the other three (16.6 %), as shown in Table 1. In two verte-
brae minimal cement leakage occurred in the lateral recess 
without any neurological damage. No pulmonary embolism 
and no visceral or neural damage was recorded. There was 
no periprocedural complication, nor was there death asso-
ciated with any part of the procedure. CT scan performed 6 
months after the procedure did not reveal reduction in the 
height of the treated metastatic vertebral body or any 
PMMA breakage.

Table 1 Demographic data of the patients

Patient Age Gender
Primary 
cancer Location

Pre 
OP 
VAS

Post 
OP 1 
week

Post OP 
1 
month

Post OP 
3 months

Post OP 
6 Months

Analgesic 
reduction

Saliou 
filling 
score

1 54 M Lung L2 7 2 2 3 4 YES 10

2 39 F Breast D10 7 2 2 3 2 NO 12

3 57 M Bladder L4 9 5 3 3 4 YES 4

4 63 M Bladder D12 7 2 2 2 4 NO 14

5 62 F Breast D12 7 5 3 3 3 NO 9

6 69 M Lung L1 8 4 5 3 3 NO 8

7 60 M Lung L3 10 3 3 3 3 YES 12

8 34 F Breast L5 8 5 4 3 3 NO 10

9 53 M Lung L1 9 3 3 3 3 YES 5

10 49 F Kidney L2 7 5 3 2 2 NO 13

11 57 M Breast D12 6 4 2 2 3 YES 9

12 58 M Lung L1 8 3 2 2 2 NO 5

13 67 M Lung D11 10 3 4 4 4 NO 12

14 69 F Breast L3 7 2 2 3 4 YES 14

15 58 F Kidney L4 8 6 3 3 2 YES 12

16 62 M Breast D10 10 4 2 2 4 YES S 9

17 39 F Lung L2 8 2 2 2 2 NO 13

18 53 M Melanoma D8 9 3 4 2 2 YES 8

Mean 55.72 11 M/7 F 8.05 3.5 2.8 2.6 3.0
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Table 2 Data of primary neoplasms

D 8 D 10 D 11 D 12 L 1 L 2 L 3 L 4 L 5

Localization of osteolytic lesion

Table 3 Neoplastic vertebrae treated with radiofrequency ablation
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 Discussion

Metastatic spine tumors, which result in destruction of the 
spinal column, causing mechanical instability, neurological 
deficit, and significant pain, affect a large number of 
patients each year [10]. Recently, percutaneous techniques 
such as RFA (or coblation), vertebroplasty, and kypho-
plasty have been introduced in the armamentarium of pal-
liative treatments for painful spinal metastases. RFA has 
been used successfully in many organs affected by cancer 
and is also receiving increasing interest as palliative treat-
ment for vertebral metastasis [25]. However, RFA does not 
prevent pathologic fracture [12]. Consequently, RFA has 
recently been combined with vertebroplasty, with the aim 
being to reconstruct the mechanical stability of the verte-
bral body and, additionally, to remove remaining malignant 
cells or damaged nerve endings during cementoplasty in 
which the metastatic lesions are heated [30]. The aim of the 
present study was to evaluate whether combining RFA with 
vertebroplasty could restore vertebral body structure in 
metastatic dorsolumbar vertebral fractures, and how this 
may correlate with decreased pain. Our assessment of 18 
patients with vertebral metastases treated with RFA with 
vertebroplasty revealed that this treatment had efficacy and 
good safety [30]. Reports on RFA, often in combination 
with cement injection of vertebral body metastases, are 
rare, and are mostly limited to case reports [14, 21, 26, 29, 

30]. Dupuy et al. described a 54-year-old woman with a 
focal lesion in the vertebral body of L2, who was success-
fully treated with RFA [5]. Schaefer et al. reported a patient 
with an osteolytic lesion at L3 who underwent combination 
therapy with RFA followed by vertebroplasty in a single 
session [15, 26]. Gronemeyer et al., in 10 patients treated 
with RFA, of whom 4 were also treated with vertebroplasty, 
reported 74 % pain reduction at 6-month follow-up, with 
complete pain relief in 3 patients, without complications 
[13]. Goetz et al., in a total of 45 patients with osseous 
metastases treated with RFA, described pain relief and a 
reduction in analgesic consumption in all patients [12], 
concluding that this modality provided an effective and 
safe alternative method of pain palliation in patients with 
osteolytic metastases. Our results agree with the data in the 
literature and show that pain decreased significantly after 
treatment. Mean VAS scores at baseline, at 1 week, and at 
months 1, 3, and 6 were 8.05 (range 6–10), 3.5 (range 2–6), 
2.8 (range 2–5), 2.6 (range 2–4), and 3.0 (range 2–4), 
respectively. Compared with the preoperative mean VAS 
(8.5), VAS was significantly decreased at all time points 
postoperatively (p < 0.05). Analgesic reduction, according 
to daily opioid intake during follow-up, was achieved in 
most patients [25]. The proposed mechanisms by which 
RFA decreases pain may involve: inhibition of pain trans-
mission by destroying sensory nerve fibers in the perios-
teum and bone cortex; reduction of lesion volume with 
decreased stimulation of sensory nerve fibers; destruction 
of tumor cells that are producing nerve-stimulating cyto-
kines (tumor necrosis factor- alpha [TNF-α], interleukins, 
etc.), and inhibition of osteoclastic activity [28]. In our 
study we analyzed vertebral body cement filling according 
to the method of Saliou, with Saliou filling scores ranging 
from 1 to 18. Filling was considered satisfactory if the 
score was more than 12 (2/3 of the vertebra), mediocre 
when the score ranged from 6 to 12, and inadequate when 
the score was less than 6. A thin-slice CT scan performed in 
the immediate postoperative period revealed a satisfactory 
Saliou filling score (12–18) in 8 patients (44.4 %), medio-
cre score (6–12) in 7 patients (38.8 %), and inadequate 
score (0–6) in the other 3 (16.6 %). As suggested by 

Table 4 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Unresecable tumors, according to Tokuhashi score General contraindications for surgery (infection, allergy, bleeding 
diseases)

Karnofsky score > 60 Poor general condition (Karnofsky score < 60)

Osteolytic lesion on neurimaging Osteoblastic tumors on neurimaging

VAS > 5 VAS < 5

Intractable pain with chemotherapy, radiation therapy, or other 
treatments

Spinal cord or nerve compression or intradural and intramedullary 
tumors

VAS visual analog scale

0

2

4

6

8

10

VAS Pre-
Op

VAS 1
Week 

VAS 1
Month 

VAS 3
Month

VAS 6
Month 

Visual Analogic Score

Table 5 Profile of the visual analog scale (VAS) in patients with back 
pain during follow-up
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Proschek et al., in their study of treated metastatic verte-
brae, PMMA distributed inside the vertebral body provided 
increased biomechanical stability, and PMMA also pro-
vided analgesic effects, which were well documented [22, 
23]. A review of the literature by Halpin et al. found that 
most studies of RFA with vertebroplasty reported signifi-
cant pain reduction in 85-97 % of patients [15]. Although 
the mechanism of the pain reduction during vertebroplasty 
is unknown, possible mechanisms may include the stabili-
zation of microfractures, the redistribution of mechanical 
forces, and even the cytotoxicity of the PMMA in the 
cement, which could destroy nerve terminals. In most 
series, lesions within 1 cm of the spinal cord, lesions 
involving the posterior wall of the vertebral body, and 
lesions with cortical bone destruction with involvement of 
soft tissue were considered to represent contraindications 
for treatment [28]. In our results, the particular RFA device 
used has an articulated electrode with two thermocouples, 
which allows a safer and wider ablation inside the vertebral 
body. The real-time monitoring procedure, with constant 
analysis of local temperature and near tissue impedance, 
reduces the risks of vascular or neural damage. We believe 
that creating a cavity through tissue dissolution, rather than 
tissue displacement alone, may aid in redirecting the 
cement away from the posterior aspect of the vertebral 
body and, hence, decrease the risk of perioperative compli-
cations. In summary, we found that combining percutane-
ous radiofrequency-based ablation with percutaneous 
cement augmentation seemed to provide a valuable addi-
tion to our surgical armamentarium for treating painful 
malignant spinal lesions [8, 9]. Our study has several limi-
tations. The analysis was retrospective, implying selection 
bias and the lack of a control group. In addition, our verte-
bral sample was heterogeneous and small. Additional clini-
cal experience and controlled prospective studies are 
necessary for further evaluation of the specific role of the 
RFA procedure combined with vertebroplasty in the man-
agement of vertebral metastatic disease.

 Conclusion

The present study demonstrates that percutaneous RFA with 
vertebroplasty in thoracolumbar vertebral spinal metastases 
may be safe and effective in alleviating the pain caused by 
tumors and in reconstruction of the vertebral body. The 
articulated electrode with two thermocouples increases the 
extent of the vertebral area accessible to RFA because of a 
more controlled movement inside the vertebral body. 
According to our results, the combination of these two 
methods seems to be a promising, feasible, minimally inva-
sive technique in the treatment of spinal metastasis.
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Abstract Neuroendoscopy is now considered to be a mini-
mally invasive surgical approach for expanding lesions bulg-
ing into the ventricle, and it is also considered to be a relevant 
tool for performing biopsy procedures, fenestration of cystic 
walls, or for performing tumor removal in selected cases. 
Furthermore, the use of neuroimaging and the accurate fol-
low-up of brain tumor patients have allowed the documenta-
tion of tumoral and pseudotumoral cystic areas that cause the 
obstruction of cerebrospinal fluid (CSF) pathways. 
Neuroendoscopic procedures enable the fenestration of cys-
tic lesions, in addition to enabling third ventriculostomy or 
septostomy to restore CSF pathways. We analyze our experi-
ence regarding 77 patients affected by brain tumors arising 
from the wall of the third or lateral ventricle. In all cases 
hydrocephalus or obstruction of CSF flow was present. With 
an endoscopic technique, septostomy, cystostomy, endo-
scopic third ventriculostomy (ETV), and tumor resection 
were performed to control intracranial hypertension.

ETV was performed in 53 patients with noncommunicat-
ing hydrocephalus. In 4 patients with low-grade astrocytoma 
ETV was definitely the only surgical treatment. In 12 cystic 
tumors, cystostomy and marsupialization into the ventricle 
solved a relevant mass effect with clinical intracranial hyper-
tension syndrome. In 10 patients, neuroendoscopic relief of 
CSF pathways was possible by performing septostomy with 
the implantation of an Ommaya reservoir or one-catheter 
shunt. In 5 colloid cysts and 2 cystic craniopharyngiomas, 
removal was possible by restoring CSF flow without other 
procedures. After intracranial hypertension control, in 13 
malignant gliomas and 5 leptomeningeal metastases, the 
patients’ quality of life improved sufficiently to provide for 
tumor adjuvant therapy.

In this series, endoscopy, due to its minimally invasive 
characteristics and reduced complications, was found to be 
safe and effective, without any relevant postoperative mor-
bidity, gained by avoiding major surgical approaches.

Based on these results and on the increasing number of 
series described in the literature, we believe that endoscopic 
techniques should be considered a selected approach for 
treating CSF obstructions caused by para-intraventricular 
tumors. The result of using neuroendoscopy is the recon-
struction of CSF pathways that bypass the tumor occlusion. 
This surgical procedure is not only limited to the relief of 
noncommunicating hydrocephalus, but it is also useful for 
tumor removal or biopsies and the evacuation of cystic 
lesions. In patients affected by malignant tumors, neuroen-
doscopy can be performed to control intracranial hyperten-
sion before the patients start adjuvant chemotherapy or 
radiotherapy.

Keywords Intraventricular tumor • Endoscopic biopsy • 
Endoscopic third ventriculostomy • Hydrocephalus

 Introduction

Because of the central location of intra- and paraventricular 
tumors, the commonly employed open surgical approaches 
have relatively high potential morbidity and mortality [7, 
21]. Notably, the increased use of neuroimaging and the 
accurate follow-up of brain tumor patients have now fre-
quently allowed the documentation of tumoral and pseudotu-
moral cystic areas that cause the obstruction of cerebrospinal 
fluid (CSF) pathways [8, 18]; these tumors are often associ-
ated with dilated ventricles and intracranial hypertension 
[19, 20]. For this reason, even today, microsurgical removal 
is considered the best therapeutic option in selected cases. 
However, due to the deep location of intra- and paraventricu-
lar tumors, this removal remains challenging and is fraught 
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with potential complications, which may be functional and 
cognitive or even life-threatening. Neuroendoscopy is now 
considered a minimally invasive surgical approach for 
expanding lesions bulging into the ventricle, as well as being 
considered a relevant tool for performing biopsy procedures, 
discontinuation of cystic walls, or performing tumor removal 
in selected cases [2, 4, 5, 14]. Furthermore, neuroendoscopic 
procedures can be used to reconstruct alternative CSF path-
ways and treat intracranial hypertension by the fenestration 
of cystic lesions, in addition to being used for endoscopic 
third ventriculostomy (ETV) or septostomy [6, 12, 13]. In 
addition to the use of endoscopic procedures for diagnostic 
sampling, patients with primary cystic tumors (colloid cyst, 
epidermoid cyst, cystic craniopharyngioma, Rathke’s cleft 
cyst) are optimal candidates for endoscopic procedures, 
given the ease of cyst aspiration and cyst ablation or resec-
tion. In selected cases, partial or total tumor removal is pos-
sible to improve CSF circulation, the success of which is 
dependent upon the tumor consistency, a feature that may be 
difficult to predict preoperatively [9, 17]. Thus, many patients 
will benefit by treatment of the tumor manifestations of non-
communicating and compartmentalized hydrocephalus 
through the use of endoscopic procedures. These procedures 
can also be coupled with the accurate placement of catheters 
for intracavitary therapeutic purposes [10] or sequential 
aspiration. Thus, in patients in whom the disease will be 
treated primarily by nonsurgical means (primary central ner-
vous system [CNS] germ cell tumors, primary CNS lym-
phoma, disseminated metastatic disease, malignant glioma, 
tectal glioma) endoscopic CSF pathway relief can offer a 
distinct benefit by avoiding a more extensive intracranial 
procedure.

 Material and Methods

From 2002 to 2014, 77 patients with solid or solid cystic 
tumors arising from the wall of the ventricles underwent 
neuroendoscopic procedures. These patients ranged in age 
from 8 to 79 years (median 55 years.). There were 42 
males and 35 females, with seven children. All patients 
were symptomatic: 23 (30 %) patients presented with a 
classical intracranial hypertension syndrome. The others 
presented with focal neurological signs, as well as ataxic 
gait, cognitive disorders, and headache with papilledema. 
The patients had a median presurgical Karnofsky perfor-
mance score (KPS) of 55 (range 30–70). At preoperative 
magnetic resonance imaging (MRI), tumor sites were: 31 
(40 %) in the third ventricle, 27 (35 %) in the lateral ven-
tricle, 2 in the fourth ventricle, 4 in the Sylvian aqueduct, 
and 8 in the brain stem, while 5 showed leptomeningeal 
diffusion. Ventricular dilation with hydrocephalus or 
obstruction of CSF flow was present in all cases. Depending 

on the location of the tumor and the ventricle size, unilat-
eral access (mainly right side) was performed in all cases. 
The endoscope’s trajectory was planned in only 5 cases, 
with the help of a neuronavigation system (BRAINLab 
system; Feldkirchen, Germany). Septostomy, cystostomy, 
ETV, or tumor resection was performed with rigid (25 %) 
or flexible (75 %) endoscopes to control intracranial hyper-
tension. If needed to obtain a diagnosis for further onco-
logical treatment, a tumor biopsy was performed during 
the same endoscopic CSF relief procedure. We used a thu-
lium (Tm) diode pumped solid state (DPSS) laser (Revolix 
LISA Laser Products, Katlenburg, Germany) for the 
shrinkage or tissue desiccation of thick tissue and for the 
hemostasis of highly vascularized tumors [11, 15].

 Results

The CSF obstruction was associated with tumors of different 
histologies (Table 1). In 34 patients, new diagnosis tumor 
endoscopic biopsy was performed, combined with proce-
dures to reconstruct CSF pathways. After diagnosis, 10 
patients were operated on for microsurgical removal. From 
2009, in 24 procedures the Tm laser was used for the ablation 
and cutting of tumor tissue, hard synechiae, and cyst mem-
branes. With Tm laser septostomy, cyst fenestration, tumor 
resection, and foramen of Monro and aqueduct opening were 
feasible to promote the reestablishment of ventricular anat-
omy and hydrodynamic patterns. In 5 patients, total removal 
of colloid cysts was possible, and in 2 patients with cystic 
craniopharyngiomas subtotal removal was possible by 
restoring CSF flow without other procedures. In 53 patients 
with noncommunicating hydrocephalus, ETV was per-
formed successfully. In 10 of these patients, the hydrocepha-
lus was due to posterior cranial fossa tumor, while in 5 it was 
secondary to radionecrosis. In 12 cystic tumors cystostomy 
and marsupialization into the ventricle solved a relevant 
mass effect with clinical intracranial hypertension syndrome. 
In 10 patients the relief of CSF pathways was possible by 
performing septostomy associated with the implantation of 
an Ommaya reservoir or one-catheter ventriculoperitoneal 
(VP) shunt. In 2 patients with epidermoid cysts with postop-
erative entrapped fourth ventricle after aqueductoplasty and 
ETV, reconstruction of CSF flow was obtained (Fig. 1a, b).

 Complications

No mortality or morbidity due to the procedures was pres-
ent. Mild or severe bleeding was successfully controlled 
with the Tm Laser. Following ETV failure in six cases, a 
one-catheter VP shunt was implanted. In two patients with 

P.A. Oppido



91

entrapped  ventricle the fenestration was redone, while 
two cystic tumors were treated microsurgically.

 Follow-Up

The reconstruction of CSF pathways increased the median 
KPS > 80 (range 60–100). The follow-up ranged from 1 to 
10 years, with periodic clinical and MRI examinations. In 4 
tectal low-grade astrocytomas ETV was definitely the only 
surgical treatment. After intracranial hypertension control 
was achieved, in 13 malignant gliomas, 5 leptomeningeal 
metastases, and other malignant tumors, specific chemo-
therapy and/or radiotherapy was administered, improving 

quality of life and overall survival. Patients with tumors 
responding to therapy or radionecrosis showed a longer 
overall survival.

 Discussion

Ventricular tumors represent a heterogeneous group in terms 
of histology and therapy, but they often present a common 
clinical history and common radiological aspects [14, 19]. 
The most frequent type of clinical presentation is a syn-
drome arising from intracranial hypertension. In the present 
series this syndrome was present in 30 % of our patients, 
 accompanied by ventricle dilation due to blockage of the 

Table 1 Histopathological diagnoses

Diagnosis No of patients

Glioma; low grade 9

Glioma; high grade 13

Tectal glioma 4

Malignant teratoma 2

Colloid cyst 5

Radionecrosis 7

Craniopharyngioma 7

PNET 5

Lymphoma 4

Metastases 9

Leptomeningeal metastases 5

Epidermoid cyst 2

Nonspecific tumor 5

PNET primitive neuroectodermal tumor

a b

Fig. 1 (a) Pre-endoscopic magnetic resonance imaging (MRI), show-
ing the entrapped fourth ventricle as a complication of microsurgical 
removal of an epidermoid cyst; (b) post-endoscopic MRI, showing 

reduction of the cystic fourth ventricle after aqueductoplasty and endo-
scopic third ventriculostomy (ETV)
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CSF pathways with hydrocephalus or entrapped ventricle. 
In these cases the patients’ clinical features ruled out the 
possibility of performing other therapies as an alternative to 
surgery, which is elective both for diagnosis and for reliev-
ing intracranial hypertension. Some tumors (i.e., lymphoma 
or germinoma) are radiosensitive and their surgical removal 
is excluded [3].

Intraventricular endoscopic surgery has an integral and 
expanding role in the management of patients with brain 
tumors. Established applications exist for tumor biopsy, con-
cordant CSF diversion, tumor cyst decompression, and col-
loid cyst removal. This surgery also offers the possibility of 
employing ETV for the treatment of associated hydrocepha-
lus, instead of VP shunting, a procedure that may play a role 
in the dissemination of some tumors, such as pineoblastomas 
and germ cell tumors, into the peritoneum [14].

In accordance with the literature [1, 16], in the present 
series endoscopy was found to be safe and effective—with-
out any relevant postoperative morbidity—for reconstruct-
ing CSF pathways and restoring CSF flow, and for providing 
ETV, septostomy, tumor resection, or other endoscopic pro-
cedures. In patients affected by malignant tumors, neuroen-
doscopy can be performed to control intracranial 
hypertension before the patients start adjuvant chemother-
apy or radiotherapy. Because of the tumor site these patients 
are frequently admitted with intracranial hypertension and a 
low KPS, which creates a challenge for any kind of treat-
ment. After endoscopic procedures the reduction of intra-
cranial pressure and improvement of the KPS is made 
possible, depending on the histology, adjuvant therapy, or 
microsurgery. Furthermore, in tectal glioma or radionecro-
sis ETV can be employed as the only surgical procedure 
without any other therapy.

Based on these results and on the increasing number of 
series described in the literature, we believe that endoscopic 
techniques should be considered as a selected approach to 
treat CSF obstructions caused by para-intraventricular 
tumors. This surgical procedure is not only limited to the 
relief of noncommunicating hydrocephalus, but is also use-
ful for tumor removal or biopsies and the evacuation of cys-
tic lesions.
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Abstract Pterional craniotomy (PT) has long been the 
 standard approach for the treatment of middle cerebral artery 
(MCA) aneurysms, even though it may cause temporalis mus-
cle atrophy, facial nerve injury, and masticatory difficulties. 
Minipterional craniotomy (MPT) is an alternative approach 
that may provide the same surgical corridor, limiting the risk 
of postoperative esthetic and functional complications. From 
January 2011 to December 2014 we consecutively performed 
68 craniotomies for surgical treatment of unruptured MCA 
aneuryms: 37 were standard PT and 31 were MPT. There were 
no significant differences in mean age, sex, and aneurysm 
topography between the two groups. The mean skin incision 
length was 14 cm in the PT group and 6 cm in the MPT group. 
According to the Glasgow Outcome Scale (GOS) and modi-
fied Rankin Scale (mRS), there were no significant differences 
in clinical outcome at discharge or follow-up between the two 
groups. Also, the rates of complete aneurysm exclusion were 
comparable. However, the number of patients complaining of 
masticatory disorders was higher among those treated with 
PT. Finally, the number of complications observed in the PT 
group was higher than that in the MPT group, but only the dif-
ferences in mean hospitalization length and necessity for a 
dural patch for reconstruction were statistically significant. In 
conclusion, the MPT approach is a safe and effective alterna-
tive to the standard PT for the treatment of unruptured MCA 
aneurysms.

Keywords Pterional craniotomy • Minipterional craniot-
omy • Aneurysm clipping • Middle cerebral artery aneurysm 
• Reconstructive neurosurgery

 Introduction

Pterional craniotomy (PT) has long been the standard 
approach for clipping the majority of anterior circulation 
aneurysms [1–3]. According to Yasargil’s technique, this 
approach provides exposure of the anterior and middle cra-
nial fossa, the superior aspect of the posterior cranial fossa, 
the sellar and parasellar regions, the superior orbital fissure, 
and the cavernous sinus [2–4]. Nonetheless, this extremely 
versatile approach may show several complications, such as 
temporalis muscle atrophy, risk of damage to the frontal 
branch of the facial nerve, and masticatory difficulties. Since 
the first proposal by Yasargil in 1975 [1], several modifica-
tions have been developed over time. These are based on 
alternative dissection and reconstruction techniques, such as 
the interfascial and subfascial exposition of the temporalis 
muscle, in order to limit the risk of injury to the frontal 
branch of the facial nerve [5, 6], or the use of subperiosteal 
retrograde dissection, which has been proposed to minimize 
muscle atrophy [7]. Several other different surgical 
approaches have been described as alternatives to PT, such as 
the lateral supraorbital, mini supraorbital, supraorbital key-
hole, sphenoid ridge keyhole, modified pterional with tem-
poralis muscle splitting, and eyebrow approaches [8–16]. 
These alternative approaches have been conceived to offer 
surgical corridors similar to those with PT, but with shorter 
incisions and relative bone sparing, thus improving the cos-
metic and functional results [14]. Among them, the minip-
terional approach (MPT) provides a surgical view comparable 
to that of the standard PT, and it is being increasingly used 
for the clipping of middle cerebral artery (MCA) aneurysms. 
Figueiredo et al., in 2007, first published a technical 
 description and an anatomic assessment of this approach in a 
cadaveric study [12]. Accordingly, in the past 2 years we 
have changed the paradigm of our treatment of unruptured 
MCA aneurysms, systematically adopting the MPT 
approach. In this study we retrospectively analyzed our 
experience, comparing 31 cases of MPT and 37 of PT.
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 Material and Methods

Sixty-eight consecutive craniotomies were performed for 
unruptured MCA aneurysms at A. Gemelli Hospital – 
Catholic University School of Medicine, Rome, between 
January 2011 and December 2014. In particular, from January 
2011 to December 2012 we treated 37 cases using a standard 
PT, whereas from January 2013 to December 2014 we sys-
tematically adopted an MPT approach for the treatment of 31 
MCA aneurysms. Standard PT was performed according to 
Yasargil’s technique [1]. The MPT approach, instead, fol-
lowed Figueiredo’s procedure: a semi-arcuate skin incision 
was started 1 cm above the zygomatic arch, and extended 
superiorly and curved gradually 1 cm above the linea tempo-

ralis superficialis (Fig. 1a) [12]. We created a single myocuta-
neous flap that was reflected anteriorly until the exposure of 
the pterion, using a subperiostal dissection in order to avoid 
injury to the frontalis branch of the facial nerve (Fig. 1b) [17]. 
A single burr hole was usually performed where the upper 
temporal line crosses the coronal suture (stephanion). The 
craniotomy proceeded superiorly along the superior temporal 
line, posteriorly and inferiorly curved to include the pterion 
within the bone flap and anteriorly directed along the sphe-
noid bone up to the keyhole region. After bone flap removal, 
the sphenoid ridge was then drilled until the meningo-orbital 
artery was visualized at the superior orbital fissure. This bone 
removal was systematically performed in order to enlarge the 
surgical corridor before the microsurgical dissection of the 

Fig. 1 Cutaneous and bony landmarks for minipterional approach. The 
head is fixed in a three-point Mayfield head rest, rotated about 45°, and 
tilted to elevate the zygoma. The hairline is marked with a dashed line 
(dotted arrow), and the hair is shaved for about 1.5 cm. The superior 
temporal line is then marked (arrow) and the skin incision is performed 
along a semi-arcuate trajectory (arrowheads) starting 1 cm above the 

zygomatic arch and extended 1 cm above the linea temporalis superfi-
cialis (a). A single burr hole is made at the stephanion and MPT of 
about 5 cm is performed to expose the sylvian fissure (b). Before dural 
opening, the sphenoid ridge is drilled in order to enlarge the surgical 
corridor before the microsurgical dissection of the sylvian fissure (c). 
The MPT craniotomy flap is synthesized with three titanium plates (d)

a b

c d
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sylvian fissure was done (Fig. 1c). A semilunar dural flap was 
then opened, with its base directed toward the skull base. This 
opening provided adequate exposure of the inferolateral 
aspect of the frontal lobe, the proximal third of the sylvian 
fissure, and the superior temporal gyrus. A tailored microsur-
gical dissection of the sylvian fissure was then performed, 
starting from the proximal to distal portion, or vice-versa, 
depending on the fissure’s vein anatomy and aneurysm local-
ization, in order to obtain control of the parent vessel. 
Temporary clipping of the parent vessel was very rarely 
adopted and only in cases of larger aneurysms, aimed to 
obtain detention of the sac during manipulation and clipping. 
After aneurysm closure, microdoppler sonography and indo-
cyanine green video-angiography were routinely used to con-
firm the  complete exclusion of the sac and flow preservation 
in the parent vessels and perforators. At the end of the proce-
dure, the dural flap was closed in a watertight fashion and the 
bone flap was replaced using three titanium plates (Fig. 1d, 2a). 
The temporalis muscle and galea-pericranium were reapprox-
imated with absorbable sutures; the skin flap was usually 
closed with an intradermal suture in order to obtain the best 
esthetic result (Fig. 2b)”. Outcome at discharge and follow- up 
was assessed by Glasgow Outcome Scale (GOS) ranking, as 
good recovery (GR), moderate disability (MD), severe dis-
ability (SD), vegetative state (VS), and death (D), and modi-
fied Rankin Scale (mRS) grading, from 0 to 5 points. We also 
submitted a questionnaire to the patients by a telephonic 
interview in order to assess the personal degree of cosmetic 

satisfaction, ranked as poor, regular, good, or excellent 
according to the Figuereido et al. criteria [18], and the pres-
ence of functional disorders related to mastication, which 
were graded as complete restoration, pain persistence during 
mastication, and functional limitation. Follow-up was per-
formed in September 2015.

 Statistical Analysis

Values for quantitative variables were expressed as 
mean ± standard deviation and compared with each other 
using Student’s t-test. Fisher’s exact (two-sided) test was 
used to compare the categorical variables with the outcome 
(univariate analysis). The association between variables 
was considered significant when the p value was <0.05.

 Results

 Demographic Features

The mean age of the patients was 56.6 ± 10.6 years in the PT 
group, and 58.8 ± 10 years in the MPT group (p = 0.38). 
There were 25 females and 12 males in the PT group, and 27 
females and 4 males in the MPT group (p = 0.08).

a b

Fig. 2 Volumetric three-dimensional (3D) rendering showing the size of MPT craniotomy after osteosynthesis with titanium plates (a). Esthetic 
result after MPT approach: no alterations in the morphological profile of the patient’s face are evident (b)
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 Topographic Distribution 
and Angioarchitectural Features of MCA 
Aneurysms

Among the 37 patients treated with standard PT, 14 
(37.83 %) had an aneurysm involving the left and 23 
(62.16 %) the right MCA; 17 of them had multiple aneu-
rysms. Twelve aneurysms (32.43 %) were located at the 
bifurcation of the left, and 23 (62.16 %) at the bifurcation 
of the right MCA, 1 (2.7 %) was located at the left M2 and 
1 (2.7 %) at the left M3 segment (Fig. 3 upper). Among the 
31 patients treated with MPT, 12 (38.70 %) had an aneu-
rysm involving the left and 19 (61.29 %) the right MCA; 
12 of them had multiple aneurysms. Twelve aneurysms 
(38.70 %) involved the left MCA bifurcation, 15 (48.38 %) 
the right MCA bifurcation, 3 (9.67 %) the right M1, and 1 
(3.22 %) the right M2 segment (Fig. 3 lower). In the PT 
group there were 31 small, 5 large aneurysms and 1 giant 
one, whereas in the MPT group, there were 30 small aneu-
rysms and 1 large one (Table 1). The topography of the 
aneurysms was not significantly different between the two 
groups. Larger aneurysms measured 35×18 mm, whereas 
the smaller ones measured 3×2 mm; the mean aneurysm 
size was 7 mm. The mean skin incision length was 14 cm 
in the PT group and 6 cm in the MPT group. During the 

procedures with MPT, instances of compromised operative 
corridors requiring craniotomy extension never occurred.

 Clinical Outcomes

Clinical outcomes at discharge and follow-up were assessed by the 
GOS and mRS. The mean length of clinical follow-up was 
37.3 ± 7.2 months for the PT group, and 20.9 ± 7 months in the MPT 
group. At discharge, 35 of the 37 patients (94.59 %) in the PT group 
showed GR, 1 (2.70 %) MD, and 1 (2.70 %) SD, while in the MPT 
group, 30 of the 31patients (96.77 %) had GR, and 1 (3.22 %), 
SD. These results were stable at follow-up. According to the mRS 
grading at discharge, in the PT group there were 31 patients (83.78 %) 
with 0 points, 4 (10.81 %) with 1 point, 1 (2.7 %) with 3 points, and 1 
(2.7 %) with 4 points. At follow-up, 2 patients showed a further 
improvement in the quality of life, with disappearance of the previous 
minor symptoms, thus changing the score from 1 to 0 points. In the 
MPT group, in contrast, at discharge there were 28 patients (90.32 %) 
with 0 points, 2 (6.45 %) with 1 point, and 1 (3.22 %) with 4 points. At 
follow-up, all the 3 patients who previously complained of symptoms 
showed an improvement; two of them, in particular, showed complete 
restoration from perioperative seizures and wound healing . There was 
no significant difference in clinical outcomes between the two groups, 
either at discharge or at follow-up (Table 2).

Fig. 3 Upper figure: topo-
graphic distribution of middle 
cerebral artery (MCA) 
aneurysm treated with standard 
pterional craniotomy (PT). 
Lower figure: topographic 
distribution of MCA aneurysms 
treated with minipterional 
craniotomy (MPT)
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 Angiographic Outcome

Digital subtraction angiographic or angio-computed tomog-
raphy (CT) scans were performed postoperatively in 32/37 
(86.48 %) patients in the PT group, and in 29/31 (93.54 %) in 
the MPT group. Mean follow-up was 69.3 weeks for the PT 
group, and 28.5 weeks for the MPT group. With regard to 
patients treated with standard PT, complete aneurysm exclu-
sion was obtained in 28/32 (87.5 %). However, in two of four 
aneurysms with subtotal exclusion, a residual neck was left in 
order to preserve the origin of a collateral branch. Therefore, 
the overall goal of the treatment was achieved in 30/32 cases 
(93.75 %). In the MPT group, in contrast, complete aneurysm 
exclusion was obtained in 29/29 patients (100 %).

 Esthetic and Functional Outcome

Data on esthetic and functional results were also collected at 
the clinical follow-up. Overall personal satisfaction was high 
in our patients, and most of them emphasized that they were 
more psychologically relaxed since they had no more risk of 
aneurysm rupture. As regards functional disorders of mastica-
tion, a significantly higher percentage of patients treated with 
MPT showed complete restoration with no symptoms at fol-
low-up. On the other hand, seven patients treated with PT still 
complained of pain during mastication, and seven had func-
tional limitations (mouth opening) at follow-up, compared 
with only two in the MPT group. Although these  differences 
were not statistically significant, they showed a trend (Table 3).

Table 1 Relationship between size and location of MCA aneurysms treated with standard PT and MPT

M1 segment M1-M2 bifurcation M2 segment M3 segment

PT MPT PT MPT PT MPT PT MPT

Small
– 2 R

18 R
11 L

14 R
12 L – 1 R 1 L

–

Large – 1 R 4 R
1 L

1 R 1 L – – –

Giant – – 1 R – – – – –

R Right, L left MCA middle cerebral artery, PT pterional craniotomy, MTP minipterional craniotomy

Table 2 Clinical outcomes at discharge and follow-up for PT and MPT groups

GOS

p value

mRS

p value
Score PT

n = 37
MPT
n = 31

Score PT
n = 37

MPT
n = 31

Discharge

GR 35 30 1.0

0 31 28 0.49

1 4 2 0.68

MD 1 0 1.0 2 – – –

SD 1 1 1.0 3 1 0 1.0

VS – – – 4 1 1 1.0

D – – – 5 – – –

Mean follow-up GR 35 30 1.0 0 33 30 0.36

1 2 0 0.49

MD 1 0 1.0 2 – – –

SD 1 1 1.0 3 1 1 1.0

VS – – – 4 1 0 1.0

D – – – 5 – – –

GOS Glasgow outcome scale, mRS modified Rankin Scale, GR good recovery, MD moderate disability, SD severe disability, VS vegetative state, 
D death (D)

Minipterional Craniotomy for Treatment of Unruptured Middle Cerebral Artery
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 Complications

Overall, we observed 13 postoperative complications in 12 
patients in the PT group: 3 seizures, 5 cerebrospinal fluid (CSF) 
collections, 2 hemipareses, 2 wound infections, and 1 hydro-
cephalus. In contrast, only 3 postoperative complications were 
recorded in the MPT group, in 3 patients: 1 subcutaneous fluid 
collection, 1 hemiparesis, and 1 wound dehiscence. Moreover, 
in 8 patients treated with standard PT, a dural substitute patch 
(Liodura® (Braun, Melsungen – Germany)) was necessary for 
dural closure in 2 patients, and a homologous pericranium flap 
was necessary in 6 patients, whereas no patients who under-
went the MPT approach needed a dural patch. However, the 
occurrence of complications did not differ significantly 
between the two groups. Only the length of hospitalization was 
significantly different in the two groups, being longer in the PT 
group, with a mean of 9.1 ± 4.5 days, compared with 
6.4 ± 2.3 days in the MPT group (Table 4).

 Discussion

The aim of the surgical treatment of intracranial aneurysms 
is the exclusion of the sac in order to eliminate the risk of 
bleeding. Preservation of neurological function is manda-

tory, in particular in cases of unruptured aneurysms [19]. 
Since the description of the first case of ruptured aneurysm 
wrapping by Norman Dott in 1933 [20], and the prelimi-
nary experience of Walter Dandy in aneurysm clipping in 
1938 [21], the surgical technique of intracranial aneurysm 
treatment has continuously evolved. A significant improve-
ment in surgical results was observed in 1975 when Yaşargil 
et al. proposed combining a standard pterional craniotomy 
centered on the sylvian fissure and a microsurgical tech-
nique. This keyhole approach allowed the exposure of the 
sylvian corridor towards the circle of Willis with a rela-
tively small bone flap and limited exposure of the frontal 
and temporal lobes [22]. In addition to the limited extent of 
the craniotomy, the approach described by Yaşargil et al. 
introduced the removal of the lateral two-thirds of the lesser 
sphenoid wing. The surgical window so obtained allowed 
dissection of the sylvian fissure up to the basal cisterns with 
progressive CSF drainage and brain relaxation, thus reduc-
ing the retraction of the frontal lobe [3, 22, 23]. In PT 
according to Yaşargil’s technique, the temporal muscle is 
usually completely dissected from the temporal fossa in 
order to maximize the pterional exposure. This kind of 
maneuver can present some drawbacks, including func-
tional and esthetic complications such as alterations in 
mandibular function, chronic pain, and alterations in the 
facial sensory components frequently associated with tem-

Table 3 Esthetic and functional comparisons between PT and MPT groups at clinical follow-up

Score
PT group
n = 37

MPT group
n = 31 p value

Personal satisfaction Excellent 30 29 0.16

Regular 2 1 1.00

Good 3 1 0.61

Poor 2 0 0.49

Functional disorders CR 23 29 0.0034

PP 7 1 0.06

FL 7 1 0.06

CR complete restoration, PP pain persistence during mastication, FL functional limitation

Table 4 Comparative incidence of complications in the PT and MPT groups

PT group
n = 37

MPT group
n = 31 p value

Mean length of hospitalization (days) 9.1 ± 4.5 6.4 ± 2.3 0.004

Seizures 3 0 0.2447

CSF collection 5 1 0.2089

Hemiparesis 2 1 1.000

Infection/wound dehiscence 2 1 1.000

Hydrocephalus 1 0 1.000

Dural substitutes 8 0 0.006

CSF cerebrospinal fluid
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poral atrophy and injury of the frontal branch of the facial 
nerve and trigeminal branches [2, 12, 24–26]. The advan-
tages of a minimally invasive procedure compared with a 
standard PT should be to decrease the surgical trauma and 
the associated pain, to provide better cosmetic results, and 
at the same time to reduce the risk of neurological function 
injury, and to reduce the length of surgical procedures and 
hospitalization, as well as reducing the costs. Several dif-
ferent techniques have been described as surgical modifica-
tions of the traditional PT craniotomy [2], but at the end 
they fail to provide comparable microsurgical exposure, 
and some do not reduce the extent of dissection of the tem-
poral muscle [16, 27, 28]. In our experience, we found that 
 unruptured MCA aneurysms up to 35 mm in size were 
effectively and safely treatable using the MPT approach. 
We never found that the exposure provided by the MPT 
limited the ability to treat these aneurysms. This finding is 
supported by clinical and anatomic studies, comparing the 
standard PT with its various modifications both in clinical 
series and in cadaveric dissections [12, 16–18, 29, 30]. 
Figueiredo et al. used computerized tracking to assess the 
extent of exposure in the pterional-transsylvian approach 
[4]. They found that dissection of the sylvian fissure distal 
to the anterior ascendant ramus did not provide additional 
exposure of the basal cisterns or circle of Willis. Therefore, 
in accordance with these and other findings, we conclude 
that MPT craniotomy is a suitable alternative to the stan-
dard PT for unruptured MCA aneurysms. In our series, 
MPT craniotomy was not selected for patients with aneu-
rysmal subarachnoid hemorrhage (SAH), as the smaller 
bony exposure in the setting of significant brain edema 
could be severely limiting. The MPT craniotomy is built 
upon the principles of the standard PT and it is ideal for a 
minimally invasive approach for MCA aneurysm, with 
which all neurosurgeons should be confident, since it 
affords the patient a smaller and more cosmetically satis-
factory incision. Differently from the technique described 
by Figueiredo et al., we did not perform an interfascial dis-
section of the temporalis muscle, but raised a single myo-
cutaneous flap. One benefit of the subfascial or interfascial 
dissection, in addition to helping the preservation of the 
frontal branch of the facial nerve, is that it allows for mobi-
lization of the temporalis muscle inferiorly to limit the bulk 
of muscle along the scalp flap [5, 6]. In the MPT approach, 
given the small size of the skin-muscle flap, we did not find 
this extra muscle bulk to limit the sylvian fissure dissection 
and aneurysm exposure. Also, we never recorded any 
instances in which MPT craniotomy appeared to limit the 
surgical exposure necessary for optimal aneurysm prepara-
tion and clipping.

 Conclusion

In our study no differences in clinical outcomes were 
observed between the MPT and PT techniques. However, 
patient satisfaction was higher in the MPT group, due to 
the favorable cosmetic and functional results. Thus, the 
MPT approach appeared to be a safe and effective alterna-
tive to the standard PT for treating unruptured MCA 
aneurysms in all our patients.
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Abstract
Background
The purpose of this study was to compare the surgical effi-
cacy of the microsurgical sublabial approach (MSA) versus 
the endoscopic endonasal approach (EEA) for the treatment 
of pituitary adenomas, based on short-term (12 months) 
radiological and endocrinological follow-up. 
Methods
One hundred and fourteen patients affected by pituitary ade-
noma were enrolled at our Unit between January 2007 and 
February 2012; 72 were treated with MSA, and 42 with 
EEA. The preoperative parameters considered were: type of 
lesion (secreting or nonsecreting), lesion size, presence of 
intralesional hemorrhage, lesion perimeter (nodular vs. uni-
form), intrasellar vs. suprasellar, involvement of cavernous 
sinus, and osteodural infiltration. Hormonal assays and mag-
netic resonance imaging (MRI) scans were performed at 12 
months after the surgical procedure. 
Results
Univariate analysis of the data documented a statistically 
significant difference in favor of MSA for the subgroups of 
secreting adenomas (90.9 % vs. nonsecreting 48.3 %), micro-
adenomas (100 % vs. macroadenomas 57.1 %), adenomas 
without osteodural infiltration (87.5 % vs. 55.5 % with the 
infiltration) or those without intralesional hemorrhage (75 % 
vs. 45.9 % with the hemorrhage), and growth hormone (GH) 
adenomas (88.8 % vs. 43.7 %). Multivariate analysis con-
firmed the greater effectiveness of MSA for the treatment of 
micro-secreting adenomas.
Conclusions
Recent advances in the EEA for treating pituitary adenomas 
could lead to this modality replacing the microsurgical tech-

nique. In our experience the MSA allowed us to achieve bet-
ter results in the treatment of microadenomas.

Keywords Pituitary adenoma • Microsurgical • Sublabial • 
Endoscopic • Trans-sphenoidal • Microadenoma

 Introduction

Since 1907, with Schloffer’s seminal report on the trans- 
sphenoidal approach to a sellar lesion, pituitary surgery has 
been in constant evolution [31]. In the 1960s – with the 
advent of the operative microscope – the trans-sphenoidal 
“route” (both sublabial and transnasal) became the gold stan-
dard to approach lesions of the sellar area, because of its 
remarkable reduction of morbidity and mortality compared 
with traditional transcranial approaches [17]. In the 1990s, 
the introduction of the surgical endoscope brought signifi-
cant innovations to pituitary surgery [11]. Some studies in 
the literature have compared the most commonly used surgi-
cal techniques for approaching the sellar region, using multi-
parametric evaluation (costs/benefits, days of hospitalization, 
morbidity, extent of tumor removal, etc.) in order to define 
the more reliable surgical strategy [12, 29]. The purpose of 
our study was to compare the surgical efficacy of two proce-
dures (the microsurgical sublabial approach [MSA] and the 
endoscopic endonasal approach [EEA]), based on short-term 
(12 months) radiological and endocrinological follow-up.

 Materials and Methods

In this study, we examined a total of 114 patients affected by 
pituitary adenomas, who came to our attention between January 
2007 and February 2012. All patients were operated on by the 
two senior authors (C.A. and A.M.) both with long experience 
in both microscopic and endoscopic pituitary  surgery. Indeed, 
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their practice with microscopic pituitary surgery started in the 
1980s. On the other hand, it is only since 2004 that endoscopic 
treatment for pituitary adenomas has been used routinely – in 
collaboration with ear, nose, and throat (ENT) surgeons. 
Informed consent was obtained from each patient enrolled in 
the study. The average age of the selected patients (55 men, 59 
women) was 50.71 years (range 15–83). Before surgery, each 
patient included in the study had preoperative hormonal assays, 
brain magnetic resonance imaging (MRI) with gadolinium, 
and clinical evaluation. Of the 114 patients, 72 were treated 
using EEA (mean age 51.70 years; age range 21–78; 36 men, 
36 women), while 42 patients were treated with MSA (mean 
age 48.35 years; age range 15–83; 19 men, 23 women); the 
patients were enrolled for each surgical technique using a ran-
domized method. The different numbers in the two groups are 
due to the impossibility of assessing contemporary endocrino-
logical and radiological follow-up 1 year after surgery in 42 
patients (6 treated with EEA and 36 with MSA). Considering 
each group, 41 non-secreting adenomas and 31 secreting ade-
nomas (3 adrenocorticotropic hormone [ACTH], 1 thyroid 
stimulating hormone [TSH], 10 prolactin [PRL], 17 growth 
hormone [GH]) were treated endoscopically, while 20 

 nonsecreting and 22 secreting adenomas (7 ACTH, 9 GH, 6 
PRL) were treated using MSA (Figs. 1 and 2).

Different preoperative parameters were evaluated: type 
of lesion (secreting vs. nonsecreting adenoma), size (mac-
roadenoma > 1 cm vs. microadenoma ≤ 1 cm), presence of 
intralesional hemorrhage, the perimeter of the lesion (nod-
ular vs. uniform), intrasellar lesion vs. suprasellar lesion, 
and involvement of the cavernous sinus (no vs. yes). For the 
invasion of the cavernous sinus, we used the Knosp scale: 
grade ≥2 has been considered suggestive of invasion [22]. 
Osteodural invasion was evaluated during surgery. 
Preoperative clinical and laboratory diagnosis was con-
firmed by tissue histological examination (Table 1). Each 
of the 114 patients included in our test set were followed-
up with pituitary MRI with dynamic contrast-enhancement 
sequences performed at 3, 6, and 12 months after surgery, 
and for those with secreting adenomas, a postoperative hor-
monal assay was performed 12 months after the surgery.

Statistical evaluation of the collected data was performed 
using the χ2 test and Fisher test, in order to elaborate univari-
ate and multivariate analyses with contingency tables.

Regarding hormonal secretion, the efficacy of the two sur-
gical procedures was assessed in two main secreting sub-
groups, GH (18 EEA and 9 MSA) and PRL (9 EEA and 6 
MSA). We considered patients to be healed when normaliza-
tion was shown (GH: < 1 ng/ml, insulin-like growth factor 1 
[IGF1] < 300 ng/ml; PRL: < 20 ng/ml) at 12-month hormonal 
essays, compared with the preoperative data.

 Results

On preliminary analysis performed in the two groups, MSA 
seemed to be more effective than EEA (76.2 % vs. 47.2 %, 
p < 0.01) (Table 2).

Considering the hormonal activity (secreting or nonse-
creting) a significantly greater efficacy of MSA was 

Not
secreting;

41

ACTH; 3

GH; 18

PRL; 9

TSH; 1

Fig. 1 The Fig. shows the endoscopic endonasal approach (EEA) sub-
groups in terms of hormonal secretion: there were 41 nonsecreting 
adenomas, and 3 adrenocorticotropic hormone (ACTH), 1 thyroid 

stimulating hormone (TSH), 10 prolactin (PRL), and 17 growth hor-
mone (GH) adenomas

Not
secreting; 20

ACTH; 7

GH; 9

PRL; 6

Fig. 2 The Fig. shows the microsurgical sublabial approach (MSA) 
subgroups, in terms of hormonal secretion: there were 20 nonsecreting 
adenomas, and 7 ACTH, 6 PRL, and 9 GH adenomas
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 evidenced in the removal of secreting adenomas: 90.9 % of 
patients affected by a secreting adenoma were successfully 
treated using the sublabial approach, vs. 48.3 % of patients 
operated on with endoscopy (χ2 test, p <0.01) (Table 3). The 
sublabial technique was also more effective in the treatment 
of microadenomas, with 100 % of “sublabial” patients vs. 
57.1 % of “endoscopic” patients healed (Fisher test, p <0.05) 
(Table 3). In noninfiltrating adenomas too, we documented 
better efficacy of MSA: 87.5 % sublabial vs. 55.5 % endo-
scopic (χ2 test, p <0.01) (Table 3), and similar results were 
detected in the nonhemorrhagic adenomas, with efficacy of 
45.9 % for EEA vs. 75 % for MSA (χ2 test, p <0.01) (Table 3). 
Considering the main subgroups of secreting adenomas—
GH and PRL—greater efficacy of MSA was documented 
for GH adenomas (88.8 % vs. 43.7 %, Fisher test, p < 0.05), 
while for the PRL adenomas the differences between the 
two techniques were not statistically relevant (Table 4).

In order to assess the results obtained with univariate 
analysis, multivariate analysis using contingency tables was 
performed. A statistically significant better efficacy of MSA 
was confirmed for microadenomas, in particular in the 
secreting subgroup (Fisher test, p < 0.05) (Table 5).

 Discussion

The first recorded use of the trans-sphenoidal approach 
with successful removal of a pituitary tumor was per-
formed in 1907 by Schloffer, through a superior nasal 
approach [31]. Kanavel and Hirsch suggested, in 1909, an 
endonasal operation via the ethmoid sinus, subsequently 

modified with an endonasal submucosal rhino-septal 
approach [17, 20]. In 1910 Cushing performed his first 
such operation through a sublabial incision and submuco-
sal resection of the septum to approach the sellar region 
[6, 7]. However, the trans- sphenoidal approach was aban-
doned for the transcranial approach in the first half of the 
twentieth century, until the introduction of the operative 
microscope in the 1960s [14, 15]; nowadays, this surgical 
“route” represents one of the standard approaches to the 
sellar area. In the early 1990s the application of the endo-
scope for the treatment of pituitary lesions progressively 
gained popularity among surgeons [2, 8]. Several studies 
have focused on comparisons between the two different 
techniques (MSA and EEA) for approaching the sellar 
region, reporting benefits and costs for each surgical tech-
nique. Some authors have pointed out the advantage of 
EEA for more effective and rapid access to the sphenoid 
sinus compared with the microsurgical approach, with 
extended visualization of the sellar and parasellar areas, 
but it is important to consider that bleeding and air mois-
ture could often cloud the scope and complicate the pro-
cedure [2, 19, 30]. However, MSA should permit better 
bleeding control as a consequence of its larger surgical 
corridor [32]. It is important to emphasize that the train-
ing time for the neurosurgeon seems to be longer for the 
EEA than for the MSA [5]. Some authors have reported 
that endonasal endoscopic surgery allows shorter surgical 
times and shorter periods in hospital [4, 18]. In addition, 
the endoscopic technique permits the elimination of fluo-
roscopy, which is mandatory in MSA for identification of 
the sella turcica [5]. Moreover, several authors maintain 
that EEA is associated with a reduced frequency of  

Table 1 Summary of all characteristics of adenomas included in the study

EEA MSA

Micro 7 18

Macro 65 24

Secreting 31 22

Nonsecreting 41 20

Infiltrative 36 10

Noninfiltrative 36 32

Hemorrhagic 11 2

Nonhemorrhagic 61 40

Uniform 41 35

Nodular 31 7

Intrasellar 14 23

Suprasellar 58 19

CS invasion 41 7

No CS invasion 31 35

CS Cavernous Sinus, EEA endoscopic endonasal approach, MSA microsurgical sublabial approach

Efficacy of Microsurgical Sublabial Approach (MSA) Versus Endoscopic Endonasal
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complications, although no statistically significant differ-
ences were found between the two approaches [3, 16]. 
Good results are reported in the use of endoscope-assisted 
microsurgical techniques [21, 24, 34]. However, another 
important point of comparison is the invasiveness of the 
endoscopic approach in regard to nasal  structure and func-
tion: evident superiority in terms of nasal preservation is 
demonstrated for MSA compared with EEA [26].

In the literature, different reviews have analyzed these 
two surgical techniques in terms of surgical results: a sys-
tematic review by Rotenberg et al. found similar outcomes 
for microscopic and endoscopic techniques for pituitary 
tumor resection with regard to the effectiveness of tumor 
removal [28]; similar results were confirmed by Goudakos 
et al. [13]; Starke et al. reported no differences in outcome 
in their groups of acromegalic patients [33]. Some works, 
regarding pediatric and adult patients, demonstrated 
improved quality of the postoperative course and a  

reduction of surgical complications using EEA [23, 27]. 
Considering tumor dimensions, Atkinson et al. did not 
report statistically significant differences between the two 
surgical techniques in the treatment of microadenomas [1]. 
In contrast, other authors have demonstrated better effi-
cacy of MSA in microadenoma treatment, as also docu-
mented by our results [9, 25]. Undoubtedly the 
microsurgical technique provides the binocular vision that 
allows greater care and provides better visibility during 
tumor removal. However, the recent introduction of three-
dimensional (3D) endoscopy could overcome this differ-
ence between the techniques [10]. As a matter of fact, 
MSA allowed us to achieve better results in patients with 
microadenomas, in particular in those in the micro-secret-
ing group, at 12-month radiological follow-up, and in the 
patients with GH-secreting microadenomas with the 
12-month hormonal essay. We note, however, that our data 
could be affected either by the small patient population or 

Table 2 Total number of patients treated with EEA and MSA

Total removal Partial removal p (χ2)

EEA 34 38

MSA 32 10 <0.01

MSA was significantly more effective than EEA (p < 0.01)

Table 3 Univariate significance data

EEA MSA

p (χ2 or Fisher test)Total removal Partial removal Total removal Partial removal

Secreting 15 16 20 2 p < 0.01 (χ2)

Microadenoma 4 3 18 0 p < 0.05 (Fisher)

Noninfiltrative 20 16 28 4 p < 0.01 (χ2)

Nonhemorrhagic 28 33 30 10 p < 0.01 (χ2)

MSA was more effective than EEA in the treatment of the secreting, microadenoma, noninfiltrative adenoma, and nonhemorrhagic adenoma 
groups

Table 4 Hormonal normalization after 12 months for GH- and PRL-secreting adenomas

EEA MSA

p (Fisher test)

Normalization (12-month follow-up) Normalization (12-month follow-up)

Yes No Yes No

GH-secreting 7 11 8 1 p < 0.05*

PRL-secreting 6 3 4 2 p > 0.05

MSA was more effective than EEA for GHsecreting adenoma (*)
GH growth hormone, PRL prolactin

Table 5 Multivariate significance data

Micro-secreting adenomas

Total removal Partial removal p (Fisher test)

EEA 3 3

MSA 16 0 p < 0.05

MSA was more effective than EEA for the treatment of microadenoma, in particular for the micro-secreting adenoma subgroup

P.P. Mattongo et al.
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by the timing of follow-up. A further evaluation based on a 
wider cohort will be necessary to assess our preliminary 
results [34].

 Conclusions

EEA represents an important advance in the field of pitu-
itary surgery. In our experience, however, MSA seemed to 
be more effective than EEA in the treatment of micro-
secreting adenomas in regard to 12-month radiological 
follow-up, and MSA was more effective than EEA for 
GH-secreting tumors in regard to the12-month hormonal 
follow up. Long-term follow-up associated with a larger 
cohort will be necessary to confirm our results.

Conflict of Interest Statement We declare that we have no conflict of 
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Abstract
Purpose
The aim of this review is to provide an update of the techni-
cal nuances of microsurgical and endoscopic-assisted 
approaches to the craniovertebral junction (transnasal, tran-
soral, and transcervical), and to report on the available clini-
cal results in order to identify the best strategy. 
Methods
A nonsystematic update of the reviews and reporting on the 
anatomical and clinical results of endoscopic-assisted and 
microsurgical approaches to the craniovertebral junction 
(CVJ) was performed.

Results
Pure endonasal and cervical endoscopic approaches still 
have some disadvantages, including their steep learning 

curves and their deeper surgical fields. Endoscopically 
assisted transoral surgery with 30° endoscopes represents an 
emerging option compared with standard microsurgical 
techniques for transoral approaches to the anterior CVJ. 
This approach should be considered as complementary to, 
rather than as an alternative to the traditional transoral- 
transpharyngeal approach.

Conclusions
The transoral (microsurgical or video-assisted) approach 
with sparing of the soft palate still remains the gold standard 
compared with the “pure” transnasal and transcervical 
approaches, due to the wider working channel provided by 
the former technique. The transnasal endoscopic approach 
alone appears to be superior when the CVJ lesion exceeds 
the upper limit of the inferior third of the clivus. Of particular 
interest is the evidence that advances in reduction techniques 
can avoid the ventral approach.

Keywords Craniovertebral junction • Transoral approach • 
Transnasal approach • Transcervical approach

 Introduction

Endoscopic endonasal, transoral, and transcervical 
approaches have recently been developed as promising alter-
natives to traditional transoral microsurgery for the cranio-
vertebral junction (CVJ), and these approaches may become 
more mainstream as experience with them increases (draw-
backs of these newer approaches are a steeper learning curve 
and loss of three-dimensional visualization) [40, 41].

The transoral-transpharyngeal approach historically 
remains the “gold standard” for anterior approaches to the 
upper cervical spine when indicated according to the Menezes 
algorithm [15]. However, there are still technical difficulties 
with the operating microscope, such as the need to see and 
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work through a narrow opening in a deep cavity and the need 
to improve visualization; soft palate splitting and even hard 
palate resection along with extended maxillotomy are occa-
sionally required. To overcome such complications, endo-
scopic-assisted procedures have been developed for CVJ 
decompression. The endoscopic approaches to the CVJ 
include the endoscopic endonasal approach, the endoscopic 
transoral approach, the robot- assisted endoscopic transoral 
approach, combined endoscopic transnasal and transoral 
approaches, and the endoscopic transcervical approach [18, 
22]. The aim of the present review is to provide an update on 
the anatomical fundamentals of endoscopic-assisted surgery 
for the CVJ and to report on the available clinical results.

 Anatomical Studies of Endoscopic 
Craniovertebral Approaches

At present, the most commonly used endoscopically assisted 
approaches to the CVJ include the transnasal, transoral, and 
transcervical routes (Table 1).

 Endoscopic Transoral Approach

In 2004, de Divitiis et al. studied an endoscopic transoral- 
transclival intradural approach on 15 cadavers, without max-
illotomy or mandibulotomy, and estimated a safe entry zone 
achieved endoscopically through the clivus [10].

In 2006, Balasingam et al. conducted a cadaveric anatom-
ical study to assess the area of surgical exposure and the 
available liberty of action for instrument manipulation by 
four different surgical approaches to the extracranial peri-
clival region: the traditional transoral route, transoral with a 
palate split, LeFort I osteotomy, and median labioglossoman-
dibulotomy [4].

In 2009, Pillai et al. performed an odontoidectomy in nine 
specimens by a direct transoral approach; endoscope-assisted 
(five cases) or a combined endoscopic-microscopic proce-
dure, evaluating the surgical working area and the surgical 
freedom; the authors concluded that the endoscope and 
image guidance allowed them to approach the ventral CVJ 
transorally with minimal tissue dissection, no palatal split-
ting, and no compromise of surgical freedom [31].

 Endoscopic Endonasal Approach

The main advantages of the endoscopic endonasal approach 
to the ventral CVJ are minimal invasiveness, unlimited sur-

gical access to the rostral midline CVJ, avoidance of palatal 
split, and less operative morbidity overall compared with 
the transoral approach. Thanks to a relatively inclined sur-
gical trajectory, in a rostral-to-caudal direction, the com-
pressive pathology of basilar invagination, including the 
lower clivus and odontoid tip, may be removable without 
removing the C1 anterior arch, thus maintaining the stabil-
ity of C1–C2 [2]. In 2009, Kassam’s team published the 
concept of the “nasopalatine line” (NPL) [12]. The NPL is 
a reliable predictor of the maximal length of inferior dis-
section, and odontoid surgery can be performed safely 
according to a preoperative radiological study of the poten-
tial anatomical limitations of the endonasal approach. In 
2012 Aldana et al. proved that a line in the midsagittal 
plane, the nasoaxial line (NAxL), connecting the midpoint 
of the distance from the rhinion to the anterior nasal spine 
of the maxillary bone and the C2 vertebra, tangential to the 
posterior nasal spine of the palatine bone, accurately pre-
dicted the lowest limit of this approach on the cervical 
spine [1].

 Endoscopic Transcervical Approach

In 2011, Russo et al. [35] described the microsurgical 
anatomy and limits of exposure of the endoscopically 
assisted high anterior cervical, submandibular approach 
to the clivus and foramen magnum; the optimal route to 
access pathologies located ventral to the pontomedullary 
region. Two extensions of the approach were studied and 
described: an extended anterior far-lateral clivectomy and 
an inferior petrosectomy, thus extending the exposure to 
the anterior foramen magnum and the anterior cerebello-
pontine region.

 Comparison Studies

In a study on nine cadaver heads, in 2009, Baird et al. 
assessed surgical access to the craniovertebral junction 
using three endoscopic approaches: endonasal, transoral, 
and transcervical. Data suggested that the surgical goals of 
lower clival and odontoid decompression were achieved 
using the endonasal and transoral approaches, and the dis-
tance to the target area was shorter in the first approach. 
The transcervical approach was unable to achieve more 
than 1 cm of lower clival resection, thus not allowing com-
plete odontoid resection [5]. In 2010, Seker et al. reported 
that the transnasal endoscopic approach provided a shorter 
route to the CVJ, while the transoral approach achieved a 
wider opening [36].
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Table 1 Major findings in anatomical studies of endoscopic-assisted approaches to the craniovertebral junction (CVJ)

Author Year Approach Major findings

Ammirati and Bernardo [3]

1998 Endoscopic transoral approach

Median mandibulotomy/glossotomy or the LeFort I 
approach with hard palate splitting if atlanto- 
occipital and C1–C2 joint access is not necessary

de Divitiis et al. [10] 2004 A limited clival and dural opening (20 × 15mm) 
allows full view of the anterolateral brainstem and 
cisternal spaces around it, from the spinomedullary 
junction to the interpeduncular cistern

Balasingam et al. [4] 2006 Both median labioglossomandibulotomy and the 
classic transoral route provide good exposure of the 
CVJ but limited exposure of the clivus, which was, 
instead, well visualized in its inferior third by the 
transoral route with a palate split. Maximal 
exposure of the extracranial clivus was gained by 
the LeFort I approach

Youssef [46] 2008 Mandibulotomy and mandibuloglossotomy 
decreased operative distance, while increasing 
exposure in the axial and sagittal planes. Palatectomy 
increased rostral exposure without changing the 
caudal or axial exposure or the operative distance

Pillai et al. [31] 2009 The use of an endoscope coupled with image 
guidance offers several advantages for providing 
access to the lower clivus and C1-C2 region

Dallan et al. [11] 2012 The combined transoral transnasal approach is the 
best answer to gain adequate space and optimal 
visualization in the rhinopharyngeal and upper 
clival region

Alfieri et al. [2] 2002 Endoscopic transnasal 
approach

First description, in an anatomical study, of the 
endonasal route to the craniovertebral junction, 
providing access from the anterior cranial fossa to 
the whole clivus and the upper cervical spine up to 
the body of C2

Messina et al. [27] 2007 Data suggest that the binostril technique provides, 
without any additional surgical trauma, better 
maneuverability of the surgical tools and the 
possibility to work with “three hands”

Ciporen et al. [7] 2010 The combination of supraorbital or transorbital 
endoscopic pathways with transnasal approaches 
appears to improve anatomical target visualization 
in the central corridor of the anterior cranial fossa

Aldana et al. [1] 2012 A line in the midsagittal plane, the nasoaxial line 
(NAxL), accurately predicted the lowest limit of the 
CVJ

Little [24] 2013 Significant increase in angular range of motion 
during flexion/extension and axial rotation at the 
C0-C1 joint after inferior-third clivectomy and 
intradural exposure of the foramen magnum, 
suggesting posterior surgical fusion

Perez-Orribo [32] 2013 Increase of range of motion mostly in flexion/
extension and less in axial rotation at the C0-C1 
joint after removal of the lower third of the clivus 
and progressive occipital condylectomy

Russo et al. [35] 2011 Endoscopic transcervical 
approach

The study described the microsurgical anatomy and 
the limits of exposure of the high anterior cervical 
submandibular approach to the clivus and foramen 
magnum, endoscopically assisted

(continued)
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However, the two approaches should be considered as 
complementary rather than as alternatives. When removing 
large lesions that extend from the upper clivus to below C2, 
the transnasal and transoral routes may be successfully com-
bined. The transcervical approach has the clear clinical 
advantage of reducing the risk of meningitis and of cerebro-
spinal fluid leak; its advantages also include maintaining a 
sterile surgical field, a familiar approach, and an optimal sur-
gical trajectory for pathological findings lower than C2.

In 2012, Dallan et al. [11] investigated a new robotic surgi-
cal setting, the DaVinci system, in two cadavers, comparing 
the traditional transoral and the combined transoral-transnasal 
approaches to the CVJ. They concluded that the lower the 
placement of the robotic arms, the easier was the dissection of 
the rhinopharynx, basisphenoid, and upper clivus.

Visocchi et al. [42] compared the surgical exposition angle 
and the working channel volume of both the transnasal and 
transoral approaches in a cadaver, by means of a comparative 
neuroradiological “real-time” study. They concluded that the 
transnasal approach, as widely discussed, is a viable strategy 
for reaching the CVJ, but that this approach has limited angular 
(nostrils, choanae) and linear (NPL) surgical exposure, which, 
in our view, makes it suitable only for certain types of diseases 
and prevents its systematic applicability in other conditions, 
such as lateral tumors and pathologies caudal to C2. However, 

an obvious advantage of this approach is that there is no need 
to cut the soft palate; this minimizes potential postoperative 
morbidities, such as swallowing disturbances and hypernasal 
speech, which have a major negative impact on the quality of 
life (if there is a palatine veil dysfunction). The transoral 
approach provides a better exposure of the CVJ, both on the 
sagittal plane and on the transverse plane. Finally, the combina-
tion of the two approaches must be considered as an option for 
accomplishing a particular surgical goal. From a purely ana-
tomical point of view, the results of Visocchi et al. seem to sug-
gest that, in normal anatomical conditions, the transnasal 
approach to the CVJ is an oblique approach, which allows only 
the piecemeal removal of CVJ pathology and is not recom-
mended for large tumors and low and far laterally sited CVJ 
pathologies. The transnasal approach is limited in the caudal 
direction down to the NAxL, whereas the transoral approach is 
limited in the rostral direction in an anatomically normal speci-
men [42]. In a further study, Visocchi and colleagues have con-
firmed the NAxL to be a reliable preoperative predictor of the 
maximal extent of inferior dissection for the transnasal 
approach. Moreover, these authors identified the corresponding 
palatal line for evaluating the upper limit of the transoral 
approach (from the inferior dental arch up to the hard palate), 
which represents the maximal extent of superior dissection; 
they called it the surgical palate inferior arcade (SPIA), and, 

Table 1 (continued)

Author Year Approach Major findings

Baird et al. [5] 2009 Compared approaches Surgical goals of lower clival and odontoid 
decompression were achieved using the endonasal 
and transoral approaches. The transcervical 
approach was unable to achieve more than 1 cm of 
lower clival resection, not allowing complete 
odontoid resection

Seker et al. [36] 2010 Both transoral and transnasal approaches provide 
direct access to the CVJ, avoiding neural and brain 
retraction, but with a difference in level and extent 
of exposure. The transnasal endoscopic approach 
provides the shorter route to the CVJ, while the 
transoral exposure gains a wider opening

Visocchi et al. [41] 2014 The endoscope-assisted transoral approach allows 
better surgical control of the CVJ, in sagittal and 
transverse planes, providing a larger working 
channel and easier maneueverability. The transnasal 
approach is limited in the caudal direction down to 
the nasopalatine line (NPL); the transoral approach 
is limited in the rostral direction

Van Abel [38] 2015 According to a recent anatomical study, the lower 
incidence of post operative dysphagia with the 
endonasal approach is likely related to the lower 
density of neuronal elements from the pharyngeal 
plexus above the palatal plane

Visocchi et al. [47] 2015 The surgical palate inferior arcade (SPIA) 
represents the maximal extent of the superior 
dissection for the transoral approach. Interestingly, 
it can be drawn by a simple lateral head X-ray 
examination with open mouth. SPIA is more 
reliable than NAxL
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interestingly, it can be found by a simple lateral head X-ray 
examination with open mouth. The NAxL appears to vary 
more than the SPIA. Finally, the pros and cons of each approach 
have to be taken into account, as well as the choice of a com-
bined transoral and transnasal approach [47].

 Surgical Studies (Table 2)

In regard to complications associated with the endoscopic 
endonasal approach, Valero et al., in 2015 [29], in a compre-
hensive literature search of several databases indexing the 
English-language literature published from 1990 to 

November 13, 2014, reported cerebrospinal fluid (CSF) leak-
age in 18 % with this approach. One patient developed men-
ingitis that was complicated by sepsis and death, resulting in 
a procedure-related mortality of 1.4 %. Transient velopharin-
geal insufficiency was seen in three patients (4.2 %) and two 
patients had respiratory failure in the perioperative period.

Liu et al. 2015 [26] reported the operative technique 
and technical nuances used in their institution. In particu-
lar they use two surgeons (neurosurgeon and otolaryngolo-
gist) with a three- to four-hand approach via binostril 
access. They start with a 30° angled HD (Hight Definition) 
4-mm endoscope. A zero degree endoscope is preferred in 
cases of cranial settling in which the odontoid is located 
very high, above the hard palate. A pedicled nasoseptal 

Table 2 Surgical results of endoscopic-assisted surgery for the craniovertebral junction

Author Approach
No. of 
patients° Patient disease

Mean age 
(years)

Associated 
posterior 
fusion Complications

Frempong- 
Boadu et al. [17]

Endoscopic 
transoral approach 7

3 congenital anomalies, 1 
degenerative, 1 traumatic, 
1 pseudogout granulation 
mass, 1 neoplasm 49.3 6/7

1 death, from myocardial 
infarction

Kassam et al. 
[23]

Endoscopic 
transoral approach

1 1 degenerative 73 1/1 None

Husain et al. 
[21]

Endoscopic 
transoral approach

11 7 congenital anomalies, 
2 trauma, 2 degenerative

27.7 11/11 2 pharyngeal wound 
dehiscence, 1 immediate 
postoperative neurological 
worsening, 2 posterior wall 
infection

Wolinsky et al. 
[44]

Endoscopic 
transcervical 
approach

3 3 congenital anomalies 61.6 3/3 1 intraoperative CSF 
leakage

Wu et al. [45] Endoscopic 
endonasal 
approach

3 2 degenerative, 1 
traumatic

44 3/3 1 intraoperative CSF 
leakage

McGirt et al. 
[28]

Endoscopic 
transcervical 
approach

4 4 Congenital anomalies 14 4/4 1 subluxation with Halo 
vest

Menezes [30] Transoral approach 280 267 Congenital 
anomalies, 7 tumors, 6 
other

16 280/280 2 pharyngeal wound 
dehiscence, 5 velopalatine 
incompetence

Perrini [33] Transoral approach 34 34 Congenital anomalies 55 32/34 2 dural lacerations, 1 oral 
wound dehiscence, 2 
urinary infections, 2 
pulmonary embolisms, 1 
pseudoarthrosis, 1 
velopharyngeal dysfunction, 
4 deep vein thromboses,
2 posterior wound 
infections, 1 chest infection

El-Sayed et al. 
[16]

Total
Transoral approach 
(3)
Combined 
endoscopic 
transnasal and 
transoral 
approaches (8)

11 Endoscopic: 2 tumors, 2 
infections, 1 
degenerative, 3 
congenital anomalies; 
open: 3 degenerative

54 No report Dysphagia, airway 
complications

(continued)
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Table 2 (continued)

Author Approach
No. of 
patients° Patient disease

Mean age 
(years)

Associated 
posterior 
fusion Complications

Lee et al. [25] Endoscopic 
transnasal 
approach

4 1 degenerative, 2 
congenital anomalies, 2 
neoplasms

48 4/4 1 intraoperative CSF 
leakage

Visocchi et al. 
[39]

Endoscopic 
transoral approach

7 3 neoplasms, 1 
traumatic, 1 
degenerative, 2 
congential anomalies

6–78 6/7 None

Salunke et al. 
[34]

Transoral approach 24 24 congenital anomalies 5–60 15/24 4 prolonged ventilation, 1 
CSF leakage, 1 residual 
compression, 4 pharyngeal 
wound infections

Dhaliwal et al. 
[37]

Transoral approach 22 7 neoplasms, 7 
congenital anomalies, 6 
degenerative

50 19/22 1 spinal cord injury, 1 
durotomy, 2 wound 
complications, 1 hardware 
failure, 3 prolonged 
dysphagias, 6 infections, 5 
respiratory distress, 2 deep 
vein thromboses.

Gladi et al. [19] Endoscopic 
endonasal 
approach

4 4 degenerative 74 2/4 None

Dasenbrock 
et al. [14]

Endoscopic 
transcervical 
approach

15 5 degenerative, 9 
congenital anomalies

42 15/15 2 urinary tract infections, 2 
upper airway swelling, 2 
dysphagias, 1 asymptomatic 
pseudomeningocele

Choi and 
Crockard [8]

Transoral approach 533 95 congenital anomalies, 
216 degenerative, 34 
traumatic, 100 tumors, 
14 infections, 20 other 
conditions

46.3 228/533 6 CSF leakages, 11 sepsis, 
13 meningitis, 34 infections, 
19 cardiovascular 
complications, 71 
respiratory complications, 
15 dysphagias, 2 
hematomas, 33 
velopharyngeal 
incompetence, 4 cranial 
nerve palsy, 20 fixation 
failures, 7 subaxial 
instability requiring surgery, 
5 paralysis, 9 other 
complications

Hickman et al. 
[20]

Endoscopic 
transnasal 
approach

2 2 congenital anomalies 11–12 2/2 1 incomplete resection of 
the odontoid process, 1 
minimal swallowing 
impairment

Morales-Valero 
[29]

Endoscopic 
transnasal 
approach

Review The endoscopic 
endonasal approach, 
rather than being 
considered an alternative, 
should be considered as a 
complementary approach 
to the standard transoral- 
transpharyngeal route

55.8 CSF leakage; 18 % 
intraoperative and 4.2 % 
postoperative;
Mortality 1.4 %,
transient velopharyngeal 
insufficency;
2 patients respiratory 
failure

Gladi [19] endoscopic 
transnasal

4 rheumatoid pannus and 
basilar invagination (BI)

2/4 None

Chaudry [9] endoscopic 
transnasal

1 BI and moderate cranial 
settling

47 No intermittent mild 
dysphagia

(continued)
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flap is prepared on both sides. In some cases of platybasia, 
it may be necessary to perform a sphenoidotomy and 
extend the midline incision from the floor of the sphenoid 
sinus down to the inferior clivus, especially if the odontoid 
process is located in a retroclival position.

The Menezes group (Dlouhy et al. [15]) emphasize the 
importance of intraoperative reduction strategies. If reduc-

tion cannot be achieved, a 540° procedure may be necessary 
in some cases (depending on the pathology), whereby the 
posterior approach and incision is temporarily closed and the 
patient is repositioned supine for a ventral decompression, 
followed by reopening of the posterior incision and posterior 
fixation. All patients undergo neck flexion/extension mag-
netic resonance imaging (MRI) of the CVJ. The patient is 

Table 2 (continued)

Author Approach
No. of 
patients° Patient disease

Mean age 
(years)

Associated 
posterior 
fusion Complications

Ponce-Gomez 
[34]

Total
5 endoscopic 
transnasal
7 transoral 
microsurgical

12 craniovertebral junction 
instability

18-52 12/12 In the transoral group, 2 
patients had postoperative 
dysphonia, 1 patient 
presented with dysphagia, 
and 1 patient had 
intraoperative CSF 
leakage. The endoscopic 
procedure required longer 
surgical time, less time to 
extubation and oral 
feeding, and a shorter 
hospital stay, with no 
complications in this series

Menezes [15] Transoral approach 800 In small children an 
endonasal approach may 
be limited by the small 
nares.
If reduction cannot be 
achieved, a 540° 
procedure may be 
necessary in some cases 
(depending on the 
pathology), whereby the 
posterior approach and 
incision is temporarily 
closed and the patient is 
repositioned supine for a 
ventral decompresion, 
followed by reopening 
of the posterior incision 
and posterior fixation.
All patients undergo 
neck flexion/extension 
MRI of the CVJ. The 
patient is positioned 
supine with crown halo 
traction; an 
intraoperative 3D CT 
scan is obtained in 
traction. The patient is 
then placed prone and 
another 3D CT scan is 
obtained. The updated 
algorithm is shown in

Velopharyngeal 
insufficiency 1.8 %
pharyngeal wound 
dehiscence 0.7 %

Burns et al. [6] endoscopic 
transnasal

2 Ventral epidural abscess 
with osteomyelitis at the 
craniovertebral junction

69. 55 2/2 CSF leakage

CSF cerebrospinal, CT computed tomography, MRI magnetic resonance imaging
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positioned supine with halo crown traction; an intraoperative 
three-dimensional computed tomography (3D CT) scan is 
obtained in traction. The patient is then placed prone and 
another 3D CT scan is obtained. The updated algorithm is 
shown in [13].

 Conclusions

The progressive worldwide blooming of transoral proce-
dures, thanks to the intensive care and the improvements 
in intraoperative neurophysiological monitoring tech-
niques (once considered pioneering and very selective), is 
spreading the expertise in this field of surgery to a new 
population of surgeons. These techniques are performed 
alone or in conjunction with posterior procedures [43].

The pure endonasal and cervical endoscopic 
approach deserves consideration, but it still has three 
disadvantages, the first two being: (1) the steep learning 
curve and (2) the lack of 3D perception of the surgical 
field, which could be an operationally limiting factor. 
Image clarity would be diminished when endoscopes 
smaller than 2.7 mm are used. Standard 4-mm endo-
scopes give a good image quality, but 2.7-mm scopes 
provide better maneuverability. The third disadvantage 
is that there is a limited working channel, depending on 
the variability of the NAxL, which can make it difficult 
to remove huge tumors.

In our opinion, endoscopically assisted transoral sur-
gery with 30° endoscopes represents an emerging alter-
native to standard microsurgical techniques for transoral 
approaches to the anterior CVJ. Used in conjunction 
with traditional microsurgery and intraoperative fluoros-
copy, this endoscopically assisted transoral approach 
provides a safe and improved method for anterior 
decompression, with or without a reduced need for 
extensive soft palate splitting, hard palate resection, or 
extended maxillotomy. Virtually no surgical limitations 
exist for this approach, compared with the pure endona-
sal and transcervical approaches to the CVJ, in normal 
anatomical conditions.

Of note, the endoscope has an interesting role as 
“support” for the standard transoral microsurgical 
approach, since 30° angulated endoscopy strongly 
improves the visual but not the working channel and vol-
ume, even though soft palate splitting is often still 
required. In our opinion, the transoral (microsurgical or 
video-assisted) approach with sparing of the soft palate 
still remains the gold standard compared with the “pure” 
transnasal and transcervical approaches, due to the wider 
working channel provided by the former technique. The 
transnasal endoscopic approach alone appears to be 
superior when the CVJ lesion exceeds the upper limit of 
the inferior third of the clivus. Furthermore, the com-

bined transnasal and transoral procedures can be tailored 
according to the specific pathological and radiological 
findings.

According to a recent anatomical study, the lower inci-
dence of postoperative dysphagia with the endonasal 
approach is likely related to the lower density of neuronal 
elements from the pharyngeal plexus above the palatal 
plane [38].

However, the time to extubation and oral feeding was 
significantly shorter in the endonasal group in that study. 
Similarly, Ponce-Gómez and colleagues reported their 
own series of patients treated using both approaches and 
found comparable rates of neurological improvement 
after odontoidectomy, with less time to extubation and 
oral feeding, as well as shorter hospital stay, in the endo-
nasal group [39].
Finally, to further validate all the endoscopic techniques, 
experience is required with greater numbers of patients 
and long-term follow-up. In our opinion, and in agree-
ment with other authors, the endoscopic endonasal 
approach should be considered a complementary 
approach, rather than an alternative, to the standard tran-
soral-transpharyngeal route [29].
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Abstract A variety of pathological conditions may affect 
the clivus and the craniovertebral junction (CVJ). These 
include congenital disorders, chronic inflammation, neo-
plasms, infections, and posttraumatic conditions that could 
all result in CVJ compression and myelopathy Endoscopic- 
assisted procedures have been further developed for CVJ 
decompression and they have now become conventional 
approaches. The aims of the present study were:

(1) to compare “radiological” and “surgical” nasoaxial 
lines (NAxLs); (2) to introduce an analogous radiological 
line as a predictor of the superior extension of the transoral 
approach (palatine inferior dental arch line (PIA); (3) to 
compare the “radiological” nasopalatine line (NPL) with the 
“surgical” NPL (SNPL) and surgical PIA (SPIA); (4) to 
compare “our” SNPL with the NAxL; and (5) to find possi-
ble radiological reference points to predict, preoperatively, 
the maximal extent of superior dissection for the transoral 
approach (SPIA).

Keywords Endoscopy • Transnasal approach • Transoral 
approach • Craniovertebral junction

 Introduction

A variety of pathological conditions may affect the clivus and 
the craniovertebral junction (CVJ). These include congenital 
disorders, chronic inflammation, neoplasms, infections, and 
posttraumatic conditions that could all result in CVJ compres-
sion and myelopathy. Fang and Ong, in 1962, performed tran-
soral decompression for irreducible atlantoaxial abnormalities 
in the first series of patients who underwent this procedure [1]. 
The microsurgical ventral approach to the CVJ has since been 
widely described for the decompression of irreducible extra-
dural pathology [2–5] and was popularized by Crockard to 
drain retropharyngeal abscesses [1, 3]. Endoscopic-assisted 
procedures have been further developed for CVJ decompres-
sion and they have now become conventional approaches [4, 
6–8]. Kassam et al. introduced the fully endoscopic transnasal 
approach to the CVJ [9, 10] and emphasized a nasopalatine 
line (NPL) as a reliable predictor of the maximal extent of 
inferior dissection. According to these authors the line created 
by connecting the most inferior point on the nasal bone to the 
most posterior point on the hard palate in the midsagittal 
radiological plane was found to be the best way to predict the 
real surgical lines. Many experimental studies have been per-
formed to test the feasibility of the endoscopic transnasal 
approach, as well as to compare microsurgical and endoscopic 
transoral approaches [6, 8, 9]. We have performed neuroradio-
logical studies to compare transnasal and transoral surgical 
domains: we evaluated, in cadavers, the surgical exposition 
angle and the working channel volume of both the transnasal 
and transoral approaches, employing a procedure with open 
mouth, with an oral distractor [10].

A novel radiological and surgical nasoaxial line (NAxL) 
was conceived in order to overcome the unreliability of the 
NPL, this being due to the resistance of the skin of the nose 
[11–13] (Fig. 1). We note that, so far, no conceptually analo-
gous radiological line has been introduced as a reliable 
 predictor of the maximal superior extension of the transoral 
approach.
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The aims of the present study were:
 1. to compare radiological and surgical NAxLs;
 2. to introduce an analogous radiological line as a predictor 

of the superior extension of the transoral approach (pala-
tine inferior dental arch line [PIA]);

 3. to compare radiological with surgical NPL (SNPL) and 
surgical PIA (SPIA);

 4. to compare “our” SNPL with the NAxL;
 5. to find possible radiological reference points to predict 

preoperatively the maximal extent of superior dissection 
for the transoral approach (SPIA).

 Material and Methods

With Ethics Committee Approval of the experimental proto-
col granted by the Catholic University of Rome, Italy (proto-
col number P663/CE/2010 approved on July 28, 2010; 

subsequent amendment number P437/CE 2012 approved on 
May 2, 2012) we studied nine fresh nonperfused cadavers—
five female and five male—median age 72 years (interquar-
tile range 33; minimum 41, maximum 94), at the CVJ 
Surgery Research Center in the Department of Public Health, 
Institute of Legal Medicine, of our University. With the 
cadaver in the supine position with the head slightly extended 
(about 25°), a Crockard transoral distractor (Crockard 
Transoral Instrument Set; Codman and Shurtleff, Raynham, 
MA, USA) was placed in the oral cavity to expose the 
CVJ. The C1 tubercle was identified with the finger in all the 
cadavers and the position of the distractor was chosen 
according to fluoroscopic assessment (MPX+ portable X-ray 
unit; Philips Healthcare, Best, The Netherlands). We consid-
ered the NPL according to the Kassam definition and con-
ceived a new PIA line from the inferior dental arch up to the 
hard palate, for preoperative transoral approach planning 
[11]. The radiological NPL and PIA lines were evaluated by 
means of X-ray and computed tomography (CT) scan (GE 

a

b

Fig. 1 (a) Comparison of the nasoaxial line (red) and nasopalatine line 
(yellow) with the actual surgical extent. The NAxL closely corresponds to 
the lowest limit of the endoscopic endonasal approach to the cranioverte-
bral junction; the NPL overestimates the prediction on preoperative images. 
NAxL nasoaxial line, NPL nasopalatine line, EEA endoscopic endonasal 
approach, HPL hard palate line. (b) Lateral open-mouth skull X-ray with 

palatine inferior dental arch line (PIA; continuous line), atlanto superior 
dental arch line (ASA; continuous line), and surgical PIA (SPIA; red line). 
The SPIA was found to be engaged at the soft palate with the line in the 
midsagittal plane that crosses, at the midpoint, two more lines: the radio-
logical PIA (RPIA) and ASA; these are defined as the line (dotted line) 
joining the superior dental arch and the anterior base of the atlas (see text)
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LightSpeed VCT 64 Slice, 1.25 mm thin; General Electric, 
Milwaukee, WI, USA). Subsequently two thin stainless 
probes mimicking the endoscopic tools (30 cm length) were 
inserted through the nostrils (choanae) and the oral cavity, as 
exposed by the Crockard distractor. The SNPL and SPIA 
were then radiologically evaluated and compared more as 
usually [10, 11]. In detail the values of the angular (°) expo-
sure of the transoral and the transnasal approaches, in refer-
ence to the hard palate line first described by Aldane [13], 
were evaluated for each subject by lateral reconstructions 
(Fig. 1). Percentage differences (%) between the radiological 
and surgical NPLs were evaluated, along with the radiologi-
cal and surgical NPL ratio.

The same procedure was used for determining radiologi-
cal and surgical PIA values. Box plot minimum-maximum 
values of the NPL and PIA are reported in Tables 1a and 1b. 
Furthermore, we also evaluated the NAxL and compared it 
with the SNPL [12].

No platybasia or basilar invagination was identified 
radiologically, nor was jaw-opening impairment found in 
any of the cadavers. The collected data were statistically 
analyzed. A descriptive analysis of the sample was carried 
out by means of median, interquartile range (IQR), and 
range for continuous variables, and absolute and relative 
frequencies for qualitative variables. In order to find statisti-
cally significant differences between the two surgical 
approaches, we performed a Wilcoxon signed rank test. We 
chose to use a nonparametric test because data were not nor-
mally distributed, as demonstrated by the Shapiro-Wilk test 
[15]. The analysis was performed using SPSS software ver-

sion 12.0 for Windows and the statistical significance level 
was set at P = .05.

 Results (Tables 1a and 1b; Fig. 1)

X-ray and CT scan measurements of the CVJ were per-
formed in all the subjects. Statistically significant differences 
(P = 0.05) were found between the radiological (minimum 
33°, maximum 41°) and surgical (minimum 22°, maximum 
27°) NPLs and the radiological (minimum 36°, maximum 
59°) and surgical (minimum 29°, maximum 49°) PIA angle 
values. The results of the study are summarized in Tables 1a 
and 1b. In all the cadavers the angular gap between the radio-
logical and surgical lines was wider for the transnasal than 
for the transoral approach. The most reliable radiological 
preoperative line was found to be the PIA, with a mean ratio 
between the radiological PIA and surgical PIA of 0.82. On 
the other hand, the mean ratio between the radiological and 
surgical NPL was found to be only 0.66; in this case the dif-
ferences were statistically significant (Fig. 1).

Moreover, we found a 100 % correspondence between the 
NAxL and the SNPL (NAxL/SNPL = 1) and finally we were 
able to identify the SPIA radiologically.

The SPIA was found to be the line, in the midsagittal 
plane, that crosses, in the midpoint, two more lines: the 
radiological PIA (RPIA) and the atlanto superior dental 
arch line (ASA), defined as the line joining the superior den-
tal arch and the anterior base of the atlas (Fig. 1). We defined 

Table 1a Angles of transnasal and transoral radiological and surgical routes

Mean angle (°)

RNPL 36.4°

SNPL 24°

RNPL/SNPL 0.66

NAxL/SNPL 1

RPIA 47.2°

SPIA 38.9°

RPIA/SPIA 0.82

RNPL radiological nasopalatine line, SNPL surgical nasopalatine line, NAxL nasoaxial line, RPIA radiological palatine inferior dental arch line, 
SPIA surgical palatine inferior dental arch line.

Table 1b Medians and statistical analysis of radiological and surgical transnasal and transoral routes

Variable Median (IQ range) Wilcoxon signed-rank test (P)

RNPL
SNPL

37.45° (3.57)
24.75° (3.07)

P = 0.05

RPIA
SPIA

47.60° (4.83)
38.25° (3.38)

P = 0.05

IQ interquartile, RNPL radiological nasopalatine line, SNPL surgical nasopalatine line, RPIA radiological palatine inferior dental arch line,  
SPIA surgical palatine inferior dental arch line

Craniovertebral Junction Transanasal and Transoral Approaches: Reconstruct the Surgical Pathways
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the NPL and the PIA as “hard-tissue lines”, since they both 
deal with bone tissue only; we defined the NAxL (i.e., SNPL) 
and SPIA as “soft-tissue lines”, due to their relationship 
with soft tissues such as the skin and the soft palate.

 Discussion

The transoral-transpharyngeal approach provides surgical 
access to the anterior clivus, C1, and C2. However, the use 
of microscopes, high-speed drills, self-retaining mouth 
retractors, flexible oral endotracheal tubes, intraoperative 
neuroradiological investigations, neuronavigation, and 
electrophysiological monitoring has made transoral proce-
dures much safer than they were previously [4, 15, 17, 18]. 
The 30° endoscope has been proposed for the transoral 
approach to avoid full soft-palate splitting, hard-palate 
splitting, or extended maxillo/mandibulotomy [19, 20]. 
Using the endoscope, the operator is able to look in all 
directions by rotating the instrument. The last high-profile 
cadaveric study recently available in the literature is the 
one by Pillai et al. [15], which quantified the surgical vol-
ume gained by the endoscopic approach: the surgical area 
exposed over the posterior pharyngeal wall was signifi-
cantly improved using an endoscope (606.5–127.4 mm3) 
compared with the finding with an operating microscope 
(425.7–100.8 mm3), without any compromise of surgical 
freedom (P = 0.05). The extent of the clivus exposed with 
the endoscope (9.5 ± 0.7 mm) without splitting the soft pal-
ate was significantly improved compared with that associ-
ated with the microscopic approach (2.0 ± 0.4 mm) (P = .05) 
[15]. Some authors have reported anatomical studies and 
surgical experience with the endoscopic endonasal 
approach [8, 14]. In 2002, Alfieri et al. [21] were the first 
to perform a cadaveric study of totally transnasal endo-
scopic odontoidectomy through a one-or two-nostril route 
[12, 19]. Cavallo et al. [22] confirmed the observations of 
Alfieri et al. in a cadaveric study as, late on Messina et al. 
[14] and Kassam et al., in 2005, operated the first case 
through a fully transnasal endoscopic resection of the 
odontoid [8], [14] and concluded: “The transoral approach 
remains the ‘gold standard’”, but in contrast with this, “the 
defect created by transnasal approach is above the level of 
soft palate and should not be exposed to the same degree of 
bacterial contamination”. Messina et al. [20], in further 
anatomical studies, concluded that, similar to the transoral 
approach, the endoscopic endonasal approach provides a 
direct route to the surgical target, but it seems to be related 
to lower morbidity. De Almeida et al. [12] published, in 
2009, the concept of the NPL, a line created by connecting 
the most inferior point on the nasal bone to the most poste-
rior point on the hard palate in the midsagittal plane, and 

they concluded that the NPL was a reliable predictor of the 
maximal extent of inferior dissection [16]. A novel line, 
the NAxL, used for the best preoperative planning to deter-
mine the inferior limit of the endonasal approach to the 
CVJ, has been identified as the line in the midsagittal plane 
that starts from the midpoint of the distance from the rhin-
ion to the anterior nasal spine of the maxillary bone and 
ends at the C2 vertebra, tangential to the posterior nasal 
spine of the palatine bone.

 Cadaveric Study

In our cadaveric study we showed a novel PIA and com-
pared the surgical domains of the NPL and PIA. Radiological 
examination and comparison of both the transnasal and 
transoral CVJ sagittal surgical domains in the same subject 
by means of NPL and PIA allowed us to recognize which 
preoperative radiological planning might be more reliable 
and closer to the effective surgical route allowed. The cra-
nial settling, CVJ kyphotic deformity, and other changes 
would alter the utility of the two approaches. In fact, it 
must be pointed out that we studied only “normal” sub-
jects. We used the classic NPL and a novel PIA, i.e., 
“hard-tissue lines”, as ideal reference points to compare 
the two surgical strategies. The transnasal approach is a 
viable strategy to reach the CVJ, but it has more limited 
angular (nostrils, choanae) and linear (NPL) surgical expo-
sure, mainly related to the stiffness of the skin of the nose, 
which, in our view, makes it suitable only for certain types 
of diseases and prevents its systematic applicability in all 
other conditions, such as pathologies caudal to C2 (and 
obviously lateral tumors) [12, 23–26]. Moreover, although 
an obvious advantage of the transnasal approach is that 
there is no need to cut the soft palate (which minimizes 
potential postoperative morbidities such as swallowing 
disturbances and hypernasal speech, which are really lim-
iting to quality of life if the palatine veil is lacking), the 
transoral approach provides better exposure of the CVJ, 
both on the sagittal plane and on the transverse plane, pro-
viding a larger working channel and allowing the easier 
handling of surgical instruments such as the endoscope 
[6]. With this tool, the advantage of soft palate-sparing 
might make the transnasal endoscopic approach less com-
mon than the transoral endoscopic-assisted one. However, 
we believe that the transnasal and transoral endoscopic 
procedures should not be considered in competition but as 
complementary approaches [11–13]. The present experi-
ence seems to emphasize that preoperative planning by 
means of hard- tissue lines seems to be closer to the surgi-
cal reality (i.e., soft-tissue lines) with the transoral 
approach compared with the transnasal, as demonstrated 
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by the low radiological and surgical NPL ratio compared 
with the radiological and surgical PIA ratio.

 Conclusions

 1. The NAxL is confirmed to be a reliable preoperative pre-
dictor of the maximal extent of inferior dissection for the 
transnasal approach.

 2. With the novel SPIA, it is possible to determine  the maxi-
mal extent of superior dissection for the transoral 
approach with a simple lateral head X-ray examination 
with open mouth.

 3. The NAxL/SNPL ratio appeared to vary more than the 
RPIA/SPIA and more than RNPL/SNPL (Table 1a).

 4. There is 100 % correspondence between the NAxL and 
the SNPL;

 5. The SPIA was found to be the line, in the midsagittal 
plane, that crosses, in the midpoint, two more lines: the 
RPIA and the atlanto superior dental arch line (ASA), 
defined as the line joining the superior dental arch and 
the anterior base of the atlas (Fig. 1b).

  In other words, both the soft-tissue lines vary from the hard- 
tissue lines, the but the NAxL varies more than the SPIA.

The pros and cons of each approach have to be taken into 
account; as well, a combined transoral and transnasal 
approach may be chosen.
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Abstract Spheno-orbital meningiomas were historically 
treated by traditional craniotomies. However, in the past few 
years new endoscopic treatments have been successfully per-
formed. In this study, we analyzed different indications for 
craniotomy and endoscopy, and the advantages and disad-
vantages of these procedures.

Thirty patients with spheno-orbital meningiomas were 
operated on over 2 years, between 2013 and 2014. Computed 
tomography (CT) and magnetic resonance imaging (MRI) 
were performed in all patients preoperatively. Navigated sur-
gical removal and histological confirmation, as well as fol-
low- up examinations, including CT scan at 24 h and MRI at 
3, 6, and 12 months after surgery, were performed. Twenty- 
three patients were treated by traditional fronto-temporal, 
fronto-temporo-orbital, and supraorbital craniotomies; in six 
cases the tumor was removed via endoscopic endonasal and 
lateral transorbital resection. Only one case required a com-
bined supraorbital and endoscopic endonasal approach.

We analyzed the results of the different surgical tech-
niques, in particular those of the endoscopic approaches.

In selected cases, the endoscopic approach to spheno- 
orbital meningiomas, compared with traditional approaches, 
may be more effective in removing tumors completely. The 
surgical technique is easy and the rate of complications is 
low.

Keywords Spheno-orbital meningiomas • Orbital tumors • 
Transorbital approach • Endonasal approach

 Introduction

Spheno-orbital meningiomas (SOMs) are secondary tumors 
of the orbit arising from the sphenoid ridge. SOMs are the 
most frequent meningiomas of the skull base, accounting for 
up to 18 % of all intracranial meningiomas [3, 5, 14, 17, 19].

These tumors may expand from the sphenoid medially 
into the lateral wall of the cavernous sinus, anteriorly into the 
orbit, and laterally into the temporal bone. SOMs are often 
associated with hyperostosis of the sphenoid ridge and may 
have a really invasive characteristic, spreading to the dura of 
the frontal, temporal, orbital, and sphenoidal regions [2, 7, 8, 
11, 15, 16, 18, 23–25].

The most common symptoms at presentation include 
slowly developing unilateral exophthalmos, vision or visual 
field impairment, and extraocular movement palsy, as well as 
cosmetic deformities, such as a bony prominence in the tem-
poral region [4, 9, 10, 17, 18, 21, 22].

SOMs are very difficult to manage, with high surgical 
morbidity and mortality. Sphenoidal hyperostosis represents 
a limit for complete resection, and the rate of recurrence is 
very high when compared with meningiomas in other loca-
tions [3–5, 10, 18, 20–22, 24].

For years, traditional fronto-temporal, fronto-temporo-
orbital, and supraorbital craniotomies were the only 
approaches to treat SOMs. In the past few years, endoscopic 
endonasal and transorbital approaches to remove these 
tumors have been successfully performed.

 Material and Methods

All patients underwent preoperative and postoperative oph-
thalmological evaluation to assess visual acuity, visual field 
campimetry, and extraocular movement integrity.
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Brain magnetic resonance imaging (MRI) with gadolin-
ium and bone computed tomography (CT) were performed 
in all patients before and the day after surgery.

Different surgical approaches were employed to treat the 
SOMs. Transcranial fronto-temporal, fronto-temporo-
orbital, and supraorbital approaches, as well as endoscopic 
endonasal and lateral transorbital approaches, were used in 
different cases, with some combined approaches also used.

 Illustrative Case

A 43-year-old woman presented at our Department with a 
6-month history of worsening left eye proptosis.

CT scan and MRI showed a spheno-orbital meningioma 
with large hyperostosis of the sphenoid lesser wing involving 
the lateral orbital wall and extracranial compartment (Fig. 1).

Ophthalmological evaluation was negative for oculomo-
tor deficits or visual field impairment.

A lateral transorbital endoscopic approach was performed 
to remove the tumor completely (Fig. 2).

No cranial nerve deficits or cosmetic deformities were 
observed after the surgery (Fig. 1).

The patient was discharged 3 days after the procedure.

 Results

Thirty patients, 22 females (73 %) and 8 males (27 %), suf-
fering from SOM were operated on between 2013 and 2014.

The mean age was 46 years (range, 8–82 years).
Proptosis was the most frequent sign at presentation, with 

21 patients suffering from it, 13 in the right eye and 8 in the 
left eye. Twenty patients had visual impairment, with campi-
metric defects in 19 and amaurosis in 1. Oculomotor nerve 
deficits were found in 8 patients, with diplopia in 5. In particu-
lar, 4 patients had a deficit of the third cranial nerve; 3, a deficit 
of the fourth cranial nerve; and 1, a deficit of the sixth cranial 
nerve. One patient had trigeminal hypoesthesia in V1 and V2.

Traditional transcranial surgery was performed in 23 
patients, using a fronto-temporal approach in 19, fronto- 
temporal orbital approach in 2, and supraorbital approach in 2.

Six patients underwent endoscopic surgery, in four cases 
by a lateral transorbital approach, in one case by an endona-
sal approach, and in one case by a combined transorbital and 
endonasal approach.

A combined transcranial-transorbital endoscopic 
approach was performed in one patient.

No approach-related mortality or morbidity, such as tem-
poromandibular joint dysfunction or trismus, occurred after 
the surgery.

Four patients complained of new, but temporary, third 
cranial nerve paresis in the postoperative period. A new per-
manent fourth cranial nerve paresis occurred in one patient. 
No hyperpathic trigeminal sensation appeared after the 
procedure.

Visual function, as well as proptosis, improved in all 
patients, remaining stable at 2-year maximum follow-up.

Postoperative neuroradiological evaluation by MRI with 
gadolinium and bone CT scan on the day after surgery con-
firmed a gross-total resection in 24 (80 %) patients, with no 
recurrences after 2 years.

Six patients with residual tumor in the cavernous sinus 
were considered candidates for gamma-knife radiosurgery.

 Discussion

Spheno-orbital meningiomas usually arise from the inner 
or outer parts of the sphenoid lesser wing, with intraosse-
ous tumor growth, resulting in hyperostosis, and thin 
 soft-tissue growth at the dura [2, 7, 8, 11, 15, 16, 18, 
19, 23–25].

Bony tumor growth usually involves the lesser sphenoid 
wing, the orbital roof, the lateral orbital wall, the superior 
orbital fissure, the optic canal, and the anterior clinoid pro-
cess. In cases of orbital extension the growth may occur 
through the natural canals, such as the optic canal and supe-
rior orbital fissure, or the lateral orbital wall [2, 7, 11, 14–16, 
18, 23–25].

Soft-tissue growth can spread to extracranial compart-
ments, including the orbital content and the infratemporal 
fossa with the temporalis muscle.

Dural growth is often widespread, including the basal 
sphenoid wing, cavernous sinus, and temporal convexity [24].

In most patients, minor symptoms, such as minimal pain-
less proptosis and mild visual impairment, are complained of 
at presentation. However, cases of loss of vision, severe pro-
ptosis, and large cosmetic deformities can be observed [9, 
18, 19, 23, 25].

Due to their anatomical, radiological, and morphological 
aspects, SOMs are considered complex tumors to remove. 
The involvement of bone, orbit, and neural structures makes 
the surgery difficult and the resection often incomplete [3–5, 
8, 10, 18, 20–22, 24].

However, in cases of visual impairment, oculomotor dys-
function, and severe proptosis, tumor removal is required.

Conversely, a ‘wait and see’ strategy might be appropriate 
in patients with barely visible proptosis, incidental tumor 
finding, or little ocular pain.

For years, surgical removal by traditional fronto-temporal 
and fronto-temporal orbital craniotomy was the gold stan-
dard of treatment for SOMs.
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Recently, new endoscopic approaches to these tumors 
have been proposed and have been performed successfully 
and safely.

The use of endoscopes in orbital surgery was first 
described in 1981, but their use was limited to the biopsy 
excision of orbital tumors and to the removal of foreign bod-
ies from the orbit [12, 13].

Even though the endonasal route to approach intraorbital 
pathologies is increasing in surgical practice, transorbital 
non-endonasal endoscopic approaches are still little known 
and used.

In using the endonasal intraorbital approach, a standard 
spheno-ethmoidectomy has to be performed together with a 
medial maxillectomy, thus exposing the lamina papyracea. 
After the lamina papyracea opening, free access to the medial 
and inferomedial walls of the orbit and, afterwards, to the 
periorbita, can be obtained [1, 6].

The endoscopic transnasal approach is mainly effective 
in cases of orbital and optic canal decompression, repair of 
medial and inferomedial wall fractures, and in intraconal 
and extraconal lesions with inferomedial location. 
Accordingly, SOMs located on the medial orbital wall and 

a

b

c

Fig. 1 Illustrative case: preoperative (a) and postoperative (b) computed tomography (CT) scans; there were no extraocular movement deficits or 
cosmetic deformities after surgery (c)
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the inferomedial part of the orbital floor can be removed in 
this way.

Surgical access to the orbit and periorbital structures 
through the eyelids and anterior orbital compartment can be 
achieved through different cutaneous and transconjunctival 
incisions.

A lateral transorbital approach is performed with an inci-
sion on the superior eyelid. The orbital rim is reached by 
dissection in a superolateral direction. Once the orbital rim is 
identified and exposed, a careful subperiosteal dissection has 
to be performed until the superior and inferior orbital fissures 
are reached [1, 6] (Fig. 3).

In case of SOMs with extension to the middle cranial 
fossa, the greater wing of the sphenoid should be removed as 
far as the dura mater (Fig. 2). In this case, the superomedial 
boundary of the approach is defined by the superior orbital 
fissure, while the lateral boundary is delineated by the tem-
poralis muscle. Superiorly, the approach can be partially 
extended to the lesser wing of the sphenoid towards the ante-
rior clinoid process. If necessary, the frontal bone can be par-
tially resected and the spheno-orbital sinus can be coagulated. 
When you need to go intracranial, the dura mater can be 
opened and the anterior part of the temporal lobe reached.

In all cases, even in patients with no visual impairment, 
the abnormal bone has to be removed as much as possible, 
including the opening of the optic canal, if required. On the 
other hand, in cases of periorbital infiltration by the tumor, 
complete resection is not mandatory, considering the high 
risk of damaging intraconal structures in a setting where the 
rate of recurrence is low.

SOMs with intraorbital extension and widespread dural 
growth involving the anterior or middle cranial fossa, as well 
as those infiltrating the cavernous sinus, can be properly 
treated by combined endoscopic-transcranial decompression 
and radiosurgery on the sinus infiltration.

Finally, when a large endoscopic decompression is car-
ried out, a reconstruction of the bone defect is useful to avoid 
enophthalmos and other cosmetic defects [2]. An autologous 
fat graft can be used for this purpose.

The transorbital superior eyelid approach can be suc-
cessfully performed in patients with superiorly and later-
ally located extra- and intraconal lesions, as well as for 
lesions located in the anterior and middle cranial fossa. 
Actually, if the endonasal approach is preferred for SOMs 
involving the medial orbital wall and the inferomedial part 
of the orbital floor, a lateral transorbital approach is mainly 
indicated in cases of tumors that extend to the superior and 
lateral orbital wall or to the lateral part of the orbital floor, 
a lateral transorbital approach is mainly indicated.

This transorbital access, in combination with the transna-
sal route, enables the performance of a ‘multiportal’ endo-
scopic approach to lesions located in the anterior and middle 
cranial fossa [6].

We performed endoscopic procedures in seven patients, 
with no mortality or morbidity during or after the surgery. 
The extent of removal was high and the rate of permanent 
deficits very low.

Summing up, SOMs with large hyperostosis and growth 
into the orbit can be successfully removed by endoscopic 
approaches. In selected cases, endoscopic approaches, com-
pared with traditional craniotomies, are more effective in 
removing the tumor completely, reducing proptosis and cra-
nial nerve compression.

Endoscopic surgery is safe and quite easy to perform, 
with a low complication rate and reduced hospital stay, as 
well as an optimal neurological outcome and cosmetic result 
for the patient.

Conflict of Interest Statement The authors declare that they have no 
conflicts of interest.

Fig. 2 Illustrative case: drilling of the tumor with spatula protecting the periorbit (left); removing all the pathologic bone tissue up to the dura 
mater of the middle cranial fossa (right)
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Abstract Giant aneurysms of the basilar artery are rare and 
are frequently associated with obstructive hydrocephalus and 
brainstem compression. Treatment still remains a challenge 
both for neurosurgeons and for interventional neuroradiolo-
gists. Cases reported in the literature are anecdotal and, over-
all, their outcomes are poor. We present the case of a patient 
with a giant aneurysm of the basilar artery tip, involving the 
origin of both the posterior cerebral and superior cerebellar 
arteries, who underwent coiling and ventriculoperitoneal 
shunting for associated obstructive hydrocephalus. A pCO-
Nus ® stent (Phenox; Bochum, Germany) was detached with 
its petals opened over the ostia of the parent vessels, with the 
aim being to reconstruct the neck of the aneurysm and to 
preserve the flow in the parent vessel. Moreover, the pres-
ence of the stent was useful to maintain the coils within the 
dome of the aneurysm. The pCONus is a new neurovascular 
device that is also useful for treating cases of complex basilar 
artery aneurysms when the ostia of the parent vessel origin is 
at the level of the aneurysm neck.

Keywords Giant aneurysm • Basilar artery • pCONus • 
Coiling • Reconstructive neurosurgery
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 Introduction

Giant aneurysms, overall, account for about 5 % of all 
aneurysms, and only a few of them involve the basilar 
artery. These commonly originate from the basilar tip and 
are frequently associated with obstructive hydrocephalus 
and brainstem compression [1, 2]. Although most of them 
continue to enlarge over time, increasing the risk of rup-
ture, their treatment still remains a challenge both for neu-
rosurgeons and ifor nterventional neuroradiologists. 
Regardless of difficulties in the decision-making process 
for the management of the aneurysm, cerebrospinal fluid 
(CSF) shunting is often mandatory for treating the concom-
itant obstructive hydrocephalus [3, 4]. Recently, endo-
scopic third ventriculostomy (ETV) has also been proposed 
as an alternative option for dealing with this associated 
condition, both in cases of ruptured and unruptured giant 
basilar artery aneurysms (BAAs) [5, 6]. In this article we 
report the case of an elderly patient affected by a giant 
BAA, of 2.55 cm, bilaterally, involving the origin of the 
posterior cerebral artery (PCA) and the superior cerebellar 
artery (SCA), who underwent pCONus ® (Phenox, 
Bochum, Germany)-assisted coiling with the aim being to 
reconstruct the neck of the aneurysm and to preserve the 
blood flow at the ostia of the parent vessels. The patient 
also showed associated hydrocephalus, which was man-
aged with a ventriculoperitoneal (VP) shunt. A few cases of 
pCONus-assisted coiling for complex BAAs have been 
reported in the literature so far, but only one of these BAAs 
was large and showed the origin of both the PCAs and the 
SCAs from the neck of the aneurysm [7]. To the best of our 
knowledge, this is the first case reported in the literature of 
a giant BAA treated with pCONus-assisted coiling 
(Table 1).
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Table 1 Giant basilar artery aneurysms associated with obstructive hydrocephalus

Author Age (years), sex Aneurysm treatment Shunt Follow-up

Goetz et al. (1990) [16]
62, M NA VP

Died from SAH 3 weeks 
after VP shunt placement

Bose et al. (1983) [1] 55, F Attempted aneurysm removal VP Died after craniotomy

Borrie et al. (1985) [3] 72, F NA VP Improved

Wozniak et al. (1978) [17] NA NA VP Died

Kinoshita et al. (1979) [18] 52, M NA VP Improved

Shimizu et al. (1985) [19] 52, M NA VP Aneurysm still disappeared 
3 years after VP shunt 
placement

Yasargil (1984) [20] 24, M Trapping VP Aneurysm growth after 
shunt placement

Koga et al. (1983) [21] 65, M NA VP Improved

Piek et al. (1983) [22] 60, F NA VP Improved

Ishibashi et al. (1993) [23] 63, M NA VP Improved

Drake et al. (1979) [24] 64, M NA VP Died from SAH 4 weeks 
after VP shunt placement

Drake et al. (1979) [24] 32, F LVA clamp occlusion VP Improved

Souer et al. (1979) [25] 74, F NA VP Died from aneurysm 
growth

Vishteh et al. (1999) [26] 41, M NA VP Aneurysm growth 7 years 
after VP shunt placement

Kim et al. (2002) [11] 58, M LVA occlusion VP Died from aneurysm 
growth 11 months after VP 
shunt placement

Kim et al. 2002 [11] 30, M Neck clipping VP Aneurysm growth 5 months 
after VP shunt placement

Hongo et al. (2001) [8] 70, F RVA occlusion E septostomy Died from aneurysm 
rupture

Koyama et al. (1996) 
[27]

67, F None EVD Died from aneurysm 
rupture

Liu et al. (2005) [28] 55, M Transcallosal biopsy Open TV Improved

Oertel et al. (2008) [5] 80, M None ETV Improved

Oertel et al. (2008) [5] 55, M Coil embolization ETV Died from brain infarction 
5 months after ETV

Oertel et al. (2008) [5] 32, F Coil embolization ETV Died from BA thrombosis 1 
week after ETV

Obaid et al. (2012) [6] 53, F Coil embolization ETV Improved

Obaid et al. (2012) [6] 77, F Coil embolization ETV Improved

Obaid et al. (2012) [6] 81, F None ETV Improved

Kaptan et al. (2013) [29] NA None VP Died from brain infarction 
2 weeks after VP shunt 
placement

Stachura et al. (2008) [30] NA None ETV Improved

Present patient, 2015 76, F pCONus-assisted coiling VP Died from aneurysm 
rupture 9 months after VP 
shunt placement

EVD VP External Ventricular Drainage ventriculoperitoneal, ETV endoscopic third ventriculostomy, RVA right vertebral artery , LVA left vertebral 
artery, BA basilar artery, NA not available, SAH subarachnoid hemorrhage
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 Case Report

A 76-year-old woman was admitted to our neurosurgical 
department with a 2-month history of confusion, gait imbal-
ance, and urinary incontinence. The patient underwent a 
brain magnetic resonance imaging (MRI) investigation, 
which revealed the presence of a giant BAA associated with 
brainstem compression and obstructive hydrocephalus 
(Fig. 1a, b). Digital subtraction angiography (DSA) also 
showed the origin of both the PCAs and SCAs from the sac 
at the neck of the aneurysm (Fig. 1c, d).

After we engaged in a thorough multidisciplinary discus-
sion, surgical clipping reconstruction was excluded because 
of the patient’s advanced age and comorbidities; traditional 
coiling was also not appropriate because it could not guaran-
tee preservation of the blood flow in the parent arteries.

Therefore, we decided to use a pCONus ® stent (Phenox) 
with its upper extremities (petals) anchored over the ostia of the 
parent vessels (Fig. 2a–d). The provided bridging structure 
allowed the dislocation of 52 coils (Target, Axium, and Versatile 
Range Fill Advanced Coils (Microvention), ®) to completely 
fill out the dome of the sac, which was excluded by the circula-

a

c d

b

Fig. 1 Preoperative sagittal and coronal angio-computed tomography 
(CT) scan images showing the giant basilar artery (BA) aneurysm 
associated with obstructive hydrocephalus (a, b). Cerebral digital 

subtraction angiography (DSA) showing the origin of both the poste-
rior cerebral and the superior cerebellar arteries from the neck of the 
aneurysm (c, d)
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tion (Fig. 2b, c and e), and at the same time, we obtained a 
reconstruction of the neck of the aneurysm, which preserved 
the blood flow in the parent vessels (Fig. 2f). The procedure 
was performed by the senior author (Alessandro Pedicelli).

Before undergoing the endovascular procedure, the patient 
underwent ventriculoperitoneal shunting with a  programmable 
Hakim-Medos valve (Codmann; Johnson&Johnson ®), which 
was temporarily closed with a silk suture at the  supraclavicular 
region until completion of the endovascular procedure. Also, 
the patient received double antiplatelet therapy, with aspirin 
100 mg per day and clopidogrel 75 mg per day, for 7 days 
before the endovascular procedure; once the aneurysm was 
coiled, the shunt was opened by removing the silk suture.

During the postoperative period, the patient’s neurologi-
cal condition improved slightly, especially in regard to her 
cognitive status, although the gait disturbance persisted.

At 3-month follow-up the clinical condition of the patient 
had significantly improved, with almost complete regression 

of the preoperative symptoms. A brain computed tomography 
(CT) scan confirmed the absence of hydrocephalus, and MRI 
showed coil compaction, with extension of the  reperfusion of 
the sac (Fig. 2). The patient refused further treatments.

Nine months after the procedure, the patient presented 
with a sudden loss of consciousness. A CT scan showed a 
massive subarachnoid hemorrhage (SAH) due to the rupture 
of the aneurysm.

 Discussion

Giant BAAs are very rare and are frequently associated with 
brainstem compression and hydrocephalus [8]. They tend to 
progressively grow in size, showing an increasing risk of rup-
ture. Therefore, whenever possible, treatment is mandatory, 
along with management of the associated hydrocephalus.

a

d e f

b c

Fig. 2 Artwork showing the final positioning of the pCONus stent 
along with the coiling of the aneurysmatic sac (a). Post-procedural 
DSA showing the positioning of the pCONus stent, whose petals appear 
open over the ostia of the parent vessels; the coils have obliterated 4/5 

of the aneurysmatic sac (d–f). Three-month follow-up magnetic reso-
nance imaging (MRI) scan showing coil compaction and partial reper-
fusion of 2/5 of the sac, with no stent displacement (b, c)
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Nowadays coiling is the preferred treatment for unrup-
tured aneurysms, in particular for those located at the tip 
of the basilar artery, because it can achieve complete 
exclusion of the sac in the majority of cases, while at the 
same time preserving the small brainstem perforators. 
For large aneurysms, complete coiling is able to preserve 
the aneurysm from the risk of rupture, and in some cases 
the procedure limits the pulsation, reducing the mass 
effect-related symptoms. As the size of the BAA gets 
larger, coiling by itself may sometimes worsen the symp-
toms related to the brainstem compression, increasing the 
mass effect.

Before the advent of the stent-assisted coiling technique, 
only saccular aneurysms with a favorable dome/neck ratio 
could be managed endovascularly. Nowadays new stent 
devices allow us to consider endovascular treatment also for 
irregular BAAs that do not show a favorable morphology. In 
the present patient, we used a pCONus stent in order to recon-
struct the neck region of the aneurysm (Fig. 2a), since the ostia 
of both the PCAs and SCAs opened at this level. The device 
was introduced within the sac and the petals were unfolded 
over the region of the ostia, with no wall anchoring. Fifty-two 
Guglielmi Detachable Coil were then introduced within the 
aneurysm, obtaining exclusion of 4/5 of the sac (Fig. 2).

The pCONus is a new stent-like self-expanding nitinol 
implant with four distal petals, designed for extra- 
intrasaccular neck-bridging aneurysm implantation, to assist 
the coil occlusion of selected bifurcation aneurysms [7]. 
Stent placement may permanently modify the angulation of 
the vessel bifurcation, which may be advantageous for 
detaching coils and maintenance. Moreover, stent placement 
allows coil occlusion of the aneurysm fundus with reliable 
protection of the efferent vessels, as in our patient, in whom 
the PCA and SCA originated from the neck of the 
aneurysm.

Clipping of recurrent aneurysms after pCONus implanta-
tion is discouraged. In fact, after pCONus implantation, if 
the device position is stable, the aneurysm neck usually 
remains bridged by the struts of the pCONus, which would 
most likely interfere with the proper closure of an aneurysm 
clip [7]. However, coil compaction and aneurysm reperfu-
sion are not prevented by the pCONus, while the device can 
also assist in re-coiling.

Aguilar-Perez et al. [7] treated a fusiform upper basilar 
trunk and bifurcation aneurysm (neck 12.7 mm; fundus 
4.7 mm) with both PCAs and superior SCAs originating from 
the lateral aspect of the aneurysm. After positioning the pCO-
Nus petals within the lumen of the aneurysm, they catheter-
ized both PCAs, and two Solitaire (Covidien) stents were 
deployed in a Y-technique. The resulting structure was stable 
and allowed a well-controlled coil occlusion of the aneurysm. 
In our patient, reconstruction of the neck obtained with pCO-
Nus proved to provide a sufficiently stable structure to ensure 

that the coils were within the dome of the aneurysm, preserv-
ing the blood flow in the parent vessels. Aguilar-Perez et al. 
also described a second large backward-directed aneurysm of 
the basilar tip (neck 15.5 mm; fundus 18 mm) incorporating 
both PCA origins, treated with two 5-mm pCONus devices 
deployed in a crossing position to protect the neck [7].

Particular consideration is necessary for the timing of a 
ventriculoperitoneal shunt. Acute reduction of intracranial 
pressure could result in an increase of the transmural pres-
sure gradient across the aneurysm wall [8–10], causing sac 
growth and leading to a premature rupture of the aneurysm, 
as reported by several authors [11]. However, this topic of 
shunting has been long debated in the literature: in fact, 
while some authors have argued that shunting is not conclu-
sively associated with the rebleeding of a ruptured aneurysm 
[12–14], some others have demonstrated an increased risk of 
aneurysmal rebleeding in patients undergoing ventricular 
drainage [15]. It is not yet clear whether an increased risk of 
aneurysmal bleeding occurs in unruptured aneurysms.

Recently ETV has been proposed as an alternative 
option for dealing with obstructive hydrocephalus associ-
ated with unruptured giant BAA. However, compared with 
conventional shunting, ETV carries the risk of aneurysm 
perforation during the procedure. Thus, ETV should be 
considered only in the presence of a prepontine space large 
enough to perform the opening of the floor of the third 
ventricle with the aneurysm dome pointing backward [5], 
and with the endoscopic technique in very experienced 
hands.

In our patient, we planned to implant a ventriculoperito-
neal shunt before the endovascular procedure, but we 
implanted a temporarily closed shunt in order to avoid the 
risk of aneurysm rupture before coiling. Ideally, in fact, 
aneurysm treatment should precede the shunting procedure 
in order to prevent an increase of the transmural pressure 
gradient.

The treatment of giant BAAs with obstructive hydroceph-
alus still remains a challenge. Cases reported in the literature 
are anecdotal and overall outcomes are poor.

In a review of the pertinent literature, to the best of our 
knowledge, we found 27 patients harboring BAAs with 
hydrocephalus treated with CSF diversion (VP shunt or 
ETV) [1, 3, 5–8, 11, 16–30]. Thirteen of them improved after 
CSF diversion.

However, information regarding the management of the 
associated aneurysm was available for only 16 cases. In 5 of 
them, a CSF diversion was performed before the aneurysm 
was secured; 2 patients died, from aneurysm rupture and 
from brain infarction, respectively. In the remaining 11 
cases, the patients underwent aneurysm treatment before 
treatment of the hydrocephalus. Seven of them had a poor 
outcome due to treatment complications or further aneurysm 
growth (Table 1).
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 Conclusions

Giant BAAs are rare and are often associated with obstruc-
tive hydrocephalus and brainstem compression. Treatment 
of the aneurysm and the associated hydrocephalus is man-
datory, due to the high risk of aneurysm  rupture. Shunting 
procedures performed without securing the aneurysm are 
associated with an increased risk of  aneurysm bleeding. 
The pCONus is a new neurovascular device designed to 
assist coil occlusion in cases of unfavorable dome-neck 
ratio or in those cases in which the neck hosts the opening 
of the ostia of the parent vessel, allowing a feasible vessel 
reconstruction. Nevertheless, these procedures remain at 
high risk of complications, and they do not guarantee pro-
longed control of the risk of bleeding.
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Abstract 
Background
Cranioplasty represents a challenge in neurosurgery. Its goal is 
not only plastic reconstruction of the skull but also to restore and 
preserve cranial function, to improve cerebral hemodynamics, 
and to provide mechanical protection of the neural structures. 
The ideal material for the reconstructive procedures and the sur-
gical timing are still controversial. Many alloplastic materials 
are available for performing cranioplasty and among these, tita-
nium still represents a widely proven and accepted choice.

Methods
The aim of our study was to present our preliminary experi-
ence with a “custom-made” cranioplasty, using electron 
beam melting (EBM) technology, in a series of ten patients. 
EBM is a new sintering method for shaping titanium powder 
directly in three-dimensional (3D) implants.

Findings
To the best of our knowledge this is the first report of a skull 
reconstruction performed by this technique. In a 1-year fol-
low-up no postoperative complications have been observed 
and good clinical and esthetic outcomes were achieved.

Conclusion
Costs higher than those for other types of titanium mesh, a 
longer production process, and the greater expertise needed 
for this technique are compensated by the achievement of 
most complex skull reconstructions with a shorter operative 
time.

Keywords Skull bone defects • Cranioplasty • Custom- 
made titanium implants • 3D computer-aided design and 
computer-aided manufacturing (CAD/CAM) technologies • 
Electron beam melting technology

 Introduction

Cranioplasty is defined as the full-thickness reconstruction of 
calvarial bone. It restores the integrity of the skull, protects 
neural structures, and improves cerebral hemodynamics [11].

Decompressive craniectomy is often required in cases of 
traumatic brain injuries, hemorrhage, tumor removal, or 
other severe cerebral damage [1]. This procedure is also per-
formed to treat growing skull fractures and congenital anom-
alies in pediatric patients, where the skull reconstruction is 
more challenging, considering the singularly rapid bone 
growth in children [1, 4].

Archeological evidence proves that cranioplasty dates 
back to 7000 B.C., making this one of the most ancient surgi-
cal procedures [1]. Since then, many different methods and 
grafts have been adopted throughout the history of neurosur-
gery, and great improvements have been achieved since the 
nineteenth century, with the development of metal and non- 
metal synthetic allografts [1, 4]. Some authors still support 
the primary role of an autologous cranial bone flap in pri-
mary cranioplasty, when possible, ensuring protection by 
freezing the bone at −70 °C [3, 9, 12]. However, a secondary 
cranioplasty is sometimes needed because of bone resorp-
tion, autograft devitalization, or infections. In this and other 
cases, such as severe traumatic brain injuries with commi-
nuted fractures, skull reconstruction has to be performed by 
the use of allografts, which allows the surgeon to reshape the 
cranial profile and restore its function.

Among the non-metal synthetic allografts, polymethylmeth-
acrylate (PMMA), polyether ether ketone (PEEK), and 
hydroxyapatite are the most used [4]. Among the whole variety 
of materials that have been adopted as metal allografts, titanium 
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maintains its role as the only metal currently used in cranio-
plasty, and it has been used since 1965 [4]. Titanium can be 
modelled manually or by molding, also intraoperatively [6]. 
Even if it is hard to shape, titanium is cheaper than other allo-
plastic grafts, and it is radiotransparent and  biocompatible [4]. It 
can be used as a plate covering the bone defect itself or as a 
mesh supporting other plastic materials or cement. With the 
increasing development of new synthetic materials and model-
ling technologies, such as three- dimensional (3D) printing, 
using computer-aided design and computer-aided manufactur-
ing (CAD/CAM) technologies, cranioplasty has been improved 
by many alternative materials and methods when autologous 
bone is not suitable as a graft. Here we present our preliminary 
experience in a clinical series of ten patients who underwent 
“custom-made” cranioplasty, using novel electron beam melt-
ing (EBM) technology, together with the support of a skull com-
puted tomography (CT) scan to model the complex-shaped 
titanium allograft with CAD/CAM technology, without the 
need for a plastic mold.

 Materials and Methods

A single-center retrospective study was performed at the 
Department of Neurosurgery of the Hospital CIVICO in 
Palermo, Italy. Between September 2014 and October 2015, 
ten patients (five males and five females) aged from 32 to 70 
years (median, 49 years) underwent cranioplasty with an EBM 
custom-made titanium graft after craniotomy, performed for 
different etiologies: traumatic brain injuries in three patients, 
rupture of a middle cerebral artery aneurysm in three patients, 
hypertensive cerebral hemorrhage in two patients, and failure 
of a primary cranioplasty in two patients. A total of ten cranio-
plasties were performed with this graft; seven of the ten 
patients presented a frontal-parietal skull defect; two, a bifron-
tal skull defect; and one patient had a pterional bone defect. 

The grafts were designed and built at MT Ortho, a manufac-
turing engineering company in Catania, Italy.

Demographic data are summarized in Table 1.

 Description of the Procedure

The grafts used to perform cranioplasty were made of tita-
nium modelled by CAD/CAM technology and produced by 
electron beam melting (EBM) technology. CAD/CAM EBM 
is a novel technique for titanium powder sintering that pro-
vides the precise shape of the titanium implant in a virtual 3D 
model of the patient’s skull (obtained from DICOM (Digital 
Imaging and Communications in Medicine) CT-imaging). 
The technique uses a high-energy focused electron beam that 
melts the titanium powder in a vacuum chamber. This beam 
not only models a simple plate but also precisely shapes the 
CAD model of the prosthesis in three dimensions. A high-
resolution CT scan of the entire skull is performed on every 
patient before the surgical procedure (Fig. 1a–c). The acquired 
images in DICOM format are transferred to the manufactur-
ing company (Fig. 2a). An accurate 3D virtual image of the 
skull is created, via software, for each patient and the titanium 
plate is then precisely shaped on this, respecting the symme-
try and individual bone curvature (Fig. 2b, c). The 3D virtual 
images of the titanium graft and skull are digitally verified 
with the prior CT scan, and then a 3D plastic prototype of the 
patient’s skull defect is printed (Fig. 2d). With the EBM tech-
nique, the previously designed titanium graft is printed by the 
sintering of titanium powder and then fitted on the 3D plastic 
prototype of the skull defect to ensure the best clinical and 
esthetic results before surgical implantation (Fig. 2d, e). The 
custom-made EBM titanium grafts are provided with holes 
for drainage and textured surfaces to improve their integra-
tion with soft tissue. Moreover, the graft’s thin and definitely 
shaped margins precisely follow the bone defect margins. The 

Table 1 Demographic data of patients who underwent cranioplasty with EBM custom-made titanium graft

Age (years) Sex Localization of skull defect Etiology

70 F Frontal-parietal right Failure of primary cranioplasty

32 M Bifrontal TBI with edema

60 F Frontal-parietal right Aneurysm of MCA

58 F Frontal-parietal left Cerebral hemorrhage

50 M Frontal-parietal right TBI with edema

45 F Pterional right Aneurysm of MCA

40 M Frontal-parietal left TBI with edema

55 M Frontal-parietal left Cerebral hemorrhage

35 F Frontal-parietal right Aneurysm of MCA

45 M Bifrontal Failure of primary cranioplasty

MCA middle cerebral artery, TBI traumatic brain injury
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fixation is performed with titanium screws directly onto the 
bone circumference. A postoperative CT scan is performed to 
evaluate the surgical result (Fig. 1d–f).

 Results

All cranioplasty procedures were performed according the 
aforementioned technique. The mean duration of the skull 
reconstruction was 111 min and the range was between 78 
and 184 min. A thin-slice CT scan, with multiplanar recon-
struction, was performed in the immediate postoperative 
period and then after 6 and 12 months. No intraoperative or 
postoperative complications were observed with any of the 
ten surgical procedures. No infective or hemorrhagic compli-
cations were recorded. After a 1-year follow-up period good 
clinical and functional outcomes, and good esthetic results, 
were achieved in all the patients.

 Discussion

While some authors still confirm the effectiveness of autolo-
gous bone as the graft for primary cranioplasty [3], many 
other clinical series support the use of PEEK, PMMA, and 
titanium [3, 14].

There is a deep lack of consensus on the best choice of 
materials and techniques for reconstructing the skull bones [1, 
12]. Some of the qualities of an ideal material for cranioplasty 

are that it has to allow the complete and easy closure of the 
cranial defect, with other required qualities being radiotrans-
parency, low infection rate [8], biocompatibility, good elastic 
modulus and resistance to strain, and the  maintenance of its 
chemical and physical properties over time [1, 3]. Among allo-
plastic bone substitutes in cranioplasty, titanium is the most 
common metal still in use, with different modelling techniques 
being employed. (Table 2).

In critical-size skull defects, such as those wider than 
25 cm2 and those too large to heal unaided [3], titanium dem-
onstrates chemical and physical properties that are the most 
similar to those of bone [3]. Titanium has also been demon-
strated to be corrosion resistant [3]. Meshes and solid plates 
made of titanium for reconstructive purposes provide an elas-
tic modulus that is similar to and not greater than that of corti-
cal bone [3]. These properties make surgical titanium implants 
less likely to fail during traumatic injuries, compared with 
other alloplastic bone substitutes [3] (i.e., PMMA, PEEK, 
hydroxyapatite, and ceramics). Moreover, the textured and 
porous surfaces of the titanium implants allow these implants 
to incorporate soft tissues and improve integration [3].

The aim of our present study was to illustrate our prelimi-
nary experience with a “custom-made” cranioplasty, using 
CAD/CAM and EBM technology, in a retrospective clinical 
series of ten patients at the Department of Neurosurgery of 
the Hospital CIVICO in Palermo.

Although hydroxyapatite has greater osteoinductive 
power than other allograft materials, titanium ensures lower 
infection and rejection rates than other allografts [8–10].

In our preliminary experience, after a 1-year follow-up 
period (range 3–12 months), good clinical and functional 

a b c
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Fig. 1 Three-dimensional (3D) 
volume rendering computed 
tomography (CT) scan. (a–c) 
Preoperative skull CT scan. (d–f) 
Postoperative CT scan with 
implanted bifrontal electron beam 
modelling (EBM)-created 
titanium graft

Skull Bone Defects Reconstruction with Custom-Made Titanium Graft shaped with Electron Beam Melting Technology
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outcomes, as well as good esthetic results, were achieved 
in all the patients. No infective or hemorrhagic complica-
tions were recorded in this clinical series. To the best of 
our knowledge, this is the first report of a skull reconstruc-

tion  performed by this technique. Considering titanium’s 
cost, it must be emphasized that hand-made titanium 
allografts are less expensive than CAD/CAM titanium 
implants [7, 15], and the latter also require ad hoc edu-

a b

c

e f

d

Fig. 2 (a) A 3D virtual model of the skull, rendered for the preventive 
virtual reconstruction of the bone defect surface. (b) Correction of the 
virtual bone reconstruction curvature to prevent intersections and 
ensure optimal strain dissipation. (c) Digital check of the compatibility 
of the designed implant with prior skull CT images. (d) Check of the 

match between the created titanium implant and 3D-printed plastic 
skull model of the patient. (e, f) Implantation of computer-aided design 
and computer-aided manufacturing (CAD/CAM) EBM custom-made 
titanium graft for cranioplasty
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cated technicians and a longer production process [15]. 
Titanium is, however, significantly cheaper than other allo-
plastic grafts [1, 4], and it is radiotransparent [10] and bio-
compatible [3]. Although the costs of titanium implants 
are higher, it has emerged that this CAD/CAM technique 
provides a shorter operative time, lower failure rates, a 
reduction in the number of screws used to fix the graft to 
the surrounding bone, and better esthetic results, increas-
ing the patient’s satisfaction [7, 13]. Postoperative compli-
cations are decreased too, reducing subcutaneous fluid 
collection, tilting of the mesh and its exposure, and reduc-
ing compression of the temporal muscle, with the contain-
ment of hospital costs [7]. These advantages make titanium 
a good choice [15]. To sum up, according to previous data, 
EBM technology is now emerging in the wide horizon of 
CAD/CAM shaping techniques as a promising method for 
shaping titanium grafts.

 Conclusions

There is a deep lack of consensus on the best choice of 
materials and techniques for reconstructing the skull bones 
[12]. A huge variety of techniques using titanium as a metal 
allograft have been reported: hand-made custom implants 
shaped intraoperatively, titanium meshes and plates molded 
on stereolithographic CAD models of the skull, titanium 
plates shaped on the craniectomy bone flap as a template, 
and CAD/CAM titanium implants made by numerically 
controlled milling machines [2, 3, 5, 6]. The use of EBM 
technology to create custom-made titanium grafts allows 
us to precisely shape the areas of skull to be reconstructed, 
from calvarial bone to the most complex ones (such as 
pterion and temporal fossa). It also avoids the need to man-
ually mold any mesh or titanium plate, guaranteeing the 
preservation of fine details and allowing one-step surgical 
application. A lower rate of postoperative complications 
and better results over a long time period are expected from 
the ongoing follow-up of our data.
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Abstract
Background
Myelomeningocele (MMC) is a rare but severe spinal defect 
resulting from a failed neurulation process. Surgical repair is 
a delicate procedure that needs accurate neuroanatomical 
knowledge and adequate surgical planning. 

Materials and Methods
The authors report on the main problems of the surgical man-
agement of this type of dysraphism. The technique used for 
reconstruction, and the management strategies, are analyzed 
according to the authors’ experience with more than 600 
cases, in comparison with the relevant literature.

Results
Tip and tricks of more than 30 years of MMC surgical man-
agement are reported, with special mention of the timing of 
surgery, the management of early hydrocephalus, and the 
principles of the repair, from the dissection to the closure of 
five separate layers (arachnoid, dura, muscular fascia, subcu-
taneous layer, skin).

Conclusions
Accuracy and attention to the reconstruction are crucial for 
achieving good results and avoiding perioperative 
complications.

Keywords Myelomeningocele • Hydrocephalus • Spina 
bifida • Surgical repair

 Introduction

The malformed spinal cord or primitive placode appears as a 
flat tongue of neural tissue with its borders merging into the 
contiguous malformed meningeal coverings [6]. As an effect 
of the failed neurulation process, both ventral and dorsal  spinal 
roots exit from the ventral aspect of the placode,  surrounded 
by the “junctional zone”, which is a boundary between the 
malformed arachnoid membrane covering the placode and 
dystrophic skin. The presence of an intact  subarachnoid space 
ventral to the placode confirms the lesion as a myelomeningo-
cele (MMC), while its absence suggests a myelocele.

A first, milestone, principle of the surgical repair of the 
MMC is to recognize and carefully handle the neural tissues 
to minimize the risk of harming the residual functional ner-
vous tissue. A second principle concerns the protection of the 
covering structures and their reconstruction to restore the 
cerebrospinal fluid (CSF) circulation and to prevent the re- 
tethering of the spinal cord and the occurrence of CSF leak-
age. Finally, knowledge of the correct timing for surgical 
repair and the prevention of perioperative complications 
allows us to achieve accurate management of MMC.

 Timing of Surgery

According to the literature and to the authors’ experience 
with over 600 cases treated in the past 30 years, the surgical 
repair of MMC has to be carried out as soon as possible 
after birth [11, 20]. Such a goal is usually achievable, 
because, thanks to prenatal diagnosis, the birth of a child 
with MMC is an expected and well-planned event in more 
than 90 % of cases. However, a certain time interval is nec-
essary to obtain comprehensive information on the patient’s 
clinical condition and to plan the surgical reconstruction 
adequately [23]. Surgery should be performed within the 
first 48 h of life to reduce the risk of infection (e. g., the 
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frequency of ventriculitis drops from 37 to 7 % if surgery is 
done within 48 h) or neurological deterioration resulting 
from the dehydration or the stretching of the placode [36].

In the majority of cases, fetuses with MMC are delivered 
at term, thus reaching pulmonary maturity and adequate 
weight at birth, factors which are crucial for a favorable 
prognosis. The delivery is obtained through a cesarean sec-
tion to reduce the risk of adjunctive neurological dysfunction 
resulting from the possible compression and/or contamina-
tion of the placode inside the vaginal canal [8, 18, 25]. The 
cesarean procedure is also required because of the macrocra-
nia that is often found in fetuses with early hydrocephalus.

At our institution, the planned cesarean section of a 
mother with a fetus affected by MMC is carried out early in 
the morning in order to have the newborn ready for the neu-
rosurgical repair late in the morning or early in the afternoon. 
This has allowed us to repair the spinal defect within the first 
6–12 h of life in the great majority of our patients. Only in a 
few cases, the repair was realized later (but always within 
48 h); these were the cases without a prenatal diagnosis.

 Early Management of Hydrocephalus

Hydrocephalus is so frequently associated with MMC (85–
90 % of cases) that it can be considered as part of the malfor-
mation [10, 26]. Aqueduct stenosis and fourth ventricle 
outlet obstruction and obliteration of the posterior fossa sub-
arachnoid spaces are responsible for such a frequent associa-
tion [10, 12]. The hydrocephalus, which is symptomatic at 
birth in 15 % of the cases, usually worsens in the early post-
natal period, with signs of raised intracranial pressure (ICP; 
split sutures, tense anterior fontanel, sunsetting eyes, vomit-
ing) or even brainstem dysfunction (stridor, apneic spells, 
poor sucking and swallowing, high-pitched cry, nasal regur-
gitation, repeated coughing). The neurological focal deficits 
related to brainstem dysfunction are increased by the pres-
ence of the Chiari II malformation and must be quickly evi-
denced since they require urgent treatment.

The timing of treatment is still matter of debate. In the 
majority of cases (70–85 %), the treatment can be postponed 
for days, weeks, or even months following MMC repair. In 
some instances; namely, in cases of severe fetal hydrocephalus, 
MMC repair and hydrocephalus shunting have to be realized in 
the same procedure to obtain rapid relief of intracranial hyper-
tension and to favor spinal wound healing [7, 26, 31]. However, 
infective complications seem to be higher in children treated at 
the same time for MMC and hydrocephalus than in those 
treated separately [5]. In our Institution, in cases of suspected 
CSF infection in MMC children with acute hydrocephalus, we 
place a temporary external ventricular drain, which is useful for 
managing the raised intracranial pressure and for the adminis-

tration of intraventricular antibiotics in cases of confirmed CSF 
infection. Generally, we treat the hydrocephalus some days 
after the surgical repair of MMC, in order to reduce early mal-
function of the shunt system.

Ventriculoperitoneal shunt (VPS) is still considered the 
“gold standard” treatment for MMC-related hydrocephalus. 
Due to the young age of the patients, the often associated 
infectious complications, and the possibly unfavorable ana-
tomical conditions, endoscopic third ventriculostomy (ETV) 
is burdened by a high rate of failure in MMC children when 
performed as a primary procedure, while it offers a relatively 
high success rate in cases of a “secondary” procedure after 
VPS malfunction. The failure rate of ETV in MMC children 
less than 1 year old actually ranges from 50 to 100 % (mean, 
75 %) [13, 27, 37]. The main reasons for this high rate are the 
immaturity of the CSF re-adsorption systems, which is typi-
cal of newborns and small infants [29], and the distorted 
anatomy that may prevent an ETV (small and/or oblique 
Monro foramen, malformed third ventricle, opaque floor of 
the third ventricle, intraventricular septations, large massa 
intermedia, etc.). Accordingly, ETV is usually performed in 
children aged more than 6–12 months or as a second-step 
procedure in cases of late VPS malfunction [35].

 Myelomeningocele Repair

The main aim of the surgical treatment of MMC is to dissect the 
malformed area from the surrounding tissues and to create an 
adequate barrier above the spine to prevent infections and to pre-
serve the residual motor and sensory functions [9, 11, 22, 23].

A latex-free setting in the operation room is strongly rec-
ommended for MMC children, because of the predisposition 
of these patients to develop latex sensitization [33]. The 
operation is realized under microscopic magnification with a 
standard microsurgical instrumentarium.

After completing the anesthetic work-up with the patient in 
the supine position, the newborn is positioned prone on a soft 
thoracic support to optimize the thoracic expansion. Pads are 
positioned on all pressure points to avoid pressure sores. A 
mild Trendelenburg position is generally used to avoid CSF 
escape from the spinal canal and the risk of pneumocephalus.

MMC repair is accurately planned considering the spe-
cific characteristics of the affected child, accurate inspection 
of the spinal defect extension and characteristics, and the 
radiological images, when available [11, 23, 32]. Spinal 
deformities such as kyphosis or kyphoscoliosis, for example, 
can strongly influence the procedure: these alterations can be 
associated, in a variable percentage of cases, with multilevel 
vertebral cleft or split cord malformation, which need 
adjunctive treatments [14, 15]. Particular care should be 
taken to identify the skin available for closure (Fig. 1) and 
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the “junctional zone”, an area around the malformed placode 
where the arachnoidal and dural coverings are contiguous 
with the surrounding dystrophic skin: it is important to rec-
ognize this region in order to avoid injury to the nerve roots 
during the initial incision and dissection.

The operation starts with a limited midline linear skin 
incision at the upper and lower limits of the malformation, 

in order to identify the normal elements rostral and caudal to 
the spinal defect. Then the incision is brought along the 
 border between the dystrophic skin and the arachnoid that 
surrounds the malformation and circumferentially until the 
entire placode (with its incomplete arachnoid margin) is 
completely freed and normal dural margins are identified. 
The next step is the microsurgical dissection of the free 

a b

c d

Fig. 1 Spectrum of the possible presentations of myelomeningocele 
(MMC). (a) Complete exposure of the placode surrounded by thin and 
dystrophic skin. This skin layer must be preserved in order to attempt a 
reliable closure, but achieving such a closure may be very difficult. (b) 
Complete exposure of the placode and large skin defect: challenging 
closure. (c) The placode is exposed and elevated by a filled meningocelic 

sac: after the dissection of the arachnoid plane and cerebrospinal fluid 
(CSF) escape, the placode can be easily replaced in the spinal canal and 
the redundant, intact skin allows a relatively easy closure. (d) Placode 
partially covered by dystrophic skin and contained in a large meningo-
celic sac: after the neurulation and the replacement of the placode in the 
spinal canal, redundant skin may result and its reduction may be required
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placode along the junctional zone: care must be taken when 
manipulating the border of the placode for the presence of 
the adjacent dorsal root entry zone. Care has to be taken to 
avoid arachnoid and dermal/epidermal remnants on the 
placode, since they can be responsible for delayed cord teth-
ering or dermoid/epidermoid cyst formation [4, 19, 24, 34].

Sectioning of the filum terminale is an integral part of 
the procedure that is needed to minimize the risk of second-
ary tethering [19, 24, 30]. Inspection of the inner aspect of 
the open dural sac is mandatory to reveal the presence of 
aberrant nerve roots that terminate in the dural sac: the sec-
tioning of them is not related to worsening of the patient’s 
neurological status. Differently, all the intradural vascular 
vessels must be manipulated carefully and mobilized from 
the arachnoidal adhesions, and their coagulation should be 
avoided.

Subsequently, the freed lateral edges of the placode are 
approximated in the midline, and their pia-arachnoid borders 
are sutured under microscope magnification, with a 7.0 non-
absorbable monofilament, avoiding an excessively tight clo-
sure, in order to reconstruct the medullary anatomy (surgical 
neurulation) [9, 23]. This procedure is not performed to 
improve the neurological outcome, but to reduce the occur-
rence of symptomatic late tethering [21, 23].

The dural layer is dissected starting from rostral and 
caudal normal tissues and then approximated on the mid-
line; afterwards, it is sutured with either 5.0 silk suture or 
monofilament (continuous suture is preferred). In cases of 
a narrow spinal canal or when the dural layer is missing, 
dural patching is necessary. In the first instance, the dural 

patching is required to obtain a capacious dural sac to pre-
vent re- tethering of the placode, while in the second 
instance, dural patching is necessary to restore the dural 
layer itself. The dural patch may be realized using various 
dural substitutes, the most physiological being repre-
sented by autologous tissues, such as muscle or muscular 
fascia. Alternatively, synthetic dural substitutes and/or 
dural glues can be useful to obtain a watertight dural clo-
sure. A Valsalva maneuver should be performed after 
completing the dural suture to verify water-tightness. The 
thoracolumbar fascia is then dissected and sutured over 
the reconstructed dural sac in order to reinforce the dural 
closure.

Reconstruction of the superficial layers is performed 
undermining the skin and the subcutaneous tissue from 
the muscular fascia. Attention must be paid to preserve, as 
much as possible, the vessels that provide the blood sup-
ply of the cutaneous coverings [17, 28]. The subcutaneous 
layers are approximated and anchored to the underlying 
fascia in order to create an adequate support for the skin 
and to reduce the incidence of retracting scars. Initially, 
following closure, the skin may be blanched as a sign of 
tension (Fig. 2). Such initial discoloration usually 
improves rapidly; wound dehiscence rarely occurs. A 
nitroglycerine ointment has been suggested to be helpful 
in some cases [16].

Skin closure can be performed in a midline vertical fash-
ion or with a horizontal or oblique suture, with skin edges 
having little or no tension (Fig. 2). Although rare, in cases 
of a big myocutaneous defect (namely, larger than 

a b c

Fig. 2 (a) MMC with large skin defect. The skin reconstruction and 
closure is realized through a Z-shaped skin incision that allows us to 
move the edges of the surgical wound and to fill the gap (b). Note 

the discoloration immediately after the end of the procedure (b) and 
the good outcome, with regular healing and skin relaxation, after 10 
days (c)
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20–25 cm2), reconstruction by a plastic surgeon could be 
necessary [9]. In our experience, this was required in less 
than 0.5 % of cases.

During the first 24–48 postoperative hours, the infant is 
recovered in the neonatal intensive care unit (ICU) to 
monitor the vital functions and, in particular, to detect 
possible signs of brainstem dysfunction. If possible, the 
patient is maintained prone for the first 5 postoperative 
days, with the lower back slightly elevated above the level 
of the head to reduce the risk of CSF leakage from the 
wound. Prophylactic intravenous antibiotics are adminis-
tered for 3–5 days.

In the past few years some studies and protocols have 
reported that fetal repair of spina bifida is now considered a 
standard of care at some fetal centers. However, prenatal 
repair is a complex and challenging procedure, requiring the 
most expert, comprehensive care for both mother and fetus 
[36]. The surgical team’s level of experience in all aspects of 
care surrounding the operation is of paramount importance. 
Therapy that is highly dependent on the provider is of limited 
benefit to the wider population.

 In-Utero MMC Repair

In the past 20 years, in-utero treatment of MMC has been 
gaining greater and greater popularity in selected patients, 
thus representing an additional therapeutic alternative for 
a fetus with MMC. Studies in animal models and clinical 
case series laid the groundwork for a clinical trial to test 
the safety and efficacy of fetal MMC repair. During the 
late 1990s and early 2000s, results of nonrandomized 
clinical trials suggested that significant benefit might 
result from the prenatal repair of MMC [3]. At present, a 
prospective, randomized study (the Management of 
Myelomeningocele Study or MOMS trial) [2] has shown 
that fetal surgery for MMC before 26 weeks gestation 
may preserve neurological function, reverse the hindbrain 
herniation of the Chiari II malformation, and obviate the 
need for the postnatal placement of a VPS. However, this 
study also demonstrates that fetal surgery is associated 
with significant risks related to the risk of chorio-amnion 
separation, premature rupture of membranes, oligohy-
dramnios, and preterm delivery, in addition to a 3 % fetal 
mortality rate [1].

 Conclusions

Rare in developed countries, but still frequent in developing 
ones, MMC is still associated with significant lifelong mor-
bidity. Adequate surgical planning is crucial to obtain an 
adequate repair of the defect and to minimize surgical dam-
age of neural structures and perioperative complications. 

The surgical technique here summarized is the result of a 
literature analysis and our 30-year personal experience that 
could be useful to introduce young surgeons to this particu-
lar and not common procedure.
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Abstract
Background
Anterior cervical discectomy and fusion is currently the most 
commonly used technique in cervical surgery. But the implan-
tation of a traditional plate is time-consuming and exposes the 
patient to additional adverse events. In this study, we analyzed 
results in patients who underwent anterior cervical discectomy 
and fusion with C-JAWS fixation. The C-JAWS device is a new 
cervical compressive staple developed to stabilize the spacer.

Methods
At our department, between January 2012 and December 
2013, nine consecutive patients with cervical spondylopathy 
underwent an anterior cervical discectomy and fusion pro-
cess in which we used a polyether ether ketone cervical 
spacer prefilled with bone substitute and secured with a cer-
vical compressive staple. The Neck Disability Index (NDI) 
score and visual analog score (VAS) for neck and arm pain, 
as well as radiographic examinations, were adopted to assess 
postoperative outcome and fusion.

Results
Bony fusion was observed in all of the nine patients, and no 
serious surgery-related or implant-related complications 
were observed during the operation or in the postoperative 
period. The average operative time was 60.3 ± 11.6 min. The 
average hospital stay was 3.2 ± 0.8 days. The average skin 

incision length was 3.0 ± 0.3 cm. The average follow-up was 
18.4 ± 4.3 months. At the last follow-up, the NDI had changed 
from the baseline value of 23.4 ± 10.3 to 7.1 ± 4.8, and the 
VAS values for neck and arm pain had changed from 6.1 ± 1.0 
and 4.6 ± 1.6,respectively, to 2.3 ± 1.7 and 2.4 ± 1.1, respec-
tively. The patients’ subjective satisfaction was excellent in 
six and good in three.

Conclusions
Without screws, this low-profile design compressive staple, 
the C-JAWS, performed well in anterior cervical discectomy 
and fusion surgeries.

Keywords C-JAWS • Anterior cervical discectomy and 
fusion • Cervical compression staple

 Introduction

Anterior cervical discectomy and fusion (ACDF) is currently 
the most common process used to treat cervical disc protru-
sion or herniation. This procedure has produced excellent 
outcomes, providing relief of pain and prevention of neuro-
logic deterioration arising from neural compression. A num-
ber of studies also suggest a statistically significant advantage 
of arthrodesis with anterior plating. The traditional cervical 
plates may indeed increase fusion rates and decrease the 
incidence of graft extrusion. For example, it has been proven 
that single-level ACDF may give rise to 90 % fusion rates [2, 
9, 13, 16, 26]. However, complications such as screw pull-
out, plate or screw failure, plate migration, stress shielding, 
and injury of anterior soft-tissue structures have been 
reported [19, 25], and many studies have also shown an 
adverse effect of anterior cervical decompression and fusion 
on the unfused adjacent levels [14].

In this article, we introduce a new cervical compressive 
staple, the C-JAWS (Medicrea, Lyon, France), which, used 
in  internal fixation, may offer a high rate of fusion, while 
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possibly reducing the operative time and also the postopera-
tive complications linked to the use of plates.

 Materials and Methods

 Patients

Between January 2012 and December 2013, at the neurosur-
gical department of XinHua hospital, nine consecutive 
patients with cervical spondylopathy underwent the ACDF 
process, in which we used a polyether ether ketone cervical 
spacer prefilled with bone substitute and secured with a cer-
vical compressive staple. These patients, four males and five 
females, with a mean age of 57.4 ± 6.9 years, had previously 
undergone unsuccessful conservative treatments. The diag-
nosis was confirmed by X-rays and magnetic resonance 
imaging (MRI) examination. The level of intervertebral disc 
protrusion or herniation was C4/5 in one patient, C5/6 in 
three, C3/4 and C6/7 in one, C4/5 and C5/6 in two, and C5/6 
and C6/7 in two patients.

 Surgical Procedures

All the operations were performed by the senior author 
(J. Zhong). With general anesthesia, the patient was 
placed supine with the neck slightly hyperextended, and 
the head was not turned. A transverse anterior cervical 
incision was made and the platysma was divided sharply. 
The plane between the carotid sheath laterally and the 
esophagus and trachea medially was dissected bluntly. 
With a monopolar cautery device set on low and its tip 
slightly bent, the longus colli muscle was gently dissected 
from the vertebral body approximately 2–3 mm laterally. 
After the correct level was identified with the help of 
mini-c-arm fluoroscopy (OEC Fluorostar 7900; GE, 
Beijing, USA), a Caspar bone spreader was positioned to 
increase the access to the disc space, and a spine drill burr 
was used to remove cartilage from end-plate vertebrae. 
Removal of the disc began after the annulus had been cut. 
The disc was removed with angled curettes and pituitary 
rongeurs of various sizes (Fig. 1). An IMPIX C+ poly-
ether ether ketone cervical spacer prefilled with bone sub-
stitute (Medicrea) was placed in the intervertebral space. 
The C-JAWS cervical compressive staple (Medicrea) was 
used to secure the intersomatic spacer (Fig. 2); the com-
pression applied thereby stabilized the fusion device. 
A final X-ray control confirmed the position of the spacer 
and the staple (Fig. 3). A drain was placed at the end of 

the process and removed the next day. Patients were mobi-
lized within the first postoperative day with no external 
collar. A postoperative X-ray was performed before the 
patient was discharged.

 Follow-Up

The patients were followed-up every 3 months. Clinical 
and radiographic examinations of each patient were per-
formed at each follow-up visit. Pain and neurological sta-
tus were evaluated using the Neck Disability Index (NDI) 
score; neck and arm pain was assessed with a ten-point 
visual analog scale (VAS) with endpoint anchors of no 
pain and maximal pain. The patient’s subjective perception 

Fig. 1 An intraoperative picture showed the lesioned disc was removed

Fig. 2 Two C-JAWS staples were used to secure the intersomatic 
spacer
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of overall satisfaction with the postoperative outcome was 
graded as excellent, good, fair, or poor. The morphologic 
aspects of the arthrodesis were analyzed according to the 
X-rays. All X-rays were reviewed by an independent 
observer (Ning-Ning Dou) who was not involved in the 
operative process.

 Results

The height and arm lengths of the cervical compression sta-
ple design used in the surgery were 12.5 × 14 mm in five 
patients, and 14.5 × 16 mm in four. The depth, width, and 
height measurements of the intersomatic spacer were 
12.5 × 14 × 6 mm in three patients, and 12.5 × 14 × 7 mm in 
six. The average operative time was 60.3 ± 11.6 min. The 
average hospital stay was 3.2 ± 0.8 days. The average skin 
incision length was 3.0 ± 0.3 cm. No serious surgery-related 
or implant-related complications were observed during the 
operation or in the postoperative period (Tables 1 and 2).

 Clinical Outcomes

The average follow-up was 18.4 ± 4.3 months. At the last 
follow-up, the NDI had changed from the baseline of 
23.4 ± 10.3 to 7.1 ± 4.8, and the VAS values for neck and arm 
pain had changed from 6.1 ± 1.0 and 4.6 ± 1.6, respectively, 
to 2.3 ± 1.7 and 2.4 ± 1.1, respectively. The patients’ subjec-
tive satisfaction was excellent in six and good in three.

 Radiographic Results

At the last follow-up, bony fusion was observed in all of the 
nine patients, presenting with continuous bone growth 
between the vertebral endplates that was visible inside and 
around the spacer. Neither implant dislodgment nor device 
pullout was shown in any of the patients.

 Discussion

Since Robinson and Smith [24] and Cloward [8] first 
described the anterior approaches to the cervical spine, 
several surgical techniques have evolved for the treatment 
of cervical disc disease [8]. Aiming to decompress the 
neural structures, to obtain a solid fusion, and to maintain 
or restore normal cervical alignment, the ACDF process 
has produced excellent outcomes, providing relief of pain 
and prevention of neurologic deterioration, and the process 
has became the gold standard in degenerative conditions of 
the cervical spine. According to some articles, autogenous 
grafts seemed to provide better fusion rates than allografts 
or spacer grafts [6, 12, 15, 20]. However, with ACDF there 
may be some complications, including donor-site pain, 
hematoma, and infection. Moreover, many studies have 
also shown the effect of ACDF on the unfused adjacent 
levels; the consequent symptomatic adjacent level disease 
and reoperation rate has been reported to be 2.9 % per year. 
To reduce these complications, surgeons have used cervi-
cal spacers, with or without bone substitute, to increase 
cervical stability. Although many authors have reported a 
more than 90 % of fusion rate with single-level ACDF, 
some articles have shown soft-tissue complications due to 
the migration and subsidence of the spacers, or due to 
pseudarthrosis [17].

To reduce the incidence of complications and pseudar-
throsis rates, some surgeons have used anterior plate fixa-
tion [5, 6]. This procedure is now well established and has 
shown several advantages compared with a stand-alone 
spacer; it maximized the restoration of structural integrity 
and spine balance. Fusion is defined as an absence of 

Fig. 3 Postoperative X-rays delineated two C-JAWS that were posi-
tioned properly
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mobility between the instrumented vertebrae. The goal of 
instrumentation in a cervical arthrodesis is to stabilize the 
segment and to reduce the mobility to help in promoting 
fusion.

In the present study, the average operation time was only 
about an hour, while with the use of plate fixation, the time 
in single-level cervical spondylopathy ranged from 98.2 to 
178 min according to the literature [10, 27, 28]. In our 
patients, the bony fusion rate was analogous to that reported 
with the traditional plates in some studies [1, 4, 21], while 
the fusion rate obtained using the C-JAWS seemed to be 
higher than that with the traditional plate in another study 
[11]. According to these results, the C-JAWS seems to be 
an effective device for reducing the average operation time, 
thus being a contributing factor for fusion. Traditional cer-
vical plates may induce complications such as instrumenta-
tion failure, plate migration, stress shielding, compression 
of soft-tissue structures, esophageal perforation, and verte-

bral artery injury [3, 7, 22, 23]. Lim et al. stated that if we 
could increase the load between the graft and the endplate, 
we could get a better rate of fusion [18]. It is generally 
advised that the graft inserted in an adult cervical spine 
should be preloaded with a compressive force to maximize 
the chance of graft incorporation and to prevent its extru-
sion and collapse. Some authors have also noted the supe-
riority of dynamic plating compared with static plating. 
Using the C-JAWS, a short operative time can be achieved 
and this tends to reduce the risk of postoperative complica-
tions. The thickness of the C-JAWS is only 1.5 mm; that is, 
it has a lower profile than most cervical plates. Due to the 
low profile of the C-JAWS, we only need a small skin inci-
sion, and therefore this would decrease the risk of soft-tis-
sue injury. The most important factor is that a lower-profile 
plate makes it easy to visualize the space and the vertebrae 
during the operation and the lower profile tends to reduce 
the incidence of dysphagia.

Table 1 Patients’ data

Case no.
Sex/Age 
(years)

Preoperative score Postoperative score

Surgery 
satisfaction

Follow-up 
(months)NDI

VAS

NDI

VAS

Neck Arm Neck Arm

1. M/55 35 6.8 6.1 7 2.8 2.9 Excellent 27

2. F/55 19 6.4 4 14 4.3 2.3 Good 23

3. M/47 17 5.3 2.4 1 2.7 1.1 Excellent 20

4. F/71 12 4.6 2.2 5 0.3 1.7 Excellent 18

5. F/54 16 5.7 5.2 8 1.6 2.1 Excellent 17

6. F/56 28 6.5 5.6 3 0.4 1.6 Excellent 17

7. M/54 40 7.7 6.1 11 4.1 3.8 Good 16

8. F/63 13 4.8 3.8 2 0.5 1.7 Excellent 15

9. M/62 31 6.3 6.3 13 4.1 4.2 Good 13

NDI Neck Disability Index, VAS visual analog scale

Table 2 The application of C-JAWS in ACDF surgery

Case no.
Level 
operated

Cage size 
(W × D × H) 
(mm)

Staple Size 
(L × H) 
(mm)

Operation  
time (min)

Hospital  
stay (days)

Incision 
length (cm)

Radiographic 
outcome

Radiographic 
outcome

1. C3/4, C6/7 12.5 × 14 × 7 16 × 14.6 52 3 3.4 Fusion Fusion

2. C4/5, C5/6 12.5 × 14 × 6 14 × 12.5 49 4 3.2 Fusion Fusion

3. C4/5, C5/6 12.5 × 14 × 7 16 × 14.6 48 2 3.2 Fusion Fusion

4. C5/6 12.5 × 14 × 7 14 × 12.5 45 3 2.7 Fusion Fusion

5. C5/6 12.5 × 14 × 6 14 × 12.5 47 4 2.8 Fusion Fusion

6. C5/6, C6/7 12.5 × 14 × 7 16 × 14.6 51 4 3.3 Fusion Fusion

7. C5/6, C6/7 12.5 × 14 × 7 14 × 12.5 57 4 3.1 Fusion Fusion

8. C4/5 12.5 × 14 × 7 14 × 12.5 52 3 3 Fusion Fusion

9. C5/6 12.5 × 14 × 6 16 × 14.6 63 2 2.7 Fusion Fusion

ACDF anterior cervical discectomy and fusion
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 Conclusions

The C-JAWS has a high rate of fusion and a low-profile 
design, with a shorter operative time and fewer complica-
tions than the traditional cervical plate; accordingly, this 
compressive staple could be recommended for the pro-
cess of anterior cervical discectomy and fusion.
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 Introduction

Meningiomas are typically benign, slow-growing lesions 
that present after an insidious onset of symptoms related 
to mass effect. The acute presentation of a patient who has 
suffered a transtentorial herniation event due to a menin-
gioma is rare. There are only few publications describing 
such a presentation in the absence of hemorrhage [1]. In 
this case report, a patient with an olfactory groove menin-
gioma presenting with signs and symptoms of transtento-
rial herniation in the absence of tumor-associated 
hemorrhage is discussed. This is a unique presentation of 
such a lesion. The patient developed Anton’s syndrome—
binocular visual loss with blindness denial. Management 
considerations for patients with meningiomas that present 
with acute deterioration are discussed.

 Patient History and Presentation

 Preoperative Course

The patient is a 53-year-old female who was neurologically 
intact until 2 weeks prior to her acute decline. At this time 
she noticed deterioration of her visual acuity and obscured 
visual fields. Concurrently she developed dull headaches 
exacerbated by recumbency and valsalva. These symptoms 
brought her to an emergency room at another hospital, where 
imaging revealed a midline anterior cranial fossa mass with 
bifrontal edema. The patient was discharged home on 
Decadron (dexamethasone; Merck) with the intention for 
surgical intervention within the following 2 weeks. Four 
days after the initial diagnosis, she was found unresponsive 
in her house and was emergently transferred to our hospital.

On admission to our neurosciences critical care unit the 
patient was intubated for airway protection, her Glasgow 
Coma Scale score was 3 T. On examination, the patient was 
not able to open her eyes, had bilaterally dilated and fixed 
pupils, intact corneal reflexes, intact cough/gag reflex, and 
extensor posturing to stimuli. An admission head computed 
tomography (CT) scan demonstrated a 4 × 4 cm midline 
anterior cranial fossa mass with bifrontal edema, effaced lat-
eral ventricles, and basilar cisterns. Medical interventions to 
lower intracranial pressure and cerebral edema were initi-
ated, including hyperventilation, dexamethasone (20 mg q 4 
h) and hyperosmolar therapy (23.4 % boluses and 3 % hyper-
tonic saline infusion). Shortly after the initiation of medical 
management, including seizure medication, the patient’s 
clinical examination improved. She now had spontaneous 
eye opening, dilated but minimally reactive pupils, and spon-
taneous, purposeful movements with the upper and lower 
extremities.

Once the patient was stable, gadolinium-enhanced mag-
netic resonance imaging (MRI) of the brain was obtained. 
The MRI demonstrated a homogenously enhancing mass 
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most consistent with an olfactory groove meningioma 
(Fig. 1b). In addition, although bilateral occipital lobe 
infarcts were evident (Fig. 1c), MRI did not reveal evidence 
of brain stem injury. The presence of bilateral posterior cere-
bral artery infarcts was attributed to the patient’s transtento-
rial herniation.

 Operative Course

Subsequently she was taken to the operating room for an 
extended bifrontal craniotomy and surgical tumor resec-
tion. A gross total resection of the lesion was achieved 
(Simpson Grade II). Tumor-associated hemorrhage was 
not observed. Pathology was consistent with a 
meningioma.

 Postoperative Course

Postoperative imaging confirmed a gross total resection with 
resolving bilateral frontal edema (Fig. 1d). Final pathology 
was a WHO grade I meningioma. At follow-up at 2 weeks 
and 3 months, the patient was awake and alert, cognitively 
intact, and with full strength in all extremities. Despite hav-
ing no light perception bilaterally, she continued to deny 
visual loss.

 Discussion

Meningiomas are typically slow-growing, extra-axial 
tumors that present with a gradual onset of symptoms 
related to mass effect. The acute presentation of a patient 
harboring a meningioma is rare and is almost always asso-
ciated with hemorrhage [2–13] and sometimes with new 
onset of seizures. The hemorrhage may be intratumoral, 
intracerebral, subdural, or subarachnoid [2–13]. It has been 
proposed that extensive tumor infarction may precipitate 
tumor-associated hemorrhage and the acute clinical decline 
of such patients [2]. In this case report, we describe a 
patient with an olfactory groove meningioma who pre-
sented with the signs and symptoms of a herniation syn-
drome in the absence of tumor- associated hemorrhage. 

This is a unique presentation for an anterior skull base 
meningioma

A possible mechanism of deterioration in this patient is 
the acute development of central tumor necrosis. This 
could have precipitated an abrupt increase in cerebral 
edema and intracranial pressure leading to the herniation 
syndrome observed. On preoperative CT and MR imaging, 
the presence of significant bifrontal vasogenic edema was 
evident. Central tumor necrosis has been considered the 
cause of an acute decline in a previously reported patient 
with a meningioma who did not, though, progress to her-
niation [1].

Another plausible mechanism of deterioration includes a 
seizure event. The degree of mass effect related to cerebral 
edema could have placed the patient in a critical threshold, 
where a single seizure (with consequent hypoventilation/
hypercarbia) could precipitate catastrophic herniation. This 
hypothesis raises the importance of prophylactic anti- 
epileptic medications in patients with meningiomas associ-
ated with surrounding edema.

A management nuance highlighted by this case is the 
timing of surgery once a patient harboring a meningioma 
acutely deteriorates. In this case, the patient was immedi-
ately placed on hyperosmolar therapy and steroids to miti-
gate the effects of increased intracranial pressure. 
Fortunately, she had a clinical response to this treatment 
and the decision was made to continue medical therapy 
for an additional 36 h prior to surgery. In situations where 
a clinical response to aggressive medical intervention 
does not occur and concerns for elevated intracranial pres-
sure persist, urgent surgical decompression should be 
considered. For patients with meningiomas and extensive 
parenchymal edema, the paradigm for surgical interven-
tion would be similar to a protocol for intractable intracra-
nial pressure, where urgent intervention is considered 
when a poor clinical examination is refractory to medical 
therapy.

Interestingly, although the patient had no light perception on 
follow-up examination and had MRI evidence of bilateral 
occipital infarcts, she denied any visual impairment. Anton- 
Babinski syndrome or Anton’s blindness, where the patient is 
blind but refuses to acknowledge the condition, is generally the 
result of trauma or stroke where damage has occurred to the 
bilateral occipital lobes, resulting in cortical blindness [14]. 
Although a previous report has associated an anterior skull 
base meningioma with the syndrome, our case is unique in 
regard to the acute presentation of a herniation syndrome [15].

A. Quiñones-Hinojosa et al.
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Fig. 1 (a) Preoperative T2-weighted magnetic resonance imaging 
(MRI) scan, demonstrating significant bilateral frontal lobe edema 
tracking posteriorly along the white fiber tracts. (b) Preoperative 
T1-weighted MRI scan with contrast, demonstrating olfactory groove 

meningioma. (c) Preoperative diffusion weighted imaging, demonstrat-
ing bilateral occipital lobe infarcts (highlighted by box). (d) 
Postoperative imaging demonstrating complete resection

Olfactory Groove Meningiomas: Acute Presentation and Potential
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 Conclusions

To our knowledge this is the first report of a skull base 
meningioma presenting as an acute herniation syndrome in 
the absence of intratumoral hemorrhage. Acute medical and 
surgical management are reviewed. Central tumor necrosis 
exacerbating peritumoral edema is our leading hypothesis 
to explain herniation. Resuscitation with anti-edema ther-
apy followed by surgical excision is the treatment of choice.
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Abstract
Introduction
High-grade astrocytomas of the mesial temporal lobe may 
pose surgical challenges. Several approaches (trans-sylvian, 
subtemporal, and transcortical) have been designed to cir-
cumnavigate the critical neurovascular structures and white 
fiber tracts that surround this area. Considering the paucity 
of literature on the transcortical approach for these lesions, 
we describe our institutional experience with transcortical 
approaches to Grade III/IV astrocytomas in the mesial tem-
poral lobe.

Methods
Between 1999 and 2009, 23 patients underwent surgery at 
the Johns Hopkins Medical Institutions for Grade III/IV 
astrocytomas involving the mesial temporal lobe (without 
involvement of the temporal neocortex). Clinical notes, oper-
ative records, and imaging were reviewed.

Results
Thirteen patients had tumors in the dominant hemisphere. 
All patients underwent surgery via a transcortical approach 
(14 via the inferior temporal gyrus and 9 via the middle 
temporal gyrus). Gross total resection was obtained in 92 % 
of the cohort. Neurological outcomes were: clinically sig-
nificant stroke (2 patients), new visual deficits (2 patients), 
new speech deficit (1 patient); seizure control (53 %).

Conclusions
In comparison to reported results in the literature for the 
transylvian and subtemporal approaches, the transcortical 
approach may provide the access necessary for a gross total 
resection with minimal neurological consequences. In our 
series of patients, there was no statistically significant differ-
ence in outcomes between the middle temporal gyrus versus 
the inferior temporal gyrus trajectories.

Keywords Mesial temporal lobe • High-grade astrocytoma 
• Transcortical approach

 Introduction

Tumors of the mediobasal temporal lobe (MTL) may repre-
sent a unique surgical challenge due to anatomic and onco-
logic considerations. Anatomically, the MTL is surrounded 
by several critical neurovascular structures, where, medially 
it is bounded by the carotid artery (and posterior communi-
cating artery and anterior choroidal artery branches) and the 
oculomotor nerve, superiorly by the sylvian fissure and mid-
dle cerebral artery branches, and laterally by the temporal 
lobe neocortex, through which several crucial white fiber 
tracts course. As our anatomic understanding of this region 
has improved, surgical approaches to this region have con-
currently evolved. These approaches include superior-based 
(i.e., trans-sylvian), lateral (i.e., transcortical), and basal 
(subtemporal) approaches to the MTL. Though a well-
known approach, there is a paucity of literature focused on 
outcomes and considerations in transcortical approaches, 
while a great deal of literature has described trans-sylvian 
and subtemporal approaches to the MTL [21, 22, 26–28].

Oncologically, there is a distinct cellular architecture and 
unique profile of brain tumors that arise in the MTL. The 
greatest proportion of tumors in this area are typically low- 
grade brain tumors such as dysembryoplastic neuroepithelial 
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tumor (DNET) and pleomorphic xanthoastrocytoma (PXA) – 
over 70 % in some large published series [21]. As such, a 
majority of the literature focused on MTL surgery has dis-
cussed surgical approaches and complications in the context 
of well-demarcated lesions (i.e., low-grade gliomas or epi-
lepsy). There are different anatomic considerations when 
dealing with such tumors where the tumor-brain interface is 
well delineated as opposed to more infiltrative lesions, such 
as high-grade astrocytomas.

As high-grade astrocytomas represent a small percent-
age of tumors affecting the MTL, there is a paucity of lit-
erature specifically focused on the surgical management 
of these lesions, especially in the context of oncologic 
outcomes (extent of resection), neurological outcomes, 
and functional restoration (visual deficits, seizure con-
trol). In this context, we retrospectively assessed our 
experience with transcortical approaches via the middle 
or inferior temporal gyrus for Grade III/IV astrocytomas 
to determine whether a selective approach could provide 
gross total resection while minimizing neurological 
morbidity.

 Methods

Between 1999 and 2009, 1082 patients underwent craniot-
omy for the diagnosis of Grade III or Grade IV astrocytoma 
at The Johns Hopkins Medical Institutions. Among these 
patients, only those with tumors of the MTL (Schramm A – 
C) were identified for further study. The Schramm classifica-
tion is a standardized means of anatomically describing 
tumors of the mesial temporal lobe [22]. Tumors involving 
the amygdala, uncus, and hippocampus without involvement 
of the neocortex were considered for this study.

Clinical data were obtained by retrospective review of 
patient charts, imaging, and operative notes. Operative 
reports were reviewed to confirm the location of corticec-
tomy. The decision for a transcortical approach and the site 
of corticectomy (inferior versus middle temporal gyrus) 
was based primarily on surgeon preference. Postoperative 
complications and rehabilitation were ascertained from 
discharge summaries and postoperative imaging. Imaging 
was further reviewed for tumor location, extent of resec-
tion, and postoperative ischemia. Extent of resection was 
based on comparisons of pre- and postoperative contrast-
enhanced T1-weighted magnetic resonance imaging (MRI) 
scans.

Statistical analysis to determine differences in outcomes 
between sites of cortical entry was performed using the 
Fisher exact text with a commercially available software 
package (GraphPad).

 Results

 Cohort Characteristics

Twenty-three patients during the study period met the inclu-
sion criteria for further study (Table 1). The mean patient age 
was 49 years (range 25–75 years); with a male: female ratio 
of 15: 8. Mean Karnofsky Performance Score at the time of 
presentation was 80. The majority of the lesions were located 
in the dominant hemisphere. With regard to anatomic loca-
tion, the lesions were primarily Schramm A (57 %), followed 
by Schramm C (35 %) and Schramm B (2 %). The mean size 
of the treated lesions was 2.9 × 3.5 × 2.8 cm (Table 2).

 Surgical Approach and Outcomes

The inferior temporal gyrus was the most commonly employed 
site of cortical entry for tumors in the cohort (Table 2). Gross 
total resection was achieved in 92 % of the population (Table 3). 
With regard to complications, the most common events were: 
clinically significant stroke (two patients), new visual deficit 
(two patients), and new speech deficit (one patient). One patient 
without a prior history of seizures suffered a postoperative ictal 
event; seizures were controlled in only 53 % of those patients 
suffering preoperatively with seizures. The relationship 
between complications and site of cortical entry was further 
assessed (Table 3); a majority of events were encountered via 
the middle temporal gyrus approach. Statistical analysis 
revealed p values of 0.14 and 0.39 for differences in visual out-
comes and speech outcomes between middle temporal gyrus 
and inferior temporal gyrus cortical entry.

 Discussion

The MTL represents a unique structural entity within the 
supratentorial space with regard to the profile of brain tumors 
affecting this region. Due to its relatively compact structure 
and the fact that it is surrounded by critical vascular struc-
tures and white fiber pathways, much consideration has been 
paid to identifying ideal surgical approaches to the region 
with minimal collateral damage [1, 6, 8, 13–16, 21, 22, 26–
28]. In an effort to better understand the risks of transcortical 
approaches through the middle/inferior temporal gyrus for 
high-grade gliomas, we reviewed our institutional experi-
ence with regard to the following outcomes: extent of resec-
tion, postoperative visual field deficits, and postoperative 
speech deficits.

A. Quinones-Hinojosa et al.
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 White Fiber Tracts

Important white fiber tracts surround the MTL and it is 
important that they should be considered when selecting a 
surgical approach. These tracts include the visual pathways, 
uncinate fasciculus, superior longitudinal fasciculus, and 
inferior longitudinal fasciculus. While the location of 
Wernicke’s area has been well documented and can be deter-
mined intraoperatively through awake mapping, consider-
able attention has been paid to elucidating the location of 
white fiber tracts that cannot be found via intraoperative 
mapping.

Considered a part of the limbic system and temporal stem, 
the uncinate fasciculus, which lies in close relation to the 
amygdala and limen insulae, is an often a neglected entity in 

temporal lobe surgery. This white fiber tract consists of three 
parts: a ventral (frontal) extension, an intermediary segment 
within the limen insulae, and a temporal segment [18]. This 
fiber tract is asymmetrical in size between both hemispheres 
(27 % larger in the right hemisphere), suggesting its impor-
tance even in non-dominant hemispheres [18]. Interconnecting 
the anterotemporal lobe with the orbitofrontal area, the unci-
nate fasciculus is involved in linking emotions to cognition 
[6, 7, 20]. It may also play a role in the retrieval of episodic 
memories [25], and surgical resection of lesions in this area 
can result in long-term difficulty with face recognition and 
object naming [17]. Disruption of the uncinate fasciculus 
with anteromedial temporal lobectomy or trans-sylvian tran-
sinsular approaches may be associated with the psychosocial 
and cognitive changes seen postoperatively [1, 2]. As part of 
the temporal stem with its origin in the hippocampal forma-
tion and the amygdala, the uncinate fasciculus may be the 
preferential pathway for seizure spread. This must be recog-
nized when the goal of surgery is to control tumor-induced 
seizures [12].

Superior and superficial to the uncinate fasciculus, the 
inferior occipitofrontal fasciculus (IFOF) is believed to be 
involved in semantic processing [11]. The IFOF consists of 
two components – a dorsal subcomponent connecting the 
frontal, superior parietal lobe and occipital gyri, and a deeper 
ventral portion communicating with the visual association 
areas: inferior occipital gyrus and posterior temporal-basal 
area (fusiform gyrus, temporo-occipital sulcus, and basal 
inferior temporal gyrus). Intraoperative stimulation studies 
have shown that IFOF stimulation induces semantic para-
phasias during picture-naming tasks [3, 4].

Advances in diffusion tensor imaging have further eluci-
dated the anatomic projections of the inferior longitudinal 
fasciculus (ILF), which joins the posterior occipital temporal 
regions with the temporal lobe, where it further interacts 
with the uncinate fasciculus to interact with the basal frontal 
region. Within the dominant hemisphere, the ILF is proposed 

Table 1 Patient demographics

Number of patients 23

Mean age 49 years (range: 25–75)

Male: female 15: 8

Presenting Karnofsky Performance Score 80

Presenting symptoms

Speech deficit 5

Visual deficit 2

Seizure 15

Table 2 Tumor characteristics and approach

Right: left lateralization 10: 13

Mean size (CC × AP × ML) 2.9 × 3.5 × 2.8 cm

Cystic 6 (26 %)

Necrosis 12 (52 %)

Schramm distribution

A Tumor limited to medial temporal 
lobe; extends from uncus to 
hippocampus/parahippocampal 
gyrus

13 (57 %)

B Considered to be paramediobasal 
tumors – they lie lateral to type A 
tumors and the collateral sulcus

2 (8 %)

C These tumors occupy the same 
anatomic regions as type A and B 
tumors

8 (35 %)

Site of corticectomy

Middle temporal gyrus 9 (39 %)

Inferior temporal gyrus 14 (61 %)

Tumor histology

WHO grade III 14

WHO grade IV 9

CC: Carniocaudal AP: Anteroposterior ML: Mediolateral

Table 3 Surgical outcomes and complications

Outcome # (%)

Extent of resection

Subtotal resection 2 (8)

Gross resection 21 (92)

Seizure control rate 8/15 (53)

Complications by 
approach

Middle 
temporal 
gyrus

Inferior 
temporal 
gyrus

New postoperative 
stroke

2 (8) 1 1

New speech deficit 1 (4) 1 0 (p = 0.39)

New visual deficit 2 (8) 2 0 (p = 0.14)

Middle Temporal Gyrus Versus Inferior Temporal Gyrus Transcortical Approaches
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to be one of the parallel pathways of the “semantic ventral 
stream” that constitutes the language circuitry. Intraoperative 
mapping studies by Mandonnet et al. elicited semantic para-
phasias when white fiber tracts underneath the superior tem-
poral sulcus immediately above the roof of the temporal horn 
were stimulated [10].

Numerous recent studies utilizing Klingler dissection and 
diffusion tractography have helped to elucidate the course of 
the optic radiations as they project from the lateral geniculate 
body (LGB) to the calcarine cortex [6, 24]. As they leave the 
thalamus, the fibers can be classified into three bundles: pos-
terior, central, and anterior – which progressively take a 
more curved route to the calcarine cortex. The central group 
of fibers follows a direct path from the LGB to the visual 
cortex without any anterior curve, while the central bundle 
takes a partial anterior curve over the superior surface of the 
temporal horn (just at the level of the LGB) prior to extend-
ing posteriorly. The bundle of most concern during surgical 
approaches to the MTL is the anterior bundle (Meyer’s Loop) 
that passes entirely around the lateral half of the tip of the 
temporal horn before coursing posteriorly within the sagittal 
stratum to the calcarine cortex. Debate exists with regard to 
the precise relationship of the anterior bundle to the tip of the 
temporal horn [2, 5, 9, 19, 24]. Some authors have reported 
that Meyer’s loop does not reach the anterior tip, while other 
studies have noted that these fibers not only reach the tip but 
may also extend up to 5 mm further anteriorly [5, 19, 24]. 
The risk of quadrantanopsia due to the location of these 
fibers along the lateral ependymal wall of the ventricle is one 
of the primary risks of transcortical approaches to the MTL.

 Comparison of Different Approaches 
to the MTL

Selective surgical approaches to the MTL have been 
described in the literature, including: trans-sylvian- 
transcisternal/trans-insular, subtemporal, and transcortical 
[1, 2, 13, 14, 21, 26, 28]. Recognizing the complexity of this 
region, Schramm and Aliashkevich recently proposed a 
revised grading system based on anatomic location and 
tumor size in an effort to select the appropriate surgical 
approach [22]. In their series, a majority of Grade A patients 
underwent trans- sylvian resection, while Grade B tumors 
primarily underwent subtemporal resection, and Grade C 
and D tumors were resected via temporal lobectomy. Overall, 
a transcortical approach was used in only 6.5 % of all patients 
and only for Grade B and D tumors.

In his manuscript on the surgical management of limbic 
and paralimbic tumors, Yasargil noted that a trans-sylvian 
approach can be used to resect all lesions in the mesial basal 

temporal lobe [28]. Done via a pterional, orbitozygomatic, or 
supraorbital craniotomy, the trans-sylvian approach provides 
a superior-medial-based approach to the MTL. Both transcis-
ternal and transinsular variants of this approach avoid manip-
ulation of the lateral and basal neocortex by approaching the 
MTL structures via either the inferior limiting sulcus (transin-
sular approach) or through the medial surface (trancisternal 
approach). In their study of 235 patients with tumors in the 
temporal lobe and insular cortex, Schramm and Aliashkevich 
noted some form of visual deficit (either hemianopsia or qua-
drantanopsia) in approximately 32 % of patients [21]. These 
visual injuries are most likely a result of injury to the central 
visual bundle when the incision into the ventricle extends 
more than 2 cm posterior to the limen insulae. In addition, a 
4.5 % incidence of postoperative oculomotor disturbances 
was noted by Schramm and Aliashkevich; this complication 
is typically not seen with other approaches [21]. Speech dis-
turbances in patients with dominant hemisphere approaches 
were noted in 6.1 % of the cohort [21]. While providing a 
direct trajectory to this region, these approaches are thought 
to place the arterial tree and the optic radiations at risk, since 
they may involve transection of the superior or medial sur-
faces of the temporal horn of the lateral ventricle.

Primarily employed for Grade B tumors, the subtemporal 
route provides a basal route to the MTL. A low trajectory to 
the region is afforded by downward mobilization of the tem-
poralis muscle and appropriate osteotomies. Once the tem-
poral lobe is retracted away from the floor of the middle 
fossa, the temporal horn can be entered via one of several 
sulci or gyri (collateral, rhinal, or occipital temporal sulci; 
fusiform or parahippocampal gyri). While this approach may 
provide a direct trajectory, it is limited by the degree of 
retraction necessary, in addition to the risk of injury to the 
vein of Labbe – especially in more posteriorly extending 
resections. With regard to visual outcomes, quadrantanopsia 
is noted at a higher rate (28.6 %) than hemianopsia [21]. 
Likely due to venous injury, speech disturbances are reported 
in 7.1 % of patients postoperatively [21].

Due to the widespread adoption of neuronavigation and 
an improved understanding of white fiber anatomy, there 
have been increasing reports of transcortical approaches to 
the MTL for oncologic processes and epilepsy. The trans-
cortical approaches typically proceed via the middle or 
inferior temporal gyri; the superior temporal gyrus is left 
untouched unless there is tumor involvement. Several key 
considerations in this approach include the posterior extent 
of the corticectomy and the potential entry into the ventri-
cle. In the dominant hemisphere, a corticectomy extending 
more than 4 cm posteriorly can result in speech distur-
bances [23]. This approach provides a wide working win-
dow and opportunity for en-bloc resection of the MTL 
structures. New postoperative visual deficits occurred in 
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8 % of the present cohort, which is slightly lower than the 
rate reported in the literature [21]. This difference is likely 
due to the decreased risk of lateral ventricular surface entry 
and, therefore, the decreased risk of visual pathways 
injury – particularly to Meyer’s Loop, which covers the lat-
eral ventricular surface. Interestingly, all patients with new 
postoperative visual deficits had smaller Schramm A 
tumors, which would be less likely to cause a mass effect 
on surrounding structures. Tissue distortion and ventricular 
effacement due to tumor mass effect may create a larger 
corridor for resection with a reduced risk of injury to 
Meyer’s Loop. In addition to the visual deficits, the other 
notable complication in the present series was acute isch-
emia, occurring in two patients (8 %). Both cases were a 
consequence of perforator infarcts occurring in tumors that 
had breached the medial pial surface of the MTL extending 
into the interpeduncular cistern and sylvian fissure. This 
issue highlights the fact that vascular supply to the tumor 
and critical neurovascular structures are encountered late in 
the resection.

 Complications: Middle Versus Inferior 
Temporal Gyrus

With growing interest in transcortical approaches to MTL 
tumors, an important consideration is the gyrus through 
which surgery proceeds. In their white matter fiber dissec-
tion analysis of the optic radiations, Sincoff et al. propose 
that corticectomies limited to areas inferior to the inferior 
temporal sulcus could avoid Meyer’s loop as it passes lateral 
to the temporal horn deep to the superior and middle tempo-
ral gyri [24]. Several groups have reported small case series 
in which the approach through the MTL is primarily the infe-
rior temporal sulcus for MTL epilepsy; with well- documented 
Humphrey visual field examination, visual field defects were 
not noted postoperatively [8, 14, 15].

In our series of patients, all patients with new postopera-
tive visual field complications underwent resection via a 
middle temporal gyrus approach where the ventricle was 
entered. While the corticectomy site (middle versus inferior 
temporal gyrus) was based on surgeon preference, no other 
variable (i.e., tumor size, Schramm classification) was found 
to be associated with complication occurrence. Due to the 
above anatomic considerations, it is probable that an 
approach through the middle temporal gyrus is much more 
likely to injure these visual fibers as they pass around the 
ventricle to the occipital lobe. However, statistical analysis 
did not reveal any significant difference in outcomes between 
inferior temporal gyrus and middle temporal gyrus entry in 
our limited series.

 Conclusion

High-grade astrocytomas represent a cohort of less com-
monly encountered tumors in the mesial temporal lobe. 
From the oncologic standpoint, they represent a unique 
surgical challenge in comparison to the low-grade well-
circumscribed lesions that typically are encountered in 
this region; there is a need to obtain gross total resection 
in order to obtain survival benefit. This need for an onco-
logic resection is compounded by the anatomic complex-
ity of this region with surrounding white fiber tracts and 
neurovascular structures. Several approaches to a variety 
of lesions in the MTL have been described – including the 
trans-sylvian, subtemporal, and transcortical approaches; 
yet outcomes have not been discussed in the context of 
high-grade astrocytomas. Our experience indicates that 
the transcortical approach can be safely employed to 
obtain satisfactory resection of infiltrative lesions in this 
area; it further appears that there is no statistically signifi-
cant difference in outcomes between inferior temporal 
gyrus as opposed to middle temporal gyrus entry. A larger 
study is necessary to confirm these findings.
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Abstract Reconstruction procedures come last in skull base 
surgery, but they are not the least important phase—rather, 
reconstruction is one of the most important steps required to 
prevent complications. In our opinion, there are three gen-
eral principles upon which a good reconstruction of the skull 
base stand: (1) anatomo-surgical knowledge; (2) approach/
route selection; and (3) the cooperation of the skull base sur-
gical team. In general, three major complications may occur 
when a good skull base reconstruction has not been achieved, 
i.e., cerebrospinal fluid (CSF) leak, pneumoencephalus, and 
infection. Reconstruction of skull base defects requires a 
thorough knowledge of surgical anatomy, disease, and 
patient risk factors. Various reconstruction techniques are 
available, from free tissue grafting to vascularized flaps. 
Possible complications that can occur after these procedures 
need to be considered.

The reconstruction phase of the surgical procedure is a 
fundamental step in any surgical approach and it must not be 
ignored.

Keywords/Reference Phrases Reconstruction • Skull base 
surgery • CSF leak • Transcranial surgery • Endoscopic 
endonasal surgery

 Introduction

Over the past 25 years skull base surgery has rapidly evolved 
into a highly specialized surgical discipline. As the recon-
struction procedure is one of the most important steps in this 
kind of surgery, it has to be considered that the development 

of reliable reconstructive techniques has greatly facilitated 
the ability to access tumors that previously were not consid-
ered resectable. As a matter of fact, safe separation of the 
intracranial contents from the extracranial spaces is the key 
consideration in skull base surgery. Reconstruction comes 
last in skull base surgery, but it is not the least important 
phase of the procedure.

In any situation, failure to create adequate reconstruction 
may lead to significant complications, among which cere-
brospinal fluid (CSF) leak, meningitis, brain herniation, and 
tension pneumocephalus have to be taken into serious 
account [7].

Skull base defects require precise and durable reconstruc-
tion in order to form a watertight dural seal, provide a barrier 
between the contaminated extracranial spaces and the sterile 
intradural compartment (thus avoiding infections), prevent 
airflow into the intracranial space (pneumocephalus), main-
tain a functional sinonasal system, and provide a good cos-
metic outcome.

From the etiological point of view, it has to be kept in 
mind that skull base defects can arise from both traumatic 
and nontraumatic causes. In the traumatic group, nonsurgical 
trauma is the most common cause overall, and surgical (iat-
rogenic) damage is a minor cause. In the nontraumatic group, 
skull base defects can be caused by direct tumor erosions 
and/or as a consequence of high intracranial pressure. Less 
commonly, skull base defects may be caused by radiotherapy 
or infections. Spontaneous CSF leaks (idiopathic) can even 
occur [8].

As resections for skull base pathologies become more 
complex, the resultant defects require more difficult and 
extensive reconstructions. Over the past 15 years, significant 
advances in surgical and reconstructive techniques have 
evolved in the treatment of multiple extradural and intradural 
skull base lesions, also via expanded endoscopic endonasal 
approaches (EEAs), adding complexity to the reconstructive 
paradigm [9, 10].
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 General Principles of Good Skull Base 
Reconstruction

We can consider three general principles upon which a good 
reconstruction of the skull base stand: (1) anatomo-surgical 
knowledge; (2) approach/route selection; and (3) the coop-
eration of the skull base surgical team.

 Anatomo-Surgical Knowledge

The dissection laboratory provides a venue to improve 
knowledge of anatomical structures, demonstrate technique, 
and enhance surgical skills. Indeed, cadaveric dissection still 
remains the gold standard for training physicians in the field 
of neurosurgery [3, 4, 6].

Generally, a neurosurgeon should constantly study the 
microanatomy of the brain, as better knowledge of microsur-
gical anatomy leads to better surgery.

As a matter of fact, one of the most important steps for a 
good reconstruction of the skull base is to preserve tissues 
that are encountered during the approach. This concept is 
true for both the transcranial and endoscopic endonasal 
routes.

As a general rule, neurosurgeons should foresee what will 
come next. Indeed, even though the reconstruction phase 
comes at the end of the surgical procedure, it is of vital 
importance to preserve, at the beginning or during the surgi-
cal procedure itself, any autologus tissue that can be useful 
for repairing the skull base defect. Moreover, it is important 
to inform the patient about the possible additional surgical 
procedures that may be done to withdraw the autologous 
materials to be used for the reconstruction, and to obtain 
their signed informed consent for such procedures.

However, different heterologous materials can be useful 
to reinforce the reconstruction and the surgical team must 
ensure that such materials are present in the operating room 
the day before the planned surgery (Fig. 1).

Many tips and tricks may be helpful, for either the tran-
scranial or endonasal approach, when planning a good skull 
base reconstruction.

Neurosurgery is no different from any sporting or art 
activity; only intense practice leads to good results. The skill 
of the individual surgeon still plays a critical role in deter-
mining outcome, and such skill must embody the concepts of 
tactics and technique. There is still a common misconception 
that simply to use a sucker, bipolar coagulation, and clips 
means competence in microsurgery. In fact, these modalities 
form only the material part of the techniques involved; the 
real skill has to be learned not just in the operating theater 
but also by meticulous laboratory training over many months. 

Skin incision, soft-tissue dissection, craniotomy, dural open-
ing, intradural dissection, and respect of the sinonasal com-
partment are key steps that have to be taken into account 
during every surgical procedure.
 1. Transcranial approaches

Probably the most popular method of reconstructing the 
anterior skull base today is the use of the pericranial flap. 
After skin incision is performed, a scalp flap is elevated in 
the subgaleal plane to the level of the supraorbital rims 
[5]. At this point, the pericranium is incised and the dis-
section is carried forward in this plane, preserving the 
blood supply from the supratrochlear and supraorbital 
arteries (Fig. 2a). After the craniofacial resection is com-
pleted, the pericranial flap may even be sutured to the 
posterior remnant of the dura. It therefore may be used to 
repair dural defects or can be used to augment the intact 
or reconstructed dura by providing support, mainly 
because of its vascularity.

On the other hand, if the frontal sinus is entered during 
a subfrontal craniotomy, the posterior wall and all sinus 
mucosa are carefully removed by cranialization. 
Subsequently, a galeal periosteal flap from the forehead, 
sealed with fibrin glue, can be used to cover the basal 
parts of the frontal sinus. The frontal sinus may also be 
closed with autologous fat (Fig. 2b).

Moreover, autogenous wet bone powder collected dur-
ing skull trephination may be useful for cranial recon-
struction to fill in the dead space left after the 
craniotomy.

In cases of extensive bone removal, a titanium mesh 
can be used to support the anterior skull base 
reconstruction.

Coagulation of the dural edge should be avoided, as 
this generates its retraction and complicates a watertight 
closure. A clearance of several millimeters during dural 
opening should be allowed between the bone margin and 
the dural incision, to facilitate its final closure.

 2. Endonasal approaches
When performing an endonasal approach [1], the use of 
specific reconstructive techniques is based upon many fac-
tors apart from the corridor and target area: the size and 
shape of the skull base defect, the condition of the sur-
rounding bone and remaining dura, whether or not a CSF 
leak was encountered intraoperatively, the nature of the 
CSF leak encountered (high- or low-flow), the extent of 
communication between the nasal and intracranial cavities, 
the anticipated postoperative intracranial pressure (ICP), 
the nature of any resected lesion, the status of the nasal 
septum and lateral nasal wall, a history of previous surgery 
or radiation therapy, and the anticipated need for adjuvant 
therapies (i.e., irradiation or chemotherapy). Currently, 
pedicled flaps offer the most reliable reconstruction of 
large skull base defects, ensuring the successful isolation of 
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the intracranial space from the sinonasal tract, to prevent 
complications such as meningitis, intracranial abscesses, 
encephaloceles, CSF leaks, and tension pneumocephalus. 
Pedicled flaps, such as the posterior pedicle nasoseptal flap 
(i.e., the Hadad-Bassagaisteguy flap) have revolutionized 
the endoscopic repair of the skull base, as their axial blood 
supply can irrorate a large surface area with a small and 
relatively long pedicle. In this view, it is mandatory to save 
the vascularization coming from the sphenopalatine artery 
during the nasal phase of the surgical procedure.

Furthermore, a free middle turbinate flap may be use-
ful to reinforce the reconstruction; this has to be saved at 
the beginning of the procedure (Fig. 3).

Another important aspect that has to be taken into 
account is that, for good osteodural reconstruction, the 
dural and bone plane has to be preserved in order to facili-
tate multilayer reconstruction.

Finally, it has to be kept in mind that lumbar drainage 
may be helpful for treating postoperative CSF leak.

In our department, we use the “sandwich technique”: 
in the first instance, the cistern is covered with a layer of 
collagen sponge coated with fibrinogen and thrombin, 
and the surgical cavity is filled with fat graft sutured to the 
inner layer of three layers of the fascia lata or dural sub-
stitute. The first layer is then positioned intradurally, the 
second is applied between the dura and the bone, and the 

a b

Fig. 1 (a) Subfrontal approach to the anterior cranial base; the dural substitute (*) used for dural repair has been used (Tissel®, Baxter, Deerfield, 
IL, USA). (b) Endoscopic endonasal approach to the planum sphenoidale; the dural substitute (**) has been placed in the epidural space (Neuro-
Patch, B. Braun, Boulogne, France). dm, dura mater

a b

Fig. 2 The pericranial flap (*) is raised at the beginning of the surgical procedure, i.e. before the craniotomy (a). The frontal sinus is entered during 
a subfrontal craniotomy (b); accordingly, the posterior wall and all sinus mucosa are carefully removed and the sinus is  lled with autologous and/
or heterologous materials. FS, frontal sinus
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third is applied to cover the bone. In order to support the 
materials used for reconstruction, the nasoseptal flap is 
used to cover the posterior wall of the sphenoid sinus. An 
inflated Foley balloon catheter, filled with 7–8 ml of 
saline solution, is then placed in the sphenoid sinus to 
support the reconstruction.

 Approach Selection

The availability of a wide variety of surgical techniques 
poses the question whether it is better to access skull base 
lesions via traditional transcranial routes or via extended 
endoscopic endonasal approaches.

It has to be stressed, firstly, that the primary aims of 
skull base tumor resection are: gross total tumor resection 
with adequate decompression and preservation of the sur-
rounding structures, support of the brain and orbit, com-
plete separation of the cranial cavity from the sinonasal 
tract, elimination of dead space, and a watertight seal to 
avoid such consequences as CSF leaks and pneumocepha-
lus. The choice of the most suitable approach for the 
removal of a skull base lesion should take into account not 
only the chance of a gross total removal but also the ability 
to reconstruct the pathway used to access the lesion itself.

For reconstructing skull base defects, it is important to 
understand the indications and limitations of each approach, 
together with the preoperative study of the neuroradiologic 
images. Preferably, the same route used for tumor removal 

should be used to repair the skull base defect, thus avoiding 
the comorbidity of a second approach.

In general, the selected surgical approach allows the most 
direct and maximal access to the pathologic process, with 
minimal morbidity to surrounding structures. Any surgical 
instrumentation that may be required to perform the opera-
tion should be requested and tested before starting the 
procedure.

The introduction of the endoscope in skull base surgery 
may eliminate many of the previous problems associated 
with microsurgical techniques. Important advantages of the 
extended endoscopic endonasal approach compared with 
classical surgical techniques and approaches are: the better 
access to deeply seated lesions, a more direct exposure of the 
midline, reduced trauma to brain parenchyma, less manipu-
lation of the neurovascular structures, rapid decompression 
of the optical structures, and more efficient devascularization 
of neoplasms from their surroundings. It is important to 
acknowledge that when important neurovascular structures 
are above or surrounding the capsule of the tumor, the endo-
scopic endonasal approach is ideal; however, when a major 
vessel is to be encountered before reaching the surgical tar-
get, then open approaches are favored.

Given that the transcranial approach (high route) is still 
considered the “gold standard” in the surgical treatment of a 
variety of suprasellar lesions, tuberculum sellae meningio-
mas among them, the development of extended endonasal 
transsphenoidal surgery (low route) has introduced a poten-
tial alternative treatment of these tumors in certain patient 
populations [2].

a b

Fig. 3 Endoscopic endonasal approach. The middle turbinate is removed during the nasal step of the procedure (a) and, at the end, it is placed over 
the skull base defect to support the reconstruction materials (b). MT, middle turbinate; NS, nasal septum; *, middle turbinate place over the recon-
struction materials.
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This technique, involving special approaches to a limited 
array of cranial base lesions, should be recognized as an 
emerging reality in the neurosurgical arena. Further studies 
are required to ascertain the relative benefits of endosurgery 
over open surgery.

Comprehensive planning is an axiomatic prerequisite for 
any neurosurgical procedure. “Failing to prepare is preparing 
to fail” holds particularly true in neurosurgical cases, given 
the unforgiving nature of the human nervous system. 
Thorough preoperative consideration of the technical goals 
and potential pitfalls ensures the safest and most efficacious 
outcome for the patient. Effective planning allows the sur-
geon critical flexibility and latitude in managing deviations 
from the intended operative course. Indeed, the experience 
and ability to detect and handle the most adverse intraopera-
tive events should be a goal for any surgeon. By taking the 
necessary steps to ensure adequate preparation for a case, the 
surgeon may prevent or avoid many significant neurosurgical 
complications.

 Cooperation

The skull base is one of the most complex anatomical regions 
in the human body, with a variety of vital structures all within 
close proximity. It separates the brain from the facial skele-
ton and forms the floor of the cranial cavity. Skull base sur-
gery requires a multidisciplinary team approach. Skull base 
surgery involves open, microscopic, and endoscopic 
approaches to the anterior, middle, or posterior cranial fossa. 
A multispecialty team approach is essential in treating 
patients with skull base lesions. Close cooperation between 
different specialists, i.e., the endocrinologist, neurosurgeon, 
neuroradiologist, pathologist, ophthalmologist, maxillofa-
cial surgeon, ear nose and throat (ENT) surgeon, and others 
is mandatory.

 Conclusions

Reconstruction of skull base defects requires a thorough 
knowledge of surgical anatomy, disease, and patient risk fac-
tors associated with high-flow cerebrospinal fluid leaks. 
Various reconstruction techniques are available, from free 
tissue grafting to vascularized flaps. Possible complications 
that can occur after these procedures need to be considered.

A better understanding of the skull base anatomy, 
the development of appropriate instrumentation, and 
the evolution of vascularized flaps have revolutionized 
the repair of the skull base following both open and 
endonasal approaches.

The purpose of any reconstruction is to achieve a 
watertight seal between the intracranial space and the 
sinonasal compartment; to supply adequate structural 
support for the intracranial contents—thereby preventing 
brain herniation into the surgical defect—and, finally but 
not secondarily, to achieve optimal cosmesis.
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Abstract
Background
Anterior communicating artery (ACoA) aneurysms have a 
high risk of rupture. Morbidity and mortality following rup-
ture are higher than at other sites. The aim of this study was 
to evaluate the long-term clinical and neuropsychological 
outcomes of patients treated for ruptured and unruptured 
ACoA aneurysms: a comparison between surgical and endo-
vascular treatment was performed.

Method
All patients surgically or endovascularly treated for ruptured 
and unruptured ACoA aneurysms at our institution between 
January 2011 and December 2013 (n=50) were retrospec-
tively reviewed. The Glasgow outcome score and the follow-
ing neuropsychological tests were used to define the clinical 
and neuropsychological outcomes, respectively: The Stroop 
color and word test and the Stroop interference score digit 
span forward and backward test, phonemic and semantic ver-
bal fluency tests, Rey auditory verbal learning test, compre-
hensive trail making test, and the Beck Depression Inventory.

Findings
28 patients (56 %) underwent surgical treatment and 22 
(44 %) endovascular coiling; there were 31 (63 %) ruptured 
and 19 (37 %) unruptured aneurysms. At 1 year follow-up for 
ruptured aneurysms, clinical outcome was better in the endo-
vascular group; neuropsychological assessment showed a 
greater deterioration only in the memory domain in the 
patients treated surgically for ruptured aneurysms.

Conclusion
The presence of subarachnoid hemorrhage is more important 
than the type of treatment in determining the clinical and neu-

ropsychological outcomes of ACoA treatment; these out-
comes can be improved by adequate rehabilitation protocols.

Keywords Neuropsychological outcome • Memory • 
Anterior communicating artery aneurysms • Subarachnoid 
hemorrhage • Surgical clipping • Endovascular treatment

 Introduction

Intracranial aneurysms are a common finding, with an esti-
mated prevalence in the general population of 2.3 %; the fre-
quency is very low in the first two decades of life and then 
increases steadily after the third decade [20]. The middle cere-
bral artery (MCA) and anterior communicating artery (ACoA) 
are the most common locations, while the internal carotid 
artery (ICA) and the vertebro-basilar system are less fre-
quently involved, the latter accounting for 7–11 % of all intra-
cranial aneurysms [8, 9, 20, 24]. Several studies have been 
performed to better define the risk of the rupture of unruptured 
intracranial aneurysms: differently from International Study 
of Unruptured Intracranial Aneurysm (ISUIA) whose results 
seem to underestimate this risk, other important and well-
designed studies have found that this risk ranges between 1 
and 1.5 % [8, 10, 11, 20, 23, 24]. Several prognostic factors, 
both medical/behavioral (i.e. smoking, hypertension) and ana-
tomical (size, shape, and location) seem to affect the likeli-
hood of an aneurysmal rupture, allowing us to identify and 
preventively treat the patients with high-risk aneurysms. 
However, aneurysmal subarachnoid hemorrhage (aSAH) still 
has an incidence of approximately ten cases per 100,000 per-
sons per year; this harmful event carries very high social costs, 
considering that more than one-third of the patients will die 
and approximately 10–15 % of all aSAH patients die before 
admission to hospital. During the past three decades, surgical 
and medical management and rehabilitation techniques have 
evolved; the policy of early and ultra-early surgery, with the 
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subsequent reduction in the incidence of preoperative rebleed-
ing, the aggressive management of vasospasm, and the 
advances in surgical and endovascular treatment are the main 
factors involved in the continuous improvements observed in 
clinical outcomes [3, 12–15, 18]. Moreover, evidence from the 
literature shows that patients who are treated endovascularly 
for ruptured aneurysms show a better clinical outcome at 
1 year than surgically treated patients; this advantage seems 
consistent only in the short- and mid-term and can be 
 potentially and partially outweighed by the higher recanaliza-
tion rate seen after coiling [2, 16, 17, 21, 22]. However, cogni-
tive dysfunctions are frequent among survivors: approximately 
one-third of the patients resume their previous work entirely, 
while memory, executive function, and language deficits are 
encountered in up to 70 % of the patients.

This retrospective study evaluated and compared the 1-year 
clinical outcomes and quality of life in patients treated with 
surgical clipping or endovascular coiling for ruptured and 
unruptured ACoA aneurysms; this anatomical location was 
chosen because of its frequency, and its higher morbidity and 
mortality rates after rupture. This location was also chosen 
because, when compared with other locations, ACoA aneu-
rysms are more prone to rupture, to rupture at a smaller size, 
and, following rupture, they show higher morbidity and mor-
tality rates than those shown for other intracranial aneurysms.

 Materials and Methods

All the patients surgically or endovascularly treated for rup-
tured and unruptured ACoA aneurysms at our institution 
between January 2011 and December 2013 were retrospec-
tively reviewed. Preoperatively, all the patients underwent 
three-dimensional computed tomography (3D CT)-
angiography (3D-CTA); 3D digital subtraction angiography 
(DSA) was performed in the following cases: complex and 
giant aneurysms, inadequate aneurysm visualization with 
CTA, and those with planned endovascular treatment. 
3D-CTA was also used postoperatively to check aneurysm 
exclusion in the clipping group; in the coiling group, follow-
 up neuroimaging was scheduled in relation to several factors, 
such as occlusion grade, coil packing density, and features of 
the treated aneurysm. Preoperatively, the Hunt and Hess scale 
and Fisher grade were used in patients with ruptured aneu-
rysms for clinical evaluation and the evaluation of subarach-
noid hemorrhage, respectively; in unruptured cases, a standard 
neurological examination was performed. Ruptured aneu-
rysms were treated within 48 h from the initial hemorrhage. 
Postoperatively, all the patients underwent neurological 
examination, and the Glasgow Outcome Scale (GOS) score 
was used to classify each patient’s outcome before discharge 
and 3 months after treatment. GOS scores of 4 and 5, respec-

tively, defined moderate disability and good recovery, identi-
fying patients who achieved a good outcome; a poor outcome 
was defined by GOS scores of 2 and 3 (persistent vegetative 
state and severe disability, respectively). Neuropsychological 
evaluation was carried out 12 months after the initial treat-
ment; memory, processing speed, language, working mem-
ory, attention, and mood disorders were evaluated by our 
neuropsychologists through the following tests:
• The Stroop Color and Word Test and the Stroop interfer-

ence score: this test evaluates cognitive flexibility and 
processing speed

• Digit span forward and backward: this test evaluates the 
verbal working memory, defined as the cognitive system 
that allows the temporary storage and manipulation of 
information

• Phonemic and semantic verbal fluency tests: these tests 
evaluate language in term of naming, comprehension, and 
production

• (RAVLT): this test evaluates memory processing; namely, 
short-term verbal memory

• Trail making test (TMT): this test consists of two parts: 
TMT A measures the level of attention, testing spatial 
organization and visual pursuit. TMT B is similar, but 
more difficult, and tests visual motor, spatial abilities, and 
mental flexibility

• Beck Depression Inventory: this is a 21-item self-report 
rating inventory that measures symptoms and attitudes of 
depression.
The age and education-adjusted scores obtained for each 

patient were expressed as a calibrated score (CS) and then 
converted to an equivalent score (ES): in this way, a score of 
0 corresponded to compromised function and a score of 4 to 
normal function. For the Stroop test, the equivalent scores 
were expressed as percent values. For this analysis, patients 
were divided into four groups:
 1. Group 1: patients treated surgically for ruptured 

aneurysms
 2. Group 2: patients treated surgically for unruptured 

aneurysms
 3. Group 3: patients treated endovascularly for ruptured 

aneurysms
 4. Group 4: patients treated endovascularly for unruptured 

aneurysms.

 Results

From January 2011 to December 2013, 50 patients were 
identified and formed the subjects of this review: 28 patients 
(56 %) underwent surgical treatment and 22 (44 %), endovas-
cular coiling. The mean age of the surgical group was 
56 years (range 35–67 years); there were 9 males (32 %) and 
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19 females (68 %). In the endovascular group, 14 patients 
(64 %) were females and 8 (36 %) were males, with a mean 
age of 59 years (range 37–71 years). There were 31 (63 %) 
ruptured and 19 (37 %) unruptured aneurysms; 20 of the 31 
ruptured aneurysms were clipped and the remaining 11 were 
coiled, while 11 of the 19 unruptured aneurysms were 
clipped and 8 were coiled. For patients with ruptured 
 aneurysms, the Hunt and Hess grade at presentation was 1 in 
15 patients (46.9 %), 2 in 8 patients (26.5 %), 3 in 5 patients 
(16.7 %), and 4 in 3 patients (9.9 %); regarding Fisher grade, 
3 patients (10.5 %) showed grade I, 7 (21 %) grade II, 16 
(52.6 %) grade III, and 5 (15.9 %) grade IV.

The postoperative clinical outcome, assessed through the 
GOS, 3 months and 1 year after treatment, showed that a 
good recovery (GOS score 5) was achieved in all the patients 
with unruptured aneurysms, both in the coiling and in the 
clipping groups. In those with ruptured aneurysms, clinical 
outcomes at 3 months and 1 year are summarized in Tables 1 
and 2, respectively.

Regarding the neuropsychological evaluation, the results 
obtained are shown in Table 3: the tests and the related cog-
nitive domains are summarized, and scores are reported as 
mean values and equivalent scores.

Regarding mood disorders, 10 (37.5 %) of the 28 surgi-
cally treated patients presented mild depressive symptoms 
and two-thirds of these patients belonged to the group with 
ruptured aneurysms.

 Discussion

In the neurosurgical literature, many studies regarding intracra-
nial aneurysms can be found; the majority of these studies are 
focused on clinical outcomes, surgical and endovascular tech-
niques, and/or on comparisons between surgical and endovas-
cular treatment. However, few studies analyze the 
neuropsychological outcome, comparing clipping and coiling 
for ruptured and unruptured aneurysms at a well defined loca-

tion. We have chosen to focus our attention on the ACoA, 
because of the high frequency and the high rupture rates of 
aneurysms in this location, the anatomical proximity to brain 
regions involved in important cognitive functions (language, 
memory, executive functions, etc.), and the frequent observation 
of neuropsychological disorders and mood disturbances during 
our follow-up evaluations. We also made a distinct analysis 
between ruptured and unruptured aneurysms and between clip-
ping and coiling, trying to understand whether these disorders 
were mainly due to the aneurysm itself, to the type of treatment, 
or to subarachnoid hemorrhage. We have participated in a gen-
eral improvement in the short-, middle-, and long-term neuro-
psychological outcomes of patients with ACoA aneurysms 
during the past 15–20 years; probably, advances in the surgical 
techniques, minimization of surgical trauma on the adjacent 
brain parenchyma, the strategy of early and ultra-early surgery, 
the better management of vasospasm and, most importantly, 
more effective and intensive neurorehabilitation strategies, are 
the main factors responsible for this improvement [4, 5].

In our experience, we observed no clear differences 
between surgically and endovascularly treated patients or 
between ruptured and unruptured aneurysms in regard to lan-
guage; more precisely, we observed better results after coil-
ing and in unruptured aneurysms, but these differences were 
not significant and all the patients showed “normal function” 
according to the equivalent scores. Similar results were 
shown for the TMT-A; this test investigates processing 
speed, similarly to the Stroop color test. However, in the 
Stroop color test, the scores of the patients in Group 1 (surgi-
cally treated for ruptured aneurysms) were worse than those 
of the other groups, suggesting a potentially greater negative 
effect of surgery than of hemorrhage. We studied executive 
functions through the TMT-B and the Stroop interference 
score: both of these tests showed worse results in patients 
with ruptured aneurysms than in those with unruptured aneu-
rysms and, as a consequence, it seems that subarachnoid 
hemorrhage was the main factor responsible for this mild 
deterioration (equivalent score of 3) compared with normal 
subjects (equivalent score of 4). In regard to working mem-

Table 1 Clinical outcome at 3 months in patients with ruptured aneurysms

Glasgow Outcome Scale (3 months)

1 2 3 4 5

Ruptured aneurysms Surgery (20 patients) – 2 (11 %) 6 (30 %) 8 (39 %) 4 (20 %)

Endovascular (11 patients) – 1 (9 %) 3 (26 %) 3 (26 %) 4 (39 %)

Table 2 Clinical outcome at 1 year in patients with ruptured aneurysms

Glasgow Outcome Scale (1 year)

1 2 3 4 5

Ruptured aneurysms Surgery (20 patients) – 1 (5 %) 5 (25 %) 9 (45 %) 5 (25 %)

Endovascular (11 patients) – 1 (9 %) 2 (18 %) 2 (18 %) 6 (55 %)

Clinical and Neuropsychological Outcome After Clipping/Coiling of ACoA Aneurysms
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ory, the digit span backward test showed worse scores in 
Group 1; however, this function was globally preserved even 
though surgery seemed to be a little more traumatic than 
endovascular treatment in this domain.

Short-term verbal memory proved to be the most deterio-
rated domain in this series. This observation was confirmed 
by the results in our patients during the follow-up examina-
tions: memory deficits were considered the most limiting 
factors in daily activities and were reported with higher fre-
quencies. Both surgery and subarachnoid hemorrhage seem 
to negatively affect this function, although the role of sub-
arachnoid hemorrhage seems to be less important: indeed, 
endovascularly treated patients showed better results than 
surgically treated patients when considering the ruptured 
aneurysm group as a whole.

In the literature, several studies report better results after 
coiling than after clipping, in terms of neuropsychological 
functions: Chan et al. compared nine surgically treated 
patients with nine patients treated endovascularly for ACoA 
aneurysms, the latter group had better outcomes for verbal 
memory and executive functions [4]; Fontanella et al. had 
results similar to those of Chan et al. regarding memory and 
executive functions (20 patients in the surgical group and 
17 in the endovascular group) and Bellebaum et al. found a 
slightly worse outcome after surgery [1, 6]. Our results are 
similar to the findings of Proust et al.: they performed neu-
ropsychological evaluation and an MRI study 14 months 
after surgical (36 patients) or endovascular (14 patients) 
treatment for ACoA aneurysm rupture [19]. Language, 
visual memory, and executive functions were equally pre-
served in both groups, while verbal memory was more com-
promised in the surgical group [19]. Frazer et al. reached the 

same conclusion, but added an important consideration: the 
differences in cognitive functions observed between the two 
groups, with a better short-term outcome after endovascular 
treatment, were no longer evident in the middle- and long-
term periods [7]. In other words, surgically treated patients 
may experience an immediate neuropsychological deterio-
ration that frequently improves with time and with adequate 
rehabilitation therapies [7]. Moreover, although short-term 
outcome is strongly associated with the Hunt and Hess 
grade and Fisher grade at presentation, this association 
becomes less strong in the long term.

Our results are quite good and show slight differences in 
the neuropsychological outcomes between patients with rup-
tured and unruptured aneurysms 12 months after treatment; 
among all the functions explored, memory was the domain 
where the biggest differences were seen, and the patients 
who were surgically treated for ruptured aneurysms had the 
worst results. We conclude that the influence of surgery and 
endovascular treatment on the neuropsychological outcome 
is less relevant than the presence of subarachnoid hemor-
rhage, which seems to affect the outcome more strongly.

This single-center study is limited by the small number of 
patients and by its retrospective nature; the results should be 
considered preliminary and further improvements in clinical 
and neuropsychological outcome cannot be excluded with 
longer follow-up. Nonetheless, its results are interesting, 
providing a different perspective in the evaluation of patients 
treated for intracranial aneurysms; however, the better clini-
cal outcome described in the literature after endovascular 
treatment, and confirmed by our results, does not correspond 
to a better neuropsychological outcome in the same group of 
patients.

Table 3 Neuropsychological tests and cognitive domains explored

Test

Group 1 Group 2 Group 3 Group 4

Mean 
value ES SD

Mean 
value ES SD

Mean 
value ES SD

Mean 
value ES SD

Stroop Test 73 s 90 % 19.45 63 s 100 % 17.8 67 s 100 % 2.1 60 s 100 % 5.4 Processing 
speed

TMT A 37 s 4 17.2 26 4 10.8 35.3 4 10.5 16 4 4.4

PF 32 4 9.54 47 4 22.9 33 4 6.5 37 4 8.9 Language

SF 41.67 4 8.14 50.2 4 6.6 42 4 5.9 57 4 7.6

RAVLT 34.3 2 6.9 43.6 4 10 44.3 4 7.1 54.3 4 9.7 Short-term 
verbal 
memory

DSF 5.18 3 1.38 5.31 4 5.3 5.28 4 1.9 5.75 4 4.1

DSB 4.80 3 0.74 5.30 4 0.43 5.32 4 0.6 5.70 4 1.2 Working 
memory

Stroop 
interference

149 s 90 % 44.04 122 s 100 % 17.4 138 s 90 % 37.3 118 s 100 % 24.6 Executive 
functions

TMT B 107 3 32 43 4 33.4 83.5 3 28.4 17 4 29.6

Group 1 patients treated surgically for ruptured aneurysms; Group 2 patients treated surgically for unruptured aneurysms; Group 3 patients treated 
endovascularly for ruptured aneurysms; Group 4 patients treated endovascularly for unruptured aneurysms. RAVLT Rey auditory verbal learning 
test ES equivalent score, SD standard deviation, PF phonemic fluency, SF semantic fluency, DSF digit span forward, DSB digit span backward, 
TMT trail making test
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Abstract
Background
Central neurocytoma is an intraventricular tumor that affects 
young adults. It has a favorable prognosis after adequate sur-
gical intervention; however, an aggressive course may take 
place in some cases.

Objective
The objective of the study was to evaluate the rate of 

shunting and the outcome of control measures in patients 
with central neurocytoma submitted to total and subtotal 
excision.

Methods
Twelve patients were included in this study, with a follow- up 
of 24 months. Data collected included: age, sex, clinical pre-
sentation, early morbidity and mortality, radiological find-
ings (tumor location, features, residual, recurrence, and 
hydrocephalus). All patients underwent surgery for total or 
subtotal excision through a transcortical approach. External 
Ventricular Drain (EVD) was inserted then removed or 
replaced by a shunt. Histopathology and the MIB index were 
used to confirm diagnosis and guide the follow-up; adjuvant 
radiotherapy or Gamma Knife radiosurgery were used for 
residual tumor or recurrence.

Results
The ages of the patients ranged from 14 to 48 years. Two 
patients died early, after total and subtotal excision, from 
sepsis and thalamic infarction, respectively. Six patients 
(60 %) had a total excision; two of them had a high MIB 
index and showed small recurrence at 12 months and 
18 months, respectively, and received Gamma Knife radio-
surgery. One of the six patients with total excision needed a 
shunt, and no shunt was needed in the four otherpatients; a 

subtotal excision was done for four patients (40 %). An early 
shunt was inserted for two of these patients, radiosurgery- 
controlled for one patient, while radiotherapy was used for 
control in the other three patients; radiotherapy control failed 
in one patient, who underwent a second surgery at 18 months.

Conclusion
Central neurocytoma may have a favorable prognosis, with a 
lower incidence of shunt insertion throughout its course than 
that for other intraventricular tumors, if total removal is 
achieved.

Keywords Central Neurocytoma • Gamma Knife • Shunt

 Introduction

Neurocytomas are rare World Health Organization (WHO) 
grade II neuronal tumors, which were first identified as his-
tologically distinct entities in 1982 [7, 8]. They likely have 
an incidence of less than 1 %, given that a range of 0.1–0.5 % 
has been reported [3, 5, 20, 21]. These tumors occur most 
commonly within the ventricles, with a generally favorable 
prognosis as a result of indolent growth [4, 7].

Immunohistochemistry is frequently used to help distin-
guish this tumor from other central nervous system (CNS) 
neoplasms; the MIB-1 proliferation index is commonly used 
in an attempt to predict biologic behavior and may help direct 
adjuvant therapy. An MIB-1 labeling index (LI) of >2 % often 
heralds poor prognosis and tumor recurrence [3, 11].

Owing to its rare incidence, the diagnosis and manage-
ment of this neoplasm remain controversial [17].

Little is known about the management of patients with 
this tumor, because most reports are from the pathologic lit-
erature and contain sparse information regarding clinical 
management [17, 24]. Safe maximal resection is considered 
the ideal therapeutic option at present, with the best long- 
term prognosis in terms of local control and survival. And an 
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excellent prognosis can be expected if a gross total resection 
is achieved. Postoperative radiation therapy (RT) may be 
considered after subtotal resection. Otherwise, RT is an 
option for medically inoperable or recurrent disease [16].

 Aim

We aimed to evaluate the rate of shunt insertion and the out-
come of control measures after 2-year follow-up in patients 
with central neurocytoma who received total or subtotal 
excision (75 % to 80 % removal).

 Patients and Methods

This study was conducted on 12 patients who presented with 
intraventricular central neurocytoma between January 2010 
and January 2013, who were managed surgically and fol-
lowed- up for 24 months after pathological and radiological 
confirmation of central neurocytoma.

Data included age, sex, symptoms at presentation, and 
location of the tumor within the ventricles. All patients were 
managed surgically through a transcortical or transcallosal 
approach if needed; an external ventricular drain was inserted 
and then removed or replaced by a shunt.

MIB histopathology and proliferation indexes were used 
to confirm the diagnosis and guide further management. 
Computed tomography (CT) and magnetic resonance imag-
ing (MRI) were used to detect the extent of tumor removal 
(total or subtotal) after surgery and in the follow-up period 
for determining recurrence, progression, and/or residual 
tumor.

Adjuvant radiotherapy was given for all patients with 
residual tumors and for some patients showing progression; 
Gamma-Knife radiosurgery was an option for some patients 
with recurrent or residual tumors, and ventriculoperitoneal 
(V/P) shunt insertion and reoperation were done if 
indicated.

Data abstracted from medical records included: sex; 
symptoms at presentation; Location of tumor within 
ventricles; extent of tumor resection—i.e., gross total 
resection (GTR) or subtotal resection (STR); pathological 
details, including features associated with atypical neuro-
cytoma; date of tumor progression; and treatment at 
progression.

Radiotherapy was considered as adjuvant therapy if it was 
given immediately postoperatively and it was considered as 
salvage therapy if the patient was initially observed and 

treated for clinical or radiographic progression post-surgery. 
Progression was detected on CT or MRI scans.

Local control was defined as the absence of any tumor 
regrowth or progression on imaging, and excluded the patient 
who died in the perioperative period. Survival was calculated 
from data at diagnosis, and local control was calculated from 
the date of first surgery.

 Results

A total of 12 patients (7 males and 5 females) were included 
in this study; age ranged from 18 to 42 years. The most com-
mon presentation was headache (83.3 %), with blurring of 
vision (50 %), unsteadiness (16.6 %), and seizures (8.3 %).

Tumor location was confined to the body and/or showed 
extension to the frontal or occipital horns or third ventricle. 
Tumor locations are shown in Table 1 and Fig. 1.

The transcortical approach was used for ten patients 
(83.3 %) and the transcallosal for two patients (16.6 %); two 
patients died early after total and subtotal removal, from sep-
sis and thalamic infarction, respectively, and they were 
excluded from the follow-up study. Six patients had a total 
removal (60 %), while subtotal resection was done for four 
patients (40 %).

Pathological confirmation aided by immunohistochemis-
try was diagnostic for central neurocytoma in all patients 
(100 %). An MIB LI of >2 % was detected in three patients 
(30 %; two total resections and one subtotal).

In the subtotal group adjuvant radiotherapy was given for 
three patients (30 %) early postoperatively, while one patient 
with small residual tumor received stereotactic radiosurgery 
(SRS) using a Gamma Knife (GK).

A V/P shunt was inserted for three patients (30 %; two 
early postoperatively, with subtotal removal, and one with 
recurrence after total removal and SRS).

A small recurrence was detected in two patients in the 
total resection group, at 12 and 18 months, respectively, in 
whom a GK was used to control the disease. One patient 
(10 %) in the subtotal group showed progression that required 
reoperation at 18 months after progression of the residual 
tumor and failure of RT.

Table 1 Tumor location

Site No. of patients %

Right 2 16.6 %

Left 5 41.6 %

Biventricular 4 33.3 %

Extending to third ventricle 1 8.3 %
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At the time of the last follow-up, 24 months after the ini-
tial surgery, one patient had died (10 %) from hemorrhage 
during reoperation, while nine patients (90 %) had a favor-
able course. Local control was achieved in four patients 
(40 %; no evidence of disease), while five patients (50 %, 
with stable disease) were controlled with GK and RT, and 
three patients (30 %) had a V/P shunt. The rate of local con-
trol with total removal was (40 %), while the GK and RT 
control rate was 50 %; (Table 2).

 Case Illustration

 Case (1) (Fig. 2)

 Case (2) (Fig. 3)

 Case (3) (Fig. 4)

 Discussion

There is a lack of studies reporting on the outcome of treat-
ment control of central neurocytomas. The management of 
neurocytomas has been guided by retrospective case reports, 
institutional case series, and meta-analysis of institutional 
experiences [6, 14, 25]. Surgery is the primary modality of 
initial intervention, with watchful waiting (surveillance) not 
documented as a common primary option [1, 19]. Despite 
the indolent nature of these tumors, most patients are symp-
tomatic at presentation, with increased intracranial pressure 
due to mass effect or hydrocephalus, and thus they require 
intervention rather than surveillance. Clinically, the tumor 

causes signs of increased intracranial pressure, visual and 
mental disturbances, and occasionally, pyramidal or endo-
crine signs and symptoms. Rarely, neurocytomas may be 
discovered incidentally with no clinical symptoms.

In our study, the tumor was located predominantly in the 
left ventricle, in 41.6 % of cases, while it was biventricular in 
33.3 % of cases. All the tumors were in the body of the ven-
tricles attached to the septum, while Shin et al. [22] reported 
that 50 % of central neurocytomas had a typical location in 
the lateral ventricle around the foramen of Monro and 15 % 
had biventricular location.

The majority of neurocytomas are benign. In our study 
30 % of cases showed an MIB LI of >2 % and were consid-
ered to be of an aggressive nature.

Brat et al. [2] and Soylemezoglu et al. [23] found that approx-
imately 25 % of these rare CNS tumors were more aggressive, 
with an MIB-1 LI of >2 % or atypical histological features.

In a study of 14 cases by Mackenzie et al. [13], clinical 
follow-up was available for all 14 patients. The proliferation 
potential of central neurocytoma was found to be a useful 
predictor of clinical outcome, whereas histological atypia 
alone was not prognostically significant.

Therapeutic options in the treatment of central neurocyto-
mas are complete resection (CR), complete resection plus 
RT, incomplete resection (IR), and IR plus RT and SRS (with 
a GK). Several studies suggest that CR leads to significantly 
better local control and survival than IR. After IR, patients 
benefit from postoperative RT and chemotherapy.

Rades et al. [15] reported that 25 % of these CNS tumors 
were more aggressive, with an MIB LI of >2 % or atypical 
histological features, with their local control rate being 70 % 
at 3 years after CR.

Fig. 1 Tumor location

Table 2 Summary of results and outcome

Total

(75 % to 80 % 
removal)

No. of patients 6 (60 %) 4 (40 %

MIB labeling index >2 2 (20 %) 1 (10 %)

Residual 0 4 (40 %)

Recurrence 2 (20 %) (12 
and 
18 months)

1 (10 %)

Radiotherapy (RT) 0 3 (30 %

Gamma Knife (GK) 0 1 (10 %)

Local control
(24 months)

Free 4 (40 %) 0

GK 2 (100 %) 1 (100 %)

RT 0 2 (66 %)

Reoperation 0 1 (10 %)

Failure of control 0 1 (10 %)

Ventriculoperitoneal 
(VP) shunt

1 (10 %) 2 (20 %)

Ventricular Central Neurocytoma: Rate of Shunting and Outcome 2 Years After Total and Subtotal Excision
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In our study, total resection was achieved in six patients 
(60 %) and in four patients (40 %) subtotal resection was per-
formed. After 2 years of follow-up, four of the six patients 
with total resection (66.6 %) were locally controlled without 
adjuvant therapy, while two patients (33.3 %) with MIB LI 
>2 % showed control of recurrence after GK treatment.

In our study, it was also found that, for patients with 
incomplete resection (subtotal), after 2-year follow-up, RT 
was effective in two cases (66 %) to control progression, 
while RT failed in one patient and GK treatment was effec-
tive in one patient (100 %); this result may agree with and be 
comparable with results in several studies.

Rades and colleagues [16, 18] found that local control 
was significantly better after CR, CR + RT, and IR + RT than 
after IR and that overall survival rates were 99.2 % and 
86.1 % after total and subtotal removal, respectively, after 
12-month follow-up.

We also found that RT was sufficient after incomplete 
resection (IR), with local control being 83 %.

The largest single institutional experience, from the 
Mayo Clinic, as reported by Leenstra et al. [13], showed 
that 35 % of their patients received adjuvant radiation as 
part of their initial management, but that one-third of their 
patients recurred. For consideration of adjuvant therapy, 

a

b

Fig. 2 (a) Magnetic resonance imaging (MRI) showing left ventricular central neurocytoma (CN). (b) MRI showing total resection of the tumor 
during the follow-up period
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they proposed patient selection on the basis of atypical neu-
rocytomas. Our results support the concept that atypical 
neurocytomas are at higher risk of recurrence.

In the present study, SRS was very effective, controlling 
100 % of incompletely resected cases and 100 % of recurrent 
cases after CR.

Rades et al. [18] commented on the value of postoperative 
SRS and RT for IR of typical neurocytomas and found that 
local control was significantly better with SRS [after IR + RT 
(87 %) and after IR + SRS (100 %) after 5-year follow-up].

Rades et al. [18] found that in very indolent tumors, SRS 
may produce significant local control even though the tumor 

a

b

Fig. 3 (a) Recurrence at 18 months after total resection; (b) local control with Gamma Knife radiosurgery and its effect after 6 months
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may eventually progress. With regard to the adjuvant treat-
ment debate, a 2002 analysis of published institutional 
reports of 504 patients from 91 centers concluded that adju-
vant radiation was beneficial after IR. The debate arises 
given that the extent of resection influences local control 
only, but not survival, and the impact of symptomatic recur-
rences is not well established in the literature.

Kim and colleagues [9, 10] support the concept of GK 
SRS being useful as primary or secondary postoperative 
therapy for the treatment of central neurocytomas.

In the present study, three patients (30 %) required 
shunting; two patients (20 %) required V/P shunt in the 
early postoperative period after the EVD was removed, 
while in the third patient a shunt was inserted, due to a 
small recurrence near the foramen, obstructing the cere-
brospinal fluid (CSF), prior to GK treatment. We do not 
yet have much data about the rate of shunting in central 
neurocytoma, but the pathological features of this tumor, 
because it is located in the body of the ventricle, mean the 
foramen has a plane of cleavage from the ependyma, 

while the tumor is soft, extractable, moderately vascular, 
and attached to the septum; these features allow septos-
tomy during surgery. All the above factors may be involved 
in the low incidence of hydrocephalus developing postop-
eratively, and may be associated with the ease of draining 
the ventricles at the level of the foramen, with little blood 
loss.

In our study, the survival rate after 2 years was 90 %,with 
an overall favorable prognosis, and local control rates were 
comparable to those of Leenstra et al. [13] and Rades et al. 
[15–18].

 Conclusion

Complete resection is much more effective for the treat-
ment of central neurocytomas than incomplete resection; 
after incomplete resection postoperative adjuvant RT and 
radiosurgery significantly improve local control.

Conflict of Interest Statement We declare that we have no conflict of 
interest.

a
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Fig. 4 (a) MRI showing huge CN and hydrocephalus, (b) Computed tomography (CT) postoperatively, showing total removal of the tumor
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Abstract
Background
The causes of craniovertebral junction (CVJ) instabilities 
include trauma, rheumatological diseases, tumors, infec-
tions, congenital malformations, and degenerative disease 
processes; these complex pathologies often require CVJ 
instrumentation. Hardware complications were analyzed in a 
personal series of 48 treated patients. In light of the analysis 
of very unusual radiological and clinical findings, the authors 
tried to better investigate the related mechanisms and to 
reach possible useful conclusions.

Methods
In a series of 48 patients who underwent CVJ instrumenta-
tion and fusion procedures in our Institution, we describe 
three cases of hardware failure, due to: (1) infection; (2) 
radio- and chemotherapy; and (3) incorrect surgical 
procedure.

Results
 1. A stable bone CVJ fusion can occur after instrumenta-

tion removal for infection, since this removal can enhance 
bone fusion mechanisms;

 2.  Radio- and chemotherapy can cause hardware failure due 
to interference with local bone metabolism;

 3.  Although old-fashioned, wiring techniques still deserve 
consideration, mostly in CVJ re-do surgery after screw-
ing technique failures; nevertheless, although the proce-
dure is simple, safe, and effective, care must be taken in 
the preparation of the cranial holes in order to avoid slid-
ing complications of the U-shaped rods.

Conclusions
CVJ instrumentations provide reasonably good mechanical 
stabilization with a high rate of bony fusion. Complications, 
such as dislocation or rupture of the fixation system, screw 
loosening, dural fistula, neural or vascular damage, and 
wound infection, are relatively infrequent. Knowledge and 
prevention of these complications is fundamental to improve 
surgical results and outcomes.

Keywords Craniovertebral junction • Occipito-cervical 
fusion • Wiring • Screwing • Bone infections

 Introduction

Over the past 40 years, various methods and instrumentation 
types have been developed for craniovertebral junction (CVJ) 
fixation in the management of several diseases. The indica-
tions for CVJ fixation are inflammatory diseases (of which 
rheumatoid arthritis is the most common etiology), congeni-
tal abnormalities, tumors, trauma, and other nonspecific indi-
cations. Complications directly related to surgical procedures 
are mainly neural injuries, vascular injuries, and hardware 
malposition; on the other hand, the main complications indi-
rectly related to the surgical procedures are infective [13, 28]. 
In a series of 48 patients who underwent CVJ instrumentation 
and fusion procedures in our Institution, we report three cases 
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of hardware failure due to different causes. In light of this 
analysis, we try to highlight the related mechanisms and to 
show some unusual radiological and clinical findings.

 Materials and Methods

All 48 patients had been referred to the senior author (M.V.) 
between 2000 and 2013 and operated for different CVJ dis-
eases. Three of the patients underwent subsequent evaluation 
and surgical management of their clinical and radiological 
complications. Patient records were reviewed for demograph-
ics, clinical presentation, neuroimaging studies, and operative 
case notes from the primary surgery to the final clinical out-
come. Informed patient consent was obtained for each patient.

 Case Presentation 1

An 18-year-old male patient with a medical history of neck 
pain and rhinolalia, since 2009, underwent a magnetic reso-
nance (MR) examination that demonstrated platybasia, cer-
ebellar tonsil herniation into the foramen magnum, and 

upper displacement of the odontoid process, along with com-
pression of the medulla oblongata (Fig. 1a, b). In May 2011, 
the patient underwent surgical decompression by the tran-
soral approach, along with external CVJ stabilization with 
the Halo-Vest System, since he refused a one-stage anterior 
and posterior approach (Fig. 1c). In July 2011, after removal 
of the Halo Vest System (De Puy Acromed, Leeds, England) 
and under intraoperative Mayfield fixation, C0-C2-C3 mass 
screw (Vertex System; Medtronic, Minneapolis, USA) 
instrumentation, along with synthetic bone graft substitute 
fusion (beta-tricalcium phosphate [ß-TCP]; VITOSS® 
Synthetic Cancellous Bone Void Filler, Stryker Kalamazoo, 
MI USA), was performed. Two weeks later, due to infective 
dehiscence of the surgical wound, the hardware was revised, 
and the synthetic bone graft substitute was removed, along 
with local surgical debridement and short-lasting (72 h) 
external draining. The patient was discharged with broad-
spectrum polyantibiotic therapy (daptomycin 350 mg/day 
IV, rifampicin 600 mg/day per os) to be continued for 
2 months (no bacterial identification). Polyantibiotic therapy 
was started again in January 2013 due to evidence of recur-
rent wound infection by Staphylococcus aureus. In May 
2013, soon after the appearance of a painful subcutaneous 
tumescence at the upper cranial surgical wound, the patient 

a

d e f

b c

Fig. 1 Sagittal T2-weighted magnetic resonance (MR) image (a) and 
computed tomography (CT) scan sagittal reconstruction; (b) demon-
strates platybasia, cerebellar tonsil herniation into the foramen mag-
num, and upper displacement of the odontoid process, along with 
compression of the medulla oblongata. Postoperative CT scan sagittal 

reconstruction (c) shows craniovertebral junction (CVJ) decompression 
by means of odontoidectomy performed with the transoral approach. 
CT scan sagittal reconstruction (d) shows complete bone fusion and 
secondary stabilization of C0-C1-C2-C3. Dynamic sagittal T2-weighted 
MR images (e–f) confirm the CVJ stability
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underwent new CT and MR scans of the CVJ, which showed 
the presence of a subcutaneous fluid collection spanning 
from the skull base down to the C5 body. Under polyantibi-
otic therapy (teicoplanin 400 mg/day, linezolide 1200 mg/
day) the patient underwent a second surgical evacuation. In 
March 2014, a painful subcutaneous tumescence at the surgi-
cal wound appeared again. Since a CT of the CVJ demon-
strated a complete bone fusion and a secondary stabilization 
of C0-C1- C2-C3 (Fig. 1d), the removal of the instrumenta-
tion system was indicated, and this was performed without 
complications 33 months after the onset of the infection. The 
patient was supported with a rigid cervical collar for 
3 months. Antibiotic therapy (teicoplanin 400 mg/day, line-
zolide 1200 mg/day, ciprofloxacin 1000 mg/day) was then 
tailored, according to new evidence of Enterobacter cloacae 
isolated in the latter surgical specimens, and discontinued 
2 months later. One month after the collar removal, a dynamic 
cervical MR examination confirmed CVJ stability 
(Fig. 1e–f).

 Case Presentation 2

A 52-year-old man, with a few months’ history of cervical 
pain, underwent CT and MR scans of the CVJ with contrast 
medium, showing an osteolytic process involving the axis, 
with complete infiltration and ballooning of C2 extending 
towards the anterior arch of C1 and the inferior edge of the 
clivus (Fig. 2a–b). Possible multiple localizations of the neo-
plastic disease were ruled out by a total-body CT scan and 
Technetium-99 m sestamibi bone scintigraphy. Neither 
monoclonal gammopathy nor Bence-Jones proteinuria was 
found. Radiological findings were suggestive of a high risk of 
axis fracture with potential CVJ instability. Biopsy of the 
lesion was performed and extemporary histopathological 
examination was consistent with plasmacytoma. A CVJ 
instrumentation and fusion procedure was performed via 
C0-C3-C4-C5 with lateral mass screws (SUMMIT™ SI OCT 
System; Codman Johnson & Johnson, Leeds, England) and 
rods; also in this patient a synthetic bone graft substitute 
(ß-TCP; VITOSS® Synthetic Cancellous Bone Void Filler) 
was locally applied to achieve fusion. A post-operative CT 
scan documented the correct placement of the device, in the 
absence of CVJ dislocation (Fig. 2c). After 1 month, the 
patient underwent radiotherapy (RT) consisting of the admin-
istration of 200 centigray (cGy) for 20 consecutive days (6 
MV-photons) to C1–C2–C3 vertebrae (total dose on the 
tumor core 4,000 cGy). Prednisone administration was started 
(25 mg daily for the first week; 12.5 mg daily for the second 
week; 12.5 mg on alternate days for 3 weeks). Six months 
after the RT, the patient complained of left cervical pain and 
local paresthesia. Cervical CT scan showed partial bone 
resorption with the dislocation of screws and rods, along with 

atlantoaxial rotatory subluxation (Fig. 2d). The dislocated 
screws and rods were removed and Songer’s titanium sub-
laminar wires (SUMMIT™ SI OCT System; Codman 
Johnson & Johnson USA) were placed at the C3–C4–C5 lev-
els and connected with an occipital plate with rods. Two 
cross-link bars were also placed, at the C0 and C5 levels, in 
order to reduce the risk of rotatory subluxation. Autologous 
bone was harvested from the posterior left iliac crest, cut in a 
double-wing shape, and fixed to the CVJ using a silk suture, 
synthetic bone dust, and human fibrin glue (Tissucol; Baxter, 
West Lake Village, CA, USA). A Halo-Vest System was then 
applied. No signs of local infection were found. The patient 
regained walking ability quickly. Postoperative CT scan con-
firmed the correct placement of the device and the restoration 
of vertebral alignment. Oral bisphosphonate (BP) therapy 
with zoledronic acid was instituted (Zometa®; Novartis 
Pharmaceuticals) at a dose of 4 mg IV every 4 weeks. The 
Halo-Vest was maintained for 3 months. A 30-month follow-
up CT scan and dynamic X-ray study documented correct 
vertebral alignment and fusion due to successful instrumented 
surgery, with no signs of CVJ instability. A cervical MR scan 
showed tumor remission, and a new bone marrow needle 
biopsy excluded metastatic diffusion.

 Case Presentation 3

A 54-year-old patient presented with a medical history of 
neck pain with lower limb weakness, ataxia, and paresthesia 
in four limbs, of several months’ duration. A CVJ MRI 
examination demonstrated os odontoideum instability with 
compression of the medulla oblongata. In May 2000, CVJ 
instrumentation with C0 suboccipital and C2-C3 sublaminar 
wires (Songer cables) and U-shaped rods was performed, 
along with synthetic bone graft substitute fusion (ß-TCP; 
VITOSS® Synthetic Cancellous Bone Void Filler). The 
patient was advised to wear a hard collar. Some days after 
the surgery patient experienced acute neck pain associated 
with the fixed neck position in hyperextension. Neck X-ray 
examination documented a displacement of the occipital 
wires, sliding caudally on the U-shaped rods, which had 
resulted in deformation—hyperlordosis (Fig. 3a). The patient 
underwent a second surgical procedure to correct the dislo-
cation; this was done by performing a new operation with a 
different U-shaped construct (Fig. 3b–d).

 Discussion

The causes of CVJ instability include CVJ trauma, rheuma-
tological diseases, tumors, infections, congenital malforma-
tions, and degenerative disease processes. Considering 
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dysmorphic pathologies, basilar invagination is the most 
common bony abnormality (38–74 %) of the CVJ, followed 
by platybasia, often associated with other findings such as 
Chiari malformation, syringomyelia, and os odontoideum 
[23, 30]. Instability of the CVJ may lead to significant 
 pathological problems, including cervical pain at first, fol-
lowed by all the consequences of cervical cord compression: 
respiratory distress, cranial nerve dysfunction, paresis, and 
plegia, or even sudden death. Fusion procedures at the CVJ 
must be capable of withstanding the forces of compression, 
axial loading, flexion, extension, lateral rotation, and lateral 
bending. A variety of techniques are used for CVJ instru-
mentation and fusion: rigid rod-screw fixation, rod-wire  

systems, occipital hooks, and cervical claws. These tech-
niques have shown comparable effectiveness (fusion rates 
from 89 to 100 %). Despite possible alternative less invasive 
surgical procedures sparing occipital bone fusion, CVJ 
instrumentation and fusion remains the most appropriate 
treatment when dealing with instability or in cases of wide-
spread bone destruction, fractures, or progressive inflamma-
tory or metabolic diseases [6, 8, 17, 20, 21]. The choice of 
surgical procedure is mainly based on radiological parame-
ters, such as occiput bone density or the firmness of posterior 
cervical elements, but also considering the surgeon’s experi-
ence. Biomechanical in-vitro experiments have demon-
strated for many years that screws provide better immediate 

a b

c
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Fig. 2 Sagittal CT scan (a) and MR studies (b) show the advanced 
osteolytic process exclusively involving the axis at the level of the soma 
and the dens, especially the trabecular spongiosa region, evidencing the 
distorted profile of the axis without spinal cord compression. Specific 
axial CT scan study of the C5 vertebra after the first intervention dem-

onstrates the right position of the screws in the lateral masses; absence 
of osteolytic areas around the intraosseous screw course is also evident 
(c). Differently, axial CT scan after radiotherapy (RT) shows signs of 
bone resorption and evidence of left screw dislocation on the C5 
 vertebra (white arrow) (d)
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stability than wires, but it is still debated whether this results 
in a true higher rate of fusion. Reports of a fusion rate of 
80 % after wiring and of 94 % after screwing do not seem to 
influence markedly the final clinical results [9, 18, 19, 24]. 
Wiring constructs remain an excellent method for stabilizing 
the CVJ and upper cervical spine. When wired to the spine 
and skull, bone struts or metal implants provide reasonably 
good mechanical stabilization properties with a low  

incidence of complications [2]. Ductility, resistance to stress, 
and the possibility of using MR postoperatively convey 
advantages in using titanium, compared with other metals, in 
osteosynthesis. The most frequent complications related to 
CVJ instrumentation and fusion include dislocation and rup-
ture of the fixation system, screw loosening, dural fistula, 
neural or vascular damage, wound infection, and the persis-
tence of neurological pain [1, 13]. In more detail, the most 

a b

c d

Fig. 3 Early postoperative lateral X-ray demonstrates the sliding of the titanium construct associated with the pulling out of the hardware (a). 
Postoperative X-rays (CT scout view) (b–d) show control after reoperation
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commonly encountered perioperative complications have 
been related to instrumentation failure after nonunion, with 
rates as high as 7 % during CVJ instrumentation and fusion 
and 6.7 % during atlantoaxial fusion (quite the same!). Other 
commonly encountered complications have included injury 
to the vertebral artery (1.3–4.1 % during the placement of 
C1-C2 transarticular screws, most commonly in the case of 
high-riding vertebral artery [13]. In our experience, we can 
affirm that CVJ instrumentation procedures can be consid-
ered efficient and substantially safe; in the 48 patients who 
underwent CVJ posterior instrumented procedures at our 
Institution, the three cases of instrumentation failure, are dis-
cussed and compared with related results in the current lit-
erature as outlined below.

 Case Considerations

 Case 1

Postoperative infection of a stabilization system is consid-
ered a serious complication, with an incidence rate of 
0.1–3 %, and it mostly occurs 3–7 days after surgery, with 
a higher incidence via the transoral approach [10]. 
Pediatric patients with postoperative wound infections 
requiring surgical debridement have higher surgical fail-
ure rates after CVJ instrumentation and fusion. Those 
with skeletal dysplasia and congenital spinal anomalies 
are more likely to require reoperation for hardware fail-
ure, as confirmed in our case [15]. Moreover, in a series of 
pediatric patients, the efficacy of surgical wash-out asso-
ciated with antibiotics was demonstrated; this treatment 
was successful in curing wound infections in many 
patients without hardware removal [11, 13]. Bathia et al., 
in a total of 100 patients, reported three cases of infec-
tions treated with wound washout, and in one case only, 
hardware removal was performed (3 %), without any sub-
sequent radiological confirmation of long-lasting stabil-
ity. Choi et al. also reported one case of hardware removal 
with referred CVJ bone fusion, but no radiological evi-
dence of the fusion was shown in their report [5, 7]. 
Similar conclusions were reached by Ahmed et al., who 
presented the case of a 20-year-old patient who developed 
postoperative infection after CVJ instrumentation and 
fusion in Chiari I malformation. After removal of the 
instrumentation, solid bony fusion was evidenced, but it 
was not confirmed by later dynamic cervical radiographs 
[1]. As far as we know, our case is the first documented 
condition of hardware removal followed by stability due 
to bone fusion confirmed by postoperative dynamic neuro-
radiological investigations. These data support our find-
ing: we can hypothesize that the infection, “long-lasting” 
as in our patient, had a role in the ossification process 

involved in the CVJ fusion, since the fusion occurred 
33 months after onset of the infection. Finally, and very 
surprisingly, in our case, the post-infective bone fusion 
not only produced a good fixation but also resulted in a 
sort of odontoid regeneration, never reported before. 
Although we recently reported a “true” odontoid process 
regeneration (along with clival regeneration and Chiari 
malformation recurrence) after transoral decompression, 
in the present case we observed the union of the remain-
ing C2 with C3 bodies, strongly mimicking a concomitant 
quite complete axis and clival regeneration [26].

 Case 2

Spinal plasmocytoma is a rare neoplasm (representing 
<5 % of primary tumors of the spine) that is characterized 
by high response to radiation therapy: effective local con-
trol of the disease, achieving remission in more than 86 % 
of cases after 5 months, along with regression of neuro-
logical impairment and pain, is described in some non-
comparative retrospective studies [12]. Local recurrence is 
reported in 3–26 % of patients within 5 years; no recur-
rence has been documented in small series of patients 
treated with more than 3,500–4,000 cGy [12]. In our case, 
considering the massive involvement of the C2 vertebra, 
the anterior arch of C1, and the inferior edge of the clivus, 
fixation and fusion surgery was indicated to prevent poten-
tial CVJ instability due to the evolving nature of the inva-
sive plasmocytoma. CVJ instrumentation via C3–C4–C5 
lateral mass screws connected to an occipital plate by rods 
with cement was initially considered the best treatment in 
respect of semirigid fusions (“rods and wires”, “rib 
grafts”), with evidence at the first radiological follow-up 
of good surgical results. The influence of RT on bony 
metabolism is still a matter of debate. Some authors have 
hypothesized that RT could reduce the risk of pathologic 
fractures, while others have observed that long-term 
remodelling of bone after RT does not re-establish the 
original bony architecture [14, 16]. It is known that skele-
tal RT may alter and damage osteoblastic cells, causing 
uncontrolled resorption of the bone matrix; the bone  
alterations produced by radiation have been defined as 
“radiation osteitis”, “radiation osteonecrosis”, or “osteo-
radionecrosis” [27].

Radiation seems to influence the growth pattern in chil-
dren, and is involved in chondrogenesis failure in adults. 
Moreover, RT may decrease deposition of the bony matrix 
by damaging osteoblastic cells [4]. Quantifying the biologi-
cal influence of RT in relation to the failure of instrumented 
fusion is difficult, as there is a lack of prospective compara-
tive studies. The time of trabecular remodelling in humans is 
about 150 days; it is probable that RT may alter this  biological 
process [29].
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 Case 3

The os odontoideum, or mobile odontoid apophysis, is a mal-
formation of the CVJ caused by missing unity in the ossifica-
tion center of the dens on the body of the axis. This 
malformation induces atlantoaxial instability and exposes the 
subject to the risk of bulbar-medullary compression. The true 
incidence of this condition is difficult to determine because 
many cases are asymptomatic. Congenital and traumatic the-
ories have been advanced, although the pathogenesis is still 
being discussed. Consequently, the surgical management of 
os odontoideum should aim at achieving both neural decom-
pression and stabilization of the CVJ [23]. Our patient with os 
odontoideum refused the anterior approach, so posterior 
instrumentation only was performed [3, 22, 25]. According to 
the literature, dislocation of the hardware is another important 
cause of the failure of CVJ stabilization; in our patient, failure 
was due to the sliding of the U-shaped rod.

In order to understand and analyze this event, it is important 
to consider that the two burr holes made into the occipital bone 
were placed 0.5 cm cranially to the rim of the foramen magnum, 
on the same axis of wire and hyperlordotic rod passage as the 
C2 and C3 laminar arches, thus not securing the hardware or 
preventing the caudo-cranial sliding of the hardware and the 
pulling out of the construct. In other words, the distance between 
the occipital burr holes was too great. The patient needed further 
surgery to improve occipital fixation, with further suboccipital 
wiring of the U-shaped rod performed by creating two new burr 
holes that were closer than the original ones.

 Conclusions

On the basis of our experience we can conclude that:
1. A stable bone CVJ fusion can occur after instrumenta-
tion removal for infection;
2. Radio- and chemotherapy can cause hardware failure 
due to interference with local bone metabolism;
3. Although old-fashioned, wiring techniques still deserve 
consideration, mainly in re-do CVJ surgery after screwing 
technique failures. Nevertheless, although wiring is a sim-
ple, safe, and effective procedure, care must be taken in the 
preparation of the cranial holes in order to avoid sliding 
complications with the U-shaped rods.
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Abstract
Background
Cerebral radiation necrosis (RN) is a severe complication of 
radiotherapy for cerebral pathologies. This study discusses 
the radiographic and pathological features of 12 patients 
with RN and investigates the management strategy.

Methods
Eleven patients with brain tumors, and one with cerebral cav-
ernous angioma, treated by surgical resection or Gamma 
Knife alone before radiotherapy developed RN during fol-
low- up. Surgical resection for the cerebral RN was per-
formed in nine patients, and the other three patients received 
medical treatment. The clinical features, magnetic resonance 
imaging (MRI), surgical findings, and pathological sections 
are reviewed.

Results
The diagnosis of RN was confirmed by histological study in 
all the patients; those with surgical and medical treatment 
recovered.

Conclusion
As a major complication of radiotherapy, from the clinical 
and neuroradiological points of view, RN may simulate 
tumor recurrence. Due to the increasing number of patients 
with RN who will need to be treated in future years, the defi-
nite diagnosis and appropriate treatment of RN remain 
critical.

Keywords Brain tumor • Cavernous angioma • Cerebral 
radiation necrosis • Radiotherapy

 Introduction

Radiotherapy is an important modality option for treating 
brain tumors, arteriovenous malformations, and head and neck 
cancers. Clinically, there are three forms of radiation injuries: 
acute, early delayed, and late delayed reactions [10, 14]. The 
main manifestation of a late delayed reaction is radiation 
necrosis (RN), which was first described in 1930 [8]. Since 
then, numerous reports have documented RN as a major com-
plication of radiotherapy to the brain. The exact incidence of 
RN after radiotherapy for brain tumors and arteriovenous mal-
formations remains undetermined. Risk factors associated 
with the development of RN include total radiation dose, frac-
tion size, treatment time, and radiation field and volume. 
Although late cerebral RN has been seen at a radiotherapy 
dose of less than 50 Gy, generally, it more often develops with 
a higher irradiation dose, larger fraction size, and when radia-
tion is combined with chemotherapy [35].

The diagnosis of RN has been challenging since the 
necrosis and tumor recurrence share similar manifestations, 
both in clinical presentation and in imaging appearance. 
Therefore, biopsy and pathological study have been recom-
mended as the diagnostic gold standard. Making a definite 
diagnosis, which is directly related to the choice of treat-
ment, is of great importance.

Twelve patients, previously treated for brain tumor and 
arteriovenous malformation, with a neuropathological diag-
nosis of cerebral RN, were included in this study. The aim of 
this study was to compare the radiographic and pathological 
features of RN and report our experience in the management 
of late cerebral RN by focusing on the therapeutic options of 
medical and surgical therapy.

Management of Cerebral Radiation Necrosis: A Retrospective Study 
of 12 Patients

Chenlong Liao, Massimiliano Visocchi, Wenchuan Zhang, Min Yang, Wenxiang Zhong, and Pengfei Liu

C. Liao • W. Zhang (*) • M. Yang 
W. Zhong • P. Liu 
Department of Neurosurgery, XinHua Hospital, affiliated to 
Shanghai JiaoTong University School of Medicine,  
NO.1665 Shanghai Kongjiang Road, Yangpu, Shanghai,  
People’s Republic of China
e-mail: zhangwench88@hotmail.com 

M. Visocchi 
Institute of Neurosurgery, Medical School,  
Catholic University of Rome, Rome, Italy

mailto:zhangwench88@hotmail.com


196

 Material and Methods

This study was approved by the XinHua Hospital Medical 
Ethics Committee.

Twelve patients, 7 males and 5 females, ranging in age 
from 41 to 73 years (mean age 55.8 years) were retrospec-
tively reviewed. Between January 2005 and December 2011, 
11 of the 12 patients were surgically treated in our 
Department. Pathological examinations were performed by 
two certified neuropathologists and the diagnosis was glio-
blastoma multiforme (GBM) in 3 cases (27 %) and glioma in 
8 (73 %).

One patient, who had a cavernous angioma, found by 
MRI, preferred stereotactic Gamma Knife radiosurgery to 
surgical resection. The lesion sites were as follows: 3 tem-
poral; 2 frontal; 3 parietal; 2 frontotemporal; 1 occipital, 
and 1 parieto-occipital All the patients underwent exter-
nal-beam fractionated radiation therapy; 1.8–2.0 Gy per 
day was administered with a 6-MV linear accelerator for 5 
consecutive days, for a total dose of 45–60 Gy. Seven 
patients also received temozolomide as chemotherapy 
(Table 1).

Magnetic resonance imaging (MRI) was performed at 
3- to 6-month intervals after completion of the radiation 
therapy. When clinical deterioration occurred, MRI was 
performed. All the patients, including the one with cavern-
ous angioma, developed a newly formed lesion mimicking 
tumor recurrence (Fig. 1). The mean time between the 
administration of radiation therapy and the appearance of 
the newly formed lesion was 18 months (range 
8–33 months). Nine patients underwent surgical resection 
of the lesion to alleviate the severe symptoms, while three 
patients received only medical treatment after stereotactic 
biopsy, as they had relatively mild symptoms. Pathological 
study of the specimens showed RN (Fig. 2). MRI or com-
puted tomography (CT) scans of the brain were then per-
formed at 3- to6 -month intervals during the follow-up. The 
mean duration of follow- up was 16 months (range 
4–36 months) (Table 1).

 Results

In our series the median preoperative Karnofsky perfor-
mance score (KPS) was 80. Apparent total surgical removal 
of the lesion was performed in nine patients, all of whom had 
a significant reduction in intracranial pressure within a few 
days postoperatively. No major complications occurred.

Two patients presented with a severe motor deficit of the 
left arm and two had postoperative seizures. Transient dys-
phasia was observed in two more patients. After surgery, 
brain edema progressively resolved in all the patients within 

3 weeks, allowing a reduction or suspension of corticoste-
roid therapy by that time.

Three patients developed mild neurological symptoms a 
few weeks postoperatively. MRI showed a worsening of 
cerebral edema, which recovered after corticosteroid 
administration.

 Discussion

The treatment of brain tumors remains challenging, although 
neurosurgery, radiotherapy, and chemotherapy are the cur-
rent options, and they can be integrated. However, prolonga-
tion of survival can be accompanied by the appearance of 
new features, such as RN, which has increased in incidence 
since radiotherapy started to be considered an outstanding 
treatment opportunity for brain tumors, arteriovenous mal-
formations, and some head and neck cancers [7].

The primary goal of brain radiotherapy is to deliver a 
therapeutic dose of radiation, sparing the surrounding nor-
mal brain tissue; in fact, irradiation occasionally affects the 
normal tissue, damaging normal brain tissue near the tumor 
site [13, 36]. The tolerance of normal tissue has been a limit-
ing factor in the radiation therapy of cerebral pathologies. 
Patients vary in their individual responses to radiotherapy: 
some may develop severe adverse reactions, while others 
receiving comparable radiation doses for similar pathologies 
in similar locations do not. The exact reason for this variabil-
ity in response remains unclear, although several researchers 
have tried to address the issues of intrinsic tissue sensitivity 
over the past two decades [1, 9, 20, 28, 33], and a median 
dose of 20 Gy in a single fraction has been advocated to 
obtain an optimal balance between therapeutic efficacy and 
the risk of complications [17, 23].

Currently, the mechanisms of RN are still an open ques-
tion. Theories of vascular injury; glial injury; autoimmune 
reactions; and oxyradical damage of cell membrane lipids 
have been advanced so far (15, 21). These mechanisms may 
generally coexist. The main target of RN is neuroglial cells, 
especially oligodendroglial and endothelial cells, rather than 
neurons [31]. Endothelial cell damage caused by abnormal 
microvascular circulation, “nutritional” insufficiency, and 
disruption of the blood-brain barrier, promoted by the acti-
vated immunological system, contribute to the development 
of gliosis, vascular injury, and progressive necrosis of the 
surrounding brain parenchyma [4, 6, 19, 22, 26, 29, 34].

As previously stated, efforts have long been made by a 
great many investigators to apply radiographic imaging stud-
ies to the differential diagnosis of recurrent tumor and RN [5, 
24, 32], which can be a radiologic dilemma, since they share 
the following features at CT or MRI: the original tumor site, 
mass effect, and contrast enhancing with surrounding edema, 
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a

c d

b

Fig. 1 (a, b) Axial magnetic resonance (MR) images of patient with 
primary glioma. The solid portion of radionecrosis and the perilesional 
edema in the left temporal lobe have low signal intensity on axial 
T1-MRI and high signal intensity on axial T2-MRI (c, d) axial MR 
images of patient with primary cavernous angioma. The solid portion of 

radionecrosis and the perilesional edema in the frontal lobe show iso-
to-hypointense signal intensity on T1 Fluid attenuated inversion recov-
ery (FLAIR) image; the lesion was irregularly enhancement. 
Hyperintense signal with patches of a hypointense signal area are 
shown on T2-MR image
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and may increase in size over time. Other techniques, such as 
spectroscopy and perfusion MR, perfusion CT, positron 
emission tomography (PET) and single-photon emission CT 
(SPECT) have also been widely used. Nevertheless, so far no 
evidence has been provided that any of these investigations is 
apparently superior to any other modalities in terms of diag-
nostic sensitivity or specificity [2, 5, 6, 21, 25]. With no best 
option recommended, the decision to use one or more 
 imaging techniques always depends on a series of factors, 
such as the availability of various imaging modalities at an 
institution, the location and size of the tumor, the neurologi-
cal findings, and the cost.

A differential diagnosis is very important to illuminate the 
appropriate management: recurrent tumor might be treated 
with surgical resection, radiation, or chemotherapy, while RN 
may benefit from corticosteroids, other medical therapies, or 
surgery [5, 30]. The definitive diagnosis of RN requires path-
ological studies, despite the existence of sampling error from 
a stereotactic biopsy, due to the frequent mixed area of 
tumoral cells and necrosis. However, in patients with previ-
ously irradiated tumor or other pathologies in whom RN or 
tumor recurrence was clinically or radiographically sus-
pected, results from stereotactic biopsy or surgical biopsy 
could be used to differentiate tumor recurrence, RN, a mix-
ture of both lesions, and radiation-induced tumor [10].

Spontaneous resolution of cerebral RN may happen, but 
in most patients symptoms would develop and can be pro-
gressive, calling for treatment to provide symptomatic relief 
[11]. It is reported that resolution or improvement may be 
obtained following medical treatment with high-dose corti-
costeroids [16]. However, Gutin and colleagues reported that 

the effect of steroids for acute episodes in patients with lat-
eral cerebral RN proved to be doubtful. The steroid level at 
radiation is reported to have an adverse effect on the out-
come, owing to severe systemic complications, and, as a con-
sequence, increased susceptibility to RN [12, 18]. According 
to our personal experience, although no definitive conclusion 
can currently be drawn, we suggest that the management of 
patients with RN is predominantly surgical in those with 
elevated intracranial pressure, or if symptoms require prompt 
control or they progress with conservative treatment. 
Moreover, surgical intervention may also provide a biopsy 
specimen and confirm the diagnosis. This statement seems to 
be in accord with the literature [15, 16, 22, 27, 34].

Regarding the patient with cavernous angioma in our 
series, we strongly supported surgery to remove both the RN 
and the remaining lesion, since cavernous angioma can re- 
bleed and support epileptic seizures; in our opinion such a 
surgery it is not an especially demanding operation, particu-
larly when the nidus is located on the convexity. Similarly to 
treatment in those patients with long-term recurrent epilepsy 
unresponsive to antiepileptic drugs, surgery should be reso-
lutely carried out in order to remove the nidus, and to prevent 
massive hemorrhage and expansion of the epileptic focus. 
Moreover, surgery should also be considered in the follow-
ing conditions: (1) acute or progressive functional nervous 
damage; (2) a single nidus in a non-eloquent area or in the 
eloquent area in cases of hemorrhage; and (3) a serious focal 
symptom arising out of multiple encephalic pathological 
changes [3].

In our study, surgical treatment appeared to be a favorable 
strategy in patients with good KPS and accessible location of 

Fig. 2 Pathological section of 
radionecrosis shows proliferation 
of surrounding gliocytes, 
coagulative necrosis of large 
areas, formation of a glial scar, 
and infiltration of inflammatory 
cells around the blood vessels
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the necrotic mass. We believe that the number of patients 
requiring treatment of RN will rise in the coming years with 
the increasing population receiving radiotherapy. Accordingly, 
prospective randomized, multicenter studies and even com-
plete guidelines are necessary for the management of RN.

 Conclusion

As a major complication of radiotherapy, RN may simu-
late tumor recurrence in both its clinical features and on 
MRI. The definite diagnosis and appropriate treatment of 
RN are critical, and will be even more important, given 
that there will be increasing numbers of patients with RN 
to be treated in the coming years.

Conflict of Interest Statement The authors declare that they have no 
conflicts of interest.

References

 1. Alter BP (2002) Radiosensitivity in Fanconi’s anemia patients. 
Radiother Oncol : J Eur Soc Therape Radiol Oncol 62:345–347

 2. Barajas RF, Chang JS, Sneed PK, Segal MR, McDermott MW, Cha 
S (2009) Distinguishing recurrent intra-axial metastatic tumor 
from radiation necrosis following gamma knife radiosurgery using 
dynamic susceptibility-weighted contrast-enhanced perfusion MR 
imaging. AJNR Am J Neuroradiol 30:367–372

 3. Bertalanffy H, Benes L, Miyazawa T, Alberti O, Siegel AM, Sure 
U (2002) Cerebral cavernomas in the adult. Review of the litera-
ture and analysis of 72 surgically treated patients. Neurosurg Rev 
25:1–53; discussion 54–55

 4. Coderre JA, Morris GM, Micca PL, Hopewell JW, Verhagen I, 
Kleiboer BJ, van der Kogel AJ (2006) Late effects of radiation on 
the central nervous system: role of vascular endothelial damage 
and glial stem cell survival. Radiat Res 166:495–503

 5. Dequesada IM, Quisling RG, Yachnis A, Friedman WA (2008) 
Can standard magnetic resonance imaging reliably distinguish 
recurrent tumor from radiation necrosis after radiosurgery for brain 
metastases? A radiographic-pathological study. Neurosurgery 
63:898–903; discussion 904

 6. Dropcho EJ (2010) Neurotoxicity of radiation therapy. Neurol Clin 
28:217–234

 7. Eisele SC, Dietrich J (2015) Cerebral radiation necrosis: diagnos-
tic challenge and clinical management. Rev Neurol 61:225–232

 8. Eyster EF, Nielsen SL, Sheline GE, Wilson CB (1974) Cerebral 
radiation necrosis simulating a brain tumor. Case report. 
J Neurosurg 40:267–271

 9. Gatti RA (2001) The inherited basis of human radiosensitivity. 
Acta Oncol 40:702–711

 10. Giglio P, Gilbert MR (2003) Cerebral radiation necrosis. 
Neurologist 9:180–188

 11. Glass JP, Hwang TL, Leavens ME, Libshitz HI (1984) Cerebral 
radiation necrosis following treatment of extracranial malignan-
cies. Cancer 54:1966–1972

 12. Gutin PH, McDermott MW, Ross G, Chan PH, Chen SF, Levin KJ, 
Babuna O, Marton LJ (1990) Polyamine accumulation and vaso-
genic oedema in the genesis of late delayed radiation injury of the 
central nervous system (CNS). Acta Neurochir Suppl 51:372–374

 13. Hopewell JW, Millar WT, Ang KK (2007) Toward improving the 
therapeutic ratio in stereotactic radiosurgery: selective modulation 
of the radiation responses of both normal tissues and tumor. 
J Neurosurg 107:84–93

 14. Iwai Y, Yamanaka K, Oda J, Tsuyuguchi N, Ochi H (2001) Tracer 
accumulation in radiation necrosis of the brain after thallium-201 
SPECT and [11C]methionine PET – case report. Neurol Med Chir 
41:415–418

 15. Kano H, Kondziolka D, Zorro O, Lobato-Polo J, Flickinger JC, 
Lunsford LD (2009) The results of resection after stereotactic 
radiosurgery for brain metastases. J Neurosurg 111:825–831

 16. Lorenzo ND, Nolletti A, Palma L (1978) Late cerebral radionecro-
sis. Surg Neurol 10:281–290

 17. Maldaun MV, Aguiar PH, Lang F, Suki D, Wildrick D, Sawaya R 
(2008) Radiosurgery in the treatment of brain metastases: critical 
review regarding complications. Neurosurg Rev 31:1–8; discus-
sion 8–9

 18. Morris JG, Grattan-Smith P, Panegyres PK, O’Neill P, Soo YS, 
Langlands AO (1994) Delayed cerebral radiation necrosis. Q 
J Med 87:119–129

 19. Pena LA, Fuks Z, Kolesnick RN (2000) Radiation-induced apopto-
sis of endothelial cells in the murine central nervous system: pro-
tection by fibroblast growth factor and sphingomyelinase 
deficiency. Cancer Res 60:321–327

 20. Roberts SA, Spreadborough AR, Bulman B, Barber JB, Evans DG, 
Scott D (1999) Heritability of cellular radiosensitivity: a marker of 
low-penetrance predisposition genes in breast cancer? Am J Hum 
Genet 65:784–794

 21. Ross DA, Sandler HM, Balter JM, Hayman JA, Archer PG, Auer DL 
(2002) Imaging changes after stereotactic radiosurgery of primary 
and secondary malignant brain tumors. J Neurooncol 56:175–181

 22. Ruben JD, Dally M, Bailey M, Smith R, McLean CA, Fedele P 
(2006) Cerebral radiation necrosis: incidence, outcomes, and risk 
factors with emphasis on radiation parameters and chemotherapy. 
Int J Radiat Oncol Biol Phys 65:499–508

 23. Shehata MK, Young B, Reid B, Patchell RA, St Clair W, Sims J, 
Sanders M, Meigooni A, Mohiuddin M, Regine WF (2004) 
Stereotatic radiosurgery of 468 brain metastases < or =2 cm: impli-
cations for SRS dose and whole brain radiation therapy. Int 
J Radiat Oncol Biol Phys 59:87–93

 24. Soffietti R, Sciolla R, Giordana MT, Vasario E, Schiffer D (1985) 
Delayed adverse effects after irradiation of gliomas: clinicopatho-
logical analysis. J Neurooncol 3:187–192

 25. Sundgren PC (2009) MR spectroscopy in radiation injury. AJNR 
Am J Neuroradiol 30:1469–1476

 26. Szeifert GT, Massager N, DeVriendt D, David P, De Smedt F, 
Rorive S, Salmon I, Brotchi J, Levivier M (2002) Observations of 
intracranial neoplasms treated with gamma knife radiosurgery. 
J Neurosurg 97:623–626

 27. Takeuchi J, Hanakita J, Abe M, Handa H (1976) Brain necrosis 
after repeated radiotherapy. Surg Neurol 5:89–93

 28. Taylor AM, Harnden DG, Arlett CF, Harcourt SA, Lehmann AR, 
Stevens S, Bridges BA (1975) Ataxia telangiectasia: a human 
mutation with abnormal radiation sensitivity. Nature 
258:427–429

 29. Torcuator R, Zuniga R, Mohan YS, Rock J, Doyle T, Anderson J, 
Gutierrez J, Ryu S, Jain R, Rosenblum M, Mikkelsen T (2009) 
Initial experience with bevacizumab treatment for biopsy con-
firmed cerebral radiation necrosis. J Neurooncol 94:63–68

 30. Truong MT, St Clair EG, Donahue BR, Rush SC, Miller DC, 
Formenti SC, Knopp EA, Han K, Golfinos JG (2006) Results of 
surgical resection for progression of brain metastases previously 
treated by gamma knife radiosurgery. Neurosurgery 59:86–97; dis-
cussion 86–97

C. Liao et al.



201

 31. Tsui EY, Chan JH, Leung TW, Yuen MK, Cheung YK, Luk SH, 
Tung SY (2000) Radionecrosis of the temporal lobe: dynamic sus-
ceptibility contrast MRI. Neuroradiology 42:149–152

 32. van Dellen JR, Danziger A (1978) Failure of computerized tomog-
raphy to differentiate between radiation necrosis and cerebral 
tumour. S Afr Med J 53:171–172

 33. West CM, Elliott RM, Burnet NG (2007) The genomics revolution 
and radiotherapy. Clin Oncol 19:470–480

 34. Wong ST, Loo KT, Yam KY, Hung WM, Fok KF, Yuen SC, Fong 
D (2010) Results of excision of cerebral radionecrosis: experience 
in patients treated with radiation therapy for nasopharyngeal carci-
noma. J Neurosurg 113:293–300

 35. Yoshii Y (2008) Pathological review of late cerebral radionecrosis. 
Brain Tumor Pathol 25:51–58

 36. Yu JB, Schulder M, Knisely J (2012) Radiosurgical dose selection 
for brain metastasis. Prog Neurol Surg 25:139–147

Management of Cerebral Radiation Necrosis: A Retrospective Study of 12 Patients



203M. Visocchi et al. (eds.), Trends in Reconstructive Neurosurgery, Acta Neurochirurgica Supplement 124,
DOI 10.1007/978-3-319-39546-3_31, © Springer International Publishing Switzerland 2017

Abstract In Western European countries there is an inci-
dence of traumatic spinal cord injury (SCI) of 16 to 19.4 new 
cases per million inhabitants per year. Since World War II, 
European physicians have been fundamental in the develop-
ment of SCI medicine, starting from Sir Ludwig Guttman, 
who developed the idea of the integrated treatment of these 
patients. More recently, scientists from Germany and 
Switzerland have developed a new rehabilitative approach, 
Body Weight Support Treadmill Training, based on the con-
cept of activity-based therapy and aimed at restoring walking 
in SCI patients. This review highlights issues concerning dif-
ferent organizational systems and health policies within and 
outside Europe.

Keywords Spinal Cord Injury • Rehabilitation • Historical 
perspective

 Introduction and Epidemiology

Spinal cord injury (SCI) has a worldwide incidence of 
between 10.4 and 83 cases per million per year [39], with a 
great impact on health care systems; although recently a 
number of epidemiological studies of SCI have become 
available, most of these studies have only considered trau-
matic SCI. However, a substantial part (although not per-
fectly known) of the population with SCI consists of patients 
with non-traumatic SCI; furthermore, non-traumatic spinal 
cord lesions will probably increase in the near future as the 
European population is getting older. This group of patients 
may have divergent rehabilitation needs due to their age and 
due to the higher frequency of comorbidities than in the trau-
matic population [30]. Consequently, there is a need for 
more insight into the characteristics of the populations 
affected with traumatic and non-traumatic SCI in different 
settings and countries, as well as the need for a standardized 
method of reporting personal and injury characteristics in 
clinical studies [4, 30, 37, 39].

In Europe, the mean incidence of SCI is between 16 and 
19.4 new cases per million inhabitants per year, and the inci-
dence is similar in various European countries (Table 1). In 
most countries, SCI incidence is approximately 20 new cases 
per million inhabitants per year, with the remarkable excep-
tions of the Netherlands, Spain, and Denmark, where the 
incidence is lower, and Greece and Russia, where the inci-
dence is approximately 30 new cases per year. European 
countries also demonstrate substantial similarity regarding 
other features of the SCI population (male/female ratio, age, 
and neurological presentation), particularly regarding etiol-
ogy, with motor vehicle accidents and falls being the primary 
causes of injury.

There are fewer prevalence studies than incidence studies, 
and they show that prevalence (average number per million 
inhabitants) varies from 280 in Finland [9] to 365 in Norway 
[21]. The estimated mean European prevalence is 250 cases 
per million inhabitants [39].
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The incidence of new SCI cases, and therefore the preva-
lence of SCI, is lower in Europe than in other areas of the 
world: North America has an incidence (approximately 39 
new cases per million) more than twice that of Western 
Europe [8]. Fall-related SCIs are more frequent in Europe, 
while violence-related SCIs are much more frequent in other 
areas of the world, including North and South America, the 
Middle East, North Africa, and southern Africa [8]. The fea-
tures of the SCI population are changing, as the age of SCI 
patients, the number of fall-related SCIs, the number of 
female cases, and the proportion of incomplete cervical 
lesions all appear to be increasing [1, 10, 22].

With regard to non-traumatic SCI, the data are much more 
confused, with an incidence rate ranging from 6 new cases 
per million population per year (Europe) to 76 new cases 
(North America) [28]. However, the same author, comparing 
nine SCI units around the world (including four from Europe) 
reported that about 40 % of the admitted patients had a non- 
traumatic lesion [29]: therefore, the real incidence of non- 
traumatic SCIs is probably higher than reported and deserves 
further studies.

 European Contribution to the Rehabilitation 
of SCI Patients

In the twentieth century, it was proposed and understood that 
complete treatment of patients with SCI should include acute 
hospital care, as well as both acute and ongoing rehabilita-
tion. In general, we can state that, in the past, because of the 
lack of effective medical and surgical protocols, SCI was 
considered an untreatable disease; however, medical efforts 
have been directed toward its cure, by improving the man-
agement of both the acute and long-term phases [15]. Indeed, 
we have passed from an era of therapeutic nihilism to a new 
concept of SCI, and are able to treat the needs of individuals 
with SCI by competently treating the direct injury as well as 
all affected organ systems, including the psychological 
aspects of SCI.

Although the concept of integrated treatment was also 
known in the United States after World War II, European 
figures such as Sir Ludwig Guttman pioneered and made tre-
mendous contributions to the multispecialist treatment of 
SCI patients. Guttmann (born in Silesia, Germany, in 1899) 
in 1944 was placed in charge of the SCI Unit at the Stoke 
Mandeville Hospital, in the United Kingdom. Guttmann 
introduced postural reduction, divided his patients’ neuro-
logical lesions into “complete” and “incomplete”, and then 
subdivided them into improved, unchanged, and deterio-
rated. This organization called attention to two basic con-
cepts: the difference between a complete and an incomplete 
spinal cord lesion, and the prognostic implications of this 

difference on recovery. Later, this concept was expanded by 
Dr. Frankel, a pupil and co-worker of Guttmann’s, who 
reported clinical data from a Stoke Mandeville Hospital 
series, introducing the scale of neurological involvement that 
is now universally known as the Frankel Scale [17].

Furthermore, Guttman proposed a model of integrated 
care of SCI patients from the very acute phase to discharge. 
He created the very first SCI unit in the world at Stoke 
Mandeville, and this model of care was accepted and devel-
oped only later in the United States and Canada [17]. 
Guttmann realized that, contrarily to the usual division of 
specialties, doctors treating this illness had to be rehabilita-
tionists with a commitment to all the needs of the patient, not 
only those within the scope of one’s specialty. Already in 
1944 Guttmann had established “the fundamental rules for 
the care of SCI patients:
 (a) Management of a unit by an experienced physician who 

is prepared to give up part, or all, of their own specialty.
 (b) Sufficient numbers of allied health professionals, e.g., 

nurses and therapists, to cope with details of care.
 (c) Technical facilities to establish workshops and voca-

tional outlets.
 (d) Attention to social, domestic, and industrial 

resettlement.
 (e) Regular aftercare, or extended care, over the lifetime of 

each individual.”
Guttmann was also a great believer in wheelchair sports, 

and is remembered for founding the Paralympics [20, 34]. 
Although only a small number of SCI subjects take part in 
elite and Paralympic sport, recreational sport plays an impor-
tant part in the rehabilitation and life of paralyzed persons. 
Furthermore, elite sports and the Paralympics are fundamen-
tal in the reintegration of paralyzed persons and in changing 
the perception of wheelchair users.

Although little of Guttmann’s work was published in the 
medical literature [20], he was a great teacher and was expe-
rienced in what is now known as public relations. Many doc-
tors visited Stoke Mandeville and trained in SCI medicine 
under the supervision of Guttmann; among these were most 
of the physicians who then developed SCI units in European 
countries, as well as in the rest of the world.

At present, after 70 years, SCI rehabilitation is strongly 
influenced by what we learnt from the Stoke Mandeville 
experience. Rehabilitation has traditionally focused on max-
imizing the person’s recovery from the injury and returning 
them home as independently as possible. However, once the 
milestone of returning home with a new SCI is crossed, the 
individual must conquer the barriers of societal reintegration 
with their altered body habitus. Traditionally, management 
of the person with SCI involves the determination of the per-
son’s level of injury and functional capacity and then the 
generation of a problem list and prescription for therapies, 
with the overall goal of having the patient achieve their 

The Rehabilitation of Spinal Cord Injury Patients in Europe
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 maximum functional potential. Therefore, determining the 
potential neurological and functional outcome of an individ-
ual post-SCI is the basis of the rehabilitation process [5]. 
Functional outcomes are traditionally determined based on 
the level and severity of the SCI [7] in conjunction with other 
factors, such as age [33]. The determination of the severity of 
the lesion is based on the International Standards for 
Neurological Classification of Spinal Cord Injury, which are 
a development of the Frankel Classification created in Stoke 
Mandeville in 1969 [17].

Always, according to Guttmann’s principles, SCI-specific 
rehabilitation should be initiated as soon as possible (ideally 
beginning in the intensive care setting) and in a specialized 
unit capable of providing comprehensive management of a 
person with SCI with an interdisciplinary approach of the 
rehabilitation team, which includes the patient and their fam-
ily [35]. In fact it has been demonstrated that a delay in start-
ing these interventions may negatively influence a patient’s 
ultimate functional capability and increase their length of 
rehabilitation stay [32]. Furthermore, early admission to an 
SCI unit may help in preventing early medical complica-
tions, thus facilitating the course of inpatient rehabilitation 
and reducing the total cost of care. The rehabilitation of SCI 
patients is a multifaceted problem and needs a multispecialty 
approach. SCI can disrupt upper and/or lower motor and sen-
sory pathways, and can result in either a complete or an 
incomplete lesion. Although recent advances in primary 
damage healing, rehabilitation, and the prevention of com-
plications have improved the prognosis of SCI [2], its conse-
quences are still traumatic and disabling. Paralysis and loss 
of sensation are only two of several physical consequences 
of SCI. Therefore, the care of persons with SCI is not limited 
to the treatment of the neurologic injury. The medical conse-
quences resulting from altered neurologic input, such as the 
development of respiratory failure, or neurogenic bladder 
and its resultant complications (pneumonia and urinary tract 
infections), affect most organ systems. These consequences 
not only represent an important health issue, as they could be 
major causes of morbidity and mortality (e.g., respiratory 
and urinary problems), but they also represent an obstacle to 
the social and vocational reintegration of patients (e.g., 
because of urinary incontinence). In addition, the psycho-
logical impact of SCI is vast, and complications such as 
depression and anxiety must be addressed.

The influence of the Stoke Mandeville experience is par-
ticularly evident in the care of two of the major causes of 
morbidity and mortality in SCI patients: pressure sores and 
urological complications.

With regard to pressure sores, Guttmann was the first to 
demonstrate that this complication may not only be healed, 
but may also be prevented, with a careful program of bed- 
turning (every 2 h) of the patient [16]. Very recently, a group 
of SCI experts agreed that the best practice to prevent pres-

sure sores is still the bed-turning program established by 
Frankel [6].

With regard to urological complications, most of the 
patients admitted to Stoke Mandeville in the 1940s were 
managed with a suprapubic catheter that was changed only 
when closed. Guttmann had the intuition of removing the 
indwelling catheter and beginning to catheterize SCI patients 
every 4–6 h [16]. Therefore, he started the practice of clean 
(sterile) intermittent catheterization that later on was demon-
strated to be the best practice to prevent renal failure in SCI 
patients [11].

In the past 30 years the rehabilitation of SCI patients has 
involved a second aim, which will probably increase in 
importance as incomplete lesions seem to be increasing: the 
restoration of impaired functions, in particular of walking. 
Recently some rehabilitative approaches have received par-
ticular attention, most of all in the field of activity-based 
therapy. After years of evidence from the basic science data, 
the old rehabilitative principles of compensation and adapta-
tion are changing. Strategies for stimulating the nervous sys-
tem to optimize functional recovery and elicit lost abilities 
are becoming more and more important [31]. Activity-based 
therapy refers to “interventions that target activation of the 
neuromuscular system below the level of the lesion, with the 
goal of retraining the nervous system to recover a specific 
motor task”. Intense physical activity has been shown to 
improve physiological function and health outcomes in indi-
viduals with chronic (> 1 year post-injury) SCI [3].

In this field of rehabilitation, European scientists have 
made important contributions. Following the concept of a 
central pattern generator (CPG) introduced by Grilner [19] 
and according to the idea of “spinal locomotion” [38], scien-
tists from Germany and Switzerland introduced body weight 
supported treadmill (BWST) training [12, 38]. BWST train-
ing holds promise for walking recovery. In motor-complete 
SCI patients, unsupported walking seldom, if ever, recovers. 
However, this therapy showed the ability to induce a locomo-
tor pattern even in patients with complete paraplegia, in con-
junction with increases in leg extensor electromyographic 
responses [38]. In motor-incomplete SCI patients, daily 
locomotor training with BWST training often results in sig-
nificant improvements in locomotor function [12]. More 
recently, robotic orthoses have been used for training SCI 
patients on the treadmill [25]. These orthoses have been 
designed to address some of the problems of BWST training 
(in particular the personnel costs) and to ensure that patients 
have a constant, safe, and regular repetition of the exercise. 
Although the cost-effectiveness and benefits of these devices 
compared with conventional therapies targeting the improve-
ment of gait post-SCI are still to be demonstrated [26, 36], 
the robotic rehabilitation of walking is experiencing increas-
ing success and is, at present, an integral part of the treatment 
in several SCI units.

G. Scivoletto et al.
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 State of the Art of Rehabilitation Systems 
in Europe for Patients with Spinal Cord 
Injury

A comparison of the different systems of care is particularly 
difficult and therefore data on this issue are scarce. However, 
recently, the European Spinal Cord Injury Federation 
(ESCIF) produced an acute care and rehabilitation report to 
gather and collate information on the acute care and primary 
rehabilitation services offered to people with SCI [24]. They 
sent questionnaires to 18 European countries and, although 
the response rate was good, most respondents submitted esti-
mates of the figures requested. The difficulty in collecting 
data from local or national registries was often due to a lack 
of organization and coordination in primary and rehabilita-
tive care. The ESCIF collected data about the destinations of 
new SCI patients (Table 2) and the primary rehabilitation 
organizations (Table 3) in European countries. And New 
[29] offered a comparison of SCI units around the world, 
including four from Europe. These studies clearly show sim-
ilarities as well as differences in the standards of care in the 
various European countries. Notably, Europe does not have a 
common conduit for the management of SCI patients from 
acute care through rehabilitation; individual countries take 
different organizational approaches according to their own 
health systems and traditions. However, rehabilitation 
approaches to SCI patients are substantially similar in west-
ern European countries, which seem to have accepted and 

applied the principles of care dictated by Guttmann. Most 
patients (varying from 60 to 100 % depending on the coun-
try) are cared for in specialized SCI hospitals/units/centers 
[24]. According to New [29] these units show substantial 
similarities with regard to referral processes and criteria at 
admission (in particular with regard to some categories of 
patients: those with malignancies and spina bifida), as well 
as showing similarities in key personnel and services 
available.

The main differences concern the hours of treatment per 
week and the length of stay (LOS) of the patients. The report 
by the ESCIF [24] clearly shows differences in both these 
parameters between the European countries (Table 4). An 
important question is: do these differences have an impact on 
the outcomes of SCI patients?

With regard to the effect of the intensity of treatment, the 
available data are really scarce and are limited to an article 
by Heinemann [23]. This author calculated the therapeutic 
intensity provided for each patient and examined whether the 
amount of therapy was associated with the outcome in SCI 
patients, but failed to demonstrate a correlation in these 
patients.

With regard to LOS, it seems that this parameter may have 
an effect on the outcome of SCI patients, as well as on the 
behavior of professionals. Although comparison studies 
between the various countries are quite limited, some data 
can be retrieved from the available bibliography (Table 5). 
The study by Fromovich-Amit et al. examined the character-
istics of spinal rehabilitation units in four countries, and 

Table 2 Acute care – destinations of new SCI patients, with percentages where given

Country Specialized hospital
SCI unit or 
ward Neurosurgical ward Trauma ward Non-specialized ward

Austria ✓ ✓

Belgium 60 20 20

Croatia ✓ ✓ ✓

Denmark ✓ ✓

Finland 50 50

Germany 80 5 15

Ireland 100

Italy 50 25 25

Netherlands ✓

Portugal ✓

Scotland ✓ ✓ ✓

Slovenia ✓ ✓ ✓

Spain 40 15 10 10 25

Sweden ✓

Switzerland 50 25 25 ✓ ✓
England and Wales ✓ ✓ ✓ ✓

Reproduced with permission from Horsewell [24]
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Table 3 Primary rehabilitation of SCI patients, with percentages and numbers of beds available where given

Country Specialized SCI hospital
SCI unit or ward in 
general hospital SCI rehab center Generalist rehab unit

Beds avail in 
Specialised SCI 
hospital and SCI 
rehab centre

Austria 85 % 15 % 180 %

Belgium 60 % 40 % 126

Croatia 90 % 10 % 35*

Denmark 90 % 10 % 67

Finland 60 % 40 % 43

Germany ✓ ✓ ✓ ✓ ?

Ireland 100 % 50

Italy 50 % 25 % 25 % 500

Netherlands ✓ ✓ ?

Portugal ✓ ✓ ✓ ?

Scotland ✓ ✓ 48

Slovenia 99 % 1 % 70

Spain ✓ ✓ ✓ ✓ 650

Sweden ✓ ✓ ✓ ?

Switzerland 60 % 35 % 5 % 235

England and Wales 75 % ✓ ✓ ✓ 400

*Croatian Institute for Health Insurance. In fact, 50 beds are available.
Reproduced with permission from Horsewell [24]

Table 4 Individual therapy, sports activities, and access to individual training facilities

One-on-one physiotherapy 
(average hours per week)

One-on-one occupational 
therapy (average hours per 
week) Sports Individual exercise

Country Quad Para Quad Para Yes no

Austria 5 3 5 2 x x

Belgium 15 10 15 10 x x

Croatia 5 5 5 5 75/25 x

Denmark 5 3 5 1–2 x 50/25

Finland 7 5 3 0 x 75/25

Germany 5 5 2 2 75/25 75/25

Ireland 10 10 10 10 x 50/50

Italy 12 8 10 6 75/25 x

Netherlands 5 4 6 3 x 50/50

Portugal ? ? ? ? 50 x

Scotland 3 3 2 2 75 x

Slovenia 30 20 ? ? X X

Spain 14 20 20 14 X X

Sweden 5 5 4 4 75/25 75/25

Switzerland 7 5 5 2 x X

UK ? ? ? ? x X

 Reproduced with permission from Horsewell J. Acute care and primary rehabilitation in ESCIF member countries 2007. ESCIF: European Spinal 
Cord Injury Federation Web site. 2007. http://www.escif.org/files/documents/members_downloads/infoproject.pdf. [24]
x means “always”, 75/25 means “often” and 50/50 means “sometimes”

G. Scivoletto et al.



209

clearly showed that, in Russia and Lithuania, where 
 rehabilitation time is predetermined and limited, rehabilita-
tion objectives are determined by the time allowed for reha-
bilitation [18]. In Denmark and Israel, which each allow a 
longer LOS, the rehabilitation team tends to achieve the max-
imal possible independence allowed by the lesion. Differences 
in LOS are even more striking when comparing European and 
United States practices. Although direct comparisons between 
European and United States systems of care are not available, 
some data can be derived from the literature. In the article by 
Ditunno and colleagues, who compared the preferences of 
rehabilitation professionals for alternative functional goals 
during SCI rehabilitation [13], Italian and Canadian rehabili-
tation professionals demonstrated a preference for walking 
over wheelchair mobility at lower stages of assumed recov-
ery, while professionals in the United States set wheelchair 
independence at a higher priority than walking. In the United 
States, LOS and, consequently, rehabilitation goals, are 
mostly determined by third-party payer requirements for dis-
charge. Patients must be discharged as soon as they achieve a 
minimally acceptable level of mobility. For example, with 
SCI patients for whom walking is feasible, independent 
wheelchair mobility can typically be achieved before inde-
pendence in walking; therefore, the patient is discharged at 
the level of independent wheelchair mobility. In Italy and 
Canada, LOS in rehabilitation is primarily based on when 
patients achieve the highest level of independence feasible, or 
maximal mobility independence, such as walking.

In another study, Ditunno and colleagues demonstrated a 
difference in the use of braces and devices between United 
States and European practices, and postulated that this dif-
ference was due to differences in the health care systems, 
and particularly due to LOS [14]. The LOS is shorter in the 
United States (typically 4–6 weeks for paraplegics and 

8–10 weeks for quadriplegics) [27] than in Europe (typically 
4 months for paraplegics and 6 months for quadriplegics) 
[24]. Therefore, in the United States, therapists are required 
to progress patients more aggressively.

Another important question that will deserve further stud-
ies is: do these differences in LOS depend on health policies 
(for example, payment modality)? While it is quite easy to 
answer this question when examining the United States real-
ity, where payment is primarily based on insurances, the 
answer is not so easy in Europe, where payment is mostly 
based on the national health systems. Although one hopes that 
this drive toward health economy is not affecting patient out-
comes, this is obviously an area of great concern that requires 
conscientious and rigorous investigation. Furthermore, these 
nonclinical variables must be taken into account when pro-
jecting and evaluating international clinical trials, as they 
might influence the outcomes of SCI patients [29].
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Abstract The ReAbility Project is a solution that provides 
an alternative to wheelchair mobility for people with serious 
disabilities of the lower limbs, such as paraplegics, allowing 
them to stand and walk once again. This solution is achieved 
by utilizing an instrument called an “exoskeleton”.

The ReAbility device is a robotic-assisted system designed 
to improve the quality of life of people with a movement dis-
ability and/or reduced movement; it is meant both for daily 
domestic use and for rehabilitation therapy in hospitals and 
rehabilitation centers.

The principal characteristics of the device are its modu-
larity, manageability, and wearability for the patient, who is 
actively involved and has full control of all the movement 
functions. Its light weight (16 kg) renders it easy to wear for 
the patient and competitive on the market. From an esthetic 
perspective it can be worn under clothes, with obvious and 
important psychological and social advantages. Its cost is 
also well contained.

With the use of this device, there is also a very real posi-
tive effect on healthcare costs.

Keywords Neurorehabilitation • Exoskeleton • Paraplegy • 
Spinal cord injury • Movement • ReAbility • Healthcare costs

 Introduction

New knowledge has allowed old barriers to be broken. A 
spinal cord injury has extremely serious consequences for 
those afflicted, as well as for society in general. People 
with these injuries often need the help of others in order to 
conduct their lives, and they face innumerable obstacles 
along the course of their lives, be it in study, their profes-
sions, or other areas. With the right sociopolitical responses, 
it is, however, possible to enable people with a spinal cord 
injury to overcome these obstacles in every part of the 
world and to actively participate in society. Research com-
mitments to paraplegics, in collaboration with the World 
Health Organization (WHO), are therefore an essential 
contribution, in their favor, to facilitate self-determination 
in their daily lives. While it is true that a spinal cord injury 
changes the life of a person, it is equally true that, notwith-
standing this radical change, it is possible to maintain an 
elevated standard of life and an active daily routine. The 
WHO report “International Perspectives on Spinal Cord 
Injury” makes an important contribution in this sense, 
emphasizing the essential role of science in this pathology. 
The report presents a summary of the most important scien-
tific factors and the most up-to-date knowledge relevant to 
the topic of spinal cord injury, offering, in particular, a 
vision of the fields of epidemiology, sanitary assistance, 
and medical interventions and an outline of the relevant 
policies for these conditions. Furthermore, actual experi-
ences in the lives of para- and tetraplegics from across the 
world are reported. On the basis of this knowledge, con-
crete recommendations have been made in accordance with 
the United Nations Declaration on the Rights of Disabled 
Persons [1].

After the acute phase of a spinal cord injury, it is possible 
to work on stabilized medullar injuries. In that phase, the 
ReAbility Project has a place.

ReAbility: Complex External Prosthesis Systems to Rehabilitate 
Movement
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 Materials and Methods

The ReAbility device is a solution that provides an alternative 
to wheelchair mobility for people with serious disabilities of 
the lower limbs, such as paraplegics, allowing them to stand 
and walk once again. This solution is reached by utilizing an 
instrument called an “exoskeleton”.

The instrument (Fig. 1) is a robotic-assisted system 
designed to improve the quality of life of people with a 
movement disability and/or reduced movement, both for 
daily domestic use and for rehabilitation therapy in hospitals 
and rehabilitation centers.

The design of the device was made possible by scientific 
collaboration among international university schools of sci-
ence and technology, bringing together the world’s leading 
experience on robotics applied to bioengineering.

The ReAbility system consists of a wearable exoskeleton 
integrated with a motor activated in correspondence with the 
wearer’s joints, a series of movement sensors, and an IT sys-
tem based on sophisticated controls and safe and secure 
algorithms, as well as a rechargeable battery.

The patient is actively involved and has full control of 
all the movement functions, through unique control pro-
cesses. Walking around is controlled by variations in the 
center of gravity, and stability is guaranteed by the use of 
crutches.

In detail, the device is a motorized exoskeleton that is 
worn on the lower limbs either over or under clothes. The 
electric motors commanding the knee and hip joints, and 
powered by a battery carried in a backpack on the shoulders, 
are controlled by a computerized system that is also carried 
in the backpack. The exoskeleton, designed to be used with 
two Canadian crutches to guarantee stability, both when 
walking and when stationary in the erect position, is acti-
vated by sensors positioned on the front of the upper body, 

and controlled by the patient through slight changes in their 
center of gravity, or, in other words, through inclination of 
the upper body.

The device is available in two versions, one for rehabilita-
tion centers, to be used during the rehabilitation treatment, 
and the other personalized for the patient at the end of the 
rehabilitation period.

 Results

The device allows for multiple results.
From a bioethical and psychological perspective the per-

son is reborn, able to determine their daily life for themselves 
and dedicate themselves to their preferred activities, and 
those who are sporty excel, with surprising results.

From a social perspective, a return to socializing and inte-
gration between equals is evident.

From a strictly medical point of view, the advantages 
include regaining the capacity to walk around and the pre-
vention of complications connected to paraplegia (in particu-
lar, rehospitalization, bedsores, osteoporosis and consequent 
pathological fractures and muscular atrophy, spasms, and 
chronic pain), not to mention a net reduction in the percent-
age of patients abandoning their classic braces (currently 
between 15 and 71 %).

From an economic aspect, there are also benefits due to the 
great reduction in healthcare costs (it is enough to think of the 
costs of the multidisciplinary treatment needed for difficult 
wounds such as bedsores, femoral fractures, and daily physio-
therapy to reduce spasticity and muscular atrophy). In the 
United States, the cost of medical and intensive rehabilitative 
treatment for those with spinal cord injuries is estimated to be 
ten times that necessary for tumor treatment, six times that of 
a heart attack and three times that of a stroke. The American 
Food and Drug Administration (FDA) has, accordingly, 
approved the principles of the ReAbility device technology.

To highlight the enormous potential that this innovation 
holds, we note that a young paraplegic boy wearing an exo-
skeleton kicked the first ball (Fig. 2) [2] at the World Football 
Cup on 12 June 2014 in Sao Paolo, Brazil, thereby symboli-
cally kicking off the great sporting event.

 Discussion

 Advantages of the Device

We can offer paraplegic patients and those with serious para-
paresis the opportunity to discover the sensation of standing 
and walking once more. In fact the exoskeleton enables peo-

Fig. 1 The instrument, a robotic assisted system as a wearable exoskel-
eton integrated
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ple with disabilities of the lower limbs to reinstate the lost 
functions, and thereby improve their physical health and 
quality of life.

The principal characteristics of the device are modularity, 
manageability, and wearability for the patient. Its light 
weight (16 kg) renders it easy to wear for the patient without 
help and makes it competitive on the market. From an 
esthetic perspective it can be worn under clothes, with obvi-
ous and important psychological and social advantages. The 
instrument is thus innovative, modular, light, flexible, and 
easy to use. The cost is also well contained.

There is also a very real positive effect on healthcare costs: 
in fact, on the one hand the device reduces the need for phys-
iotherapy and rehospitalization caused by immobility, which 
many patients are constricted by, and on the other hand, by 
maintaining the patient in a vertical position daily, it alleviates 
many of the problems caused by long-term wheelchair use.

Within the realm of international collaboration, the 
research team has made their field of competence the model-
ling of walking and the development of dedicated informa-
tion communication technology (ICT) applications available 
to facilitate specialization of the device, which is currently 
generic, for specific pathologies such as ictus.

 Target of the Initiative

The ReAbility device is intended for people with a disability 
of the lower limbs, paraplegia, or serious paraparesis arising 
from multiple causes; in particular, from spinal cord injuries 
and spina bifida.

War veterans deserve particular mention. In the film The 
Men, Fred Zinnemann illustrates how these men are left half 

men: war veterans, paraplegics condemned to a wheelchair. 
A stylized and relentless opening scene depicts the action in 
the battle in which Bud Wilczek suffers a spinal injury and 
moves his legs for the last time. We see Bud, played by 
Marlon Brando in his tremendous cinematographic debut, 
with his sweating face and grimace of pain and dismay, 
together with the desperate voice describing the scene from 
beyond, twisting in a rise and fall of irony and torment. 
Immediately after, seen contorted in a hospital bed, Bud 
wonders: “I survived. Should I feel lucky?”. At that time, 
disabled war veterans had few prospects in life. It has been 
reported that the Italian Paralympic Committee has signed an 
agreement with the Ministry of Defence to introduce sport 
for disabled military personnel. These soldiers, who have, to 
date, been confined to military hospitals, have been left alone 
in their search for a sports club.

The ReAbility device could similarly also be used for the 
aged. It could, in fact, be a resource for patients with serious 
walking difficulties, which are frequently seen in the aged. 
Considering the epidemiology of the aged population, the 
potential in this sector could be of extreme interest.

 Estimate of Potential Users

Knowledge of the incidence and prevalence of spinal cord 
injuries makes it possible to organize prevention programs to 
sensitize the populations most at risk; for example, in 
schools, work environments, and domestic environments. 
Moreover, this information is fundamental for the national 
and regional planning of the Unipolar Spinal Unit in Italy, an 
organization that is totally dedicated to spinal cord injury 
treatment and scientific research in this realm [3].

Traumatic medullary lesions are a condition affecting 
almost one in every thousand people annually (0.721–0.906 
per thousand in the United States; thus, about 40 new cases 
per million inhabitants per year). In Italy the incidence of 
spinal cord injury is about 18-20 new cases per year per mil-
lion inhabitants. In a recent Italian epidemiology study [3] 
(conducted by GISEM: Gruppo Italiano Studio 
Epidemiologico Mielolesioni), involving the 37 principal 
centres dealing with spinal cord injuries, 1014 new cases of 
spinal cord injury were reported in two years.

The average age of the people affected by medullary 
lesions varies; 30 % are in the age group from 10 to 40 years, 
with young adults (between the ages of 16 and 30) being the 
most affected; however, the average age at trauma has 
increased since the 1970s, from 28.7 to 39.5 years. About 
80 % are men, and the male/female ratio is 4: 1).

The majority of cases are the result of trauma (67.5 %), 
but there is a continual increase in the number of cases that 
are non-trauma-related (32.5 %). Among the causes, road 

Fig. 2 The first ball that a young paraplegic boy wearing an exoskeleton 
kicked on 12 June 2014 at the World Football Cup in Sao Paolo, Brazil
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accidents are the leading problem (42 %), followed by falls 
(27.1 %) and violence (15.3 %), with a large proportion of 
cases caused by violence being the result of firearms.

In the United States, non-traumatic medullary lesions 
account for 39 % of all spinal cord injuries. They have an 
incidence equal to 5–10 new cases for every million inhabit-
ants and are principally the result of primary neoplasms,  
vascular pathologies, inflammations, infections, and degen-
erative diseases. The etiology puts degenerative pathologies 
at 53 %, neoplasms at 25 %, infections at 12 %, and vascular 
pathologies at 3 % of the cases. The average age at the time 
of injury is higher than in the case of traumatic injury (around 
60 years old), while there are no gender differences and fre-
quently the paralysis is incomplete.(34.1 %), with complete 
paraplegia at 23 %, incomplete paraplegia at 18.5 %, and 
complete tetraplegia at 18.3 %.

In Europe, spinal cord injuries are estimated to be princi-
pally of a traumatic origin. In northern and central Europe the 
incidence varies between 9.2 and 20 cases per million inhabit-
ants/year, depending on the country and the study methodolo-
gies undertaken. The incidence of traumatic spinal cord injury 
is diminishing in some countries, such as Sweden, where major 
investment has been made in preventing road accidents, 
improving the infrastructure, and reinforcing driver education.

The incidence of traumatic cases in southern European coun-
tries is between 8 and 12 cases per million inhabitants/year in 
Spain and 58 cases per million/year in Portugal, while the total 
number of spinal cord injuries—traumatic and non- traumatic—
is between 12 and 20 cases per million inhabitants/year.

In the Mediterranean countries the prevalence of all spinal 
cord injuries, independent of their cause, is around 350 cases 
per million inhabitants, with this trend rising as a result of 
the increased life expectancy of people with spinal cord inju-
ries; in the Nordic countries the estimate of only traumatic 
injuries is 280 cases per million inhabitants.

In Italy it is estimated that every year there are around 
1,800 new cases of paraplegia (mostly the consequence of 
trauma resulting from road accidents or accidents at work) and 
there is a paraplegic community of around 80,000 people.

Similar estimates can be made for war veterans and for 
the aged population.

 Estimate of the Direct and Indirect Public

 Direct Public

The direct public is represented by paraplegic patients and 
those with serious paraparesis or serious walking difficulties.

 Indirect Public

The indirect public is composed of the whole scientific- 
medical community, with particular reference to neurolo-
gists, neurosurgeons, orthopedic specialists, physiatrists, and 
rehabilitation therapists, as well as the social, sporting, tour-
ist, and economic-financial sectors.

 The Objectives

The objectives of the ReAbility Project are to provide those 
who are confined to a wheelchair with restored psycho- 
physical integrity and freedom.

The Project also aims to promote the adoption of a 
framework for paraplegia that can equilibrate and harmo-
nize the healthcare, social, organizational, economic, bio-
ethical, psychological, and legal implications of this 
condition.

 The Future

 The Medical Role

The doctor is not only a professional provider of technical 
services, nor a mere unit of production, but rather a protago-
nist in the process of change in the healthcare system, and 
the evolution of this figure in society takes on a strategic role 
in the service of the said society.

 The Project Aims

The capacity to walk again, provided by ReAbility, is revolu-
tionary in that it has an exceptionally positive impact on the 
patient and their family, as well as having such an impact on 
society.

The aim of the Project is to relegate the wheelchair to 
the attic, entrusting in restored mobility for those who can-
not walk. The technology that led to the exoskeleton repre-
sents the results of an enormous challenge, together with 
the great impulse of innovation. This sector is in such 
expansion that, according to the data in Nova, Sole 24 Ore, 
a growth rate of 68 % per year is expected in exoskeleton 
diffusion by the year 2020. This will have a phenomenal 
impact on the quality of life of disabled people, as well as 
on healthcare costs.

B. Previtera et al.
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 Future Developments

The future developments are to be found in the concepts of 
“extended medicine”: the passage from clinical medicine to 
molecular medicine, the microelectronic evolution, the 

 info- telematic evolution, the “extended hospital”, and the 
“extended doctor”.

For sure the exoskeleton is an innovative device letting us 
go to the future.

“There is no night so long as to prevent the sun to rise 
again” (Fig. 3).
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Abstract In sleep-related breathing disorders, sleep apnea 
is a clinical symptom that can be categorized as obstructive 
sleep apnea (OSA) or mixed apnea by analysis using poly-
somnography. The occurrence of delayed central sleep apnea 
(CSA) is an extremely rare complication of cervical laminec-
tomy for spondylotic myelopathy. So far only three studies 
concerning such an event have been reported in the literature. 
Naim-ur-Rahman, in 1994, reported a case of postoperative 
CSA following C3-C6 laminectomy, and Visocchi and col-
leagues, in 2014, in two studies, stressed the lack of associa-
tion with any other neurological sign of spinal cord damage. 
No definitive mechanism has been recognized so far for 
delayed CSA after cervical laminectomy. A transient dys-
function of the reticulo-spinal fibers directed to the nucleus 
of the phrenic nerve can be speculated, although neither emi-
diaphragm paralysis, nor any prominent nocturnal sleep-
related disorders are associated with this delayed CSA.

Keywords Cervical laminectomy • Central sleep apnea • 
Obstructive sleep apnea

 Introduction

In sleep-related breathing disorders, sleep apnea is a clinical 
symptom that can be categorized as obstructive sleep apnea 
(OSA) or mixed apnea by analysis using polysomnography. 
OSA is defined as a cessation of airflow for at least 10 s dur-
ing sleeping. The event is obstructive if, during apnea, there 
is effort to breathe. On the other hand, in central sleep apnea 
(CSA), which is a less common clinical problem, there is no 
effort to breathe during sleep.

CSA has been reported, although rarely, in patients with 
upper cervical lesions caused by rheumatoid arthritis, 
Arnold-Chiari type 1 malformation, anterior C1-2 osteo-
chondroma, and os odontoideum, but this complication has 
rarely been described following cervical laminectomy.

The occurrence of delayed sleep apnea is an extremely 
rare complication of cervical laminectomy for spondylotic 
myelopathy. Ventilatory insufficiency has been, of course, 
described as a complication following cervical vertebral sur-
gery and spinal cord surgery. However, the event of breath-
ing disorders occurring after an operation such as cervical 
laminectomy has been more rarely described, and addition-
ally, the event of a delayed CSA syndrome occurring after 
cervical laminectomy is to be considered exceptional.

So far only three studies concerning such an event have 
been reported in the literature. Naim-ur-Rahman, in 1994, 
reported a case of postoperative CSA following C3-C6 lami-
nectomy, occurring right after surgery and associated with 
spyncterial incontinence, that spontaneously recovered 3 
weeks after onset [1]. My group (Visocchi et al.) reported, in 
two studies, the occurrence of delayed onset (nearly 3 weeks 
after surgery) CSA not associated with any other neurologi-
cal sign of spinal cord damage (postoperative neurophysio-
logical tests showed, instead, an improvement compared 
with preoperative tests) [2, 3].

The mechanisms underlying such an event are difficult to 
interpret.
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 Breathing Anatomy and Physiology

Breathing is a rhythmic motor behavior generated and con-
trolled by hindbrain neuronal networks.

Neural circuits controlling breathing in mammals are 
organized within serially arrayed and functionally interact-
ing brainstem compartments extending from the pons to the 
lower medulla. The core circuit components that constitute 
the neural machinery for generating respiratory rhythm and 
shaping inspiratory and expiratory motor patterns are distrib-
uted among three adjacent structural compartments in the 
ventrolateral medulla: the Bötzinger complex (BötC), pre- 
Bötzinger complex (pre-BötC), and the rostral ventral respi-
ratory group (rVRG). The respiratory rhythm and 
inspiratory-expiratory patterns emerge from dynamic inter-
actions between: (i) excitatory neuron populations in the pre- 
BötC and rVRG active during inspiration that form the 
inspiratory motor output; (ii) inhibitory neuron populations 
in the pre-BötC that provide inspiratory inhibition within the 
network; and (iii) inhibitory populations in the BötC active 
during expiration that generate expiratory inhibition.

More recent models describe interacting populations of 
respiratory neurons spatially distributed within the BötC 
and pre-BötC and rostral ventrolateral medulla that contain 
core circuits of the respiratory central pattern generator 
(CPG). Network interactions within these circuits, along 
with the intrinsic rhythmogenic properties of neurons, form 
a hierarchy of multiple rhythm generation mechanisms. 
The functional expression of these mechanisms is con-
trolled by input drives from other brainstem components, 
including the retrotrapezoid nucleus and pons, which regu-
late the dynamic behavior of the core circuitry. The emerg-
ing view is that the brainstem respiratory network has 
rhythmogenic capabilities at multiple levels of circuit orga-
nization. This allows the flexible, state-dependent expres-
sion of different neural pattern- generation mechanisms 
under various physiological conditions, enabling a wide 
repertoire of respiratory behaviors. Some models consider 
control of the respiratory CPG is maintained by pulmonary 
feedback and network reconfiguration during defensive 
behaviors such as cough. The location and fiber arrange-
ment of the descending respiratory pathways (involuntary 
respiratory pathway) in the ventral reticulospinal tract is 

close to the descending micturition pathways within the 
upper cervical cord [3].

Interestingly, the CSA syndrome in pathologies involving 
the craniovertebral junction (CVJ), such as axis rheumatoid 
arthritis, Arnold-Chiari type 1 malformation, anterior C1-2 
osteochondroma, os odontoideum, and occipital encephalo-
cele, can be related to a respiratory center dysfunction. More 
precisely, it might be postulated that a dysfunction in or adja-
cent to the pre-BötC in the lower medulla oblongata deter-
mines a loss of normal autonomic response to chemical 
changes in the blood.

On the other hand, spondylotic compression of the spinal 
cord is definitely anatomically far from the lower medulla 
(C3-C6), and also surgery at this level is too distant to 
hypothesize a direct compressive/traumatic mechanism 
determining a disturbance to the pre-Bötzinger area respira-
tory centers. If we critically analyze postoperative magnetic 
resonance imaging (MRI) after posterior decompression, we 
do not find that the spinal cord is displaced posteriorly, thus 
determining an angular deformation of the lower medulla 
oblongata that could justify such a mechanism.

In conclusion, no definitive mechanism has been recog-
nized so far for delayed CSA after cervical laminectomy. A 
transient dysfunction of the reticulo-spinal fibers directed to 
the nucleus of the phrenic nerve can be speculated, although 
neither emi-diaphragm paralysis, nor any prominent noctur-
nal sleep-related disorders are associated with this delayed 
CSA.

Conflict of Interest Statement We declare that we have no conflict of 
interest.

References

 1. Naim-Ur R (1994) Post-operative central sleep apnoea complicating 
cervical laminectomy: case report. Br J Neurosurg 8(5):621–625

 2. Visocchi M, Della Pepa GM, Barbagallo G, Spallone A (2014) 
Reversible and delayed isolated central sleep apnea after cervical 
laminectomy: report of the first case. Acta Neurochir (Wien) 
156(2):267–268

 3. Della Pepa GM, La Rocca G, Barbagallo G, Spallone A, Visocchi M 
(2014) Transient breathing disorders after posterior cervical surgery 
for degenerative diseases: pathophysiological interpretation. Eur 
Rev Med Pharmacol Sci 18(1 Suppl):89–92

M. Visocchi et al.



221M. Visocchi et al. (eds.), Trends in Reconstructive Neurosurgery, Acta Neurochirurgica Supplement 124,
DOI 10.1007/978-3-319-39546-3_34, © Springer International Publishing Switzerland 2017

Abstract Central autonomic control nuclei and pathways 
are mainly integrated within the brainstem, especially in the 
medulla oblongata. Lesions within these structures can lead 
to central dysautonomia.

Central autonomic control structures can be damaged by 
tumors, during surgery, or by other neurosurgical patholo-
gies. These may elicit clinical or subclinical autonomic com-
plications that can constitute a serious clinical problem.

The authors present a broad review of the central auto-
nomic nervous system, its possible dysfunctions, and the 
relation between neurosurgery and this “not-well-known 
system”. Preliminary results of an autonomic study of brain-
stem lesions that is currently being carried out by the authors 
are also shown.

Keywords Autonomic nervous system • Brainstem • 
Neurosurgery • Dysautonomia • Tumors

 Introduction

The major concern of a neurosurgeon during surgery that is 
inside or close to the brainstem is damage to vital motor and 
sensory nuclei and pathways; however, autonomic pathways 
and centers are less well known and considered. Central 
autonomic control structures are mostly located at different 
levels within the brainstem and can also be damaged during 

surgery, thus eliciting clinical or subclinical autonomic com-
plications that can constitute a serious clinical problem.

Despite the important advances in neuroimaging and 
autonomic laboratory tests developed in the past two decades, 
it remains very difficult to make a diagnosis of a specific 
focal brainstem lesion and the subsequent autonomic dys-
function. The complexity of the brainstem anatomy and its 
autonomic network and pathways, added to the well-known 
neuroplasticity after chronic distortion of neural structures, 
may explain this notable difficulty.

Autonomic complications due to brainstem lesions or 
those occurring after tumor surgery are rarely reported. 
The literature is limited to very few case reports and short 
case series [3, 19, 22, 39, 50], and most of them did not 
confirm the autonomic dysfunction with appropriate tests. 
As brainstem tumors and surgery are quite common in our 
practice, and the generation of secondary autonomic dys-
function may be possible, it has become necessary to 
study and review the clinical manifestations of this type of 
lesion to gain an appropriate view of this clinical 
problem.

 Central Autonomic Network (CAN) 
and the Brainstem

The central autonomic network (CAN), as defined by 
Benarroch [5], has been thoroughly studied during recent 
decades. The CAN consists of a group of interconnected 
areas, located between the telencephalon, diencephalon, and 
brainstem, that control and integrate sympathetic and para-
sympathetic visceral tone, input, and outflow.

The CAN includes several supratentorial areas: the pre-
frontal and insular cortex, the amygdala and stria terminalis, 
and the hypothalamus. The infratentorial areas include the 
periaqueductal gray matter (PGM) in the midbrain, the para-
brachial Kölliker-Fuse nucleus region (PB) in the pons, and 
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several important nuclei in the medulla oblongata. Considered 
the most important region of the CAN, the medulla oblon-
gata includes relevant nuclei that control cardiovascular and 
respiratory responses. These nuclei are: the nucleus of the 
solitary tract (NST), the rostral and caudal ventrolateral 
medulla (RVLM and CVLM) with sympathetic function, the 
nucleus ambiguus, and the dorsal motor nucleus of the vagus 
nerve (DMNV) with parasympathetic function (Fig. 1).

The NST is the first central relay for afferent inputs con-
trolling cardiovascular functions, including the baroreflex 
and cardiac reflexes, respiratory and laryngeal reflexes [11], 
and gastrointestinal motility [9]. Due to its anatomical loca-
tion, close to the floor of the fourth ventricle, the NST can be 
easily damaged during surgery over the floor of the fourth 
ventricle. Its bilateral lesion produces acute hypertension in 
rats [14], while in bigger animals this lesion can lead to sys-
temic blood pressure (BP) lability, chronic hypertension, and 
exaggerated BP responses after environmental stress [35, 
44].

The RVLM is considered the key area for BP regulation 
and it has been established as the major sympathetic pressor 
center, providing sympathetic tonic outflow activation to 
peripheral vessels of the skeletal muscles and visceral organs, 
as well as to the coronary vessels and cardiac muscle [6]. 
This nucleus receives, among others, inhibitory signals from 
the NST and CVLM and it is located in the ventrolateral 
medulla, at the entry zone of the IX and X cranial nerves 
[45]. RVLM lesions can lead to BP collapse and orthostatic 
hypotension [20]. RVLM chronic compression can result in 
chronic overstimulation of the sympathetic nervous system, 
leading to chronic arterial hypertension [25, 32].

The CVLM maintains tonic inhibitory control of the 
RVLM and mediates the sympathoinhibitory component of 
the arterial baroreflex. This nucleus is within the ventrolat-
eral bulbo-medullary region and its lesion is related to hyper-
tensive states, similar to those observed in NST lesions [10].

The bulbar region also contains two groups of parasym-
pathetic preganglionic neurons: (1) the DMNV, located in 
the dorsomedial medulla, close to the NST, at the floor of 
the fourth ventricle; and (2) the nucleus ambiguus, located 
in the bulbo-medullary region with a ventrolateral location. 
The DMNV innervates the local ganglia in the respiratory 
tract, enteric nervous system, liver, and pancreas, and its 
lesion can lead to gastrointestinal dysmotility and other vis-
ceral disorders [37]. The nucleus ambiguus is the main ori-
gin of cardiomotor inhibitory output [27] and it also controls 
respiratory function. Unilateral lesion of this nucleus pro-
duces central hypoventilation, laryngeal stridor, impaired 
baroreflex cardioinhibition, and respiratory sinus arrhyth-
mia [9].

The PB in the pons is a coordinating center. It receives 
visceral, thermoreceptive, and nociceptive inputs from the 
spinal cord and sends this information to the hypothalamus, 

amygdala, and thalamus [43]. The PB participates in the con-
trol of respiratory, cardiovascular, gastrointestinal, and mic-
turition reflexes [13]. The PGM, in the midbrain, has a role 
in the integration of autonomic and somatic responses to 
stress, pain modulation, and other adaptive functions. It par-
ticipates in cardiovascular responses associated with pain 
modulation, thermoregulation, coordination of micturition 
reflexes, and respiratory rhythm [9].

 Autonomic Tests

The autonomic nervous system regulates vital homeostatic 
functions such as BP, heart rate, respiration, thermoregula-
tion, gastrointestinal activity, and urinary bladder and sexual 
functions.

Recent advances have resulted in the development of new 
quantitative, non-invasive, and reproducible autonomic tests. 
The main goals of these tests are to easily evaluate the sever-
ity and the distribution of autonomic neuropathies, and to 
monitor their course and response to treatment.

There are tests that evaluate cardiovascular function and 
tests that quantify sudomotor function [31]. Cardiovascular 
tests can be divided into cardiovagal and adrenergic tests. 
The most commonly used cardiovagal tests are: quantifica-
tion of the heart rate response to deep breathing and to the 
Valsalva maneuver. Adrenergic function can be measured by 
the following methods: (1) BP and heart rate responses to the 
Valsalva maneuver, (2) head-up tilt test, (3) plasma norepi-
nephrine, and (4) quantitave cardiac uptake of MIBG 
(iodine-123 meta-iodobenzylguanidine).

Tests that analyze sudomotor function are: the quantita-
tive sudomotor axon reflex test (QSART) and the thermo-
regulatory sweat test (TST) [31]. The QSART evaluates the 
integrity of the postganglionic sympathetic sudomotor axon 
and can define the distribution of sweat loss in the forearm, 
proximal leg, distal leg, and foot. The TST evaluates pre- and 
postganglionic thermoregulatory sympathetic pathways 
from the hypothalamus to the eccrine sweat glands. This test 
can detect patterns of anhydrosis.

 Autonomic Dysfunction

Autonomic dysfunction can be classified, according to its 
extent, as generalized autonomic failure, selective or partial 
autonomic failure, distal neuropathies, and orthostatic intol-
erance syndromes [6].

Symptoms that suggest the existence of autonomic failure 
include: orthostatic hypotension (OH); digestive discomfort; 
gastrointestinal, sexual, and bladder dysfunction; increase or 
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decrease of sweating; dry mucous membranes; and changes 
in skin temperature and color [36].

OH can explain some of the symptoms that neurosurgical 
patients develop before and after brainstem surgery. Light- 
headedness, blurred vision, cognitive difficulties, headaches, 
tremulousness, and palpitations can be related to OH.

As previously mentioned, autonomic nuclei can be 
damaged during brainstem surgery. Surgery over the floor 
of the fourth ventricle can easily injure the NST, which 
may elicit baroreflex failure. Baroreflex failure can lead to 
acute severe arterial hypertension, bradycardia, and car-
diorespiratory arrest, as well as chronic cardiovascular 
instability and OH. If the injury is produced within the 
region of the ventrolateral surface of the pontomedullary 
junction, as in acoustic schwannoma surgery, the RVLM 
may be damaged and patients may develop severe postop-
erative OH. On the other hand, if the RVLM is stimulated 
by a pulsatile arterial loop or a neural structure, sympa-
thetic hyperstimulation and subsequent chronic arterial 
hypertension may be elicited [26].

 Which Neurosurgical Pathologies Can Affect 
CAN Structures?

Brainstem lesions associated with dysautonomia include 
tumors, multiple sclerosis [42], stroke [1, 7], syringobulbia 
[21], Chiari malformation [47], and vascular compression [15].

 Tumors

The brainstem can be affected by intrinsic tumors (including 
cavernous malformations) and extrinsic compressing poste-
rior fossa tumors.

The authors are currently carrying out a study of brain-
stem tumors (intrinsic and extrinsic); 43 patients have been 
studied. Intrinsic and extrinsic gliomas, ependymomas, 
medulloblastomas, cavernous malformations, epidermoid 
cysts, cerebellopontine angle schwannomas, choroid plexus 
papillomas, chondrosarcomas, pituitary adenomas, lympho-
mas, chordomas, arachnoid cysts, and meningiomas have 
been collected (Fig. 2).

In Fig. 1 we show six cases of patients from our study 
with brainstem compression caused by tumors and present-
ing autonomic dysfunction. Relevant data were collected 
after our preliminary analysis: 92.9% of the patients tested 
showed some grade of autonomic dysfunction. The most fre-
quent diagnoses were: autonomic instability (57.1%), sym-
pathetic hyperactivity (35.7%), and OH (31%).

The first case of a brainstem tumor causing autonomic 
dysfunction was reported by Wagner et al., who described 
a tumor located in the floor of the fourth ventricle [22]. 
The first authors to describe the relation between the 
removal of tumors from the floor of the fourth ventricle 
and physiological abnormalities were Baker et al., in 1964 
[2], who stated: “the floor of the fourth ventricle is consid-
ered no man’s land, and from an anatomical and physio-
logical standpoint it is a very important region”. Baker and 
colleagues reported their experience with 11 subependy-
momas, which they classified into three types: (1) those 
that can be removed completely without any physiological 
changes, (2) others that cannot be approached because 
respiratory paralysis or vasomotor instability develops 
with manipulation, and (3) those that can be completely 
removed but with a residue of severe long- lasting physio-
logical abnormalities. The autonomic abnormalities col-
lected were: respiratory paralysis, OH, postural 
tachycardia, and digestive disorders.

Cameron and Doig described two patients with systemic 
arterial hypertension that improved after posterior fossa 
tumor surgical resection [8]. They included the posterior 
fossa tumors in the differential diagnosis of pheochromocy-
toma. Evans et al. published the first pediatric case of astro-
cytoma near the floor of the fourth ventricle, mimicking the 
features of pheochromocytoma. These clinical findings dis-
appeared after tumor removal [16]. Cushing syndrome has 
also been included in the differential diagnosis of posterior 
fossa tumors [51].

Riedel et al. were the first to describe OH after the surgery 
of posterior fossa tumors: a foramen magnum meningioma 
and an ependymoma of the floor of the fourth ventricle [40]. 
Wörner et al. also showed another foramen magnum menin-
gioma, with compression of the ventrolateral medulla oblon-
gata, in which resection solved the chronic arterial 
hypertension [50].

A decade later, Hsu et al. [22], in 1984, published the 
first autonomic study in patients with a brainstem tumor. 
They described three patients with posterior fossa tumors 
and brainstem compression. They carried out an autonomic 
evaluation in one of the patients with a diagnosis of dorsal 
medulla oblongata astrocytoma with pontine and cervical 
medulla invasion. The study revealed OH caused by baro-
reflex dysfunction. Yamashita et al. described similar find-
ings in autonomic tests in a patient with a diagnosis of 
bulbar lymphoma with OH [52]. These authors postulated 
damage of the NST or the DMNV as the origin of the 
dysfunction.

Rouchoux et al. reported, for the first time, the possible 
relation between hydrocephalus and brainstem lesions [41]. 
Subsequently, in 2010, Gomez-Esteban published a case of 
an epidermoid cyst associated with hydrocephalus that 
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caused OH. The autonomic dysfunction was resolved after 
the placement of a ventriculoperitoneal shunt [19].

Monge Argilés et al. published a case-control study of 
14 patients with brainstem lesions (ischemic strokes, vas-
cular malformations, and neoplastic and post-traumatic 
lesions) and 25 control patients. The authors demonstrated 
a decrease in heart rate variability in the patients with 
brainstem lesions [32].

More recently, Idiaquez et al. described a woman with 
syncopal episodes with a diagnosis of a cavernous malfor-
mation of the dorsal and posterior medulla oblongata. After a 
partial resection of the tumor, the patient experienced a wors-
ening of the OH. The authors proposed a lesion of the cate-
cholaminergic transtegmental tract as the possible origin of 
the disease [24]. Ideguchi et al. reported a case of sympa-
thetic hyperactivity with severe arterial hypertension and 

tachycardia that developed after surgery for a hemangioblas-
toma with bulbar and pontine compresssion. The authors 
postulated bilateral NST damage as the origin of the auto-
nomic dysfunction [23].

From our preliminary study, we can report the case of a 
9-year-old male patient with a recurrent fourth ventricle ana-
plastic ependymoma who developed severe arterial hyper-
tension and BP lability during and after surgery. A punctual 
bilateral lesion located within the mid-dorsal medulla oblon-
gata, caused by both infiltration and surgical resection, was 
observed on postoperative magnetic resonance imaging 
(MRI) (Fig. 3). On autonomic evaluation, we observed an 
increase in sympathetic outflow with tachycardia, together 
with OH caused by baroreceptor reflex dysfunction. We pos-
tulate that a bilateral injury to both nuclei of the solitary tract 
may have caused central dysautonomia.

a b c

d e f

Fig. 2 (a) Patient with a low-grade glioma compressing the dorsal sur-
face of the mesencephalon, presenting orthostatic hypotension and pos-
tural orthostatic tachycardia; (b) patient with a bulbar intrinsic lesion 
presenting sympathetic hyperactivity, autonomic instability, orthostatic 
hypotension, and postural orthostatic tachycardia; (c) patient operated 
for a bulbo-medullary cavernous malformation, diagnosed with auto-
nomic instability and orthostatic hypotension; (d) patient with a cere-

bello-pontine meningioma with ventrolateral pontine compression, 
presenting sympathetic instability and hyperactivity; (e) pediatric 
patient operated for a pilocytic astrocytoma with bulbar distortion, pre-
senting arterial hypertension and orthostatic hypotension; (f) patient 
with an epidermoid cyst causing compression of all brainstem levels, 
presenting autonomic instability, sympathetic hyperactivity, and ortho-
static hypotension
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Fig. 3 (a) Axial, sagittal, and coronal preoperative magnetic resonance 
imaging (MRI) views, showing new recurrence of anaplastic ependy-
moma with infiltration of the floor of the fourth ventricle. (b) Axial 
view of the upper medulla oblongata on anatomical atlas [12]. Black 

circle shows the possible location of the injury. (c) MRI showing post-
operative distortion/injury of the medulla oblongata. Black and white 
arrows show the area of injury. This MRI was performed on the same 
day as the autonomic tests
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 Vascular Compression

In 1979, Jannetta et al. observed that brainstem compression 
caused by arterial loops could be responsible for some cases 
of essential neurogenic arterial hypertension [25]. The 
authors found that compression of the left ventrolateral sur-
face of the medulla oblongata, specifically over the retro- 
olivary sulcus, close to the exit of the IX and X cranial 
nerves, may elicit activation of the RVLM, evoking a subse-
quent increase in sympathetic tone and BP elevation. The 
authors showed the results in five patients, with a significant 
improvement of the hypertension after vascular microde-
compression surgery.

In the following years, several studies in animals con-
cluded that chronic compression of RVLM elicits arterial 
hypertension [26, 33, 45]. The proposed theories for the arte-
rial pulsatile beat effect on sympathetic pathways have 
focused on: (1) direct hyperstimulation of the RVLM and, 
(2) mechanical damage of the afferent pathways of the IX 
and X nerves that may cause deafferentation of the barore-
ceptor reflex arch with subsequent sympathetic hyperactivity 
due to RVLM liberation [34, 48].

Neuroimaging studies have revealed controversial results. 
Naraghi et al., in their study of 24 patients with a diagnosis 
of arterial hypertension, found 20 patients with vascular 
compression of the left RVLM [34]. Morimoto et al. observed 
that 78% of their hypertensive patients showed compression, 
compared with 34.5% of normal patients [33]. On the other 
hand, Watters did not find any statistically significant differ-
ence between cases and controls [49]. Finally, Levy et al. 
(2001), in their review, concluded: “current MRI technology 
is not adequate to image the microvasculature of the brain-
stem” [30].

Regarding the surgical findings and outcomes, Jannetta 
et al. reported their results in 53 hypertensive patients treated 
with microvascular decompression for a primary diagnosis of 
trigeminal neuralgia or hemifacial spasm; 36 of 42 surgically 
treated patients had normal postoperative BP (follow- up 2–9 
years) [26]. Levy et al. reported that 8 eight of 12 patients with 
refractory arterial hypertension achieved an improvement of at 
least 20 mmHg in their systolic BP after decompression. Six 
of them presented sustained normotension [29]. Geiger et al. 
published, in The Lancet in 1998, their results in eight patients 
with essential arterial hypertension. Postoperative BP was 
lowered in seven patients, but with a very short-lasting follow-
up [18]. Three years later, these authors reported, in Stroke, 
their results with a longer follow- up (>4 years): three patients 
remained normotensive (one patient died with a follow-up of 
2 years), and five patients remained hypertensive [17]. More 
recently, Barley et al. published a review of eight studies that 
included 107 patients with refractory arterial hypertension of 
neurogenic origin and concluded that the observed positive 

short-term outcomes indicated potential benefits from surgical 
intervention in a small subset of patients with refractory or 
resistant hypertension [4]. Sindou et al. have published the lat-
est report of microvascular decompression surgery [46]. These 
authors reported 48 patients with hemifacial spasm and severe 
arterial hypertension who underwent microvascular decom-
pression 28 patients had returned to normal BP, and no differ-
ences between left and right sides were found, at a mean 
follow-up of 7 years.

Regarding the conclusions of the experts about microvas-
cular decompression, Levy and Jannetta reported that this 
technique has a therapeutic role in the treatment of refractory 
hypertension, and its success lies in the adequate selection of 
patients [30]. Frank et al. concluded that the technique is a 
successful alternative therapy in certain subgroups of patients 
with intractable hypertension [17]. Kaplan made the following 
comment on this theme: “no patient should be subjected to this 
procedure until a properly controlled trial is conducted” [28]. 
Pickering et al. concluded: “neurovascular compression as a 
surgically treatable cause of hypertension is an intriguing pos-
sibility, but is not ready for prime time” [38]. Zaidi et al., from 
the group of Dr. Spetzler, commented that larger series are 
needed to determine the viability of the surgical approach 
compared with medical treatment [53]. Sindou et al. suggested 
the current indications of surgery: “essential hypertension, 
likely to be neurogenic, in patients in whom high-resolution 
MRI shows clear-cut images of neurovascular compression at 
the CN IX-X REZ (root entry/exit zone) and adjacent ventro-
lateral medulla and in whom BP cannot be controlled by medi-
cal treatment” [46]. Levy and Jannetta reported, in 2001, that 
a multi-institutional, randomized, prospective trial was in 
progress [30]. But these results have not been published yet.

 Other Pathologies

Chiari malformation [47] and syringobulbia [21] have also 
been described as possible causes of autonomic 
dysfunction.

 Conclusion

The central nuclei or pathways of the autonomic nervous 
system can be impaired during brainstem surgery, leading 
to severe autonomic complications. We suggest that 
patients can benefit from pre- and postoperative auto-
nomic studies, in order to diagnose and treat these clinical 
and subclinical complications as early as possible. The 
authors are currently carrying out a clinical study in order 
to analyze the possible autonomic alterations caused by 
brainstem tumors or surgery. The preliminary results 
show relevant findings.
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Abstract
Background
Treatment for spinal trauma is affected by both nonmodifi-
able and modifiable variables. The aim of this study was to 
compare early surgery with intermediate and late surgery to 
determine the benefits of spinal reconstruction in neurologi-
cal recovery and functional restoration in patients with thora-
columbar fractures.

Methods
In order to identify correlations between treatment timing, 
fracture site, neurological recovery, American Spinal Injury 
Association (ASIA) score restoration, and rehabilitation 
prognosis in patients with thoracic and lumbar fractures, we 
conducted a multivariate analysis of the results of surgery, at 
our institution, in 166 consecutive patients with unstable tho-
racolumbar fractures with or without neurological impair-
ment. We conducted a literature review (1988–2012) and 
compared our results with those already published.

Results
Regardless of the location and type of fracture, early surgery 
resulted in a reduction of median hospital and intensive care 
unit (ICU) length of stay, as well as a reduction of nosoco-
mial complications. Regardless of the type of fracture and 
preoperative ASIA score, thoracic fractures had the worst 
outcome. Early treatment seemed to have better results, 
depending on the preoperative ASIA score.Conclusion

Early surgery in patients with thoracolumbar fractures 
with incomplete neurological damage could positively affect 

neurological recovery, functional restoration, length of hos-
pital and ICU stay, and associated comorbidity. Thoracic 
fractures had the worst outcome. Early surgery seemed to 
have better results if the initial ASIA score was good. The 
better the ASIA score on admission, the better was the out-
come. Surgical timing did not affect the outcome when the 
ASIA score was A or E.

Keywords Thoracolumbar fracture early surgery • Spinal 
trauma • Neurological recovery • Spine surgery • Vertebral 
fractures

 Introduction

Spinal trauma is a very common disease, associated with spi-
nal cord injury in 15–30 % of cases [9]. The treatment of this 
disease is affected both by nonmodifiable variables (fracture 
morphology and trauma biomechanics, fracture site, neuro-
logical status, and associated primary or secondary comor-
bidities) and modifiable variables (first-aid and transport, 
hospital, supportive therapy, surgical timing, and other vari-
ables directly dependent to the operator). The role of decom-
pressive and reconstructive surgery, and its timing, after 
acute spinal cord injury in relation to neurological restora-
tion and rehabilitative prognosis is controversial and is still 
being debated . Surgical treatment depends both on the gen-
eral health condition of the patient and on the extent of the 
neurological deficit. In the light of this we can identify three 
surgical timing groups: early surgery, which is performed 
within the first 48 h after injury; intermediate surgery, which 
is performed between 48 h and 7 days after the trauma; and 
late surgery, which is performed more than 7 days after the 
injury. When the vertebral fracture is unstable, according to 
the international classification (AO Spine), surgery is indi-
cated with the aim of creating a good reconstruction and 
adequate stabilization, so as to prevent pain and secondary 
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deformity [12]. The presence of incomplete or progressive 
neurological deficits (American Spinal Injury Association 
[ASIA] score B, C, or D) is, for some authors [2, 7, 9], the 
only indication for an early surgery, performed by an instru-
mented reconstruction after careful decompression of the 
neural elements. When neurological deficits are present, 
early surgery guarantees a reduction of comorbidities (respi-
ratory failure and sepsis), shorter stay in intensive care, and 
less hospitalization time [4, 5, 10, 22]. When neurological 
deficits are absent (ASIA score E) or there is complete neu-
rological involvement (ASIA score A), the surgical indica-
tion is extremely controversial, especially in regard to the 
decompression phase. The objective of the present study was 
to compare early surgery with intermediate and late surgery 
by performing a multivariate statistical analysis of our 
results, trying to identify correlations between treatment tim-
ing, fracture site , neurological recovery, ASIA score restora-
tion, and rehabilitation prognosis, in patients with thoracic 
and lumbar fractures.

 Methods

We conducted a descriptive longitudinal retrospective study 
in a cohort of consecutive patients with unstable thoraco-
lumbar fractures enrolled between January 2002 and January 
2010 in the Neurosurgery Department of “Sapienza” 
University of Rome. All enrolled patients underwent sur-
gery. The patients were periodically studied in follow-up 
periods ranging between 3 years and 11 years (mean 70 
years SD + −12.7 months). To perform our statistical multi-
variate study, for each patient we analyzed the following 
variables: age, sex, AO spine classification of fracture, type 
of surgical treatment, timing of surgery after the trauma 
(<48 h [early], between 48 h and 7 days [intermediate], 
and > 7 days [late]), and pre- and postoperative neurological 
status, expressed as the ASIA score [1]. Patients with osteo-
porotic or pathological fractures and patients treated in a 
conservative way were excluded. We conducted three multi-
variate analyses. In the first multivariate analysis, we exam-
ined the timing of surgery in relation to preoperative 
neurological status and patient outcome. In the second mul-
tivariate analysis, we examined the timing of surgery in 
relation to the preoperative ASIA score, the location of the 
fracture, and the patient outcome, expressed as days of hos-
pitalization and presence of comorbidity. In the third multi-
variate analysis, we examined the fracture site in relation to 
patient outcome, in terms of change in the ASIA score.

We also conducted an extensive literature review, using 
PubMed, related to our study parameters, with the aim of 
validating our results in the light of the evidence-based 
literature.

 Results

The study included a cohort of 166 consecutive patients (45 
female [27 %] and 121 male [73 %]) with unstable thoraco-
lumbar fractures, surgically treated, with a mean age of 
44.5 years (SD+ − 18.3). According to the AO spine classifi-
cation, 89.8 % of patients had a type A lesion, 9.6 % had a 
type B, and 0.6 % of patients had a type C. In 84 cases (50.6 %) 
the lesion was lumbar, in 46 patients (27.7 %) it was thoracic, 
and in 36 patients (21.7 %) it was at the thoracolumbar junc-
tion. From a preoperative neurological point of view, 61.4 % 
of patients were ASIA E, 15.7 % ASIA D, 4.2 % ASIA C, 
9.6 % ASIA B, and 9.1 % ASIA A. According to these data 
we conducted three different multivariate analyses.

 First Multivariate Analysis: Correlation 
Between Timing of Surgery, ASIA Scores, 
and Patient Outcome

For this first statistical analysis (Table 1), the timing of sur-
gery was examined in relation to ASIA scores and patient 
outcome, expressed as days of hospitalization and presence 
of comorbidity. According to the timing of surgery, we were 
able to divide the results into three groups:

Early Surgery In 42 patients (25.3 %), 12 females (28.6 %) and 
30 males (71.4 %), with a mean age of 42.3 years (SD+ − 20.1) 
surgery was performed within 48 h of the injury. In 9 cases 
(21.4 %) the fracture was thoracic, in 26 cases (61.9 %) it was 
lumbar, and in 7 cases (16.7 %) it was located at the 
thoracolumbar junction. In 35 cases (83.5 %), the fracture 
was type A according to the AO classification and in 7 cases 
(16.7 %) it was type B. The preoperative neurological status 
was classified as ASIA E in 17 patients (40.5 %), ASIA D in 
7 patients (16.7 %), ASIA B in 9 patients (21.4 %), and ASIA 
A in 9 patients (21.4 %). The median length of hospitalization 
was 23 days, with a median length of ICU stay of 17 days; 
11 % of patients developed nosocomial complications.

Intermediate surgery In 47 patients (28.3 %), 8 females 
(17 %) and 39 males (83 %), with a mean age of 44.9 years 
(SD + − 16.1); surgery was performed from 2–7 days after 
injury. In 11 patients (23.4 %) the fracture was thoracic, in 24 
patients (51.1 %) it was lumbar, and in 12 patients (25.5 %) it 
was located at the thoracolumbar junction. Forty-four 
patients (93.6 %) had a type A fracture and three patients 
(6.4 %) a type B. The  preoperative neurological status in 32 
patients (68.1 %) was classified as ASIA E, with ASIA D in 
5 patients (10.6 %), ASIA C in 3 patients (6.4 %), ASIA B in 
4 patients (8.5 %) , and ASIA A in 3 patients (6.4 %). The 
median length of hospitalization was 29 days, with a median 
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length of ICU stay of 18 days; 21 % of the patients developed 
nosocomial complications.

Late surgery In 77 patients (46.4 %), 25 females (32.5 %) and 
52 males (67.5 %), with a median age of 47.6 years (SD 
+ − 16.9), surgery was performed more than 7 days after the 
injury. In 26 patients (33.8 %) the fracture was thoracic, in 34 
patients (44.1 %) it was lumbar, and in 17 patients (22.1 %) it 
was at the thoracolumbar junction. In 70 patients (90.9 %) 
the fracture was type A, in 6 patients (7.8 %) it was type B, 
and in 1 patient (1.3 %) it was type C. The preoperative 
neurological status in 53 patients (68.8 %) was classified as 
ASIA E, with ASIA D in 14 patients (18.2 %), ASIA C in 4 
patients (5.2 %), ASIA B in 3 patients (3.9 %), and ASIA A 
in 3 patients (3.9 %). The median length of hospitalization 
was 37 days, with a median ICU length of stay of 26 days; 
33 % of the patients developed nosocomial diseases.

This statistical analysis shows that, concerning the rela-
tion between fracture location and type, early surgical treat-
ment resulted in a reduction of the median lengths of hospital 
and ICU stay, as well as in a reduction in cases of nosocomial 
complications(p value 0.001, χ2 = 32.10) showing statistical 
significance and good predictive value.

 Second Multivariate Analysis: Correlation 
Between Timing of Surgery and Neurological 
Changes

For the second multivariate analysis, we determined whether 
timing of surgery was related to any change in the neurologi-
cal status, expressed as the ASIA score (Table 2).

ASIA E: One hundred and two patients had an ASIA E 
score: in 32 patients (31.4 %) the fracture was thoracic, in 50 
patients (49 %) it was lumbar, and in 20 patients (19.6 %), it 
was located at the thoracolumbar junction. Seventeen 
patients underwent early surgery; 32 patients underwent sur-
gery with an intermediate timing, and 53 patients underwent 
late surgery. The ASIA score was unchanged in relation to 
the timing of surgery.

ASIA D: Twenty-six patients had an ASIA D score: in 5 
patients (19.2 %) the fracture was thoracic, in 15 patients 
(57.7 %) it was lumbar, and in 6 patients (23.1 %) it was located 
at the thoracolumbar junction. Seven patients underwent early 
surgery, with an improvement of one grade in the ASIA score 
in 100 % of these patients. Five patients underwent surgery 
with an intermediate timing: in 1 patient (20%) the ASIA score 
was unchanged, and in 4 patients (80 %) the score was improved 
by one grade. Fourteen patients underwent late surgery: in 
three 3 patients (21.4 %) the ASIA score was unchanged and in 
11 patients (78.6 %) it was improved by one grade.

ASIA C: Seven patients had an ASIA C score, with a tho-
racic fracture in two patients (28.6 %), lumbar fracture in four 
patients (57.1 %), and fracture at the thoracolumbar junction in 
one patient (14.3 %). None of these patients underwent early 
surgery. Three patients underwent surgery with an intermediate 
timing: in one patient (33.3 %) the ASIA score was unchanged, 
in one patient (33.3 %) the ASIA score was improved by one 
grade, and in one patient (33.3 %) the ASIA score was improved 
by two grades. Four patients underwent late surgery: in two 
patients (50 %) the ASIA score was unchanged, in one patient 
(25 %) it was improved by one grade, and in one patient (25 %) 
it was improved by two grades.

ASIA B: Sixteen patients had an ASIA B score; in four 
patients (25 %) the fracture was thoracic, in six patients (37.5 %) 

Table 1 Multivariate analysis: time of surgery in relation to American Spinal Injury Association (ASIA) score, days of hospitalization, and 
comorbidity

Timing Site
ASIA score
preop AO spine

Sex
F = 45 (27.5 %)
M = 121 
(72.5 %)

Median age 
(years) + SD Recovery

Early <48h
42 PTS 
(25.3 %)

T(Thoracic) = 9 (21.4 %)
L(Lumbar) = 26 (61.9 %)
TL(Thoracolumbar) = 7 
(16.7 %)

E = 17 (40.5 %)
D = 7 (16.7 %)
C = 0
B = 9 (21.4 %)
A = 9 (21.4 %)

A = 35 
(83.3 %)
B = 7 (16.7 %)
C = 0

F = 12 (28.6 %)
M = 30 
(71.4 %)

42.3
20.1 ± SD

Median HospitAl stay = 23
Median ICU stay = 17
Complications = 11 %

Intermediate
2–7 days
47 PTS 
(28.3 %)

T(Thoracic) = 11 (23.4 %)
L(Lumbar) = 24 (51.1 %)
TL(Thoracolumbar) = 12 
(25.5 %)

E = 32 (68.1 %)
D = 5 (10.6 %)
C = 3 (6.4 %)
B = 4 (8.5 %)
A = 3 (6.4 %)

A = 44 
(93.6 %)
B = 3 (6.4 %)
C = 0

F = 8 (17 %)
M = 39 (83 %)

44.9
±16.1 SD

Median hospital stay. = 29
Median ICU stay = 18
Complications = 21 %

Late
>7 days
46.4 % PTS

T(Thoracic) = 26 (33.8 %)
L(Lumbar) = 34 (44.1 %)
TL(Thoracolumbar) = 17 
(22.1 %)

E = 53 (68.8 %)
D = 14 (18.2 %)
C = 4 (5.2 %)
B = 3 (3.9 %)
A = 3 (3.9 %)

A = 70 
(90.9 %)
B = 6 (7.8 %)
C = 1 (1.3 %)

F = 25 (32.5 %)
M = 52 
(67.5 %)

47.6
±16.9 SD

Median hospitAl stay= 37
Median ICU stay = 26
Complications = 33 %

Correlation Between Timing of Surgery and Outcome in ThoracoLumbar Fractures
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it was lumbar, and in six patients (37.5 %) it was at the thoraco-
lumbar junction. Nine patients underwent early surgery: in one 
patient (11.10 %) the ASIA score was unchanged, in three 
patients (33.3 %) it was improved by one grade, and in five 
patients (55.6 %) it was improved by two grades. Four patients 
were operated with an intermediate timing: in one patient 
(25 %) the ASIA score was unchanged, in two patients (50 %) 
it improved by one grade, and in one patient (25 %) it improved 
by two grades. Three patients underwent late surgery: in two 
patients (66,7 %) the ASIA score was unchanged, in one patient 
(33,3 %) it improved by one grade.

ASIA A: Fifteen patients had an ASIA A score, with tho-
racic fracture in three patients (20 %), lumbar fracture in nine 
patients (60 %), and fracture at the thoracolumbar junction in 
three patients (20 %). The ASIA score remained unchanged 
regardless of the surgical timing.

This analysis suggests that early surgical treatment 
appears to provide a better neurological recovery with statis-
tical significance and good predictive value. The better the 
ASIA score on admission, the better the outcome  
(p value = 0.001009, χ2 = 26.10).

 Third Multivariate Analysis: Correlation 
Between Site of Fracture and Patient 
Outcome

In the third statistical analysis we examined the relation 
between site of fracture and patient outcome.

Thoracic Site In 46 patients (27.7 %), 10 women (21.7 %) 
and 36 men (78.3 %), with a median age of 41.1 years (SD + 
−16.8), the fracture was localized in the thoracic spine: 43 

patients (93.5 %) had a type A fracture and and 3 patients 
(6.5 %) had a type B; 32 patients (69.6 %) had an ASIA E 
score, 5 patients (10.9 %) an ASIA D, 2 patients (4.3 %) an 
ASIA C, 4 patients an ASIA B (8.7 %), and 3 patients an 
ASIA A (6.5 %). In 72.70 % of the patients the ASIA score 
appeared to be unchanged, while in 27.30 % of the patients it 
was improved by one grade.

Lumbar Site In 84 patients (50.6 %), 24 women (28.6 %) and 
60 men (71.4 %), with median age of 44.5 years (SD+ 17.4), 
the fracture was localized in the lumbar spine: in 77 patients 
(91.7 %) there was a type A fracture, in 6 patients (7.1 %) a 
type B, and in 1 patient (1.2 %) a type C. Fifty patients 
(60.4 %) had an ASIA E, 15 (17 %) an ASIA D, 4 (4.8 %) an 
ASIA C, 6 (7.1 %) an ASIA B, and 9 (10.7 %) an ASIA A. In 
4 % of the patients the ASIA score appeared to be unchanged; 
in 72 % of the patients there was an improvement of one 
grade and in 24 % an improvement of two grades.

ThoracoLumbar Junction In 36 patients (21.7 %), 11 women 
(30.6 %) and 25 men (69.4 %), with a median age of 
48.5 years (SD + − 18.9) the fracture was located at the 
thoracolumbar junction: in 29 patients (80.6 %) there was a 
type A fracture, and in 7 patients the fracture was type B 
(19.4 %). Twenty patients (55.5 %) had an ASIA E score, 6 
(16.7 %) had an ASIA D, 1 (2.8 %) an ASIA C, 6 (16.7 %) 
an ASIA B, and 3 (8.3 %) an ASIA A. In 15.40 % of the 
patients the ASIA score appeared to be unchanged; in 
76.90 % of the patients the score improved by one grade, 
and in 7.70 % of the patients the score improved by two 
grades.

This analysis shows that regardless of the type of fracture 
and preoperative ASIA score (p value = 0.357033, χ2 = 4.38), 
fractures located in the thoracic spine had the worst outcome, 

Table 2 Multivariate analysis: change in neurological status (ASIA score) was related to surgical timing

ASIA score Site
Timing: early
<48h

Intermediate
2–7 days

Late
>7 days

E = 102 PTS T(Thoracic) = 32 (31.45 %) 
L(Lumbar) = 50 (49 %)
TL(Thoracolumbar) = 20 
(19.6 %)

17 PTS
Unchanged = 17 (100 %)

32 PTS
Unchanged = 100 %

53 PTS Unchanged 100 %

D = 26 PTS T = 5 (19.2 %) L = 15 
(57.7 %) TL = 6 (23.1 %)

7 PTS
Unchanged = 0 Improved 
1grade = 7 (100 %)

5 PTS Unchanged = 1 (20 %) 
Improved 1 grade = 4 (80 %)

14 PTS Unchanged = 3 
(21.4 %) Improved 1 
grade = 11 (78.6 %)

C = 7 PTS T = 2 (28.6 %) L = 4 (57.1 %) 
TL = 1 (14.3 %)

0 PTS 3 PTS
Unchanged 1 (33.3 %) 
Improved 1 grade = 1 (33.3 %) 
Improved 2 grade = 1 (33.3 %)

4 PTS Unchanged = 2 (50 %) 
Improved 1 grade = 1 (25 %)
Improved 2 grade = 1 (25 %)

B = 16 PTS T = 4 (25 %) L = 6 (37.5 %)
TL = 6 (37.5 %)

9 PTS
Unchanged = 1 (11.10 %) 
Improved 1 grade = 3 (33.3 %)
Improved 2grade = 5 (55.6 %)

4PTS
Unchanged = 1 (25 %) 
Improved 1 grade = 2 (50 %) 
Improved 2 grade = 1 (25 %)

3 PTS Unchanged = 2 
(66.7 %), Improved 1 grade = 1 
(33.3 %)
Improved 2 grade = 0

A = 15 PTS T = 3 (20 %) L = 9 (60 %)
TL = 3 (20 %)

9 PTS Unchanged = 9 (100 %) 3 PTS Unchanged 3 (100 %) 3 PTS Unchanged = 3 (100 %)

A. Landi et al.
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with results showing good predictive value and statistical 
significance (Table 3; Fig. 1).

 Discussion

Spinal cord injury is one of the primary causes of neurologi-
cal damage. Currently in the scientific community, there is 
no clear opinion about the optimal timing of surgical decom-
pression and reconstruction in patients with thoracic and 
lumbar fractures. Surgery is crucial in order to reduce sec-
ondary damage and to improve the patient’s outcome in 
terms of neurological recovery and functional restoration 
[24]. Most of the concerns about the timing of treatment are 
related to insufficient information about the pathophysiology 
of the neurological damage and the beneficial effects of the 
surgery. Trauma of the spinal cord induces a combination of 
signs and symptoms associated with earlier and later damage 
[6, 8, 16]. The forces of traction and compression cause a 
primitive injury to the central gray matter with extensive 
metabolic damage. Damage to the gray matter is irreversible 
from the first hours after the trauma, while damage to the 
white matter becomes irreversible 72 h after the trauma [8, 
26]. Experimental studies show that the time period of spinal 
cord compression is related to the severity of the pathologi-
cal damage and, consequently the degree of neurological 
recovery and functional restoration: the greater the period of 
compression, the smaller is the possibility of clinical recov-
ery [3, 11, 18, 22]. Surgical decompression potentially 
allows a reduction of the intradural pressure and an increase 
in blood flow through the spinal cord, thus reducing the risk 
of ischemia and preventing oxidative secondary damage 
[14–17]. However, the best timing of surgical decompression 
is unclear. In the literature, there are many reports about the 
validity and effectiveness of the implementation of early sur-

gery (within 8 h of injury). Early surgery may be associated 
with increased intraoperative blood loss (compared with 
later procedures) and the onset of hypotension, with the pos-
sibility of spinal cord injury and then the onset of neurologi-
cal deficits. On the other hand, early surgery guarantees a 
better outcome for the patient, thanks to early mobilization, 
shorter hospitalization, and a lower risk of thromboembo-
lism and pulmonary complications [16–18].

Some studies have shown that early treatment (within 8 h 
of injury) led to a sudden improvement in neurological sta-
tus and a better outcome in the subsequent follow-up [13, 
15, 21, 23]. Chenzing et al. [19] have shown that in early 
surgery the neurological outcome is closely tied to the pre-
operative neurological status, assuming that there is a 
greater chance of neurological recovery in patients with 
ASIA scores of C and D. In their retrospective study, Boakye 
et al. [27] postulated that independent variables, such as 
age, comorbidities, and original ASIA score, also influenced 
the outcome [16]. La Rosa et al. [16] conducted a systematic 
review and concluded that decompressive surgery, per-
formed up to 24 h after injury, resulted in a better outcome.

Some studies show that in pateints with complete or 
incomplete neurological deficits, the improvement of the def-
icits is independent of the timing of surgery. In a prospective 
study of 106 patients performed by Pointillart et al. [20], 
approximately half of the patients underwent early surgery 
(<8 h), with no improvement in neurological status. McKinley 
et al. [25] concluded that there were no differences in neuro-
logical status between patients with early surgery (<72 h after 
the trauma) and those with late surgery [12, 23, 25–27]. 
Bliemel et al. [6] believe that the outcome of the patient 
depends on the fracture site: lumbar fractures have a better 
outcome.

Our statistical analysis, performed with a large cohort of 
patients, has three important aspects:

Table 3 Third multivariate analysis: change in neurological status, expressed by the ASIA score, was related to the site of fracture

Site ASIA score AO spine Sex Median age (years) Outcome

Thoracic
46 pts
27.7 %

E = 32 69.7 %
D = 5 10.9 %
C = 2 4.3 %
B = 4 8.7 %
A = 3 6.5 %

A = 43 93.5 %
B = 3 6.5 %

10 F 21.7 %
36 M 78.3 % 41.1 (SD±16.8)

Unchanged = 72.7 %
Improved 1 
grade = 27.3 %

Lumbar
84 pts
50.6 %

E = 50 60.4 %
D = 15 17 %
C = 4 4.8 %
B = 6 7.1 %
A = 9 10.7 %

A = 77 91.7 %
B = 6 7.1 %
C = 1 1.2 %

24 F 28.6 %
60 M 71.4 %

44.5 (SD±17.4) Unchanged = 4 %
Improved 1 
grade = 72 %
Improved 2 
grade = 24 %

Thoracolumbar
36 pts
21.7 %

E = 20 55.5 %
D = 6 16.7 %
C = 1 2.8 %
B = 6 16.7
A = 3 8.3

A = 29 80.6 %
B = 7 19.4 %

11 F 30.6 %
25 M 69.4 %

48.5 (SD±18.9) Unchanged = 15.4 %
Improved 1 
grade=76.9 %
Improved 2 
grades = 7.7 %

Correlation Between Timing of Surgery and Outcome in ThoracoLumbar Fractures
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 1.  Concerning the relation between timing of surgery, ASIA 
score, and functional outcome, early surgical treatment 
seems to result in a greater reduction in the median hospital 
and ICU length of stay, as well as in a reduction of cases of 
nosocomial complications (p value 0.001, χ2 = 32.10) with 
statistical significance and good predictive value. So, in the 
light of these findings, early surgery seems to be effective 
in reducing hospital stay and nosocomial complications. It 
is obvious that this result may influence neurological 
recovery and functional restoration, with the patient being 
able to begin rehabilitation programs early.

 2.  Concerning the relation between timing of surgery and 
ASIA score improvement, our analysis suggests that early 
surgical treatment seems to provide better neurological 
recovery in terms of ASIA score improvement, with sta-
tistical significance and good predictive value. We con-
clude that the better the ASIA score on admission, the 
better the outcome (p value = 0.001009, χ2 = 26.10).

 3.  Concerning the relation between the site of fracture and 
ASIA score improvement, our analysis suggests that frac-
tures located in the thoracic spine have the worst outcome, 
in terms of ASIA score improvement, compared with lum-
bar and thoracolumbar fractures, with good predictive 
value and statistical significance (p value = 0.357033,  
χ2 = 4.38). Probably this result is related to the vascular-
ization of the thoracic tract of the spinal cord. In terms of 
neurological recovery and functional restoration, it can be 
concluded that a patient with a thoracolumbar or lumbar 

fracture with neurological involvment is more suitable for 
undertaking a prolonged rehabilitation program than a 
patient with a thoracic fracture, in terms of the possibility 
of functional restoration.

Our results, in accordance with the scientific literature, 
seem to suggest that the timing of surgery is the most 
important factor that can influence patient outcome, in 
terms of ASIA score improvement, when there is incom-
plete neurological damage preoperative. In patients with 
complete neurological damage or total absence of damage, 
the timing of surgery does not affect the outcome.

 Conclusion

Our multivariate analyses suggest that early decompressive 
surgery in the thoracic and lumbar spine with incomplete 
neurological damage could positively affect the patient’s 
outcome in terms of neurological recovery, functional res-
toration, length of hospital and ICU stay, and associated 
comorbidity. Thoracic fracture location has the worst out-
come compared with other fracture locations. Moreover, 
independently of the location of the fracture, early surgery 
seems to have better results when the initial ASIA score is 
good; the better the ASIA score on admission, the better the 
outcome. Surgical timing does not affect the outcome when 
the ASIA score is A or E. We note that in the multivariate 
analyses in this study we did not consider many other vari-
ables related to thoracolumbar trauma.
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Fig. 1 Total American Spinal Injury Association (ASIA) score improvement in the entire cxohort of 164 patients
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Abstract
Background
The goal of neurosurgery for cerebral intraparenchymal neo-
plasms of the eloquent areas is maximal resection with the 
preservation of normal functions, and minimizing operative 
risk and postoperative morbidity.

Currently, modern technological advances in neuroradio-
logical tools, neuronavigation, and intraoperative magnetic 
resonance imaging (MRI) have produced great improve-
ments in postoperative morbidity after the surgery of cere-
bral eloquent areas.

The integration of preoperative functional MRI (fMRI), 
intraoperative MRI (volumetric and diffusion tensor imaging 
[DTI]), and neuronavigation, defined as “functional neuro-
navigation” has improved the intraoperative detection of the 
eloquent areas.

Methods
We reviewed 142 patients operated between 2004 and 2010 
for intraparenchymal neoplasms involving or close to one or 
more major white matter tracts (corticospinal tract [CST], 
arcuate fasciculus [AF], optic radiation).

All the patients underwent neurosurgery in a BrainSUITE 
equipped with a 1.5 T MR scanner and were preoperatively 
studied with fMRI and DTI for tractography for surgical 
planning.

The patients underwent MRI and DTI during surgery 
after dural opening, after the gross total resection close to the 
white matter tracts, and at the end of the procedure.

We evaluated the impact of fMRI on surgical planning and 
on the selection of the entry point on the cortical surface.

We also evaluated the impact of preoperative and intraop-
erative DTI, in order to modify the surgical approach, to 

define the borders of resection, and to correlate this modality 
with subcortical neurophysiological monitoring.

We evaluated the impact of the preoperative fMRI by 
intraoperative neurophysiological monitoring, performing 
“neuronavigational” brain mapping, following its data to 
localize the previously elicited areas after brain shift correc-
tion by intraoperative MRI.

Results
The mean age of the 142 patients (89 M/53 F) was 59.1 years 
and the lesion involved the CST in 66 patients (57 %), the 
language pathways in 24 (21 %), and the optic radiations in 
25 (22 %).

The integration of tractographic data into the volumetric 
dataset for neuronavigation was technically possible in all 
cases.

In all patients intraoperative DTI demonstrated a shift of 
the bundle position caused by the surgical procedure; its dis-
location was both outward and inward in the range of +6 mm 
and −2 mm.

Conclusion
We found a high concordance between fMRI/DTI and intra-
operative brain mapping; their combination improves the 
sensitivity of each technique, reducing pitfalls and so defin-
ing “functional neuronavigation”, increasing the definition 
of eloquent areas and also reducing the time of surgery.

Keywords Intraoperative MRI • DTI • fMRI

 Introduction

The goal of neurosurgery for cerebral intraparenchymal neo-
plasms of the eloquent areas is maximal resection with the 
preservation of normal functions, minimizing the operative 
risk and postoperative morbidity [1, 4, 6, 32].

Neurophysiological monitoring has been traditionally 
used to define the exact localization of perirolandic gyri 
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and the corticospinal tract (CST), while awake surgery 
allows the detection of the phasic cortical areas and the 
arcuate fasciculus (AF) [6].

Currently, modern technological advances in neuroradio-
logical tools, neuronavigation, and intraoperative magnetic 
resonance imaging (MRI) have produced great improve-
ments in postoperative morbidity after the surgery of cere-
bral eloquent areas.

Nevertheless, preoperative functional MRI (fMRI) and 
diffusion tensor imaging (DTI) are insufficient for accurate 
neuronavigation because of the brain shift during surgery; 
thus, their best results are achieved when integrated with 
intraoperative MRI.

The integration of preoperative fMRI, intraoperative MRI 
(volumetric and DTI), and neuronavigation, defined as 
“functional neuronavigation”, improves the intraoperative 
detection of the eloquent areas by comparison of the previ-
ously detected functional areas and neurophysiological brain 
mapping [6].

We analyzed three points: the benefit of preoperative 
fMRI during surgery with asleep patients; the role of intraop-
erative DTI in relation to neuronavigation and brain shift; 
and the relation between intraoperative DTI and neurophysi-
ological recordings.

 Methods and Materials

We reviewed 142 patients operated between 2004 and 2010 
for intraparenchymal neoplasms involving or close to one or 
more major white matter tracts (CST, arcuate fasciculus 
[AF], optic radiation).

This series included cases affecting the sensorimotor area, 
the optic radiations, and the AF.

All the patients underwent neurosurgery in the 
BrainSUITE, BrainLAb Germany, equipped with a 1.5 T 
MR scanner and were preoperatively studied with fMRI and 
DTI for tractography for surgical planning.

Neurological examination was performed preoperatively, 
immediately after surgery, at discharge, and 1 month after 
surgery.

The patients underwent MRI and DTI during surgery 
after dural opening, after the gross total resection close to the 
white matter tracts, and at the end of the procedure.

We evaluated the impact of fMRI on surgical planning and 
on the selection of the entry point on the cortical surface.

We also evaluated the impact of preoperative and intraop-
erative DTI in order to modify the surgical approach, to 
define the borders of resection, and to correlate this modality 
with subcortical neurophysiological monitoring.

We evaluated the impact of the preoperative fMRI by 
intraoperative neurophysiological monitoring, performing 
neuronavigational brain mapping, following its data to local-
ize the previously elicited areas after brain shift correction 
by intraoperative MRI.

We track the mono- or bipolar probe for neuronavigation 
through a reference star that is recognized and “neuronavi-
gated”; therefore using it for the dual role of pointer and 
electrical probe (Fig. 1). Motor-evoked potentials were 
recorded with subdermal platinum/iridium needle electrodes 
[5] (MRI-compatible), positioned on muscles of the limbs 
and face (Fig. 2).

Our neurophysiologist prepared the patients some days 
before the functional MRI to correctly perform the requested 
movements; the selected muscles were the same as those 
elicited during preoperative functional MRI (fMRI).

In all the patients, evaluation of the motor area was con-
firmed by the study of phase reversal and with “neuronaviga-
tional” brain mapping.

Preoperative fMRI was performed to localize the 
Wernicke cortical area in all the neoplasms affecting the cor-
tical and subcortical language pathways.

Before the study was initiated, the hospital ethics commit-
tee was consulted and all patients gave their informed written 
consent to participate.

 Preoperative MR Protocol

The MR examinations were performed by using a 1.5-T 
magnet (Sonata; Siemens, Erlangen, Germany), identical to 
the one in the operating room. The following sequences were 
acquired: T2, FLAIR, and isotropic volumetric T1-weighted 
magnetization-prepared rapid acquisition gradient echo 
(MPRAGE) before and after the intravenous administration 
of paramagnetic contrast material and DT sequences. The 
DTI study was performed with 12 non-collinear directions (b 
value = 0 and 1,000 s/mm2) and echo planar sequences (TE 
86 ms,TR 9,200 ms, matrix 128 × 128, FOV 240 mm, slice 
thickness 1.9 mm, bandwidth 1,502 Hz/Px, 60 slices, no gap, 
acquisition time 5 min 31 s).

Tractography post-processing was performed with a 
method similar to those presented by Basser et al., Mori 
et al., and Stieltjes et al. [2, 20, 33], using the planning soft-
ware iPlan 2.6 (BrainLAB AG, Feldkirchen, Germany).

Color maps were used to define an appropriate region of 
interest (ROI) for the subsequent tractography procedure. 
The fiber-tracking technique contemplates the three- 
dimensional (3D) reconstruction of white matter trajectories 
of the CST by using a fractional anisotropy threshold of 0.17 
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and a processing angle above 55°. The positioning of the 
ROI for the fiber tracking changed according to the trajecto-
ries of the fibers to be reconstructed (posterior arm of the 
internal capsule for the pyramidal tract, geniculate ganglion 
for the optic radiation and, only in the right-handed patients 
with lesions on the left side, the ROI encompassed the hori-
zontal fibers lateral to the corona radiata and medial to the 
cortex of the posterior part of the ventrolateral frontal lobe). 
Tracking was initiated in both the retrograde and orthograde 
directions according to the direction of the principal 
 eigenvector in each voxel of the ROI. The reconstructed tra-
jectories were transformed into 3D objects.

Mean data processing time of the CST was 2–3 min, while 
the mean data processing time of the AF was 8-10 min. 
Tractography results were saved in a file containing the x/y/z 
coordinates for each fiber. These data were imported together 
with the b = 0 diffusion images into the navigation software 
(import module for iPlan 1.0 programmed by U. Mezger [Brain 

Lab, Heimstetten, Germany]). After rigid registration of the 
b = 0 images with the anatomical volumetric package, and after 
having verified that there were no discrepancies between data 
(differences greater than 3 mm) in the region of the tumor, the 
white matter tracts could be displayed in standard anatomical 
images. Fiber margins were then segmented to allow them to 
be defined as objects in the navigation system and to be depicted 
intraoperatively. These objects were automatically enlarged by 
the software 2 mm in every direction. The trajectories were 
considered suitable for surgical planning if there were no inter-
ruptions on any of the layers at the level of the lesion. The 
boundaries of the tumors were defined, considering the outer 
rim of enhancement for grade III and IV gliomas and the T2 
signal for grade II gliomas. The distance between the CST and 
tumor margins was calculated. The mean overall time for this 
data processing, which was generally performed the day prior 
to surgery, was 30 min. During surgery the position of the CST 
was used as a reference for tumor resection.

Fig. 1 We track the mono- or bipolar probe for neuronavigation through a reference star that is recognized and “neuronavigated”; therefore using 
it for the dual roles of pointer and electrical probe
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 Intraoperative MR Protocol (BrainSUITE)

Currently we do not perform intraoperative presurgical MRI 
because of infrared matching of head’s patients with previ-
ously acquired volumetric exams, but for prone position.

Total acquisition time and time for sending preoperative 
images to the neuronavigation system for surgical planning 
was limited and was less than 2 min.

We perform the first intraoperative MRI after the dural 
opening, acquiring an intraoperative volumetric MRI for 
navigation and an intraoperative DTI for tractography. This 
step is fundamental for correcting possible brain shift.

Average total acquisition and processing time was about 
15 min.

The same neuroradiologist reconstructed the white matter 
tracts and uploaded the new tractographic data in the neuro-
navigation system; these data were subsequently used for 
further surgery.

When the neurosurgeon was confident that most of the 
lesion was removed, intraoperative MRI and DTI were again 
performed and the same neuroradiologist reconstructed the 
tractographic data with the previously mentioned technique.

The new tractographic data were again uploaded into the 
neuronavigation system and subsequently used for further 
surgery and eventual intraoperative subcortical stimulation.

At the end of the procedure, we performed the last MRI to 
check the amount of resection and the sparing of the white 
matter tracts.

 Brain Shift Evaluation

Pre- and intraoperative DTI were registered with automatic 
image fusion software (iPlan 2.6; BrainLAB AG), which was 
used to perform semiautomatic rigid registration. After regis-
tration, the images could be displayed side by side or in an 
overlay mode. The extent of shifting was considered as the 
maximum distance between the preoperative and intraopera-
tive contours of the trajectories of the evaluated white matter 
tracts on identical/registered axial slices.

According to the direction of the shift we assigned posi-
tive or negative values in relation to the craniotomy opening. 
A positive value was assigned if movement was outward 

Fig. 2 Motor evoked potentials were recorded with subdermal platinum/iridium needle electrodes positioned on muscles of the limbs and face
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(toward the surface), and a negative value was assigned if 
movement was inward.

We measured peritumoral edema and tumor volume using 
the planning software noted above, and, as well, we calcu-
lated the craniotomy size and the distance of the tumor from 
the cortical surface.

 Results

The mean age of the 142 patients (89 M/53 F) was 59.1 years 
and the lesion involved the CST in 66 patients (57 %), the 
language pathways in 24 (21 %), and the optic radiations in 
25 (22 %).

All the patients were affected by intraparenchymal neo-
plasms and histological examination revealed low-grade gli-
omas, oligodendroglioma, metastases, and high-grade 
gliomas.

Cortical motor-evoked potentials (MEPs) followed pre-
operative fMRI and were performed after brain shift correc-
tion to choose the optimal site for corticectomy and brain 
retraction.

Preoperative fMRI permitted us to localize the Wernicke 
cortical area in all the patients with neoplasms affecting the 
language areas, except for three who had severe preoperative 
dysphasic disturbances; AF reconstruction was achieved in 
all the patients.

Less severe dysphasia did not prejudice the possibility of 
identifying the Wernicke area and, moreover, did not play 
any role in DTI.

The integration of tractographic data into the volumetric 
dataset for neuronavigation was technically possible in all 
cases (Fig. 3).

In all patients intraoperative DTI demonstrated the shift 
of the bundle position caused by the surgical procedure 
(Figs. 4 and 5) and its dislocation was both outward and 
inward, in the range of +6 mm and −2 mm.

We considered that the neuronavigation system had an 
average error of 0.79 ± 0.25 mm and a maximum error of 
2.0 mm..

In 40 % of the cases an outward shift was observed during 
surgery; an inward shift was observed in 50 %, while in 10 % 
no intraoperative displacement was detected.

The maximum intraoperative shifting of the CST ranged 
from an inward value of 9.7 mm to an outward value of 
13.8 mm. Only peritumoral edema showed a statistically sig-
nificant correlation with the amount of shift (P = 0.001), indi-
cating a more pronounced outward shift correlated with 
larger edema. In a comparison of patients showing inward 
and outward shifting, statistically significant differences 
were evident, and peritumoral edema was more pronounced 

in patients with outward shifting (P =0.001), as was the cra-
niotomy size (P = 0.038). No statistically significant differ-
ences were evident when comparing the tumor sizes.

A direct correlation was evident between craniotomy size 
and shifting after dura mater opening (P = 0.05).

Evaluation of the visualized trajectories related to the 
lesion produced an a-priori modification of the surgical 
approach to corticectomy in 21 % of our cases, and in 64 % 
had an important impact on the definition of the resection 
margins during surgery. The overall percentage impact on 
the surgical procedure was 82 %.

In all patients, pre- and intraoperative tractography dem-
onstrated the white matter bundle containing the pyramidal 
tract, and the motor function was preserved in all but three 
patients, who showed a transient weakness of the contralat-
eral side, which dramatically improved between 1 month and 
3 months after the procedure. In all three cases the lesions 
were considered to be in contact with the motor cortex and 
the CST.

During surgery, close to the pyramidal tract, several elec-
trical “neuronavigational” stimulations were repeatedly per-
formed following the neuronavigation after intraoperative 
volumetric MRI and DTI, demonstrating a deep residual 
tumor volume and correcting the eventual brain shift. On 
preoperative tractography, the average overall distance 
between the lesion and the CST was 2.26 mm and the aver-
age distance between the CST and the site of subcortical 
MEP was 3.5 mm.

We performed subcortical MEPs in 61 % of the cases 
between 0 and 2 mm from the CST, in 33 % between 4 and 
8 mm, and in 6 % between 12 and 15 mm, detecting the CST 
in all cases by intraoperative neurophysiology, except for 
two cases, in which the CST was far from the lesion.

Intraoperative postsurgical MRI demonstrated complete 
tumor removal in all the patients in this series and the post-
operative outcome was excellent in all the patients.

The immediate postoperative overall outcome was excel-
lent in 89 % of the patients and we registered a transient 
worsened motor deficit in only 11 % of the patients.

In 77.7 % of the patients with neoplasms of the language 
areas a complete resection was performed, while in the 
remaining patients we performed a subtotal resection.

A subtotal resection was defined in relation to a safe dis-
tance of 0–2 mm from the AF or to its neoplastic 
involvement.

At immediate postoperative examination and at discharge 
the neurological status was normal in 81.5 % of the patients 
and preoperative symptoms were improved in 74 % ; the 
asymptomatic patients maintained their negative neurologi-
cal status and we did not register any case of deteriorated 
clinical status, while, in particular, dysphasic disturbances 
recovered in 81.2 % of the patients.
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The outcome was excellent, without deficits affecting a 
normal quality of life, in 85.1 % of the patients, and good 
(moderate deficit affecting the normal quality of life) in 
14.8 %.

In particular, the patients who underwent complete tumor 
removal (95.2 %) obtained an excellent outcome despite the 
aggressive resection (χ2 p < 0.05).

 Discussion

The quality of life in patients affected by malignant neo-
plasms in eloquent areas must be a priority parameter [8] for 
choosing surgery rather than biopsy because of their expected 
short survival.

This goal can be achieved through the exact localization 
and consequent preservation of the cortical and subcortical 
functional areas.

It was recently reported that MR tractography may have 
an impact on surgical planning, leading to changes in the 
surgical approach and in the limits of resection [31], and in 
our experience, tractography modified the surgical approach 
to corticotomy (in 21 % of cases), permitted definition of the 
resection margins (in 64 %), and resulted in an overall modi-
fication of the procedure in 82 % of cases.

The intraoperative DTI for reconstruction of white matter 
tracts after dural opening and during surgery with subcortical 
“neuronavigational” neurophysiological monitoring allowed 
a better resection of these lesions.

We strongly agree with Bello et al. [3], who suggested a 
strong connection between DTI and subcortical mapping.

Many authors consider resection close to the white matter 
tracts and, moreover, close to the CST, to be risky and they 
prefer to maintain a “safe distance” to reduce transient/perma-
nent postoperative morbidity; however, our data disagree with 
their findings, probably because we had the opportunity of 
updating DTI data when we were quite close to the tract [6].

Fig. 3 Integration between intraoperative diffusion tensor imaging (DTI) and neuronavigation
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DTI and tractography may affect the surgical manage-
ment of patients with brain tumors [30] and match with elec-
trical mapping in the range of 0–2 cm [1].

Li et al. [18] demonstrated a good correlation between the 
CST estimated with DTI and the subcortical electrical stimu-
lation; Mikuni et al. [19] also reported this.

Subcortical MEPs were consistently produced at dis-
tances of less than 7 mm and were absent at distances of 
more than 13 mm from the fiber tracking of the pyramidal 
tracts in the present study.

Gambini et al. [10] reported correspondences between 
intraoperative subcortical neurostimulation sites and tractog-
raphy of 84% and 79 % for the motor tract and the speech 
circuit, respectively.

Intraoperative diffusion tractography solves the problem 
of ? so well, correlating with subcortical stimulation, as 
recently demonstrated by Ozawa et al. [28], because intraop-
erative DTI corrected the brain shift, thus allowing image 
validation and reporting positive MEPs between 0 and 
4.7 mm from the stimulation site to the depicted bundle.

We always updated intraoperative tractography, because, 
in our experience, brain shift can cause dislocation of the 
pyramidal tract, in the range of 8 mm; shifting of white mat-
ter tracts during neurosurgical procedures has been demon-
strated since 2005 by Nimsky et al. [22, 23], ranging from 
8 mm inward to 15 mm outward.

In their studies, shifting was observed in 89 % of cases, and 
shifting was confirmed in our study [1] during tumor removal.

Other authors [16] believe that fiber tracking cannot accu-
rately estimate the size of the white matter tracts using navi-
gation based on preoperative DTI, because it is affected by 
brain shift both in the deep white matter and the cortex.

Shifting of the deep tumor portions during resection and, 
consequently, shifting of the white matter tracts, is currently 
accepted, so that preoperative MRI and DTI should be con-
sidered inaccurate [27] because of brain shift.

Standard neuronavigation, without intraoperative 
upgrade, is inaccurate because of brain shift and because 
preoperative MRI is a good but insufficient tool for intraop-
erative “functional” neuronavigation [6].

Fig. 4 Intraoperative DTI demonstrated the shifting of the bundle position caused by the surgical procedure

Pre-intraoperative Tractography in Neurosurgery



248

Brain shift is a serious problem and, even after a simple 
craniotomy, shifting of up to 0.5-1 cm has been described, 
and shifting has also been described after the dura was 
opened [7, 12, 14].

We registered a shift of the white matter bundles of up to 
29.7 mm simply after dural opening and Nimsky and col-
leagues reported a shift of up to 20-24 mm [13, 22, 24].

During surgery the shifting of deep structures, so-called 
subsurface shifting, seems to be much more relevant [25, 29] 
than the shifting of cortical structures, which is clearly visi-
ble during surgery.

We documented that shift involving the CST can be 
observed in 90 % of cases during surgery, similarly to other 
studies [7, 22, 28].

Nimsky et al. [22] described a shift ranging from 28 to 
+15 mm; for Ozawa et al. [28] the shift ranged from 28 to 
+8.7 mm, and in our study it ranged from 29.7 to +11 mm.

However, intraoperative tractography has some pitfalls 
[6], so that we advocate neurophysiological “neuronaviga-
tional” monitoring to compensate for these drawbacks.

Duffau et al. [9] stated that direct fiber stimulation was 
safe, accurate, and reliable, while Kamada et al. [15] 
observed some technical difficulties, such as the selection of 
the optimal stimulus point, visually indistinguishable sub-
cortical pathways, continuously interrupted surgery, and 
long wasted time.

Again, we note that the integration of the neurophysiolog-
ical techniques with the neuronavigation system, based on 
the intraoperative DTI, improves the precision of stimulation 
and reduces the time of the surgical procedure.

These techniques allowed us to reach a verified average 
distance between the CST and the site of subcortical MEP of 
3.93 mm, with an excellent postoperative course.

Similarly to our experience, Nimsky et al. [26] reported 
mild postoperative deficits, which completely recovered dur-
ing the postoperative course, and they had only one case of 
motor deficit, after 3 months.

We believe that the higher incidence of postoperative defi-
cits that other studies report, although this could be due to 
surgical traction, heat from bipolar coagulation, cytotoxic 

Fig. 5 Intraoperative integration between DTI and volumetric magnetic resonance imaging (MRI), demonstrating the shifting of the bundle posi-
tion caused by the surgical procedure
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edema, and/or microvascular reorganization [11], is caused 
by non-updated and unreliable information regarding the 
spatial (DTI tractography) and functional (subcortical elec-
tric stimulation) anatomy of the CST.

In particular, the intraoperative updating of anatomical 
and functional data allows us to reverse the surgical strategy, 
while the use of a stimulator probe “neuronavigated” onto 
updated tractographic objects guarantees control of the 
integrity of the tract before removal of the residual lesion 
volume, in contrast to verifying the integrity of the tract after 
a potential injury.

The goal is not to remove and to check, but to verify after 
an intraoperatively guided removal.

In regard to the CST, we recognized parameters—such as 
the amount of peritumoral edema and the craniotomy size—
that predict its shift independent of direction [30], but shift-
ing is not necessarily unidirectional, because the subsurface 
motion during resection is driven not by external pressure, 
but by the relief of weight and intraparenchymal pressure [7, 
21, 29].

The direction of white matter tract shifting in the outward 
or inward direction seems to be unpredictable [30].

In our study, an outward shifting of the CST was mostly 
related to a large amount of edema and to a large craniotomy 
size, but in patients showing inward shifting, tumor size 
played the most important role, although we did not find any 
statistical significance for this parameter [30].

We strongly agree with Nabavi et al. [21], who suggest 
even more frequent or, if possible, continuous imaging for 
brain shift tracking, because only serial imaging with high 
spatial resolution allows the elucidation of deformation 
patterns with differing reactions to surgical manipulations.

We aim to achieve these results with neuronavigated brain 
mapping with fMRI and direct cortical stimulation for the 
surgery of lesions involving the motor and the language 
cortex.

The identification of the motor cortex is the first step in 
this surgery, and even if perirolandic gyri have been tradition-
ally identified by phase reversal and by direct motor cortex 
stimulation, many studies report the limitations and failure of 
these techniques, especially for perirolandic mass lesions, in 
which localization was questionable or impossible in 10-18 %, 
because these tumors produce sensory evoked potential (SEP) 
latencies and amplitudes of high variability [6].

The neuronavigation with preoperative fMRI helps to bet-
ter identify the stimulation sites and the precentral gyrus  
[6, 34].

Electrophysiological difficulties can also be related to 
neoplastic desynchronization of the afferent electrical 
impulses and to the mass effect distortion on the cortical 
electrical dipoles on the brain surface, and these difficulties 
may eventually lead to the surgeon choosing an inappropri-
ate recording site.

Brain mapping alone allows identification of the primary 
motor cortex in only 60 % of cases [17], while the combina-
tion of neurophysiological monitoring and fMRI improves 
its accuracy [6], with a high concordance between the 
procedures.

We absolutely agree with these findings, and we also found 
a high concordance between fMRI and intraoperative brain 
mapping; their combination improves the sensitivity of each 
technique, reducing pitfalls (such as the Blood-oxygen-level 
dependent (BOLD) effect; motion-related artifacts caused by 
heartbeat, breathing, or head motion; and a too sensitive signal 
to large draining veins with poor spatial resolution on fMRI 
and electrical artifacts on direct cortical stimulation).

This combination (i.e., fMRI and intraoperative brain 
mapping), which is also defined as “functional neuronaviga-
tion”, increases the definition of eloquent areas by compari-
son of the previously detected functional areas (fMRI) and 
the brain mapping recordings, and so reduces the time of 
surgery.
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Abstract
Background
Surgery of low-grade gliomas (LGGs) in eloquent areas still 
presents a challenge. New technologies have been introduced 
to enable the performance of “functional”, customized preop-
erative planning aimed at maximal resection, while reducing 
the risk of postoperative deficits. We describe our experience 
in the surgery of LGGs in eloquent areas using preoperative 
planning based on navigated transcranial magnetic stimulation 
(nTMS) and diffusion tensor imaging (DTI) tractography.

Methods
Sixteen patients underwent preoperative planning, using 
nTMS and nTMS-based DTI tractography. Motor and lan-
guage functions were mapped. Preoperative data allowed for 
tailoring of the surgical strategy. The impact of these modali-
ties on surgical planning was evaluated. Influence on func-

tional outcome was analyzed in comparison with results in a 
historical control group.

Results
In 12 patients (75 %), nTMS added useful information on 
functional anatomy and surgical risks. Surgical strategy was 
modified in 9 of 16 cases (56 %). The nTMS “functional 
approach” provided a good outcome at discharge, with a 
decrease in postoperative motor and/or language deficits, as 
compared with controls (6 vs. 44 %; p = 0.03).

Conclusions
The functional preoperative mapping of speech and motor 
pathways based on nTMS and DTI tractography provided 
useful information, allowing us to plan the best surgical 
strategy for radical resection; this resulted in improved post-
operative neurological results.

Keywords Arcuate fasciculus • Brain tumors • Corticospinal 
tract • DTI tractography • Low-grade gliomas • Navigated 
transcranial magnetic stimulation

 Introduction

Low-grade gliomas (LGGs) in eloquent areas still present a 
surgical challenge, with a marked risk of postoperative defi-
cits [9]. However, the use of modern intraoperative tech-
niques for monitoring brain function, such as direct cortical/
subcortical stimulation (DCS/DSS) and awake surgery, has 
actually made LGG resection more successful [11, 12]. In 
the past few years several new techniques have been devel-
oped to perform “customized” noninvasive preoperative 
mapping for the surgery of LGGs in eloquent areas [8, 13]. 
These techniques allow for an improved understanding of 
the spatial relationship existing between lesions and func-
tional structures, so helping the surgeon to select the best 
surgical strategy. Navigated transcranial magnetic stimula-
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tion (nTMS) provides reliable preoperative cortical mapping 
of motor and speech areas and has turned out to be as accu-
rate as DCS [6, 7]. Moreover, it can be used as a seeding 
region for “functional” diffusion tensor imaging (DTI) trac-
tography of the corticospinal tract (CST) [2] and the arcuate 
fasciculus (AF), providing a preoperative reconstruction of 
motor and language pathways that can also be easily used 
intraoperatively as a guide for resection. The aim of the pres-
ent study was to describe a new technique for a “functional” 
reconstruction of motor and language cortico-subcortical 
networks, based on nTMS and DTI tractography for the pre-
operative planning of surgery for LGGs located in eloquent 
areas, and to analyze the impact of the technique on surgical 
strategy and functional outcome.

 Materials and Methods

 Patients and Mapping Protocol

We prospectively analyzed the clinical data of adult patients 
who underwent surgical resection of LGGs, located in the 
proximity of the motor pathway and/or language pathways, 
at the Neurosurgical Clinic of the University of Messina, 
Italy, between 2012 and 2014. Data were compared with data 
in a control group consisting of a consecutive series of 16 
patients operated for LGGs in eloquent areas at our Institution 
before nTMS was available. Patients signed an informed 
consent for the scientific use of their data according to the 
requirements of the local Institutional Review Board (IRB). 
All patients underwent preoperative mapping of the eloquent 
cortex (motor and/or language areas) using our nTMS proto-
col [2]. Then the nTMS mapping was used as a seeding 
region for DTI tractography of the main eloquent white mat-
ter tracts (CST and AF).

 nTMS Mapping of Motor and Speech Areas

All patients underwent a preoperative brain magnetic reso-
nance (MR) scan using a 3 T scanner (Achieva 3 T; Philips 
Medical Systems, Amsterdam The Netherlands). For each 
patient we obtained T1-weighted, gadolinium-enhanced mul-
tiplanar reconstruction (MPR); 3D Fluid Attenuation 
Inversion Recovery (FLAIR) acquisition; and diffusion 
weighted sequences for DTI computation. The MPR sequence 
was imported into the nTMS machine for the mapping of the 
eloquent cortex. The nTMS mapping was performed using 
the NBS system 4.3 (NexstimOy; Elimäenkatu 9 B, Helsinki, 
Finland) for both motor and language areas, with the protocol 

already adopted at our institution [2]. Briefly, for motor map-
ping, we used a single pulse stimulation at 120 % of the rest-
ing motor threshold (RMT), using a navigated coil that is able 
to elicit a motor response recorded as a motor evoked poten-
tial (MEP) with standard electromyography electrodes. We 
recorded motor response from at least three channels, choos-
ing at least one muscle for each body segment (face, arm, leg) 
in order to obtain the somatotopic organization of the motor 
cortex. Muscles usually used were the first dorsal interosse-
ous (FDI), tibialis anterior (TA), and mentalis (MEN). With 
reference to language mapping, we used a repetitive stimula-
tion task able to interfere with language comprehension and 
production, causing speech errors. Stimulation was per-
formed during a simple object-naming task. Parameters of 
repetitive stimulation were: nTMS trains composed of five 
pulses at 5 Hz with an intensity of 100 % of the RMT. The 
display time was 4 s, the inter-picture interval 4 s, and the 
stimulation was set to start simultaneously with the picture 
presentation. During mapping, all sites were stimulated three 
times. We considered a site as eloquent when at least two of 
three stimulations caused an error response. The presence of 
speech errors was considered as a positive mapping, whereas 
the absence of errors was considered as a negative mapping. 
At the end of the procedure, the final nTMS map of motor and 
language areas was exported in a Digital Imaging and 
COmmunication in Medicine (DICOM) format to the neuro-
navigation system for DTI tractography computation.

 nTMS-Based DTI Tractography of the CST 
and AF

The nTMS maps were used as seeding regions for computing 
the DTI tractography of the CST and AF. In cases of LGGs 
located near the motor pathway, we performed somatotopic 
reconstruction of the CST as previously described [2]. Briefly, 
using this technique, we were able to visualize the functionally 
different fibers composing the CST, distinguishing among 
face, arm, and leg fiber bundles. This allowed us to obtain a 
functional reconstruction of the CST and to better analyze its 
spatial relationship with the tumor. In tumors located near lan-
guage pathways, the nTMS map of language areas was used as 
a seeding region for the reconstruction of the AF. In cases of 
negative speech mapping, standard DTI tractography of the 
AF was performed. The workflow for the tractography was 
performed by using StealthViz software (Medtronic 
Navigation; Coal Creek Circle, Louisville, CO, USA). A 
deterministic approach based on the fiber assignment by con-
tinuous tracking (FACT) algorithm was used, with a fractional 
anisotropy (FA) threshold of = 0.20; vector step length = 1 mm; 
minimum fiber length = 30 mm; and seed density = 1.0.
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 Impact on Surgical Strategy

The functional preoperative mapping was presented to the 
surgeon after the general principles of the surgical strategy 
had already been planned using only the standard MR scans. 
The surgeon was then asked to state the impact of nTMS 
mapping on surgical strategy, using a three-category scale: 
(1) useful information that increased knowledge of the func-
tional anatomy and surgical risks, modifying the previously 
designed surgical plan; (2) helpful information that increased 
awareness of the functional anatomy and surgical risks with-
out modifying the previous surgical plan; and (3) informa-
tion that only confirmed the expected functional anatomy 
and surgical risks without modifying the surgical plan.

 Surgery

Surgery was performed under general anesthesia. DCS and 
DSS were performed, in cases of tumors located in motor 
areas, according to Berger and Ojemann [1]. During surgery, 
the functional reconstruction of motor and language path-
ways was displayed in the neuronavigation system and used 
as an additional support, guiding tumor resection. DCS was 
performed by bipolar stimulation delivering square-wave 
pulses in 4-s trains at 60 Hz, with a duration of 1 ms. 
Stimulation intensity was progressively increased in 1-mA 
steps, from 0 up to 20 mA, until a motor response was 
obtained. DSS consisted of monopolar stimulation (trains of 
3-4 stimuli for cranial surgery; pulse duration, 50-500 μs; 
inter-stimuli interval [ISI], 250-500 Hz [4-2 ms]) with 
increasing intensity until a motor response was obtained, 
with an upper limit of 20 mA. The resection was terminated 
when a MEP was elicited by using an intensity of 5 mA. In 
the study group, DCS and DSS were guided by the preopera-
tive functional nTMS-based motor pathway mapping, as dis-
played in the neuronavigation system.

 Impact on Intraoperative Neurophysiological 
Monitoring of the Motor Pathway

We evaluated the impact of the nTMS-based preoperative 
mapping of motor pathways on the intraoperative neuro-
physiological monitoring findings by comparing the mean 
DSS intensity at which lesion resection was stopped in both 
groups. Moreover, in order to verify the accuracy of the func-
tional CST mapping, we analyzed the concordance between 
the type of MEP recorded during DSS (arm, face, or leg 
response) and the somatotopic organization of the CST pro-

vided by the nTMS-based DTI fiber tracking, as displayed in 
the neuronavigation system.

 Impact on Functional Outcome

We assessed and compared motor and/or language perfor-
mances, on the first postoperative day and at discharge, with 
data from the control group. Motor performance was evalu-
ated by using the Medical Research Council (MRC) scale. 
Language performance was evaluated by distinguishing dif-
ferent categories: i.e., no deficits, mild/moderate/severe 
motor deficits, and sensory or global aphasia, as rated by the 
participating neuropsychologist.

 Statistical Analysis

Analysis of the homogeneity between the study group and 
controls was performed using the unpaired Student t-test for 
continuous data, and the Fisher exact test and the Chi-square 
test for categorical data. Analysis of differences in DSS find-
ings was performed by using the unpaired Student t-test. 
Comparison of functional outcome was performed by using 
the Fisher exact test. Statistical significance was defined as a 
a p value of < 0.05. Analysis was realized using GraphPad 
Prism version 6.00 for Windows (GraphPad Software, La 
Jolla, California, USA, www.graphpad.com).

 Results

Sixteen patients (10 male; 6 female; mean age 
50.2 ± 3.59 years) were included in the study. Eight patients 
were affected by diffuse astrocytomas (50 %), 4 by oligoas-
trocytomas (25 %), and 4 by oligodendrogliomas (25 %). 
Table 1 summarizes the clinical and demographic character-
istics of the patients. Mapping of the motor cortex was per-
formed in all cases, obtaining its somatotopic organization 
(representation of face, arm, and leg muscles). Language 
areas were involved by tumors in 7 cases. Positive language 
mapping was achieved only in 3 patients (43 %). The most 
common type of error consisted of performance errors 
(54 %), followed by circumlocutions (21 %), and semantic 
paraphasia (14 %). A speech arrest was achieved three times 
(11 %). Language errors were obtained primarily when stim-
ulating the fronto-opercular region (65 %). The other spots 
were localized in the angular gyrus and temporal lobe (36 %). 
In the remaining cases of tumors suspected to involve lan-
guage cortex (4 patients; 57%) we observed a  negative 

nTMS-Based Reconstruction of Motor and Language Pathways
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response that suggested the absence of functionally relevant 
language areas in the region surrounding the tumor. The 
nTMS map was used as the seeding region for the somato-
topic DTI tractography of the CST in 13 patients (81 %) 
(Fig. 1a–d). An nTMS-based reconstruction of the AF was 
performed in all 3 patients who showed a positive response 
during speech area mapping, using the nTMS map as the 
seeding region (Fig. 1e–h). In the remaining 4 cases, stan-
dard tractography of the AF was used.

 Impact on Surgery

In 12 patients (75 % of cases), the nTMS-based functional 
mapping added useful information for the preoperative plan-
ning. In particular, in 9 patients (56 %) the mapping was able 
to increase the surgeon’s knowledge of the functional anat-
omy and surgical risks, modifying the previously hypothe-
sized plan based on standard MR. In 3 patients (19 %) the 
mapping increased the surgeon’s awareness of the functional 
anatomy and surgical risks without modifying the hypothe-
sized plan. Lastly, in the remaining 4 patients (25 %) the 
information confirmed the expected functional anatomy and 
surgical risks (Fig. 2a).

 Impact on Intraoperative Neurophysiological 
Monitoring of Motor Pathway

The intraoperative use of the nTMS-based functional map-
ping guided DCS and DSS, and allowed for an easier iden-
tification of the motor cortex and CST. In particular, the 
availability of real-time verification of the CST location 
through the neuronavigation increased the surgeon’s confi-
dence in anatomo-functional landmarks, significantly 
reducing the DSS intensity at which resection was termi-
nated in the study group as compared with the controls 
(5.38 ± 0.96 mA vs 6.35 ± 1.39 mA; p = 0.04) (Table 1). 
Moreover, in all cases, we observed a concordance between 
the type of recorded MEP and the functionally different 
CST fiber bundle that was stimulated (arm, face, leg) 
(Fig. 3).

 Impact on Functional Outcome

The control group consisted of 16 patients (8 male; 8 
female; mean age 53.75 ± 4.22 years). Twelve patients 

were affected by diffuse astrocytomas (75 %), 2 by oligo-
dendrogliomas (12.5 %), and the remaining 2 by oligoas-
trocytomas (12.5 %). Statistical analysis showed the study 
group and controls were homogenous for demographic and 
relevant clinical characteristics. On the first postoperative 
day, 3 patients in the study group (19 %) vs. 7 patients 
(44 %) in the control group suffered from a worsening of 
motor and/or speech performance . The comparison of this 
parameter between the two groups showed no statistically 
significant difference (Fig. 2b). At discharge, only 1 patient 
in the study group showed persistence of the worsened lan-
guage performance (6 %). In the control group, 7 patients 
still presented a worsened motor and/or language perfor-
mance (44 %), 8 patients were unchanged (50 %), and 1 
presented an improvement of the overall neurological sta-
tus (6 %). With regard to the functional outcomes 
(unchanged/improved vs. worsened) the difference 
between the two groups was statistically significant 
(p = 0.03) (Fig. 2c).

 Discussion

In the present study we demonstrated that nTMS-based 
preoperative mapping provided useful information on the 
spatial relationship between tumors and the adjacent func-
tional structures, allowing for the preservation of motor 
and language functions, which may result in improved 
neurological outcome. Several studies have demonstrated 
that nTMS is an effective technique for the noninvasive 
preoperative functional mapping of motor and language 
areas in patients affected by brain tumors [6, 10], includ-
ing LGGs [8]. nTMS has shown higher accuracy as com-
pared with functional MRI (fMRI) [3] and it showed 
similar precision to DCS [7] in the mapping of the motor 
cortex. In addition, it has been demonstrated that nTMS is 
able to distinguish between true- eloquent and non-elo-
quent areas, to extend surgical indications, to increase sur-
gical resection, to improve functional outcome, and to 
improve progression-free survival [4]. These findings are 
similar to those reported for intraoperative techniques and 
can be explained by the fact that nTMS has a solid neuro-
physiological basis that allows for easier and more objec-
tive functional mapping of the motor cortex. The mapping 
of areas involved in language by nTMS can be more diffi-
cult. However, recent evidence reported a good correlation 
between nTMS and intraoperative language mapping [6]. 
Picht et al., in 2013, have demonstrated that the added 
value of nTMS language mapping is its high negative pre-
dictive value, which can be used to exclude the proximity 
of tumors to eloquent  language regions [6]. However, 

nTMS-Based Reconstruction of Motor and Language Pathways
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a

b

e

g h

d

f

c

Fig. 1 Case 1. Right fronto-temporo-insular diffuse astrocytoma. (a) 
FLAIR sequences. (b) Somatotopic navigated transcranial magnetic 
stimulation (nTMS) map of the motor cortex (yellow spots = leg; 
red = arm; green = face). (c) Preoperative planning, showing the nTMS 
map of the motor cortex (white spots) and the functionally different 
corticospinal tract (CST) fibers (green = leg; red = arm; pink = face). (d) 
Somatotopic nTMS- based tractography of the CST, showing the prox-
imity of the tumor (orange) to the leg and face fibers. Case 2. Left 

fronto-opercular oligodendroglioma. (e) FLAIR sequences. (f) nTMS 
map of face motor and language cortex (white spots) and the function-
ally different CST fibers and the arcuate fasciculus (AF; blue). The cor-
tical representation of the face is overlapped with the error spots of 
language mapping and both are located above the tumor. (g) nTMS 
language map. (h) nTMS-based tractography of the CST and AF. CST 
face fibers and AF are surrounding the tumor (yellow). Arm and leg 
fibers are located more posteriorly

G. Raffa et al.
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although motor and/or  language deficits may originate 
from cortical damage, they also, and perhaps more often, 
originate from injury to the subcortical structures. Thus, 
complete preoperative functional planning needs to inclu-
dea  reconstruction of the main subcortical white matter 
tracts. DTI tractography can be combined with nTMS to 
provide a reconstruction of the motor network that is more 
accurate than the standard technique [2, 5]. In our experi-
ence the intraoperative use of the DTI-nTMS technique 
allowed us to perform tailored approaches and oriented 
intraoperative neurophysiological mapping, and to reduce 
the time needed for the identification of functional struc-
tures (Fig. 3). In particular, the concordance between the 

nTMS-based functional reconstruction of the motor path-
way and DSS findings demonstrated its reliability, thus 
confirming its value as a new strategy for combined neuro-
physiology-based image-guided surgery. Collectively, the 
functional information provided by our preoperative map-
ping was able to increase the surgeon’s awareness of func-
tional anatomy and surgical risks in 75 % of cases, 
modifying the previously hypothesized strategy in 56 %. 
Moreover, its use was associated with the stability of motor 
and language outcomes at discharge (15 of 16 patients) as 
compared with findings on admission, and with a decrease 
of postoperative deficits as compared with the control 
group (44 vs. 6 %; p = 0.03).
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Fig. 2 (a) Impact of the nTMS-based functional mapping on (a) surgical strategy; (b) neurological outcome on first postoperative day, and (c) 
neurological outcome at discharge
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 Conclusions

Functional nTMS-based reconstruction of language and 
motor pathways provides useful information for the cus-
tomized planning of surgery for LGGs invading eloquent 
areas. The combination of nTMS with “functional” DTI 
tractography increases the surgeon’s awareness of the anat-
omy and surgical risks, allowing them to plan the best sur-
gical strategy in regard to a radical resection; the use of this 
technique leads to the sparing of functional boundaries, 
increases confidence in intraoperative mapping, and 
reduces the incidence of postoperative motor and language 
deficits.
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Abstract Although there is recent evidence for the role of 
intraoperative neurophysiological monitoring (IONM) in 
spine surgery, there are no uniform opinions on the optimal 
combination of the different tools. At our institution, multi-
modal IONM (mIONM) approach in spine surgery involves 
the evaluation of somatosensory evoked potentials (SEPs) 
and motor evoked potentials (MEPs) with electrical transcra-
nial stimulation, including the use of a multipulse technique 
with multiple myomeric registration of responses from limbs, 
and a single-pulse technique with D-wave registration 
through epi- and intradural recording, and free running and 
evoked electromyography (frEMG and eEMG) with bilateral 
recording from segmental target muscles. We analyzed the 
impact of the mIONM on the preservation of neuronal struc-
tures and on functional restoration in a prospective series of 
patients who underwent spine surgery. We observed an 
improvement of neurological status in 50 % of the patients. 
The D-wave registration was the most useful intraoperative 
tool, especially when MEP and SEP responses were absent or 
poorly recordable. Our preliminary data confirm that mIONM 
plays a fundamental role in the identification and functional 
preservation of the spinal cord and nerve roots. It is highly 
sensitive and specific for detecting and avoiding neurological 

injury during spine surgery and represents a helpful tool for 
achieving optimal postoperative functional outcome.

Keywords Intraoperative neurophysiological monitoring • 
Spine surgery • Multimodal IONM • Functional outcome

 Introduction

Spinal surgery places the spinal cord (SC) and nerve roots 
(NRs) at risk of injury [1]. Intraoperative neurophysiological 
monitoring (IONM) allows for the identification and the real-
time verification of the functional integrity of neuronal struc-
tures. The early detection of damage, at a reversible stage, 
allows for the prompt correction of the cause and avoids per-
manent deficits. Different techniques have been employed 
for monitoring long SC pathways and NRs. The most reliable 
are somatosensory evoked potentials (SEPs), motor evoked 
potentials (MEPs), D-wave registration, and electromyogra-
phy (EMG). The accuracy of IONM is increased when these 
tools are employed simultaneously in a multimodal approach 
[2]. Surprisingly, the literature does not provide clear evi-
dence of this accuracy. Different papers report the use of sev-
eral combinations of IONM techniques, without suggesting 
the most accurate and reliable approach. The aim of this 
study was to describe the multimodal IONM (mIONM) 
approach in spinal surgery employed at our institution, 
assessing its accuracy as a diagnostic tool during surgery and 
its correlation with a postoperative neurological outcome.

 Materials and Methods

We prospectively collected data from patients who under-
went spine surgery using the mIONM approach at the 
Neurosurgical Department of the University of Messina 
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from May 2013 to May 2015. The mIONM approach 
included the use of SEPs, MEPs, D-wave recording, and 
free-running and evoked EMG (frEMG-eEMG). The combi-
nation was designed for each patient according to the type of 
pathology. Data were recorded and digitally archived using 
an IONM workstation (NIM Eclipse; Medtronic, 
Jacksonville, USA). IONM alerts were extracted from the 
IONM report. Motor, sensory, and urinary dysfunctions 
were recorded pre- and postoperatively, at discharge, and at 
6 months after surgery. Postoperative neurological deficit 
was defined as a new or significant worsening of motor, sen-
sory, and urinary symptoms. Motor neurological status was 
assessed according to the Medical Research Council (MRC) 
grading system. Sensory outcome, bladder continence, and 
pain were assessed by the use of the scale proposed by 
Pratheeshe et al. [3]. Anesthesia was induced by total intra-
venous anesthesia (TIVA). Remifentanil, at 0.10–0.20 mg/
kg/min, was used for induction, with 0.25–0.40 mg/kg/min 
used for maintenance; for Propofol, 3–4 mg/ml, were used 
for induction and 4-5 mg/ml were used for maintenance [1]. 
Mean arterial blood pressure for all patients was kept at 
>75 mmHg. SEPs were elicited from the posterior tibial and 
median nerves (pulse duration 0.58 ms, frequency 4.1 Hz, 
and intensity 15-40 mA). Recordings were performed via 
corkscrew-like electrodes in the scalp at CZ’-FZ (legs) and 
C3’/C4’-FZ (arms) according to the 10–20 international 
electroencephalogram (EEG) system. A 50 % drop in ampli-
tude and/or a 10 % prolongation in latency were considered 
significant [4]. For MEP recording, a multipulse technique 
with transcranial electrical stimulation and recordings from 
limb muscles was used. Two short constant voltage trains 
(600 V) of, respectively, three and five square-wave stimuli 
of 0.5 ms duration and inter-train interval (ISI) of 20 ms 
were delivered at a repetition rate of up to 1 Hz. These stim-
uli were provided through corkscrew-like electrodes, placed 
at C1 and C2 scalp sites, according to the 10–20 EEG sys-
tem. MEPs were recorded by needle electrodes inserted into 
muscles of the upper (biceps and first dorsal interosseous) 
and lower (tibialis anterior and vastus lateralis) extremities. 
During tethered cord (TC) surgeries, additional muscle 
recording needle electrodes (gastrocnemius and external 
anal sphincter) were placed. A single-pulse technique was 
used for D-wave recordings; a single transcranial electrical 
stimulus (pulse duration 0.5 ms, frequency 0.5 Hz, and volt-
age 600 V) was applied, using the same scheme as for MEPs. 
The D-wave was recorded by an electrode placed in the epi- 
or subdural space, caudally to the level of surgery. A signifi-
cant MEP alert (multipulse technique) was defined as an 
abrupt disappearance of responses. For D-wave registration 
the criterion used was a decrement of amplitude >50 %. The 
surgeon was informed of alerts for any decrease of D-wave 
amplitude of between 30 % and 50 % of the baseline value. 
In those cases in which the D-wave recording was not used, 

surgeons were informed of any abrupt decrease in peak-to-
peak MEP amplitude of more than 50 % for more than three 
successive trials [5]. The frEMG was recorded from upper 
and lower limbs by subdermal monopolar needle electrodes. 
The eEMG was used in those patients in whom mapping of 
functional neural elements was crucial to perform surgical 
maneuvers, such as during some surgeries for SC and/or spi-
nal NR tumors, as well as TC surgeries. Stimulation was 
delivered through a monopolar probe connected to a con-
stant current stimulator that conveyed monophasic square-
wave pulses (short train of five square-wave stimuli of 
0.1 ms duration and after-stimulus interval [ASI] of 1 s 
delivered at a repetition rate of up to 1 Hz; intensity 
0.25–4 mA). The accuracy of the IONM technique was 
assessed by analysis of its specificity, sensitivity, and posi-
tive and negative predictive values (PPVs and NPVs). 
Statistical significance was defined as p < 0.05. GraphPad 
Prism version 6.00 for Windows (GraphPad Software, La 
Jolla, California, USA, www.graphpad.com) was used for 
the data analysis. The association between IONM changes 
and new postoperative neurological deficits was analyzed by 
using the Fisher exact test.

 Results

 Patient Demographics

Sixteen patients (median age 41.9 years, range 12-65 years; 
8 males and 8 females) underwent spinal surgery using the 
mIONM approach (Table 1). Surgery was carried out for 
tumors in 11 cases, for TC syndrome in 4 cases, and for a 
vascular lesion in 1 case (Table 2). Lesions involved the cer-
vical spine in 12 % (2 of 16), dorsal spine in 32 % (5 of 16), 
and lumbosacral spine in the remaining 56 % of cases (9 of 
16). Three of the 11 tumors (27 %) were intramedullary 
(IMSCT), while 83 % (8 of 11) were intradural extramedul-
lary (IDEMSCT). A preoperative motor deficit was observed 

Table 1 Patients’ characteristics

Value

Age (years) Mean 41.9, range 12-65

Sex M/F 8: 8

Pathology Tumors 69 % (11 of 16 pts)

Tethered cord surgery 25 % (4 of 16 pts)

Vascular lesions 6 % (1 of 16 pts)

Level Cervical 12 % (2 of 16 pts)

Dorsal 32 % (5 of 16 pts)

Lumbosacral 56 % (9 of 16 pts)

Total no. of patients 16

A. Scibilia et al.
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in 75 % of the patients (12 of 16). Fifty-six percent of the 
patients (9 of 16) showed preoperative sensory deficits and 
37.5 % (6 of 16) were affected by urinary dysfunction. The 
IONM modalities performed included SEP, MEP, and frEMG 
recordings in all patients, while D-wave and eEMG were 
recorded in 44 % (7 of 16) and 62 % of cases (10 of 16), 
respectively.

 Neurophysiological Alerts and Outcome

No complications were observed with mIONM, as already 
described in the literature [1]. The surgeon was alerted to a 
significant change in mIONM in 25 % of the surgeries (4 of 
16; 1 patient had an EMG activity burst and 3 had signifi-
cant MEP and/or D-wave changes). No monitoring changes 
were observed in 75 % of cases (12 of 16) and none of these 
patients had new postoperative deficits. SEPs were recorded 
in 75 % (12/16) of the surgeries (Table 2). No patients had 
significant changes in SEPs during surgery. SEPs had a sen-
sitivity of 0 %, specificity of 100 %, PPV of 0 %, and an 
NPV of 92 %, without any statistically significant correla-
tion with new postoperative deficits (Table 3). MEPs were 
recordable in all cases except in one case of TC surgery, 
due to a severe preoperative motor impairment (Table 2). In 
19 % of the surgeries (3 of 16), a major MEP alert was doc-
umented, without returning to baseline throughout the sur-
gery. Following the neurophysiological alert, surgeons 
modified the surgical strategy; for example, by releasing 
distraction or changing the tactics used for debulking. Two 
(12 %) of these MEP changes were true positives, correlat-
ing with a new postoperative deficit. One of these two 
patients was operated for an intramedullary lipoma of the 
conus medullaris associated with an arachnoid cyst without 
TC syndrome. In the postoperative period she developed a 
motor weakness (4/5 on the [MRC] scale) in the right leg 
that recovered after 1 month. The other patient, affected by 
a T7–T8 intramedullary metastasis, had preoperative para-
paresis (4/5 on the MRC scale) that worsened in the postop-
erative period (3/5). This deficit was permanent at the 
6-month examination. The remaining case of MEP alert 
occurred during surgery for a T5–T6 meningioma (WHO 
I). The MEPs disappeared during surgery but the patient 
did not experience new postoperative deficits (false-posi-
tive alert). There was a significant association between 
MEP alerts and the presence of a new postoperative deficit 
(p < 0.05) (Table 3). In our series, we observed a sensitivity 
of 100 % and a specificity of 92 % for MEP alerts. The PPV 
was 67 %, and the NPV was 100 %. The D-wave was 
recorded in 44 % of procedures (7 of 16) as, in the remain-
ing cases, the level of spinal pathology was located below 
T11. The D-wave was recordable in all 7 of these patients 

(1 IMSCT, 5 IDEMSCT, 1 vascular lesion). During six of 
these procedures, the D-wave showed stable values or 
changes that were considered as not significant. On the 
contrary, in one case (T7–T8 intramedullary metastasis 
from esophageal carcinoma) (Fig. 1 ) there was a signifi-
cant D-wave amplitude decrease (>50 %) with a worsening 
of the preoperative paraparesis (MRC 3/5). In another case 
(T5–T6 meningioma), (Fig. 2) a stable D-wave was the 
only intraoperative neurophysiological parameter able to 
predict the absence of new postoperative deficits, despite an 
intraoperative loss of MEPs. In our series D-wave had sen-
sitivity, specificity, and PPV and NPV of 100 %, although 
correlation with the presence of a new postoperative deficit 
was not statistically significant. The frEMG activity was 
recorded in all patients. In one case, (cauda equina ependy-
moma) an intraoperative burst activity was recorded and 
the patient presented new postoperative transient L3 radic-
ular pain. The accuracy analysis showed that frEMG had 
sensitivity, specificity, and PPV and NPV of 100 % 
(Table 3). In our case series, eEMG was used in 10 (62 %) 
patients and was able to map NRs in 100 % of cases. In our 
series the mIONM approach was able to detect neurologi-
cal injury in 19 % (3 of 16) of cases, with sensitivity, speci-
ficity, and PPV and NPV of 100 %. After surgery, we 
observed a statistically significant improvement of the 
MRC scores at 6 months (Student’s t-test, p < 0.05). In 
detail, the MRC score was improved in 50 % of the patients 
(8 of 16), worsened in 6 % (1 of 16), and unchanged in 44 % 
(7 of 16). None of the patients showed a severe postopera-
tive neurological deficit.

 Discussion

Recently, new recommendations have been published about 
the safety, efficacy, and interpretation of mIONM in spine 
surgery [6, 7]. However, there is still a debate about the com-
bination of techniques to be used for the best functional out-
come after spine surgery [8]. In the present study, we report 
our preliminary results on the use of specific mIONM tech-
niques during spine surgery, demonstrating a really high 
accuracy of mIONM and a significant correlation between its 
use and a good postoperative outcome.

The first IONM technique described consisted of SEP 
recording. However, several reports [1, 9] have documented 
the inadequacy of SEP recording when assessing the func-
tional integrity of the motor pathway in the SC. MEPs have 
been considered to be a more reliable technique for the 
monitoring of motor pathways. Different warning criteria 
have been proposed for MEPs, and they have changed from 
the simple presence or absence of responses [4, 7], to 
changes in the thresholds [10] that elicit muscle MEPs, to a 
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50 % amplitude variation [5, 11], or 70 % amplitude varia-
tion [12], or a stable decrease in response. However, the 
presence/absence criterion seems to be the best choice, 
especially when a combined recording of the epidural 

D-wave is possible [1, 13]. The D-wave recording was 
developed later [14]. Its amplitude is a direct measure of the 
number of functioning fast- conducting fibers in the cortico-
spinal tracts, and it is actually considered the gold standard 
for the assessment of the integrity of the corticospinal tract 
[7]. It has the advantage of not being influenced by blood 
pressure, heart rate, temperature, partial pressure of alveolar 
carbon dioxide, anesthetic drugs [15], or severe neurologi-
cal impairment, factors that can make MEP and SEP inter-
pretation difficult or even impossible. The D-wave can be 
recorded also when MEPs disappear during surgery. 
Different reports have described that when the D-wave 
decreases by less than 50 % and muscle MEPs are lost, the 
patient may suffer from a transient deficit, which will finally 
resolve [7, 13]. When comparing D-wave recordings and 
MEPs, the latter show a lower sensitivity and an increased 
number of false-positive cases. In our series, there was an 
optimal correlation between MEPs and postoperative motor 
outcome, with a sensitivity of 100 %, specificity of 92 %, 
PPV of 67 %, and NPV of 100 %. Specificity and PPV 
increased to 100 % when we considered those cases in 
which D-wave registration was also used. As regards EMG, 
there are few studies that address its role in detecting early 
motor tract injury. Sala et al. [16] reported the possibility of 
using frEMG criteria to improve the reliability of IONM 
during SC surgery. In our series frEMG revealed sensitivity, 
specificity, and PPV and NPV of 100 %, although without 
any statistically significant correlation with postoperative 
deficits. Other studies have also found similar results. Sutter 
et al. [2] described the results of an mIONM approach in 
1017 spinal surgeries. The sensitivity of mIONM was 89 % 
and the specificity 99 %. They concluded that the high 
reported sensitivity and specificity justified the statement 

Table 3 Contingency table comparing the association between 
mIONM, SEP, MEP, D-wave, free running EMG alerts, and new post-
operative neurological deficits

mIONM alert No mIONM alert

Number of patients 3 12

New deficit 3 0

No new deficit 0 13

SEP alert No SEP alert

Number of patients 0 13

New deficit 0 1

No new deficit 0 12

MEP alert No MEP alert

Number of patients 3 12

New deficit 2 0

No new deficit 1 12

D-wave alert No D-wave alert

Number of patients 1 6

New deficit 1 0

No new deficit 0 6

fr-EMG alert No fr-EMG alert

Number of patients 1 15

New deficit 1 0

No new deficit 0 15

mIONM multimodal IONM, MEP motor evoked potential, SEP somato-
sensory evoked potential, frEMG free running electromyography, 
eEMG evoked EMG

a b c

d

e

Fig. 1 Intraoperative neurophysiological monitoring (IONM) during surgery for T7–T8 intramedullary metastasis from esophageal carcinoma. 
During surgery there was a significant decrease in D-wave amplitude, while motor evoked potential (MEP) disappeared. The patient presented with 
preoperative paraparesis (Medical Research Council [MRC] score 4/5 bilaterally) that worsened in the postoperative period (MRC score 3/5 in the 
right arm). (a). Preoperative magnetic resonance imaging (MRI); sagittal and axial. (b). Postoperative MRI; sagittal and axial. (c). D-wave registra-
tion before tumor removal. (d). D-wave registration after tumor removal. (e). MEP at the end of surgery

A. Scibilia et al.
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that mIONM (MEPs, D-wave, EMG, SEPs) performed by 
experienced neurologists/neurophysiologists should become 
an integral part of all spinal surgical procedures where 
potential complications are to be expected.

In the present study, the mIONM approach, by using spe-
cific combinations tailored for each case (MEPs, D-wave, 
SEPs, EMG), was significantly able to detect neurological 
injury in 19 % (3/16) of cases, with the specificity, sensitiv-
ity, and NPV and PPV of the mIONM alert being 100 % 
(p < 0.01). These findings are in line with the literature evi-
dence that mIONM can record, and therefore predict, an 
injury to the SC and NR. Conversely, there is much weaker 
evidence that mIONM can prevent such injury, improving 
postoperative outcome. A potential advantage of utilizing 
mIONM is that, with its use, one can adequately implement 
immediate actions (e.g., reduce retraction, stop resection, 
move surgical manipulation to a different area, provide warm 
irrigation, etc. [4]) to prevent injury and postoperative neuro-
logical deficits.

In our series, statistical analysis showed that the use of the 
mIONM approach was significantly associated with a better 
functional outcome (p < 0.05), suggesting a fundamental role 
of our protocol not only for detecting but also for avoiding 
postoperative neurological deficits.

 Conclusion

The present study confirms the role of mIONM as an 
essential tool in the operative workup of all spine surger-
ies. Single monitoring procedures such as MEPs, SEPs, 
or continuous EMG are definitely not sufficient to 
account for the complex function of the SC and NRs. 
mIONM is highly sensitive and specific for detecting 
neurologic injury during spine surgery and could repre-
sent a significant tool to preserve and restore neuronal 
structures and to achieve an optimal postoperative func-
tional outcome.
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Abstract Objective We aimed to study the clinical value of 
magnetic resonance imaging (MRI) and electrophysiological 
studies in the diagnosis of lumbar disc herniation and in the 
evaluation of the therapeutic effect of discectomy. Methods In 
this study, 265 patients with LDH were treated with discec-
tomy after assessment by the Japanese Orthopedic Association 
(JOA) score, MRI, and electrophysiological studies. All the 
patients were followed-up for 6 years. The effects of the oper-
ation were assessed by determining the angle between the 
nerve root canal and disc protrusion (AN value), the stenotic 
ratio of the spinal canal, the width of the lateral recess, motor 
conduction velocity (MCV), sensory conduction velocity 
(SCV), and nerve action potential (NAP) before and after 
operation. Results The AN value, stenotic ratio of the spinal 
canal, and the width of the lateral recess of protruding inter-
vertebral discs showed significant differences from these val-
ues for the patients’ unaffected intervertebral discs (P < 0.05). 
The MCV, SCV, and NAP of the affected limb showed signifi-
cant differences from these values for the patients’ unaffected 
limbs (P < 0.05). In all the patients the values for these indica-
tors showed significant differences before and after operation 
(P < 0.05). Conclusion MRI and electrophysiological studies 
can be used in the diagnosis of lumbar disc herniation, and in 
the evaluation of the effect of surgery.

Keywords Lumbar disc herniation • Discectomy • Magnetic 
resonance imaging • Electrophysiological studies

 Introduction

Lumbar disc herniation (LDH) is one of the commonest 
causes of lower back pain and sciatica, and some patients 
also present with numbness, paresthesia, and paralysis [13, 
17]. Some earlier studies showed that magnetic resonance 
imaging (MRI) was a reliable way to diagnose LDH. However, 
the diagnosis of LDH with MRI needs experienced observers 
and lacks quantitative indices. In the present study, we 
revealed the clinical application of MRI combined with elec-
trophysiological studies in patients with LDH.

 Materials and Methods

 Patients

This study was approved by the Xinhua Hospital Ethics 
Review Board; 265 patients (138 males and 127 females, 
aged from 18 to 76 years) were surgically treated in the 
Neurosurgery Department of Xinhua Hospital between 
January 2010 and December 2012. The main criteria for 
inclusion were adult age, clearly evidenced LDH, and suffi-
cient surgical indication.

The diagnosis of LDH was made according to: (1) typical 
symptoms such as lower back pain and sciatica; and (2) neuro-
logical examination revealing abnormal reflexes, positive 
straight leg-raising test, and paresthesia in a lower extremity. 
Exclusion criteria were: (1) injury, tuberculosis, and tumor of 
the sacroiliac joint; (2) history of trauma or operation of Lumbar; 
(3) obvious spinal deformity; and (4) pelvic outlet syndrome.
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 Surgical Procedure

Discectomy was performed under general anesthesia and 
patients were positioned prone. A midline incision (10 cm) 
was made and the unilateral paravertebral muscle? was dis-
sected. Then laminotomy was done to expose the herniated 
disc and the relevant spinal nerve. The herniated disc was 
removed to decompress the spinal nerve root. The incision 
was finally closed in layers.

 MRI Evaluation

A MAGNETOM Sonata 1.5 T system (Siemens, Erlangen, 
Germany) was employed for MRI evaluation. The MRI 
sequence we used was TR 460 ms/TE 42 ms, 3.2-cm field of 
view, 288 × 192 matrix for T1 weighted image (WI), and TR 
2000 ms/TE 120 ms, 3.2-cm field of view, 384 × 256 matrix 
for T2WI. Section thickness was 4 mm for all the images.

The deviated angle of prominence (AN value) is the angle 
between the nerve root and disc protrusion. A tangent line to 
the lateral part of the protrusion was made, and the angle 
between the tangent line and medial border of the yellow 
ligament was defined as the AN value. The spinal stenosis 
ratio was calculated from sagittal images and defined as the 
sagittal diameter of the herniated disc/total sagittal diameter 
of the spinal canal × 100 %. The width of the lateral recess 
was measured on the axial layer of the superior border of the 
vertebral pedicle.

 Electrophysiological Studies

An electromyography (EMG) device (DK 1 2740; Medtronic,  
Copenhagen, Denmark) was used to accomplish the electro-
physiological studies. Parameters were: skin temperature 
30 C, room temperature 25 C, and a quiet indoor environ-
ment. Stimulation and recording were done using surface 
electrodes. Bilateral motor nerve conduction velocities 
(MNCVs) of the tibial nerve and sensory nerve conduction 
velocities (SNCVs) of the common peroneal nerve and 
superficial peroneal nerve were recorded.

 Results

All the patients were assessed by the Japanese Orthopedic 
Association (JOA) score [1], MRI, and electrophysiological 
studies before and 6 years after discectomy. The AN value, 
spinal stenosis ratio in the sagittal plane, and the width of the 

lateral recess all showed significant differences between the 
patients’ unaffected and herniated discs (P < 0.05) (Table 1). 
The sensory conduction velocity (SCV), motor conduction 
velocity (MCV), and nerve action potential (NAP) showed 
significant differences between patients’ intact and affected 
legs (P < 0.05) (Table 2).

In all the patients, the JOA score, AN value, spinal steno-
sis ratio in the sagittal plane, and the width of the lateral 
recess had improved significantly 6 years after discectomy 
(P < 0.05) (Table 1). The SCV, MCV, and NAP values of the 
affected legs had increased 6 years after discectomy 
(P < 0.05) (Table 1). There were no significant differences 
among L4-5, L5-S1, and L4-S1 patients in either pre- or 
postoperative JOA scores, AN values, spinal stenosis ratios 
in the sagittal plane, width of the lateral recess, SCV, MCV, 
or NAP (P > 0.05).

 Discussion

Recently, lumbar MRI has become the first choice for the 
diagnosis of LDH [5, 12, 14]. Kim et al. [12] reported that 
MRI achieved an accuracy rate of 97% in the diagnosis of 
LDH. MRI has the advantage of three-dimensional imaging, 
which can provide images of the spine, intervertebral discs, 
spinal canal, and nerve roots in the coronal, sagittal, and 
axial planes without radiation. So MRI has been applied as 
the first choice in the diagnosis of LDH [2, 9–11, 16].

However, most earlier MRI studies focused on image 
diversity and lacked quantitative indexes to evaluate patients’ 
situations objectively. The present study was undertaken to 
assess compression of the spinal nerve root by determining 
the AN value, the spinal stenosis ratio in the sagittal plane, 
and the width of the lateral recess before and after discec-
tomy, and electrophysiological studies were also applied to 
provide guidance for the surgery and to evaluate the surgical 
effects.

Electrophysiological studies have been widely used as the 
gold standard in peripheral nerve diseases. The dermatomal 
somatosensory evoked potential (DSEP) is also used in her-
niation studies, although sensitivities ranged in different 
studies [4, 8, 15, 19].

This study showed that the AN value, spinal stenosis ratio 
in the sagittal plane, and the width of the lateral recess had 
significant differences between the patients’ unaffected and 
herniated discs before discectomy (P < 0.05), indicating that 
the situation of a spinal nerve root compressed by a herniated 
disc can be shown by these MRI indexes, among which the 
AN value is the most sensitive. Even when the absolute size 
of the herniated disc is tiny, AN values can show significant 
differences between affected and unaffected discs. So the 
AN value can be used to diagnose LDH earlier than other 
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MRI indexes. The spinal stenosis ratio in the sagittal plane 
shows not only a herniated disc but also a stenosed spinal 
canal. The lateral recess is the most stenosed part of the spi-
nal canal, so a compressed spinal nerve root can be shown 
through the width of the lateral recess.

SCV, MCV, and NAP showed significant differences 
between patients’ intact and affected legs before discectomy 
(P < 0.05); this is because distal nerves in the lower limb, 
such as the common peroneal nerve, tibial nerve, and super-
ficial peroneal nerve, will be impacted when the spinal nerve 
root is compressed. So electrophysiological studies, as well 
as the patients’ clinical symptoms, can be used to indicate the 
affected side; these studies are valuable for designing the 
laminar window and they increase the neurosurgeon’s confi-
dence. The preoperative and postoperative function of the 
lower limbs can be assessed by electrophysiological studies 
and compared with images provided by MRI.

In our study, there were no significant differences in AN 
value, spinal stenosis ratio in the sagittal plane, width of the 
lateral recess, SCV, MCV, and NAP among L4-5, L5-S1, and 
L4-5 + L5-S1 patients before discectomy (P > 0.05). This 
finding indicates that MRI and electrophysiological studies 
are repeatable and reliable, and can be applied to different 
kinds of LDH.

The JOA score is a composite index that incorporates 
patients’ clinical manifestations, such as the main complaint, 
physical signs, and activities of daily living; accordingly, the 
JOA score can be used to evaluate the patient’s condition. In 
our study, the JOA scores were significantly different before 
and after discectomy (P < 0.05). Discectomy is a mature and 

effective way to treat LDH [6, 7, 18, 20–22], and in our study 
we found that discectomy was reliable enough to be 
employed as an intervention.

The AN value, spinal stenosis ratio in the sagittal plane, 
and the width of the lateral recess improved significantly 
after discectomy (P < 0.05). Spinal stenosis and lateral recess 
stenosis are the most important causes of root compression, 
as shown by the spinal stenosis ratio in the sagittal plane and 
the width of the lateral recess [3]. Thus, these MRI indexes 
can not only provide assessment of the compressed spinal 
nerve root, but they can also be used to evaluate the surgical 
effect of discectomy morphologically. The SCV, MCV, and 
NAP in our study also improved significantly after discec-
tomy (P < 0.05); this was because the sensory and motor 
function of the distal nerves in the lower limb could recover 
after decompression of the spinal nerve root. And this finding 
showed that electrophysiological studies could be added to 
follow-up to observe the recovery of lower limb function.

We conclude that a combination of MRI and electrophysi-
ological studies is valuable for the diagnosis of lumbar disc 
herniation, and for the surgical design and evaluation of the 
clinical effect of the surgery.
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Table 2 Pre- and postoperative electrophysiological studies

MCV (m/s) SCV (m/s) NAP (mV)

L4-5 Preoperative Postoperative Preoperative Postoperative Preoperative Postoperative

Tibial nerve 36.5 ± 3.7 57.4 ± 4.8 34.6 ± 3.7 54.1 ± 4.8 4.4 ± 0.9 7.0 ± 1.8

Common 
peroneal nerve

38.4 ± 4.4 56.7 ± 4.3 36.2 ± 3.4 56.3 ± 4.2 5.2 ± 1.5 6.7 ± 1.3

Superficial 
peroneal nerve

39.3 ± 3.5 60.3 ± 5.1 34.8 ± 3.6 57.4 ± 4.0 5.5 ± 1.3 8.9 ± 3.1

L5-S1 Preoperative Postoperative Preoperative Postoperative Preoperative Postoperative

Tibial nerve 40.1 ± 4.5 63.2 ± 5.8 36.2 ± 4.2 62.7 ± 5.4 5.1 ± 1.3 7.8 ± 2.5

Common 
peroneal nerve

41.3 ± 4.9 60.4 ± 5.3 38.7 ± 4.4 60.8 ± 5.2 5.9 ± 1.8 7.5 ± 2.2

Superficial 
peroneal nerve

42.1 ± 4.2 64.3 ± 5.8 38.3 ± 4.1 60.9 ± 4.8 6.1 ± 1.7 9.7 ± 3.5

L4-S1 Preoperative Postoperative Preoperative Postoperative Preoperative Postoperative

Tibial nerve 39.3 ± 4.0 62.1 ± 5.2 36.5 ± 3.7 61.2 ± 5.4 4.7 ± 1.2 7.4 ± 2.1

Common 
peroneal nerve

40.6 ± 4.7 58.3 ± 4.7 37.8 ± 4.0 58.6 ± 4.7 5.5 ± 1.6 7.3 ± 1.9

Superficial 
peroneal nerve

40.8 ± 3.6 62.6 ± 5.6 37.3 ± 3.6 59.6 ± 4.2 5.6 ± 1.4 9.6 ± 3.2

MCV motor conduction velocity, SCV sensory conduction velocity, NAP nerve action potential
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Abstract
Objectives
Cubital tunnel syndrome (CTS) is the most common form of 
ulnar nerve entrapment. In this study, ultrasonography (US) 
was used not only for diagnosis but also for operation. US 
findings could be used to establish the diagnosis of CTS and 
could demonstrate the pathological anatomy in the cubital 
tunnel region to guide anterior subcutaneous transposition of 
the ulnar nerve.

Methods
Sixty-two patients with clinical and electrophysiological evi-
dence of ulnar nerve entrapment were included. All patients 
received ultrasonographic examination and anterior subcuta-
neous transposition of the ulnar nerve. The maximal diame-
ter of the ulnar nerve (MDU) was measured in longitudinal 
views and the range of the hypoechoic area around the nerve 
was observed. The cross-sectional area (CSA) was also mea-
sured on transverse scans. The actual MDU was measured 
during operation.

Results
The actual MDU was 6.4 ± 0.4 mm, measured during opera-
tion. The preoperative MDU was 3.1 ± 0.2 mm. The MDU 
values recorded in CTS patients were greater than those in 
normal subjects. The range of the hypoechoic area observed 
on longitudinal US scans was 2.9–5.6 mm (mean, 
4.1 ± 0.4 mm).

Conclusions
High-resolution US can be used not only in the diagnosis of 
CTS, also for providing effective preoperative evaluation for 
the anterior subcutaneous transposition of the ulnar nerve in 
CTS.

Keywords Anterior subcutaneous transposition • High- 
resolution ultrasonography • Cubital tunnel syndrome • 
Ulnar nerve

 Introduction

Cubital tunnel syndrome is the most common form of ulnar 
nerve entrapment and the second most common entrapment 
neuropathy of the upper limb [1, 2]. The clinical manifestations 
may include pain along the medial aspect of the elbow and 
tenderness along the groove posterior to the medial epicondyle, 
dysesthesia, paresthesia, numbness, muscle atrophy, and/or 
motor dysfunction in the distribution of the ulnar nerve [3].

The diagnosis of cubital tunnel syndrome is made from 
the clinical signs and symptoms, and is generally confirmed 
by electrodiagnostic testing. Recently, ultrasonography has 
been described as a tool to confirm the diagnosis of ulnar 
neuropathy at the elbow [4–8]. It has been shown that ultra-
sonography, in addition to electrodiagnostic studies, 
improves the reliability of this diagnosis [6].

Many different operative techniques have been described 
for the treatment of cubital tunnel syndrome. Anterior sub-
cutaneous transposition is one of several different surgical 
techniques used in treating this syndrome. It was first 
described by Curtis in 1998 as releasing the ulnar nerve 
from all potential sites of entrapment and moving it ante-
rior to the motion axis of the elbow, thereby relieving ten-
sion [9]. Subcutaneous ulnar nerve transposition has 
yielded predictably good results in a majority of patients in 
several studies [10–12].
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In the present study, ultrasonography was used not only in 
diagnosis but also during operation. The purpose of this study 
was to determine whether ultrasonographic findings could be 
used to establish the diagnosis of cubital tunnel syndrome and 
whether these findings could demonstrate the pathological 
anatomy in the cubital tunnel region, so as to guide the ante-
rior subcutaneous transposition of the ulnar nerve.

 Patients and Methods

 Patients

From 2005 to 2010, 62 patients (25 male and 38 female 
patients) with a mean age of 56 years (range, 40–82 years) 
with clinical and electrophysiological evidence of ulnar 
nerve entrapment were included in this study. The mean 
duration of symptoms before surgery was 17 months (range, 
4–48 months). The right side was involved in 39 patients and 
the left in 23. The dominant side was affected in 2 patients.

The patients had persistent pain and progressive motor and 
sensory deficits, despite conservative treatment. All the 
patients had persistent pain and progressive numbness radiat-
ing along the ulnar aspect of the forearm to the little and ring 
fingers. Tinel’s sign at the elbow was also present in all the 
patients. Some patients presented with weakness or atrophy 
of the flexor carpi ulnaris and flexor digiti minimi profundus. 
Significant cervical spine and shoulder diseases were 
excluded by clinical examination and magnetic resonance 
imaging (MRI), as necessary. Patients with serious acute 
forearm injury and brachial plexus injury were also excluded 
from the study. All the patients were carefully examined clini-
cally by the authors, and were diagnosed with cubital tunnel 
syndrome by electrodiagnostic testing and ultrasonography.

 Ultrasonography

To avoid inter-observer bias, ultrasonographic examination 
of the ulnar nerve in all patients was performed by the same 
radiologist (who is well trained in ultrasonographic studies 
of the peripheral nerves in the arm), who was blinded to the 
clinical and electrodiagnostic data.

Ultrasonography was performed with a Philips iU 22 
scanner (Eindhoven, The Netherlands) and a 7–12 MHz lin-
ear array transducer. Ultrasonographic examinations of the 
ulnar nerve were carried out in the region of the cubital tun-
nel at the level of the medial epicondyle. Measurements were 
repeated at 2 cm proximal to the medial epicondyle of the 
humerus to 2 cm distal to the epicondyle, where the nerve 
entered the flexor carpi ulnaris muscle, both with the elbow 

in full extension and in full flexion at 90°. The diameter of 
the ulnar nerve was determined within the echogenic rim 
surrounding the nerve as described before [6–8]. The maxi-
mal diameter of the ulnar nerve (MDU) was measured in lon-
gitudinal views (Fig. 1) and the range of the hypoechoic area 
around the nerve was also observed (Fig. 1). The cross- 
sectional area (CSA) was also measured on transverse scans 
by drawing a best-fitting ellipsoid over the ulnar nerve 
(Fig. 2).

 Surgical Technique: Anterior Subcutaneous 
Transposition

All of the procedures were performed by the corresponding 
author, Professor Doctor Wenchuan Zhang. The technique 
originally described by Eaton et al. [13] was utilized in all 
patients. All the anterior subcutaneous transposition proce-
dures were performed under brachial plexus block and a tour-
niquet was placed high on the brachium. The medial 
epicondyle is marked as a reference point on the elbow, which 
is flexed to 45°. At a point 1 to 1.5 cm anterior to the medial 
epicondyle, a second mark is made to indicate where the fas-
cial sling will be sutured to the deep dermis, because once the 
incision is made the skin retracts, distorting the reference 
points. A curvilinear 10-cm incision is made midway between 
the epicondyle and the olecranon, along the sulcus for the 
ulnar nerve. The skin, with superficial and deep fascia, is cut. 
In the deep layer of subcutaneous tissue, one or more branches 
of the medial brachial and antebrachial cutaneous nerves are 
variably located, and they must be preserved during the blunt 
dissection. The ulnar nerve is readily palpable proximal to the 
cubital tunnel, where it lies posterior to the medial intermus-
cular septum. After the cubital tunnel was dissected, five 
common entrapment sites, including the arcade of Struthers, 
the medial intermuscular septum, Osborne’s ligament, and 
the fascial origins of the flexor digitorum superficialis and 
flexor carpi ulnaris (FCU), were decompressed [4], and then 
the ulnar nerve was identified in the arm.

Wherever possible, concomitant vessels and branches of 
the ulnar nerve were preserved [5]. As the nerve is dissected 
distally, care must be taken to retain the accompanying lon-
gitudinal venae comitantes, thereby preserving critical longi-
tudinal blood supply to the nerve, especially since certain 
small segmental vessels must be sacrificed to allow for ante-
rior transposition of the nerve. The isolated ulnar nerve was 
transposed underneath the subcutaneous tissue. Finally, a 
fascial relaxing suture was used to make a subcutaneous bed 
for the nerve, and the skin was closed successively with 3-0 
nonabsorbable sutures.

With the skin stretched back toward its original position, the 
position of the nerve and its fasciodermal sling is evaluated 
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through the full arc of elbow motion. Adjustments in the dermal 
attachment are rarely necessary. The subcutaneous tissue and 
the skin are closed with absorbable suture. A soft mobile dress-
ing is placed about the elbow, and a sling is provided for 
comfort.

The actual MDU was measured by rule during the opera-
tion (Fig. 3).

 Statistical Analysis

Statistical analysis was done using SPSS 11.5 (Lead 
Technologies, Shanghai, China). For testing differences a 
paired Student’s t-test was used. Significance was reached 
when p < 0.05. Data are presented as means ± standard devia-
tion. If appropriate, these are followed by a range or a p value.

a b

Fig. 1 Preoperative longitudinal ultrasonographic scan of the ulnar 
nerve. (a) The maximal diameter of the ulnar nerve (MDU) was mea-

sured under the mark shown (between + signs). (b) The range of the 
hypoechoic area around the nerve was also observed (between + signs)

a b

Fig. 2 Preoperative transverse ultrasonographic scan of the ulnar 
nerve. (a) The maximal diameter of the ulnar nerve (MDU) was mea-
sured under the mark shown (between + signs). (b) The cross-sectional 

area (CSA) was also measured on the transverse scans by drawing a 
best-fitting ellipsoid over the ulnar nerve

a b

Fig. 3 Intraoperative view of the ulnar nerve after decompression. The actual MDU was measured during operation
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 Results

All patients underwent an anterior subcutaneous transposi-
tion of the ulnar nerve at the elbow. The procedures were 
uneventful. The injured ulnar nerve in cubital tunnel syn-
drome revealed swelling and thickening, and the hypoechoic 
area was recorded by high-resolution ultrasonography. The 
actual diameter of the injured ulnar nerve measured during 
operation was 6.4 ± 0.4 mm (range: 4.9–7.6 mm). On longi-
tudinal ultrasonographic scans the preoperative MDU was 
3.1 ± 0.2 mm (range: 1.9–4.0 mm). The mean difference 
from the actual intraoperatively measured diameter was 
3.3 ± 0.2 mm (p < 0.001). Both the actual diameter and the 
preoperative MDU recorded by high-resolution ultrasonog-
raphy were greater in the patients with cubital tunnel syn-
drome than these values in normal subjects. The range of the 
hypoechoic area observed by ultrasonography on longitudi-
nal ultrasonographic scans was 2.9–5.6 mm (mean 
4.1 ± 0.4 mm).

 Discussion

Many different operative techniques have been described for 
the treatment of cubital tunnel syndrome and none has been 
shown to consistently produce results superior to those of the 
others. Subcutaneous transposition of the ulnar nerve was 
first described by Curtis in 1998 as releasing the ulnar nerve 
from all potential sites of entrapment and moving it anterior 
to the motion axis of the elbow, thereby relieving tension [9]. 
Gelberman et al. found that traction on the ulnar nerve dur-
ing flexion of the elbow was a major cause of increased intra-
neural pressure [14]. They concluded that operative 
procedures that decompress the ulnar nerve without trans-
posing it do not effectively relieve the symptoms caused by 
neural traction. Subcutaneous transposition of the ulnar 
nerve, compared with other operative procedures, has been 
shown to lead to a higher degree of patient satisfaction and 
relief of symptoms, with no notable complication. In our 
study, 62 patients with cubital tunnel syndrome recovered 
from the symptoms with anterior subcutaneous transposition 
and 55 patients showed objective improvement. 
Complications were not found in any patients. Subcutaneous 
transposition avoids detaching the flexor pronator muscle 
from its origin, thus placing this procedure at a distinct surgi-
cal advantage over submuscular transposition for the throw-
ing athlete. It has been found that the subcutaneous 
transposition of the ulnar nerve was associated with shorter 
incision, shorter operative time, less postoperative pain, 
fewer postoperative complications, and better outcome com-
pared with the submuscular transposition [15].

Anterior subcutaneous transposition of the ulnar nerve 
requires a long longitudinal incision to be made posterior to 
the medial epicondyle, extending several centimeters proxi-
mal and distal to the condyle. In the present study, after the 
cubital tunnel was dissected, five common entrapment sites, 
including the arcade of Struthers, the medial intermuscular 
septum, Osborne’s ligament, and the fascial origins of the 
flexor digitorum superficialis and FCU, were decompressed 
[16]. Thus, in this surgical procedure, it is often necessary to 
decompress the nerve for a distance of up to 10 cm or more 
[17]. Proponents of a simple decompression argue that trans-
position of the ulnar nerve requires extensive dissection and 
puts the vascularity of the nerve at risk, whereas a simple 
decompression preserves the vital blood supply to the nerve. 
Additional disadvantages of anterior subcutaneous transpo-
sition include longer operative times and decomposition of 
the anatomic location of the nerve and, therefore, potentially 
longer postoperative recovery times [18]. Apart from devas-
cularization of the ulnar nerve, risks specific to subcutaneous 
transposition also include the potential creation of other 
areas of impingement by altering the course of the ulnar 
nerve, possible subluxation of the ulnar nerve behind the 
medial epicondyle causing a recurrence of symptoms, and 
possible damage caused by the surgical incision to the poste-
rior branch of the medial antebrachial cutaneous nerve, lead-
ing to further distressing or painful paresthesias [9].

Previous studies have shown that high-resolution ultraso-
nography can easily visualize the ulnar nerve at the elbow 
[6–8, 19]. In addition, as we found in this study, ultrasonog-
raphy allowed for the visualization and measurement of the 
inlet and outlet of the cubital tunnel, in both elbow extension 
and flexion. The ability to generate dynamic images of the 
arm in different positions is one advantage of ultrasonogra-
phy over other imaging modalities when visualizing the 
ulnar nerve and cubital tunnel [19].

However, we found that the maximal diameter of the 
ulnar nerve on the longitudinal ultrasonographic scan was 
smaller than the actual diameter measured intraoperatively. 
A statistically significant difference existed between the 
maximal diameter on the ultrasonographic scan and the 
actual diameter. This phenomenon was also reported by oth-
ers [20]. It is suggested that it occurred because preoperative 
measurements did not include the thickness of the epineu-
rium and perineural fibrous tissue, or that it was due to an 
error caused by differences in the ultrasonographic velocity 
in the tissue [4]. But this phenomenon did not interfere with 
our preoperative evaluation. Ultrasonography was found to 
improve the reliability of the diagnosis of ulnar neuropathy 
at the elbow [21–23]. In patients with cubital tunnel syn-
drome we found that the MDU on the longitudinal ultraso-
nographic scan was greater than that in normal persons. In 
the present study, the hypoechoic area corresponding with 
the fascicles of the ulnar nerve was recorded by ultrasonog-
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raphy, and the range of the hypoechoic area was correlated 
with the severity of the ulnar nerve injury. We note that, in 
patients with cubital tunnel syndrome, ultrasonography 
could help to determine the type of operation and the posi-
tion and the range of decompression of the injured ulnar 
nerve.
Risks specific to subcutaneous transposition include devas-
cularization of the ulnar nerve, as noted above, and injury to 
a branch of the ulnar nerve.We found that, to avoid devascu-
larization of the ulnar nerve as far as possible and to avoid 
extreme decompression of the nerve, the range of the 
hypoechoic area of the injured ulnar nerve shown by high- 
resolution ultrasonography was helpful for performing ante-
rior subcutaneous transposition. High-resolution 
ultrasonography can also help to confirm the most serious 
entrapment position and range of decompression of the 
injured ulnar nerve during operation. It can help to protect 
the branch of the decompressed injured ulnar nerve and 
reduce vascular injury, promoting the recovery of the injured 
nerve. Therefore, we conclude that high-resolution ultraso-
nography can provide effective preoperative evaluation for 
the anterior subcutaneous transposition of the ulnar nerve for 
cubital tunnel syndrome.
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Abstract Idiopathic normal pressure hydrocephalus (iNPH) 
is a progressive clinical syndrome that includes gait distur-
bances, urinary incontinence, and cognitive impairment. 
iNPH shows similarities to other neurodegenerative disor-
ders, primarily Alzheimer’s Disease (AD). Definition of the 
neuropsychological profile of iNPH and the qualitative anal-
ysis of systematic mistakes made in cognitive tests could 
represent a valid method for systematizing possible specific 
markers of iNPH dementia and differentiating it from other 
dementias. To evaluate the role and the efficacy of a neuro-
psychological protocol, designed at our institution, based on 
psychometric analysis and qualitative assessment, in the dif-
ferential diagnosis of iNPH from AD dementia, we prospec-
tively enrolled 12 patients with suspected iNPH, 11 patients 
with AD, and 10 healthy controls (HC) who underwent neu-
ropsychological assessment. The assessment was done with 
the Mini Mental State Examination (MMSE), Mental 
Deterioration Battery (MDB), Frontal Assessment Battery 
(FAB), and the Deux Barrage Test. Evaluation in the iNPH 
group was performed before extended lumbar drainage 
(ELD), 48 h after ELD, and 1 week and 3 months after the 

insertion of a ventriculoperitoneal shunt (VPS). Statistical 
analysis demonstrated the cognitive profile of iNPH, which 
was mainly characterized by executive function and 
 immediate verbal memory impairment compared with 
AD. Additionally, the neuropsychological markers were dif-
ferent between the two groups. The qualitative analysis of 
systematic mistakes made on the tests demonstrated differ-
ences in cognitive performances between the iNPH, AD, and 
HC cohorts. Neuropsychological assessment and qualitative 
evaluation could represent a useful tool for achieving effec-
tive management and restoration of functions in patients 
with iNPH.

Keywords Idiopathic normal pressure hydrocephalus • 
Neuropsychological assessment • Qualitative analysis • 
Restoration

 Introduction

Idiopathic normal pressure hydrocephalus (iNPH) 
accounts for 2 %–10 % of all forms of dementia and 40 % 
of adult hydrocephalus [9]. The correct identification of 
iNPH, frequently hidden in the setting of coexisting dis-
eases, and considering that 1 % of the population aged 
≥65 years old shows ventriculomegaly without symptoms 
[10], is critical for maintaining neuronal and neuropsy-
chological integrity and restoration [12]. However, the 
criteria used to select patients for treatment remain unclear 
[1]. The large amount of data that has emerged from 
recent series suggest that the cognitive profile of iNPH is 
a complex result of the impairment of several areas, which 
leads to specific alterations in executive functions, work-
ing memory, speed processing information, attention, 
learning and memory, and visuospatial functions, similar 
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to the cognitive profile in Alzheimer’s Disease (AD) [8, 
9]. The modern concept of iNPH cognitive disorders is of 
a dysexecutive syndrome with episodic and immediate 
memory dysfunction [3, 5]. There is a lack of specific 
diagnostic criteria needed to systematically define neuro-
psychological markers that would be useful for achieving 
early diagnosis and outlining the specific neuropsycho-
logical profile of iNPH. The aim of this study was to eval-
uate the role and the efficacy of a neuropsychological 
protocol, designed at our institution, based on psychomet-
ric analysis and qualitative assessment, in the differential 
diagnosis of iNPH from AD dementia.

 Materials and Methods

The Institutional Ethics Board of the University of Messina 
approved the study, and informed consent was obtained from 
each patient and/or their relatives. We prospectively enrolled 
12 patients with clinically and neuroradiologically suspected 
iNPH. Inclusion criteria were: age ≥65 years, clinical triad 
(gait disturbances, dementia, and urinary incontinence), ven-
triculomegaly on magnetic resonance imaging (MRI), and 
other neuroradiological characteristics. Patients underwent a 
neuropsychological evaluation, with qualitative analysis to 
assess any systematic mistakes. Results were compared with 
those for 11 AD patients and 10 healthy controls (HC). The 
neuropsychological assessment was performed by C.S. and 
M.Q. (clinical neuropsychologists) on admission, 48 h after 
extended lumbar drainage (ELD) positioning, and postoper-
atively (1 week, and 1 and 3 months after VPS), when appli-
cable. Patients who responded positively to preoperative 
tests for iNPH diagnosis were submitted to ventriculoperito-
neal shunting with a programmable valve (Codman Hakim 
Medos; Codman & Shurtleff, Inc., 325 Paramount Drive, 
Raynham, MA 02767 0350, USA).

 Neuropsychological Assessment

Quantitative Analysis The neuropsychological protocol 
adopted was chosen for its wide use in the neuropsycho-
logical community to assess dementia disorders, as it 
included several batteries for the assessment of general 
cognitive status, short- and long-term memory, episodic 
memory, immediate visual memory, constructive praxia, 
reasoning, and executive functions. The Mini Mental State 

Examination (MMSE), consisting of 30 items, allowed the 
exploration of temporospatial orientation, memory, atten-
tion, calculation, language (comprehension, repetition, 
denomination, reading, and writing), and constructive 
praxia. The highest score of 30 was modified in relation to 
age and education. The Mental Deterioration Battery 
(MDB) was divided into verbal and nonverbal tasks, includ-
ing neuropsychological tests to detect the deterioration of 
different cognitive areas: memory, intellectual function, 
language, executive functions, and constructive praxia. The 
MDB included seven subtests for immediate and delayed 
recall, the Rey Auditory Verbal Learning Test (RAVLT), 
for evaluating semantic and phonological fluency, phrase 
construction, and immediate visual memory; and Raven’s 
Colored Progressive Matrices test (PM 47), which involves 
copy drawings, and copy drawings with landmarks. The 
Deux Barrage Test was used to evaluate divided attention. 
The Frontal Assessment Battery (FAB) enabled the assess-
ment of executive functions.

Qualitative Analysis In order to distinguish between cog-
nitive impairments in iNPH and AD, we employed the fol-
lowing markers for AD diagnosis: in RAVLT, the absence 
of the primacy effect derived from a verbal learning task, 
the presence of the recency effect, the absolute decay of 
memory trace, and the tendency to produce false alarms 
during delayed recognition of the same word list; in 
Raven’s Colored Progressive Matrices test, the tendency 
to choose globalistic or odd responses and positional pref-
erence mistakes; in the copy drawings test, the occurrence 
of the closing-in phenomenon; and in the Deux Barrage 
Test, inaccuracy in task execution. When the abovemen-
tioned markers were mostly presented, we were able to 
confirm the AD diagnosis, and to exclude those clinically 
suspected of having iNPH.

 Statistical Analysis

Statistical analysis was performed with GraphPad Prism 
Software (GraphPad Software, Inc., La Jolla, CA 92037, 
USA). For the descriptive analysis of neuropsychological 
scores we used nonparametric analysis of variance 
(ANOVA); we used the Fisher test to compare the frequen-
cies of systematic mistakes in iNPH and AD patients and 
the paired Student’s t-test to evaluate the effect of ventricu-
loperitoneal shunting on cognitive functions in iNPH 
patients. Additionally, we used the SPSS (Statistical 
Package for the Social Science; SPSS Inc., Chicago, IL, 
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USA) [23] to evaluate the covariance of cognitive functions 
in iNPH patients following surgical treatment. p < 0.05 was 
considered statistically significant.

 Results

Patient Characteristics We prospectively enrolled 12 
patients (8 male; 4 female) with suspected iNPH; mean age 
70 ± 6 years, mean educational level 9 ± 4 years. In order to 
compare psychometric results and systematic mistakes, we 
also enrolled 11 patients (7 male; 4 female) with AD; mean 
age 76 ± 5 years, mean educational level 8 ± 5 years; and 10 
HC volunteers (4 male; 6 female), mean age 72 ± 8 years, 
mean educational level 11 ± 5 years. Seven iNPH patients 
who responded positively to preliminary tests, underwent 
ventriculoperitoneal (VP) shunting within 2 weeks after 
assessment.

Quantitative Results Table 1 summarizes the mean ± stan-
dard deviation values and statistics of the neuropsychologi-
cal scores for the iNPH, AD, and HC groups on admission. 
As compared with the HC group, iNPH and AD patients 
showed significant impairments of different cognitive func-

tions, including MMSE, short- and long-term memory 
(RAVLT), reasoning (PM 47), and semantic and verbal flu-
ency, language, and constructive praxia. AD patients 
showed impairments of episodic memory, immediate visual 
memory, and executive functions. The ANOVA showed sta-
tistically significant differences between the iNPH and AD 
groups in MMSE, long-term memory, episodic memory, 
immediate visual memory, language, constructive praxia, 
and executive functions. Table 2 shows the frequencies of 
different mistakes in the iNPH and AD patients. The iNPH 
patients presented significant differences, compared with 
the AD group, in primacy effect, tendency to produce false 
alarms during delayed recognition of words, globalistic 
responses, odd responses, inaccuracy on the Deux Barrage 
Test, and the occurrence of the closing-in phenomenon. 
Table 3 shows the effect of VP shunting on cognitive per-
formances. In detail, we observed a significant improve-
ment in short- and long-term memory, immediate visual 
memory, and reasoning in these patients.

Correlational Analysis When performing the correlational 
analysis of the neuropsychological scores, we did not find 
significant differences between the cognitive profiles of 
iNPH and AD patients. In the AD group the correlation coef-
ficient showed a statistically significant between general 

Table 1 Summary of the neuropsychological scores in iNPH, AD, and HC groups on admission

iNPH AD HC Cutoff

Neuropsychological assessment

Mini Mental State Examination 18.8 (±6.7) ** ### 16.5(±4) **** 27(±2) 0–30

Mental assessment battery

RAVLT immediate 25.8 (±5) ** 22.4(±5) **** 39 (±9.3) >28.53

RAVLT delayed 4.87(±2.4) *** # 3(±2) **** 10(±2) >4.69

RAVLT recognition 9(±2) 6(±3) 13.4(±1.5) 0–15

Episodic memory 8(±3) # 4.6(±2.2) ** 11(±4.4) 0–28

Immediate visual memory 15.7(±2.7) ## 12.6(±4.6) *** 19(±3) 0–22

Raven’s Colored Progressive 
Matrices

18(±5.4) * 16(±6.4) *** 27(±5.3) >18.96

Semantic verbal fluency 11. 3(±3) * 9.3(±3.5) *** 18(±5) >7.25

Phonological verbal fluency 18.3(±12) ** 17.2(±10) ** 35.3(±9.4) >17.35

Phrase construction 13.7(±8) ** ## 5(±5) **** 23(±3) 0–25

Copy drawing 5.5(±3) * # 4(±2.7) *** 9.3(±1.2) >7.17

Copy drawing with landmarks 54.5(±7.2) ** 35.3(±26) *** 66.5(±4) >61.85

Frontal Assessment Battery 9(±4) # 9(±5.6) * 14(±3.4) >12.03

Data are presented as means ± SD
iNPH idiopathic normal pressure hydrocephalus, AD Alzheimer’s Disease, HC healthy control, RAVLT Rey Auditory Verbal Learning Test
* = p < 0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.0001 when comparing iNPH and AD vs HC, # = p < 0.05, ## = p < 0.01, ### = p < 0.005 
when comparing iNPH vs AD

Neuropsychological Assessment in the Differential Diagnosis of Idiopathic Normal Pressure Hydrocephalus
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cognitive dysfunction, memory, praxia, and executive func-
tion impairment (rho 0.814; p < 0.01). As compared with AD 
patients, the iNPH group showed a significant association 
between executive variables and memory abilities (rho 
0.798; p < 0.05). In the iNPH group, we observed a signifi-
cant cognitive improvement after ELD in immediate verbal 

memory and semantic phonological verbal fluency (rho 
0.829; p < 0.05), and in divided attention and praxia (rho 
0.926; p < 0.01). The improvement of immediate verbal 
memory, as assessed 1 week postoperatively, was signifi-
cantly related to delayed verbal memory (rho 0.900; 
p < 0.05).

Table 2 Frequencies of different mistakes in iNPH and AD patients

iNPH AD Fisher test

Primacy effect 10 2 p = 0.03

Recency effect 10 10 –

Tendency to produce intrusions during free recall of words 10 24 –

Tendency to produce false alarms during delayed 
recognition of words

21 95 p = 0.001

Globalistic responses 0 22 p = 0.0003

Odd responses 4 42 p = 0.01

Positional preference responses 134 53 –

Inaccuracy on the Deux Barrage test 1 8 p = 0.0001

Occurrence of closing-in phenomenon 1 53 p = 0.001

Table 3 Neuropsychological performance in 12 iNPH patients on admission, and after surgical treatment in 7 patients

iNPH Pre ELD Post ELD Post VPS Post 1 month Post 3 months Cutoff

Neuropsychological assessment

Mini Mental State 
Examination

18.8(±6.7) 23.5 (±3.3) 24(±3) 24(±3) 25.4(±4) 0–30

Mental assessment battery

RAVLT immediate 25.8 (±5) 30.3 (±5) 39(±13) * 42.3(±16.5) # 40(±19) >28.53

RAVLT delayed 4.8(±2.4) 5.5(±2.4) 8(±4.5) 8(±3.5) ## 6(±4.2) >4.69

RAVLT recognition 9(±2) 12.3(±3) 13.6(±1.5) 12.2(±3) 12.4(±3) 0–15

Episodic memory 8(±3) 9(±0.8) 11(±5.4) 12(±6) 18.2(±12.4) 0–28

Immediate visual 
memory

15.7(±2.7) 16(±3) 19(±2) * 19.4(±1.5) 20(±1.3) 0–22

Raven’s Colored 
Progressive Matrices

18(±5.4) 24(±3) 24.4(±7) 26(±4) # 27.5(±3) >18.96

Semantic verbal fluency 11(±3.3) 10.5(±3) 23(±20) 13(±4.7) 15.4(±6) >7.25

Phonological verbal 
fluency

18.3(±12) 18.6(±11.5) 17.5(±13) 20.4(±16) 19(±12) >17.35

Phrase construction 13.7(±8) 11.2(±2.5) 18.6(±7.5) 18(±6) 20.3(±9) 0–25

Copy drawing 5.5(±3) 6.2(±4) 8(±4.3) 9(±2) 6(±2) >7.17

Copy drawing with 
landmarks

54.5(±7.2) 55(±19.4) 63(±9) 63(±8) 61(±5) >61.85

Frontal Assessment 
Battery

9(±4) 10.5(±2.6) 11(±5) 9(±3.5) 13(±2) >12.03

Data are presented as mean ± SD
Pre ELD: pre external lumbar drainage, Post ELD: post external lumbar drainage, Post VPS: post ventriculoperitoneal shunt
* = p < 0.05 when comparing pre- and 1 week postoperative performances, # = p < 0.05, ## = p < 0.01, when comparing pre- and 1-month postop-
erative performance
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 Discussion

In the present study we assessed the role of a neuropsycho-
logical protocol, combined with the qualitative analysis of 
systematic neuropsychological mistakes, in the differential 
diagnosis of iNPH from AD, as compared with results in 
the HC group. For this purpose we employed specific 
markers to exclude the AD syndrome, and we evaluated 
the frequencies of these markers in the iNPH patients. 
Moreover, the effect of surgery on postoperative cognitive 
neuropsychological restoration was evaluated. We have 
demonstrated that the psychometric tests cannot be consid-
ered as a sufficient tool for differentiating AD from iNPH 
patients. Conversely, the combination of neuropsychologi-
cal markers and psychometric tests was able to achieve an 
effective differential diagnosis between iNPH and AD.

iNPH represents a complex syndrome for which sev-
eral authors have attempted to systematize criteria, in 
order to obtain an effective differential diagnosis from 
other neurodegenerative disorders or comorbidities [7, 11, 
16–19]. iNPH, and its neuropsychological profile, are, to 
date, still not clarified [6, 8, 14, 20], and a detailed char-
acterization of the cognitive dysfunction in iNPH, espe-
cially in view of the specific neuropsychological patterns 
and differentiation of iNPH from AD, is crucial both for a 
correct diagnosis [4, 15, 21] and for obtaining neuropsy-
chological restoration following treatment [2, 4, 22]. The 
neurocognitive profile of patients with suspected iNPH 
was mainly characterized by the impairment of executive 
functions and short-term memory [13], whereas in AD 
patients, the neurocognitive profile was mainly character-
ized by alterations of general cognitive status, short- and 
long-term memory, praxia, and executive functions. In 
detail, we found significant differences between the iNPH 
and AD groups in MMSE, long-term memory, episodic 
memory, immediate visual memory, language, construc-
tive praxia, and executive functions. The qualitative anal-
ysis of systematic mistakes, made during the assessment, 
demonstrated statistically significant differences between 
our groups. iNPH differed from AD patients in the follow-
ing markers: primacy effect, tendency to produce false 
alarms during delayed recognition of words, globalistic 
responses, odd responses, inaccuracy on the Deux 
Barrage, and the occurrence of the closing-in phenome-
non. As compared with results in AD patients, scores in 
iNPH patients showed a significant association with exec-
utive variables and memory abilities. Changes in neuro-
psychological performances were demonstrated after 
ELD, 1 week after the operation, and at 1 and 3 months 
postoperatively.

The results of the present study are not unexpected, and 
are in line with those already published in the literature [6, 
8]. We recognize that the limited series in the present study 
does not allow us to draw definitive conclusions. However, 
the neuropsychological assessment based on psychometric 
scores and qualitative analysis of neuropsychological pat-
terns may represent a useful tool for making a correct dif-
ferential diagnosis between iNPH and AD, and for achieving 
the restoration of neuronal and neuropsychological functions 
after treatment. These results may encourage an extension in 
the use of such a protocol to define the cognitive profile of 
iNPH.
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Abstract
Background
The aim of our study was to assess how a preoperative com-
puted tomography (CT)-based navigation system affected 
the correctness and safety of transpedicular screw insertion, 
compared with standard techniques.

Method
Between January 2012 and February 2014, 203 patients 
underwent thoracic and lumbar fixation, with open and per-
cutaneous techniques; 218 screws were implanted through 
an open navigated technique (1.0 Spine & Trauma 3d ver. 2.0 
BrainLab, Feldkirchen Germany) in 43 patients; 220 screws 
were inserted with an open free-hand technique in 45 
patients; 230 screws were implanted in 56 patients using per-
cutaneous CT-based navigation; and 236 screws were 
inserted in 59 patients using a percutaneous fluoroscopy-
guided technique. To our knowledge, this is the first work 
comparing these four different techniques. The position of 
each screw was evaluated on CT scan reconstruction and 
classified according to a four-point grading scale (grade 0: 
no breach, grade 1: breach < 2 mm, grade 2: breach between 
2 and 4 mm; grade 3: breach >4 mm). Statistical analysis was 
assessed by two-way analysis of variance (ANOVA) t test, 
while the Fisher least significant difference (LSD) method 
was employed to determine statistical significance.

Results
Statistical analysis showed a significant difference in 
accuracy between the open CT-based navigation and the 
percutaneous CT-based navigation techniques (P= 0.0263) 
and between the open CT-based navigation and the percu-
taneous fluoroscopy-guided techniques (P=0.0258): a par-
ticular difference was observed in anterior misplacement 

between open CT-based navigation and the percutaneous 
fluoroscopy- guided technique (P= 0.0153).

Conclusions
Our results confirm the advantages of the navigation tech-
nique, which ensures greater accuracy, in open as well as 
percutaneous procedures.

Keywords Percutaneous pedicular screw fixation • Free- 
hand pedicular screw fixation • Fluoroscopy-guided pedicle 
screw fixation • Spinal CT-based navigation system • Pedicle 
screw accuracy

 Introduction

Pedicle screw fixation techniques are progressively improv-
ing in terms of less invasivity and greater safety and accu-
racy. Advances in percutaneous techniques allow a less 
traumatic approach, resulting in improved short- as well as 
long-term results. Safety in transpedicular screw fixation 
especially concerns violation of the cortical bone of the ped-
icles and vertebral bodies that can potentially lead to the 
damage of neurovascular structures. Misplacement of the 
screws can also threaten the grip of the implant [11].

Many attempts have been made in order to improve inser-
tion accuracy. Among these, computed tomography (CT)-
based navigation seems to be the most reliable, due to 
visualization of the precise anatomy, as well as reduced radi-
ation exposure.

The aim of this study was to compare the efficacy and 
reliability of an open free-hand technique, an open navigated 
technique (BrainLab® System), a percutaneous CT-based 
navigation technique, and a percutaneous fluoroscopy- 
guided technique.. To our knowledge this is the first work 
comparing these four different techniques applied in the 
same period by the same surgical team.

Does Navigation Improve Pedicle Screw Placement Accuracy? 
Comparison Between Navigated and Non-navigated Percutaneous 
and Open Fixations
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 Materials and Methods

Between January 2012 and February 2014, 203 patients (115 
females, 88 males) underwent thoracic and lumbar fusion 
with percutaneous (Viper 2 System, DePuy Synthes Spine, 
Raynham, MA) and open pedicle screw (Expedium 5.5 
System, DePuy Synthes Spine, Raynham, MA) instrumenta-
tion carried out by the same neurosurgical team.

Indications for instrumentation were for degenerative pathol-
ogies (166 patients; spondylolisthesis with or without stenosis, 
post-laminectomy syndrome, twice-recurrent disc herniation), 
unstable fractures (25 patients), tumors (10 patients), aneurys-
mal cyst (1 patient), and inflammatory lesion (1 patient).

Two hundred and eighteen pedicle screws were implanted 
in 43 patients (21 females, 22 males) of average age 
56.5 years (range 20–79 years) using open CT-based naviga-
tion (1.0 Spine & Trauma 3D ver. 2.0 BrainLab®) (ON 
group); 220 screws were implanted in 45 patients (21 
females, 24 males) of average age 53.8 years (range 19–75 
years) using an open free-hand technique (O group); 230 
screws were implanted in 56 patients (35 female, 21 males) 
of average age 60.2 years (range 25–81 years) using percuta-
neous CT-based navigation (1.0 Spine & Trauma 3D ver. 2.0 
BrainLab®) (PN group); and 236 screws were implanted in 
59 patients (38 females, 21 males) of average age 59 years 
(range 16–78 years) using a percutaneous fluoroscopy- 
guided technique (P group).

Distribution of screws in all groups is shown in Table 1.
All patients were operated in the prone position on a 

carbon- top radiolucent table.
For patients in in the ON and PN groups a preoperative 

CT scan (CT scan 24-multislice GE Healthcare, Little 

Chalfont, UK) was performed in the prone position and 
transferred to the computer navigation platform which 
reconstructed data to provide real-time intraoperative 
three-dimensional images of the vertebra.

In the O and P groups, screws were implanted according 
to the Roy-Camille technique [28]. The procedure in the P 
group was assessed using the C-arm in a step-by-step fash-
ion, while in the O group, we performed just a final check at 
the end of the procedure with the C-arm.

Postoperative CT scans with sagittal and coronal recon-
struction were performed in each patient. The position of 
each screw was reviewed by a neurosurgeon and a radiolo-
gist uninvolved in the procedure and classified according to 
a four-point grading scale: grade 0 (screws fully contained in 
the pedicle); grade 1 (perforating screws, up to 2 mm mis-
placement); grade 2 (perforating screws, between 2 and 
4 mm misplacement); and grade 3 (perforating screws, 
greater than 4 mm misplacement) [25] (Fig. 1).

Statistical relationships between various groups were 
assessed by two-way analysis of variance (ANOVA) t-test, 
while the Fisher least significant difference (LSD) method 
was employed for determining statistical significance. 
Significance was defined as P < O = 0.05.

 Results

Thoracic pedicle screws were not included in the analysis, 
because the low number did not allow any statistical analysis.

Screw distribution, according to the Neo classification 
[24], is shown in Table 2.

Table 1 Distribution of screws

Level Group ON Group O Group PN Group P

D4 2

D5 2

D6 2 2 2

D8 4

D10 2 2 2

D11 2 4

D12 2 2 6 12

L1 2 2 12

L2 10 8 10 20

L3 28 18 26 16

L4 64 64 84 72

L5 80 78 82 78

S1 32 44 10 16

Total 218 220 230 236

ON open computed tomography (CT)-based navigation, O open free-hand, PN percutaneous CT-based navigation, P percutaneous 
fluoroscopy-guided

G. Innocenzi et al.
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Statistical analysis of collected data showed a signifi-
cant difference in accuracy between the ON and PN 
groups (P: 0.0263) and between the ON and P groups (P: 
0.0258): a particular difference was observed in anterior 
misplacement between the ON and P groups (P: 0.0153) 
(Table 3).

We also considered each single vertebra, but we found no 
significant differences (Table  4).

Complications are shown in Table 5.

 Discussion

Surgical landmarks and fluoroscopy have been used rou-
tinely for pedicle screw insertion, but a number of studies 
reveal inaccuracies in placement using these conventional 
techniques (inaccuracies range from 14 to 55 %, with as 
many as 7 % of these misplaced screws resulting in neuro-
logical injuries) [1, 21–23, 25, 38].

a b c

d e f

g h i

Fig. 1 Examples of grade 1 screw misplacement (a caudal, b cranial, c anterior, d lateral, e medial); grade 2 misplacement (f medial, g lateral); 
and grade 3 misplacement (h medial, anterior)

Comparison Between Navigated and Non-navigated Percutaneous and Open Fixations
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Table 2 Direction of breaches in lumbar vertebrae

Screw placement Group ON Group O Group PN Group P

Lateral axial/coronal
Grade 1
Grade 2
Grade 3

4 (1.9 %)
1 (0.5 %)

2 (0.9 %)
2 (0.9 %)

6 (2.8 %)
1 (0.5 %)
2 (0.9 %)

10 (4.7 %)
3 (1.4 %)
1 (0.5 %)

Medial axial/coronal
Grade 1
Grade 2
Grade 3

1 (0.5 %) 8 (3.7 %)
5 (2.3 %)
2 (0.9 %)

7 (3.3 %)
3 (1.4 %)
8 (3.7 %)

Anterior axial
Grade 1
Grade 2
Grade 3

4 (1.9 %) 11 (5.1 %)
1 (0.5 %)
2 (0.9 %)

8 (3.7 %) 10 (4.7 %)
4 (1.9 %)
6 (2.8 %)

Caudal sagittal/coronal
Grade 1
Grade 2
Grade 3

5 (2.3 %) 2 (0.9 %)
1 (0.5 %)

Cranial sagittal/coronal
Grade 1
Grade 2
Grade 3

1 (0.5 %) 1 (0.5 %)

ON open CT-based navigation, O open free-hand, PN percutaneous CT-based navigation, P percutaneous fluoroscopy-guided

Table 3 Statistical analysis of differences in lumbosacral screw misplacement according to placement method

Total 
misplaced 
screws  
(p value)

Anterior 
misplacement (p 
value)

Lateral 
misplacement (p 
value)

Medial 
displacement (p 
value)

Caudal 
misplacement (p 
value)

Cranial 
misplacement (p 
value)

Group ON 
vs Group O 0.580 0.214 0.742 0.423 0.423

0.423

Group ON 
vs Group 
PN

0.0263 0.423 0.184 0.0848 0.423 0.423

Group ON 
vs Group P

0.0258 0.0153 0.188 0.0599 0.635 1

Group O vs 
Group PN

0.204 0.0742 0.370 0.102 — —

Group O vs 
Group P

0.0641 0.321 0.289 0.0591 0.225 0.423

Group PN 
vs Group P

0.0742 0.0742 0.370 0.729 0.225 0.423

ON open CT-based navigation, O open free-hand, PN percutaneous CT-based navigation, P percutaneous fluoroscopy-guided, statistical 
significative P values in bold type

Table 4 Statistical analysis for each vertebra

L2 L3 L4 L5 S1

Group ON vs Group O 0.182 0.229 1 0.769 0.291

Group ON vs Group PN 1 0.664 0.0917 0.839 0.340

Group ON vs Group P 0.127 0.508 0.252 0.948 0.426

Group O vs Group PN 0.182 0.0917 0.138 0.391 0.323

Group O vs Group P 0.124 0.860 0.201 1 0.373

Group PN vs Group P 0.206 0.495 0.435 0.866 0.0577

ON open CT-based navigation, O open free-hand, PN percutaneous CT-based navigation, P percutaneous fluoroscopy-guided

G. Innocenzi et al.
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Spinal navigation was introduced in 1995 in order to 
improve the accuracy of pedicle screw insertion and thereby 
minimize the risk of neurovascular injuries [25]. In a number 
of published studies, the use of image guidance has been 
reported to consistently reduce pedicle breaches to less than 
5 % [14, 15, 25, 26, 31, 37].

Our accuracy rate for lumbar and sacral vertebrae with the 
open free-hand technique was 91.1 %, which is comparable 
to the literature data (range from 69 to 94 %) [10]; we found 
no case of grade 3 medial misplacement; only 2 cases (0.9 %) 
showed an anterior breach of more than 4 mm, and this was 
not accompanied by neurological or vascular injury.

The open CT-based navigation technique showed an 
accuracy of 92.5 %, which is comparable to the literature 
data (range from 72.03 to 95.68 %) [32, 35]. We found no 
case of grade 3 misplacement. In only one case we observed 
a transient neurological deficit.

Our accuracy rate for lumbar and sacral vertebrae with the 
percutaneous fluoroscopy-guided technique was 73.8 %. 
Accurate minimally invasive pedicle screw placement is 
complicated, however, by the obscuring of normal anatomi-
cal landmarks [40]. Errors in placement are therefore a pri-
mary concern, with one study reporting almost 10 % of 
patients needing revision surgery [27]. We reported 16 cases 
(7.5 %) of grade 3 misplacement, of which 8 cases (3.7 %) 
showed medial breach, 6 cases (2.8 %) anterior breach, 1 
case (0.5 %) lateral breach, and 1 case (0.5 %) inferior breach. 
Only four medial screws were replaced for irritative pain in 
the period from the first postoperative day to 2 months after 
surgery. We found no permanent neurological deficit or con-
struction failure related to screw misplacement.

The percutaneous CT-based navigation technique showed 
an accuracy of 85 %. Jako et al. [40] reported an accuracy 
rate of 64.9 % for screws placed with electromagnetic field 

guidance vs. 40 % for screws placed with fluoroscopy. We 
reported four cases (1.9 %) of grade 3 misplacement, of 
which two cases (0.9 %) showed medial breach and two 
cases (0.9 %) lateral breach. Only one medial screw was 
relocated for irritative pain, after 1 week. We found no per-
manent neurological deficit or construction failure related to 
screw misplacement.

The potential for neurological risk is due to the intrinsic 
anatomy inherent to screw placement and anatomical vari-
ability among patients. Gertzbein et al. [11] postulated a 
4-mm safe zone for medial misplaced screws in the lower 
back region, this being without neurological complications. 
Even in patients with medial and lateral grade 3 misplace-
ment no neurological deficits were observed: this may be 
explained in the light of the degenerative spine, which has a 
different threshold for nerve root irritation.

In our series, the accuracy of placement over all lumbar 
and sacral segments was slightly better in the open CT-based 
navigation group than in the conventional open free-hand 
group, but this difference was not statistically significant (P: 
0.580).

However, we noted an advantage with statistical signifi-
cance for the open CT-based navigation technique compared 
with the percutaneous CT-based navigation (P: 0.0263) and 
percutaneous fluoroscopy-guided techniques (P: 0.0258).

One important finding of our study is that screws posi-
tioned with the open CT-based navigation technique com-
pared with the percutaneous fluoroscopy-guided technique 
(P: 0.0153) tended to perforate the cortex anteriorly, espe-
cially for L5 (2/4 L5screws in group ON, 12/20 L5 screws in 
group P), probably due to difficult evaluation of fluoroscopic 
bidimensional images in the lateral view and due to the shape 
of L5, which is similar to S1 with a reduction of the lateral 
diameter of the body.

Table 5 Complications

Group ON Group O Group PN Group P

Transient neurological deficit 1 1

Superficial wound infection 
(debridement and antibiotics)

2

Superficial wound infection 
(antibiotics)

2

Deep wound infection 1

Prolongation of stabilization 1 2 1

Replacement because of pain 1 (after 1 week)
L4 medial displacement 
grade 3

1 (intraoperative) D12 medial 
displacement grade 3
1 (after 1 week) L5 medial 
displacement grade 3
1 (after 2 months) L5 medial 
displacement grade 3
2 (after 2 days) L5 medial 
displacement grade 3 and L4 
medial displacement grade 3

ON open CT-based navigation, O open free-hand, PN percutaneous CT-based navigation, P percutaneous fluoroscopy-guided
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Gelalis et al. [10] found that screws placed with CT navi-
gation guidance seemed to perforate the lateral cortex more 
often, differently from screws placed with a free-hand tech-
nique, which tended to perforate the cortex medially. Our 
data did not confirm such a statistically significant differ-
ence, but we noted a more medial trajectory in the percutane-
ous groups than in the open groups.

In comparison with the percutaneous technique, we found 
that the open technique showed five cases of wound infec-
tion, due to the significant exposure of the posterior bony 
elements of the spine and significant amounts of blood loss 
[16, 40].

These data confirm the superiority of the navigation tech-
nique, which ensures greater accuracy, above all for the per-
cutaneous procedure, probably because of the poor quality of 
the fluoroscopy images (especially for obese patients); our 
data also reinforce the superiority of percutaneous vs. open 
techniques with regard to less damage to the surrounding 
muscles, less blood loss, less postoperative back pain, and 
shorter recovery time.

Although image-guided surgical techniques have resulted 
in lower perforation rates (ranging from 9.3 to 14.3 %), these 
technologies have their limitations [2–9].

Inaccuracies could also be associated with lack of corre-
spondence between preoperative CT, acquired in the stan-
dard supine position, and the intraoperative prone position, 
especially in cases of severe instability and isthmic lysis. In 
order to reduce these inaccuracies, we started to perform pre-
operative CT scanning in the prone position, mimicking the 
position in the operation room. Although intraoperative CT 
scanning could be useful in screw placement, this device is 
not still available in every operation room, due to its high 
cost. Moreover, it is mandatory to consider the radiation 
exposure for operative staff, which is significantly higher 
with intraoperative CT scanning than with standard and neu-
ronavigated techniques.

We also noted an inaccuracy in a patient with intraspinous 
devices from a previously implanted fixation system, due to 
anatomical distortion.

Intraoperative CT scanning has recently been introduced 
to bridge the gap between preoperative and intraoperative 
position-dependent changes [5, 12, 17–21, 23]. Moreover, 
this CT scanning offers the possibility of monitoring and 
visualizing pedicle screws immediately after their placement 
[26, 29, 30, 33–36, 39, 41]. Bydon et al. [5] maintain that the 
intraoperative CT scanner is much more sensitive for detect-
ing unfavorably placed screws than conventional intraopera-
tive fluoroscopy or radiography, and dramatically lowers the 
threshold for screw revision.

An advantage of a navigation system is the decreased 
radiation exposure for the patient, surgeon, and all the oper-
ating room staff, especially when compared with the percu-
taneous fluoroscopy-guided technique, where we usually 

perform at least five to six fluoroscopic scans for each pedic-
ular screw. The average dose in a single scan is 0.10 mGy for 
patients weighing up to 75 kg and 0.21 mGy for those over 
75 kg. The radiation exposure of the patient is obviously 
reduced with a navigation system, and also the radiation 
exposure of surgeons is greatly reduced, considering the 
addition of all such exposures during all the surgeries per-
formed in their careers; and of course the reduced number of 
fluoroscopic scans is associated with a reduction in surgery 
time.

Another advantage of the Brainlab® system compared 
with fluoroscopy is that it allows simultaneous and multipla-
nar visualization of the spinal anatomy, which helps in virtu-
ally tracking surgical instruments in relation to the displayed 
anatomy in real time [13].

 Conclusion

Our results confirm the superiority of the navigation tech-
nique, which ensures greater accuracy, above all for the 
percutaneous procedure. A significant reduction in radia-
tion exposure was also noted in our percutaneous naviga-
tion group. The free-hand technique is safe and accurate 
when it is in the hands of an experienced surgeon. In our 
opinion the navigation system is a valuable tool for spine 
surgeons, especially for complex cases.
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Abstract
Background
Despite the wide adoption of the abnormal muscle response 
(AMR) to electrical stimulation of the facial nerve during 
microvascular decompression (MVD) surgery, the value of 
AMR in the prognosis of the postoperative outcome is still 
controversial. In order to better use this intraoperative elec-
trophysiology, it is necessary to further address the relation-
ship between AMR and postoperative results.

Methods
Three hundred and thirty-two patients with hemifacial spasm 
(HFS) in whom MVD surgery was performed and in whom 
AMR was available were finally enrolled in this study. The 
intraoperative AMR changes were classified as ampli-
tude ≥ 50 %, <50 %, and disappearance. These changes were 
retrospectively analyzed in association with intraoperative 
findings and postoperative outcomes. The follow-up period 
ranged from 11 to 62 months, with an average of 34.1 months.

Results
Among the 332 patients with a typical AMR wave recorded 
at the beginning of the operation, the AMR disappeared in 
305, and amplitude was <50 % in 11 and ≥50 % in 16. Of 
those with AMR disappearance plus those with ampli-
tude < 50 %, 98.4 % achieved relief on the first postoperative 
day and at the latest follow-up, while of those with amplitude 
≥50 %, 18.8 % and 25 %, respectively, achieved relief on the 
first postoperative day and at the latest follow-up (P < 0.01). 
Accordingly, a more than 50 % decrease of AMR amplitude 

may predict a good prognosis. The accuracy, sensitivity, and 
specificity of AMR monitoring were 97.5 %, 99 %, and 
72.2 %, respectively.

Conclusions
AMR could be a good tool for successful MVD in patients 
with HFS when a rational analysis is conducted in association 
with the intraoperative findings. Persistence of AMR may 
imply that the real offending vessel was missed. If the entire 
facial nerve root is cleared of any vessel, a remaining AMR 
amplitude of less than 50 % might be acceptable. Otherwise, 
neurocombing is suggested before finishing the operation.

Keywords Abnormal muscle response • Hemifacial spasm • 
Microvascular decompression • Intraoperative monitoring • 
Amplitude

 Introduction

Hemifacial spasm (HFS) is a syndrome of unilateral facial 
nerve hyperactive dysfunction. The etiology of the disorder 
has been generally agreed to be the result of vascular com-
pression of the facial nerve [6, 12, 24]. Nowadays, microvas-
cular decompression (MVD) is the standard operative 
procedure for the treatment of HFS [5, 17, 20]. However, the 
results of MVD are not always satisfactory, because it is dif-
ficult to identify the offending vessels intraoperatively in 
some atypical HFS patients [1, 19]. Recently, intraoperative 
monitoring of an abnormal muscle response (AMR) to elec-
trical stimulation of the facial nerve has been used in order to 
improve the postoperative outcome [16, 22].

The AMR was first described by Møller and Jannetta in 
1986, who demonstrated a positive correlation between 
intraoperative resolution of AMR and clinical outcome in 
patients undergoing MVD for hemifacial spasm [7, 8]. 
However, debate exists regarding the reliability of intraop-
erative AMR monitoring as an indicator of postoperative 
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 outcome [4, 14, 16]. Sometimes, the AMR disappeared after 
decompression, but the spasms existed postoperatively [2, 
3]. In some cases, the AMR persisted with alteration of its 
amplitude, but the symptoms improved after the operation 
[9, 13]. Therefore, the relationship between AMR and post-
operative outcome needs to be further addressed.

 Patients and Methods

 Patients

Patients’ data were obtained from the MVD operations per-
formed by Dr. Zhong in the period between 2010 and 2014. 
After exclusion of those with unavailable AMR or those lost 
to follow-up, 332 patients were finally enrolled in this study. 
They were 114 males and 218 females, with a mean age of 
52.2 ± 10.2 years. The right side was affected in 168, the left 
in 159, and both sides in 5. The time since onset was 
65.3 ± 57.2 months.

 Intraoperative AMR Monitoring

With the methods proposed by Møller and Jannetta [16, 7], 
AMR recordings were achieved from the mentalis muscle 
by electrical stimulation of the temporal branch of the 
facial nerve and from the orbicularis oculi muscles by 
stimulation of the marginal mandibular branch, using an 
evoked potential system (Medtronic Keypoint 4; Dantec, 
Skovlunde, Denmark). After induction of anesthesia using 
a short- duration muscle relaxant, bipolar subdermal needle 
electrodes were inserted 0.5–1 cm apart subcutaneously on 
the affected side. Electrical stimulation, consisting of 
0.2 ms square-wave pulses, was adjusted to supramaximal 
strength, and the frequency was 0.5 Hz. Electrical stimula-
tion and electromyographic recordings were filtered 
through a 5 Hz to 3 kHz bandpass (gain: 500 mV/division; 
analysis time: 50 ms). Usually, a stable AMR was recorded 
at a stimulation intensity level of 15 mA. To avoid nerve 
fatigue, the AMR was evoked at 5-min intervals before 
dura opening. Once the dura was opened, the AMR was 
recorded continuously until the end of the operation.

 Surgical Strategy

A retro-mastoid microsurgical approach was performed 
while the patient was in the lateral decubitus position  

[17, 18, 21]. After the edge of the sigmoid sinus was identi-
fied, the dura mater was opened. The dissection was started 
from the caudal cranial nerves. With the arachnoid being 
opened, gentle retraction of the cerebellum was used to 
expose the entire intracranial facial nerve. Basically, the root 
exit zone (REZ) of the facial root was checked first. If the 
AMR disappeared with the separation of the compressing 
artery, the process was finished. If the AMR was persistent, 
an entire root dissection and a thorough decompression of 
the nerve would be carried out until the AMR amplitude 
dropped by more than 50 %; otherwise a neurocombing pro-
cedure would be added (Fig. 1).

 Outcome Evaluation

The postoperative results were evaluated on the first day after 
the surgery and on the latest follow-up day. The follow-up 
period ranged from 11 to 62 months, with an average of 
34.1 months. The postoperative result was regarded as 
“relief” when the spasms disappeared completely or the 
symptoms (frequency and degree of the attack) improved by 
more than 75 %; the postoperative result was regarded as “no 
relief” when the spasms decreased by less than 25 % or 
remained unchanged.

 Statistical Analysis

Data processing was performed using commercially avail-
able software (SAS, version V8, North Carolina America). 
The Chi-square test and grouped t-test were used to assess 
the correlation between the intraoperative AMR and the clin-
ical outcome. The level for statistical significance was a 
probability value of less than 0.05.

 Results

 AMR Findings

Among the 332 patients with a typical AMR wave recorded at 
the beginning of the operation, 6 had a negative AMR after 
durotomy and cerebrospinal fluid (CSF) drainage. With expo-
sure of the REZ and transposition of the compressing artery, 
the AMR vanished in 176 patients. For the other 150 patients 
with remaining AMR, the entire VII cranial nerve root was dis-
sected. After all the contacting vessels had been moved away, 
the AMR disappeared in 118 patients. Among the remaining 32 
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patients with positive AMR, the amplitude changed to <50 % of 
the baseline in 7, while it changed to ≥50 % in 25. For the latter 
group, neurocombing was performed. Finally, there were still 
16 patients with AMR amplitude of ≥50 % of the baseline at 
the end of the operation (Fig. 1).

 Correlation Between AMR and Postoperative 
Outcomes

In this series, AMR disappeared completely in 305 patients 
(91.9 %) and its amplitude decreased to less than 50 % of the 
baseline in 11 (3.3 %), while its amplitude remained at more 
than 50 % of the baseline in 16 (4.8 %). Of those with 
AMR < 50 %, 98.4 % achieved relief on the first postoperative 

day and the final follow-up day, while of those with 
AMR ≥ 50 %, relief was achieved in 18.8 % and 25 %, respec-
tively, at these times (P < 0.01). Accordingly, a more than 
50 % decrease of AMR amplitude may predict a good progno-
sis. The sensitivity, specificity, and accuracy of AMR moni-
toring during MVD were 99 %, 72.2 % and 97.5 %, 
respectively. The false-negative and false-positive rates were 
0.96 % and 27.8 %, respectively (Table 1).

 Complications

There was no mortality and no severe complication 
occurred postoperatively, with the exception of transient 
conductive- type hearing impairment in three patients 
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Fig. 1 The AMR findings during surgery
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(0.9 %), immediate facial weakness in three (0.9 %), and 
delayed facial palsy in six (1.8 %).

 Discussion

Several investigators have attempted to determine whether 
AMR monitoring during MVD leads to positive outcomes. 
Some authors believed that intraoperative monitoring of the 
AMR was useful for identifying the offending vessels and for 
confirming a successful decompression of the facial nerve [3, 
13]. It has been reported that the chance of cure in those with 
AMR disappearance was 4.2 times that in patients with AMR 
persistence [11]. An analysis of 1301 cases with a 3- to 
6-month follow-up showed that complete disappearance of 
AMR was associated with a higher postoperative cure rate. 
The sensitivity, specificity, positive predictive value, and neg-
ative predictive value were calculated as 80 %, 39 %, 89 %, 
and 24 %, respectively [14]. Some authors have stated that 
AMR may be an unreliable predictor of long-term outcome, 
since they found that those in the non-AMR- disappeared 
group also had relief from HFS after MVD. For example, in a 
90-patient series, AMR disappeared during surgery in 80, of 
whom 5 had persistent HFS, and 1 developed a recurrence of 
HFS. Of the 10 patients with persistent AMR despite effective 
MVD, 8 achieved complete resolution [4].

Nevertheless, we believe that AMR was a good tool to navi-
gate the MVD process when it was used properly. Actually, this 
AMR is very sensitive, and could change as soon as the offend-
ing artery was separated from the facial nerve. That is the rea-
son why the AMR disappeared in some cases even before the 
offending artery was visualized. Change of AMR may happen 
during the process of durotomy with CSF drainage or retrac-
tion of the cerebellum [10]. Evidently the AMR is not reliable 
until you find a compressing artery. As a matter of fact, the 
AMR is not used to search for the culprit but to confirm your 
finding. Sometimes the disappearance of AMR may be delayed 
for a couple of minutes, which could lead to a false-negative 
result. Therefore, in order to achieve a better result with fewer 
complications, our surgical strategy of MVD is to dissect the 
caudal REZ of the facial nerve root first, because, in this area, 
the chance of finding the offending vessel is more than 90 % 

according to the literature [22]. Accordingly, we suggest, if you 
find an apparent compressing artery with a dent in the nerve in 
REZ, you just move the offending artery away and put some 
Teflon between the artery and the nerve for separation. 
Afterwards, you check the electrophysiology; if the AMR 
wave is abolished you can get ready to finish the operation. In 
this way, you may obtain resolution of HFS in most cases with 
minimal risk (our data exhibited fewer complications com-
pared with data in the literature [19, 22]). However, the moni-
toring should not be ceased at this stage. If the AMR reappears, 
a double check is necessary. In that case, one should not hesi-
tate to reopen the incision, because the offending artery may 
have contacted with the nerve again while the retracted cerebel-
lum was released. On the other hand, if an offending artery is 
not discovered in the REZ, then an entire dissection of the 
intracranial nerve root is strongly suggested. You should sepa-
rate all the contacting vessels away from the nerve. After that, 
if the AMR remains, a combing of the facial nerve could be 
added. In consideration of a persistent AMR after a thorough 
decompression, we recommended a new criterion: a more than 
50 % decrease of AMR amplitude (Fig. 1). Our study showed 
this criterion has high accuracy.

To support our new criterion, we need to mention the mecha-
nism of HFS. Currently, the pathophysiology of HFS can be 
classified in accordance with two main hypotheses [12, 15, 23]: 
(1) it may be induced by ectopic excitation from the compressed 
nerve fibers; or (2) it might result from the hyperexcitability of 
facial motor neurons. However, debate has been continuing as 
to whether the AMR originates from a peripheral or a central 
site. We believe that ectopic impulses emerging from the com-
pressed nervous fibers could be the main cause of HFS, as the 
AMR disappeared immediately in most of our cases. 
Nevertheless, it is conceivable that cross transmission at the 
compression site may combine with subsequent kindling at the 
nucleus level, which could explain the remaining AMR with 
decreased amplitude, if the facial nucleus was more involved in 
the pathogenesis of HFS than the cross transmission site.

 Conclusion

AMR could be a good tool for a successful MVD in 
patients with HFS. However, a rational analysis of this 
electrophysiology in relation to the intraoperative find-
ings is necessary. In principle, the disappearance of AMR 

Table 1 Patient distribution in abnormal muscle response (AMR) ≥ or <50 % groups according to postoperative outcomes

Group

Postoperative Follow-up

TotalRelief Non-relief Relief Non-relief

AMR < 50 % 311 5 311 5 316

AMR ≥ 50 % 3 13 4 12 16

Total 314 18 315 17 332

P value <0.05 <0.05

AMR < 50 %, patients with AMR disappearance plus those with AMR amplitude decreased by over 50 %; AMR ≥ 50 %, patients with AMR ampli-
tude decreased by no more than 50 %
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when an apparent compressing artery in the caudal REZ 
of the facial nerve is moved away may be an indicator of 
a satisfactory postoperative outcome. Persistence of AMR 
may imply that the real offending vessel was missed. If 
the entire facial nerve root has been cleared of any vessel, 
a remaining AMR amplitude of less than 50 % might be 
acceptable. Otherwise, neurocombing is suggested before 
finishing the operation.
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Abstract
Background
As the early detection and total destruction of gliomas are 
essential for longer survival, we attempted to synthesize a 
quantum dot (QD) that is capable of recognizing glioma cells 
for imaging and photodynamic therapy. 

Methods
Using a one-pot aqueous approach, near infrared-emitting 
CdTe was produced. After detection of its physicochemical 
characteriistics, it was conjugated with RGD. The emission 
images were observed with confocal microscopy. To test its 
toxicity, CdTe-RGD at various concentrations was separately 
added to a human glioma cell line (U251) and a mouse embryo 
fibroblast cell line (3T3) (control) for incubation in dark con-
ditions. To test its photodynamic effect, the U251 and 3T3 
cells were then irradiated for 5-60 min, using a 632.8-nm laser.

Results
This QD (Φ = 3.75 nm, photoluminescence (PL) peak wave-
length = 700 nm, photoluminescence quantum yield 
(PLQY) = 20 %), was a spherical crystal with excellent 
monodispersity. Under a confocal microscope, U251 cells 
were visualized, but not the 3T3 cells. In dark conditions, the 
survival rates of both U251 and 3T3 cells were above 85 %. 

After laser irradiation, the survival rate of U251 cells 
decreased to 37 ± 1.6 % as the irradiation time and the CdTe- 
RGD concentration were increased.

Conclusions
With good physicochemical characteriistics and low toxicity, 
this QD-RGD has broad prospects for use in the biomedical 
imaging and photodynamic therapy of gliomas.

Keywords Near-infrared • Glioma • Bioimaging • 
Photodynamic therapy • Quantum dots

 Introduction

Glioma is one of the most common primary brain tumors, 
accounting for about 30–40 % of all intracranial tumors [3]. 
Current imaging modalities are unable to take full advantage 
of the unique nature of protein expression in the tumor cell 
for early diagnosis. Due to the invasive nature of gliomas, 
their treatment is still a challenge today [3]. The traditional 
remedies include surgical excision, chemotherapy, and 
radiotherapy [20, 22], with surgical excision being the pri-
mary choice. However, it is difficult to remove a glioma 
completely because of the tumor’s invasiveness [8, 18]. 
Therefore, the development of a targeting multimodel agent 
specific for glioma may revolutionize the diagnosis and 
treatment of the disease.

Because of their unique chemical and optical proper-
ties, quantum dots (QDs) may be a potential nano-mate-
rial for the bioimaging and killing of glioma cells. QDs 
have been shown to remain brightly stable and emissive 
even after long periods of excitation, whereas organic 
dyes are photobleached quickly. The flexibility of optical 
tuning obtained by changing the size and composition of 
QDs allows them to emit in the near infrared (NIR) region, 
which is optimal for imaging through tissue. QDs can also 
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be used for photodynamic therapy (PDT), which is a non-
invasive treatment for tumors. In a photodynamic reac-
tion, the QD is irradiated by light to an excited state. 
When the excited QD returns to its fundamental singlet 
state, energy transfers to vicinal compounds to kill cells 
by the generation of reactive oxygen species (ROS) [7, 
19]. Recent studies have demonstrated that a QD could 
kill pancreatic carcinoma cells and HeLa cells effectively, 
thus showing the prospective use of PDT for gliomas [16, 
23]. The use of targeted QDs has developed as a strategy 
for both bioimaging and targeted therapy. QDs have been 
conjugated to different biological molecules, such as 
DNA, RNA, protein, peptides, and sugars, for targeting 
[12, 15]. When it comes to glioma, various targeted bio-
logical molecules have been used [6, 12]. The RGD pep-
tide can combine the integrin αvβ3, which is overexpressed 
in glioma cells. Here, cyclic RGD can be chosen as a tar-
geting ligand. The use of NIR QDs for bioimaging and 
PDT has been widely researched, but the use of QD-RGD 
for gliomas has barely been studied [6, 11]. In the present 
study, we prepared NIR CdTe conjugated with RGD for 
bioimaging and PDT.

 Materials and Methods

 Materials

None of the chemicals in this study were previously purified. 
The QDs were synthesized from CdCl2 (99.0 %), Na2TeO3 
(97 %), 3-mercaptopropionic acid (MPA; 99 %), folic acid 
(FA), NaBH4 (96 %), 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide, and trisodium citrate (99 %), which were all 
purchased from Sinopharm Co. (Shanghai, China). The RGD 
was conjugated to the QD using carbodiimide hydrochloride 
(EDC) and N-hydroxysulfosuccinimide (NHS), which were 
purchased from Aldrich (Sigma); RGD (95 %) was pur-
chased from Shanghai Top-peptide Bio Co., Ltd (Shanghai, 
China).

 Preparation of CdTe/CdS Nanoprobe

CdTe/CdS nanoprobes were synthesized by the one-pot 
aqueous approach, as described in the literature [2, 5]. 
Briefly, 0.1099 g (0.6 mmol) of CdCl2 was dissolved in 
100 ml of deionized water, and 74 μl of MPA and 0.02 g of 
trisodium citrate were added to this solution in succession. 
After 10-min stirring, the pH of the mixed solution was 
adjusted to 11.0. Then, 4.4 mg (0.02 mmol) of Na2TeO3 

and 20 mg of NaBH4 were added to the mixture under stir-
ring. Finally, the mixture was refluxed at 90°C, under 
open-air conditions. Different emission spectra were 
obtained by varying the time of reflux. QD solution/etha-
nol at a volume ratio of 1: 3 was centrifuged at 8,000 rpm. 
RGD was conjugated with MPA-coated CdTe using EDC-
NHS chemistry. CdTe- RGD conjugates were obtained by 
adding c (RGDfK) solution to the activated solution of 
CdTe QD. The mixture was reacted under stirring at room 
temperature overnight. To remove the excess of c (RGDfK) 
and coupling reagents after the reaction with the QD, the 
reaction solution was dialyzed (3 kDa cutoff) for 10 min at 
5,000 rpm.

 Characterization of QD

The morphology and size of the QD were characterized by 
high-resolution transmission electron microscopy (HRTEM) 
on a JEM-2100F (JEOL, Tokyo, Japan). The luminescence 
emission spectra were measured using a Hitachi FL-4600 
spectrofluorometer (Hitachi, Tokyo, Japan). UV–visible 
(vis) spectra were recorded with a Varian Cary 50 spectro-
photometer (Varian Inc., Palo Alto, CA, USA). The photolu-
minescence quantum yield (PLQY) of the QD was measured 
through comparison using Rhodamine G6 as the standard 
organic dye.

 Cell Culture

A human glioma cell line (U251) was used for recognition 
by QD-RGD. A mouse embryo fibroblast (3T3 cells) cell 
line was used for the control. Cells were cultured at 37°C 
(5% CO2) in Dulbecco’s modified Eagle’s medium (DMEM), 
supplemented with 100 mg/ml penicillin G, 10% fetal bovine 
serum (FBS), 1.8 mg/ml NaHCO3, and 100 mg/ml strepto-
mycin sulfate.

 In Vitro Imaging

Confocal microscopic imaging was carried out using a Leica 
TCS SP5 (Solms Germany). The cells were plated onto 
14-mm glass coverslips in a 12-well tissue culture plate and 
were allowed to adhere for 24 h. Afterward, QD-RGD (about 
10 μg/ml) was added to the U251 and 3T3 cells and they 
were incubated for 30 min. As a contrast, QD was also added 
to both cell lines. QD emission images were obtained using 
a 590-nm long pass filter.
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 Dark Cytotoxicity

The cytotoxic effect of QD in U251 and 3T3 cells was mea-
sured by MTT assay. Briefly, U251 and 3T3 cells were plated 
in 96-well microtitration plates at an initial density of 10,000 
cells per well and incubated for 24 h at 37°C (5% CO2). Then 
the cells were treated with QDs at various concentrations 
(range from 3 to 24 μg/ml) without light. After 24-h incuba-
tion at 37°C, cell survival was measured by MTT assay as 
described previously.

 Photodynamic Activity

U251 and 3T3 cells were plated in 96-well microtitration 
plates; 48 h after plating, the cells were exposed to photoac-
tive QDs at various concentrations (range from 3 to 24 μg/
ml). After incubation at 37°C for 24 h in the dark, the cells 
were washed three times with cold phosphate-buffered saline 
(PBS) and fresh RPMI medium was added before cell irra-
diation. Irradiation was carried out at 632.8 nm with energy 
density of 30 mW/cm2 for various times (5–60 min). Cell 
viability was measured 24 h after photosensitization by MTT 
assay. The cell viabilities of both dark cytotoxicity and PDT 
were measured three times.

 Statistical Analysis

We conducted a factor analysis study based on a factorial 
design to prove the correlation between PDT effectiveness 
and QD concentrations and irradiation times. Each experi-
ment was repeated three times and the results were presented 
as means ± SD. The statistical significance was supported by 
an analysis of variance (ANOVA) using SAS 8.0 Software, 
North Carolina America, and significance was considered at 
P < 0.05.

 Results

 Physicochemical Characterization of QD

The photoluminescence (PL) peak wavelength of the QD 
was gradually shifted from 500 nm to 800 nm with the pro-
longation of reflux time. The variations of absorption and PL 
spectra showed the enlargement of QD size with continuous 
refluxing. After 3 h of reflux, QDs with excellent NIR- 
emitting PL properties were acquired. The PLQY of QD 

increased first and then decreased with the prolongation of 
reflux time. The maximum PLQY was 37 % at the PL peak 
wavelength of 610 nm. It was noted that there was still a high 
PLQY of 20 % in the NIR spectra range. The diameter of the 
QD with PL peak wavelength of 700 nm was 3.75 nm. Under 
TEM, the spherical QD appeared with a crystalline structure 
and possessed excellent monodispersity (Fig. 1). The aver-
age size of the QDs was small (4 nm) enough for bioimaging 
applications.

 Targeting for Human Glioma Cells

In the QD group, non-RGD conjugated QD was used on both 
U251 and 3T3 cells; it was found that no significant cell 
shape was recognized. In the QD-RGD group, QD-RGD was 
used on both U251 and 3T3 cells, but only the U251 cell 
structures were visible (Fig. 2).

 Cytotoxicity

The survival rates of U251 and 3T3 cells incubated with 
QD-RGD without light were above 85 %, which showed the 
low dark cytotoxicity of QD-RGD. MTT assays were per-
formed in both U251 and 3T3 cells, to assess QD cytotoxic-
ity, with 632.8 nm, 30 mW/cm2 irradiation for various times 
(5–60 min) and various concentrations (3–24 μg/ml). We 
conducted a factor analysis study based on a factorial design. 
In the light cytotoxicity group, the survival rates of U251 
cells decreased to 37 ± 2 % with the increasing of irradiation 
time and concentration (Fig. 3); however, the survival rates 
of 3T3 cells did not decrease significantly. ANOVA results 
showed the effectiveness of PDT was associated with cell 
type, irradiation time, and concentration (p < 0.01).

 Discussion

To date, various QD probes have been developed for NIR- 
fluorescence imaging [6, 9], while obtaining high-quality 
NIR-emitting QDs has remained a challenging research 
objective due to stability and biocompatibility. Consequently, 
it is essential to design an aqueous method to obtain NIR- 
emitting QDs for high-sensitivity targeted bioimaging [1]. 
Deng et al. had developed an aqueous method for the synthe-
sis of stable and bright NIR-emitting water-soluble CdTe/
CdS nanocrystals [5]. However, the approach was compli-
cated and the nanocrystals were unstable in open air. Chen 
and colleagues reported an improved and easier aqueous 
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synthesis of highly fluorescent and ultrasmall size CdTe/CdS 
[2]. The reaction they reported can be carried out with a sin-
gle procedure in the open air because Na2TeO3 can be readily 
reduced by NaBH4 to generate Te2−. After 6-h reflux, the 
research produced NIR-emitting QDs with a PL peak wave-
length of 700 nm. In the present study, we used the one-pot 

aqueous approach outlined above to produce a high PL quan-
tum yield in a QD with excellent physicochemical character-
istics. We adjusted the molar ratio of Cd2+/TeO3

2− to 30: 1 and 
pH to 11; as a result, we produced high-quality NIR-emitting 
QDs more quickly.

The RGD peptide can specifically recognize integrin, 
which is restrictively expressed on the cell surfaces of 
malignant glioma cells [10]. However, few studies have 
reported NIR-emitting QDs conjugated with RGD for both 
bioimaging and PDT in U251 cells. As can be seen dis-
tinctly in the present study, the QD-RGD could label U251 
cells (Fig. 2), but not the fibroblast 3T3 negative control 
cells. Besides, neither the U251 nor the 3T3 cells could be 
labeled by QDs without the conjugation of RGD. This label-
ing process was achieved by the interaction between U251 
and the RGD attached to the QD surface. Accordingly, the 
QD-RGD can recognize U251 cells specifically and 
sensitively.

Ion leakage from the core of QDs has been reported, espe-
cially the leakage of Cd2+, which has become a significant 
problem because the Cd2+ may kill cells [21]. However, one 
study reported that stable coating with a shell and capping 
may effectively prevent ion leakage and, additionally, protect 
the core from air oxidation [17]. Due to its stable structure, 
the QD we synthesized was verified to be safe for biomedical 
use. QDs offer great promise in PDT applications [13, 14]. 
And NIR QDs can be used to penetrate tissue to depths of 
several centimeters, thereby allowing access to deep-seated 
tumors, which makes them ideal agents for PDT applica-
tions. Researchers have found statistically significant ROS 

Fig. 1 TEM images of CdTe/CdS quantum dots (QDs), with photoluminescence at 700-nm wavelength. The spherical QDs appeared with crystal-
line structures and possessed excellent monodispersity. TEM transmission electron microscopy)

Fig. 2 QD-RGD targeting of human glioma cells (in the CdTe-RGD 
group, the U251 cell structures were visible). U251 human glioma cell 
line
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production from QDs. It appears that QDs with CdSe and 
CdTe are very efficient at ROS generation [4]. Here, irradia-
tion was carried out at 632.8 nm with energy density of 
30 mW/cm2 for various times (30 s to 10 min) and at various 
concentrations (3–24 μg/ml). With the increasing of irradia-
tion time and concentration, the survival rate of U251 cells 
decreased (Fig. 3). The survival rate of U251 cells was sig-
nificantly related to the irradiation time and concentration 
(p < 0.01), which proved the PDT of QD-RGD can kill U251 
cells effectively.

In PDT, the photosensitizing agent transfers its triplet 
state energy to nearby oxygen molecules to form reactive 
singlet oxygen (1O2) species, which cause cytotoxic reac-
tions in the cells. The increasing popularity of PDT is largely 
due to its selectivity: photosensitizer, light, and oxygen are 
simultaneously necessary.

 Conclusions

Using the one-pot aqueous approach, CdTe/CdS-RGD 
QDs were synthesized. This type of QD has properties of 
NIR emission, as well as low toxicity and good physico-
chemical characteristics. This QD could be used for bio-
medical imaging and photosensitizing.
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Abstract In recent years more and more data have emerged 
linking the most radical resection to prolonged survival in 
patients harboring brain tumors. Since total tumor resection 
could increase postoperative morbidity, many methods have 
been suggested to reduce the risk of postoperative neurologi-
cal deficits: awake craniotomy with the possibility of con-
tinuous patient-surgeon communication is one of the 
possibilities of finding out how radical a tumor resection can 
possibly be without causing permanent harm to the patient.

In 1994 we started to perform awake craniotomy for gli-
oma resection. In 2005 the use of intraoperative high-field 
magnetic resonance imaging (MRI) was included in the stan-
dard tumor therapy protocol. Here we review our experience 
in performing awake surgery for gliomas, gained in 219 
patients.

Patient selection by the operating surgeon and a neuro-
psychologist is of primary importance: the patient should 
feel as if they are part of the surgical team fighting against 
the tumor. The patient will undergo extensive neuropsycho-
logical testing, functional MRI, and fiber tractography in 
order to define the relationship between the tumor and the 
functionally relevant brain areas. Attention needs to be given 
at which particular time during surgery the intraoperative 
MRI is performed. Results from part of our series (without 
and with ioMRI scan) are presented.

Keywords Awake craniotomy • Glioma surgery • 
Neuropsychology • Intraoperative MRI

 Introduction

In recent years more and more data, publications, and reviews 
have emerged that link the most radical tumor resection to 
prolonged survival in patients harboring intracranial brain 
tumors of various histological grades [1, 18, 24, 27]. While 
well recognizing the importance of tumor biology as shown 
e.g. by MGMT status [14]. The frequent use of fluorescence-
guided resection of malignant brain tumors [7, 8, 13, 19, 31] 
is a good example showing the dilemma of radical tumor 
resection versus an increased risk of damage to the eloquent 
areas of the brain, with subsequent new or increased neuro-
logical deficits. One of the major objections to radical tumor 
resection using fluorescence guidance has been the risk of 
increased neurological deficits. Intraoperative neuronaviga-
tion has been suggested to be helpful for radical tumor resec-
tion [18]. However, this benefit was disputed [3, 34] and the 
indication for image-guided surgery was thought to be biased 
by others [21]. In our experience, image guidance is at least 
helpful for access just over the tumor site when planning a 
small awake craniotomy (AC), in order to reduce the skin 
incision and surgical trauma, and not so much for resection 
radicality control, as, for example, in skull base meningio-
mas [23]. Preoperative evaluation of patients using func-
tional magnetic resonance imaging (fMRI) techniques and 
the calculation of fiber tracts in a three-dimensional way 
[6]—mostly the pyramidal tract and arcuate fibers—from 
diffusion/tensor weighted images (DWI/DTI) has been sug-
gested [11], but it is well known that brain shift occurs 
immediately after the opening of the dura mater and the sub-
arachnoid space, and this factor is even more relevant with 
continued glioma resection [4]. Intraoperative MRI (ioMRI) 
[15, 17, 24, 26, 28], computed tomography (CT) [2, 12], and 
ultrasound [20, 29] have become tools to compensate for 
brain shift and improve resection control. Initially, when 
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neuronavigation was introduced in our department in 1994, 
the modern techniques of preoperative fMRI imaging of elo-
quent areas were not yet available to us, as they are nowa-
days [22], so with the idea of performing as radical a resection 
as possible, we have relied, since 1994, on the technique of 
AC and we continued to employ this technique when ioMRI 
scanning became available in our department. We have pre-
viously published our clinical results of AC in glioma sur-
gery [30] and the utility of ioMR imaging during high-grade 
glioma surgery [24]; here we would like to highlight only the 
most important data from our experience in using both tech-
niques over the past 20 years, in 219 patients.

 Materials and Methods

Between February 1994 and November 2005, using AC, we 
operated on 107 patients with intracranial gliomas of various 
grades (in part of the series described by Pinsker [30], 22 
glioblastoma patients and 30 glioma grades 2–3 were 
included); there were three metastases and one cavernoma 
located within the eloquent areas of the brain,i.e., the motor 
region and the speech areas, respectively. Within this time 
period and while being under our care, 28 of the entire group 
of glioma patients subsequently developed symptomatic or 
asymptomatic recurrent gliomas, or had shown, on early 
postoperative MRI scans, some tumor remnants (e.g., those 
in the Amino levulinic acid (ALA)-study in the white-light 
arm) and were operated again to remove the tumor remnants, 
early redo surgery being one of our options to offer to the 
patient before the advent of ioMRI [33]. Twelve of these 
patients had undergone the first surgery under general anes-
thesia and AC was suggested for the second operation 
because of the direction of tumor growth, while 13 patients 
had already undergone an AC as the first operation and 
agreed to an AC for the second operation.

Based on this experience and being confident about the 
technique, we continued to use the AC technique in ade-
quately selected patients when we included, in September 
2005, the ioMRI imaging technique in our neurosurgical 
setting; we were well aware of the additional neuropsycho-
logical burden being placed on the patient, and we were 
aware that this would require even more attention before 
and during surgery [9, 10]. Between December 2005 and 
March 2015, 108 additional patients, aged 15–77 years, 
were suggested as candidates and accepted the offer of 
undergoing glioma surgery while being awake, with the use 
of ioMRI control [25]. Of the 8 patients who developed a 
recurrent tumor during the postoperative follow-up time 
under our care and for whom repeat surgery was suggested, 
6 patients agreed to undergo AC using ioMRI for tumor 
section control. Of the 2 remaining patients, 1 patient had 

undergone the first surgery under general anesthesia and 
AC was suggested for the recurrence, to which he agreed. 
One patient rejected the offer of AC and did not have sur-
gery for the recurrent tumor.

 Results

As we have shown previously [30], comparison of the results 
of surgeries performed between 1998 and 2002 for patients 
with gliomas located in eloquent areas showed, in an exem-
plary fashion, that for tumors located in the motor area, AC 
with intraoperative electrophysiological and neuropsycho-
logical guidance resulted in an increased radical surgical 
resection while reducing the risk of neurological deficit. This 
became even more important when ALA-fluorescence and, 
later, ioMRI scanning were included to further increase the 
amount of tumor tissue resected. Nevertheless, we had, in 
one young patient with a temporo-mesial glioma, intraopera-
tively progressive hemiplegia, which developed during 
hemostasis on a lenticulostriate artery after complete tumor 
removal. Also, early in our series, an intraoperative seizure 
that occurred before the removal of a precentral glioma led to 
severe hemiparesis, due to poor anesthesiological reaction to 
the initial phase of the seizure. This led us to become even 
further aware of possible complications and their prevention, 
e.g., by leaving a margin of brain tissue for hemostasis near 
eloquent structures, observing the suggested distance from 
the tumor to the pyramidal tract [16, 32, 35], and using ice- 
cold sponge application to the brain surface when a focal 
seizure started.

In the second part of the series, after the introduction of 
ioMRI scanning, we had to be more careful in the prepara-
tion of patients, because they had to lie flat for 15–35 min in 
the MRI machine tunnel, draped with sterile drapes, with 
ventilation being possible only through a funnel-type con-
struction of these drapes. So it became a rule for the surgeon 
to stay in the MRI-operating room (OR) when the patient 
was scanned in order to be able to intervene if any problems 
occurred. The MRI sequences had to be interrupted only 
twice due to patient discomfort.

Comparing the percentages of repeat surgeries between 
our two groups—from 1995 to 2005 and from 2005 to 
2015—there was a slight preponderance in redo surgeries for 
tumor remnants in the first period (12 of 107 = 11.2 %), com-
pared with 8 of 108 = 7.4 % in the second period (1 of which 
was an early redo surgery). The intervals between the surger-
ies in both groups depended mainly on the histological grade. 
While there was no striking difference in histologies between 
our two series (see text and Table 1), patients with low-grade 
gliomas in the second series did not experience recurrences 
as frequently as those in the first series: 1 vs 5 patients har-
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boring an astrocytoma II (Fig.1).This is congruent with the 
results of a recently published multicenter study on ioMRI in 
low-grade glioma surgery [5].

 Discussion

AC has become routine in the armamentarium of modern neu-
rosurgical clinics. Also, the combination of AC and ioMRI 
scanning has become routine in specialized centers. Long-
term follow-up of patients will show whether this additional 
burden on the patients and the surgeon and their team, as well 
as the increased surgical time (also related to increased cost), 
is warranted by longer survival and higher quality of life, as 
would be expected, a question that can only be solved by care-
ful data pooling and multicenter studies. It has been suggested 

by some surgeons to perform awake surgery for nearly all 
brain tumor patients in order to save money on anesthesia 
costs, and then discharge the patient the day after surgery.

The high number of patients in our series who agreed to 
undergo repeat AC for recurrent glioma shows the “comfort” 
that they had experienced during the first operation and that 
they were able to balance the benefit of surgery in the awake 
state against the psychological discomfort, despite the psy-
chological burden [10]. It needs to be stressed that discom-
fort during a second AC is worse than that during the first 
AC, since, in most instances, the dura is firmly attached to 
the bone flap, which causes pain at operation even if one 
adds what would be considered a sufficient amount of local 
anesthetic around the scar. Also, the patient is usually more 
attentive, since they are more experienced with what could 
happen and they try to compare the first and second surger-
ies. Another possibility of reducing the discomfort during a 

Table 1 Histology of gliomas operated using awake craniotomy and intraoperative magnetic resonance imaging (MRI) control (N = 106)

Astrocytoma II 10

Astrocytoma III 22

Glioblastoma multiforme (GBM) 46

Recurrent GBM 6

Gliosarcoma 2

Oligoastrocytoma II 3

Oligoastrocytoma III 5

Oligodendroglioma I 4

Oligodendroglioma III 6

Others 2
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Fig. 1 Intervals between first and second awake craniotomy surgeries, in days, without (left) and with (right) intraoperative magnetic resonance 
imaging (ioMRI). There was less recurrence, and recurrences were almost all only in high-grade gliomas, when ioMRI was used. Note: each bar 
represents a single patient
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second surgery would certainly be to use more propofol dur-
ing the initial steps of the surgery. This, however, would pre-
vent the patient from being completely awake when they 
need to be tested. Furthermore, it has been our experience 
that surgery, even if smoothly performed, needs to be  finished 
rapidly, because the patient’s cooperative capacity is not end-
less [9].

 Conclusion

Awake craniotomy with ioMRI resection control offers 
the best possible neurosurgical treatment for gliomas in 
eloquent areas. Patients harboring these tumors should be 
referred to experienced centers where modern adjunctive 
therapy can be applied, the neurosurgical part being the 
first and most important step in a patient’s experience 
undergoing several treatment steps.
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Abstract
Background
The detection of small deep schwannomas of the peripheral 
nerves has been increasing since the the use of precise neu-
roimaging techniques has become more widespread; how-
ever, although nonpalpable lesions can be well defined by 
images, it is often difficult to identify them during the surgi-
cal procedure. The authors report seven cases of nonpalpable 
small deep schwannomas surgically treated after their identi-
fication using the radioguided occult lesion localization 
(ROLL) technique.

Methods
Seven men, whose ages ranged from 34 to 70 years (mean 52 
years), presented with symptomatic nonpalpable peripheral 
nerve lesions; two cases involved the sciatic nerve, two the 
femoral nerve, two the radial nerve, and one the tibial nerve. 
Before the operation, all the patients were studied by ultraso-
nography and magnetic resonance imaging (MRI); 1 h before 
the surgery 3–5 MBq of 99mTc labeled with human albumin 
macroaggregates was injected into the lesion. A gamma 
detection probe permitted the preoperative and intraopera-
tive detection of the nonpalpable schwannomas.

Conclusions
The ROLL technique provides good support for identifying 
small lesions of the peripheral nerves both preoperatively and 
intraoperatively. This technique permits the use of  minimally 

invasive approaches performed with local anesthesia, with 
good cosmetic results and acceptance by the patients.

Keywords Occult lesion • Peripheral nerve schwannoma • 
ROLL

 Introduction

Schwannomas, also called neurilemmomas or peripheral 
neurinomas, are benign tumors arising from the perineurium 
of peripheral nerves [4]. The term neurinoma was coined in 
1910 by Verocay to indicate a tumor that originated from 
Schwann cells and that was histologically different from a 
neurofibroma [9]. Schwannomas constitute 5 % of all benign 
soft-tissue tumors; men and women are equally affected, 
most frequently in their third decade of life [4, 6]. The most 
frequent localization is in the lower extremity, followed by 
upper extremity, dorsal roots, and retroperitoneum.

To determine the diagnosis of peripheral nerve neurino-
mas, magnetic resonance imaging (MRI) can clearly define 
the lesion's characteristics. The mass is usually isointense 
relative to skeletal muscles on T1-weighted images, and 
eccentric relative to the involved nerve that is displaced to 
the periphery; a capsule can be visualized; thus, the margins 
are well defined. On T2-weighted images the lesion is hyper-
intense. Schwannomas usually show enhancement after gad-
olinium injection [1, 3]. Clinically, these lesions can cause 
pain and motor or sensory deficits in the territory of the 
involved nerve [9]. On examination of the patient, a periph-
eral neurinoma can be visible and palpated as a round, well- 
defined mass that can be mobilized from side to side but not 
along the axis of the nerve [5]. Tinel’s sign is very often evo-
cable over the mass [9]. Microsurgical excision with an inter-
fascicular dissection technique is the most effective 
treatment, and complete recovery can be obtained; biopsies 
are no longer indicated [9].
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The surgical strategy can be optimized by the use of 
radioguided occult lesion localization (ROLL). This tech-
nique was developed in 1997 by Paganelli et al. [8] to 
identify sentinel nodes in breast cancer and small nonpal-
pable lesions. Starting from these considerations, it was 
possible to extend the method to detect small nonpalpable 
lesions of the peripheral nerves.

 Methods

Seven patients with deep nonpalpable suspicious peripheral 
nerve schwannomas previously studied by ultrasound and MRI 
underwent surgical excision after the preoperative localization 
of the lesion by the ROLL technique (Table 1). The radiotracer 
used was 99mTc labeled with human albumin macroaggregates 
(99mTc MAA), with a diameter of 10–150 μm (TechneScan 
LyoMAA; Mallinckrodt Medical, Petten, The Netherlands). 
One hour before the surgery 3–5 MBq of 99mTc MAA in 0.2 ml 
of saline solution was injected into the lesion under ultrasound 
guidance (Fig. 1). The site was marked with a dermographic 
pen. Front and lateral images of the lesion were acquired with 
a gamma detection system Neoprobe (Dublin, Ohio, U.S.A.) 
and the patients were then brought to the operating room.

The patients underwent preoperative detection of the 
lesion, using a sterile gamma probe to identify the gamma 
rays emanating from the radioactive tracer injected into the 
neurinoma (Fig. 2).

The probe was connected to an instrument that analyzes the 
signals and transduces them into a digital scale together with 
acoustic signal. The intensity of the signal is directly propor-
tional to the radioactivity detected and represent the relative 
distance of the probe to the lesion.

After the identification of the “hot spot”, the neurosur-
geon performed a small tailored incision. During surgery the 
lesion’s positions were checked to guide their isolation. 
Using a microsurgical technique, the neurosurgeon dissected 
unaffected nerve fascicles from the tumor capsule and the 
lesions were then resected (Fig. 3).

 Results

The diagnosis of peripheral Schwannoma was confirmed in 
all seven patients.

Complete removal of the lesion was performed in all 
cases and all patients presented with resolution of the pain. 
In one patient a preoperative motor deficit had been described 
(muscle strength 4/5 on the Medical Research Council 
[MRC] scale) and improvement was reported at 18-months 
follow up; of five patients who presented with preoperative 
sensory deficits, complete recovery had occurred in four 
patients at 10–18 months. All the treated patients were pain- 
free after the surgery (Table 1).

In six of the seven patients the surgical procedures were 
performed with local anesthesia.

Table 1 Characteristics, surgical treatment, and outcome of seven patients with small nonpalpable schwannomas of the peripheral nerves

n°
Sex/age 
(years) Site (nerve)

Size 
(cm)

Preoperative 
status Anesthesia Histology

Postoperative 
status

Follow-up 
(months)

1 M/56 Sciatic 4 × 3 Pain General Schwannoma Pain-free Full recovery 
(12)

2 M/43 Tibial 3.5 × 3 Pain, motor and 
sensory deficits

Local Schwannoma Pain-free, 
improved motor 
and sensory 
deficits

Full recovery 
(18)

3 M/34 Femoral 2.3 × 1.2 Pain Local Schwannoma Improved Full recovery 
(18)

4 M/63 Radial 0.7 × 1.6 Pain, sensory 
deficit

Local Schwannoma Improved pain 
and sensory 
deficit

Full recovery 
(10)

5 M/70 Radial 1.4 × 0.9 Pain, sensory 
deficit

Local Schwannoma Pain-free 
improved sensory 
deficit

Slight 
sensory 
deficit (18)

6 M/56 Sciatic 1.4 × 2.6 Pain, sensory 
deficit

Local Schwannoma Pain-free 
improved sensory 
deficit

Full recovery 
(12)

7 M/42 Femoral 1.8 × 1.3 Slight pain, 
sensory deficit

Local Schwannoma Pain-free stable 
sensory deficit

Full recovery 
(18)

M male
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 Discussion

Small and deep lesions of the peripheral nerve can be iden-
tified in the early stages using new neuroimaging tech-
niques. However, despite the excellent visualization of 
these lesions so provided, it is often difficult to find them 
during surgery, and invasive interventions can be necessary 
for their removal.

In this series, we used the ROLL technique – a well 
known method to localize sentinel nodes and small lesions in 
breast cancer – to detect small and deep peripheral nerve 
schwannomas preoperatively and during surgery.

The use of the ROLL technique to detect occult breast 
tumors was described by Paganelli et al. in 1997 [8], but this 
technique has not been reported previously for the detection 
of peripheral nerve schwannomas.

In a previous study, it was shown that there was no move-
ment of the radiotracer from the lesion; thus, the radiotrac-
er’s captation can be considered as a guide for the surgeon to 
identify occult lesions during operation [2]. Starting from 
these considerations, in our institution the ROLL technique 
was used for the first time for preoperatively and intraopera-
tively identifying deep and/or small peripheral nerve lesions, 
in seven patients.

One hour before the surgery, a radiotracer (99mTc MAA) 
was injected into the lesion under ultrasound guidance; image 
acquisition with a gamma camera was required and then the 
surgical excision was made. Using a sterile probe that detected 
the 99mTc MAA radiation, the lesion was localized, and con-
sequently it was possible to plan a small incision for a mini-
mally invasive surgical approach (Fig. 2). The surgical 
procedures were performed with local anesthesia in six of the 
seven patients. Thus, we conclude that the gamma detection 

Fig. 1 Before surgery the radiotracer was injected into the lesion 
(arrow) under ultrasound guidance

Fig. 2 Detection of the radiotracer, performed with a sterile probe. 
Precise localization of the lesion (case 1 in Table 1) was possible with a 
minimally invasive approach

Fig. 3 During surgery the lesion position was checked to guide its 
isolation

Radioguided Occult Lesion Localization in Deep Schwannomas of the Peripheral Nerves: Results of a Preliminary Case Series
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system permits the easy identification of lesions in the super-
ficial layers and also those in deep layers during surgery.

We have to report that the preoperative 99mTc MAA intra-
lesional injection done under ultrasound guidance can be 
painful (four cases). Due to the short half-life of 99mTc, the 
procedure is safe for the patient, for the surgeon, and for the 
operating room personnel. The complete removal of the 
lesion injected with the radiotracer also removes the radioac-
tivity from the patient’s body.

These results of a preliminary case series suggest that the 
ROLL technique is safe and could be used for the removal of 
multiple deep peripheral nerve schwannomas during the 
same surgical procedure. We note that the surgeon can man-
age the sterile probe by himself/herself in order to localize 
the lesion during open surgery.

This ROLL technique requires interdisciplinary coopera-
tion, but it provides good support for preoperatively and 
intraoperatively identifying small lesions of the peripheral 
nerves. It permits a minimally invasive approach, performed 
with local anesthesia, with a shorter operative time, and 
minor costs, together with good cosmetic results and better 
patient acceptance.
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Abstract
Background
Percutaneous techniques have increasingly gained popular-
ity in recent years. The application of technological innova-
tion, including neuromonitoring techniques, has the potential 
to increase the safety and efficacy of these procedures.

Methods
Thirty patients suffering from osteoporotic dorsolumbar 
burst fracture were prospectively enrolled in this study. The 
patients underwent percutaneous fenestrated pedicle screw 
fixation augmented with polymethylmethacrylate (PMMA) 
injection. A novel surgeon-dedicated neuromonitoring 
device was used in order to increase the safety and the accu-
racy of the screw insertion. A second group of 30 patients 
who did not undergo neuromonitoring during percutaneous 
pedicle screw placement, matched for demographic charac-
teristics, constituted the control group.

Findings
A total of 296 screws were inserted. All treated patients had 
a good outcome, documented by an improvement in visual 
analogue scale (VAS) scores. Excellent trajectories were 
achieved in all patients. Cobb’s angle and anterior vertebral 
height were satisfactorily restored in all study group patients. 
Three misplaced screws in three patients and a case of 
PMMA leakage without neurological deficits were observed 

in the control group, whereas no complication was recorded 
in the study group (p = 0.03).

Conclusions
Neuromonitoring in cement-augmented percutaneous pedi-
cle screw placement appears to improve surgeon confidence 
during surgery, reducing the risk of screw misplacement or 
cement leakage.

Keywords Neuromonitoring • Burst fracture • Cement aug-
mentation • Percutaneous pedicle screw fixation • Minimally 
invasive spinal surgery

 Introduction

Percutaneous pedicle screw placement has significantly 
changed relevant aspects of spinal surgery [16, 17]. The 
advantages of this technique are widely recognized, and 
include shorter surgical times, reduced blood loss, reduced 
injury to the paravertebral muscular structures, and quicker 
postoperative recovery for the patients [18, 22, 23]. Despite 
the success of this minimally invasive technique, several 
authors have reported on the limits of these methods [21]. The 
main difficulty for the surgeon dealing with percutaneous pro-
cedures is the lack of anatomical landmarks and the conse-
quent risk of screw misplacement. An increased use of 
intraoperative fluoroscopic control measures has been often 
performed for overcoming this difficulty, but with a greater 
than before exposure to radiations for the patient and for the 
surgeons. However, recently, the implementation of percuta-
neous techniques with new technologies, such as neuronaviga-
tion and three-dimensional (3D) fluoroscopy, has greatly 
improved the feasibility of these procedures, reducing the per-
centage of screw misplacements [5, 15, 20]. Intraoperative 
neurophysiological monitoring, applied to the percutaneous 
placement of the screws, is becoming a further technological 
support to improve the accuracy of screw positioning. The 
possibility of monitoring electromyography (EMG) responses 
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during the insertion of tools and screws into vertebral pedicles 
and bodies provides updated, real-time information about 
changes in neuroelectrical activity brought about by the proce-
dure [3, 8, 9]. Recently, new software and neuromonitoring 
devices have been developed to improve the applicability of 
EMG during spine surgery. Thanks to these innovations, an 
immediate and intuitive interpretation of the EMG trace is 
available to the surgeon, even without the presence of an expe-
rienced neurophysiologist in the operating theater. In the con-
text of percutaneous techniques, another recent innovation is 
the use of cannulated screws, through which the cement can be 
introduced into the vertebral body [18]. This device appears to 
be particularly useful in patients suffering from osteoporosis, 
in order to increase the tightness of the screws and to prevent 
pullout [2]. However, despite improvements in the design of 
the instruments and surgical techniques and the advent of 
image-guided techniques, a cortical pedicle perforation may 
occur during the percutaneous placement of the screws, 
increasing the risks of impingement on adjacent neural or 
extravertebral structures, and, more likely, increasing the risk 
of polymethylmethacrylate (PMMA) leakage during the fol-
lowing augmentation. The aim of this study was to analyze the 
results obtained in patients who underwent cement-augmented 
pedicle screw placement under neurophysiological monitor-
ing performed with a novel surgeon-controlled device (NIM-
Eclipse® Nerve Monitoring System; Medtronic®, Medtronic, 
Memphis, TN, USA).

 Material and Methods

 Study Design

We prospectively enrolled 30 patients (12 male, 18 female; 
median age 68.9 years), chronically suffering from osteoporo-
sis, admitted to the neurosurgical clinic of the University of 
Palermo for the surgical treatment of traumatic thoracolumbar 
(Th12-L3) burst fracture causing low back pain. Inclusion cri-
teria encompassed: absence of neurological deficits or radicu-
lopathy; bone fragment occupying the spinal canal to less than 
30 % of the anterior-posterior diameter; and no indication for 
surgical decompression. Patients underwent thoracolumbar 
percutaneous fixation under electrophysiological neuromoni-
toring. Demographic characteristics are summarized in 
Table 1. The visual analogue scale (VAS) score was recorded 
before and 30 days after the surgery. Preoperative radiological 
imaging consisted of X-rays, computed tomography (CT) 
with multiplanar reconstruction, and magnetic resonance 
imaging (MRI) of the lumbar spine. CT scans were also per-
formed postoperatively. Fractures were classified according to 
the Magerl classification [13]. Kyphosis angle and anterior 

vertebral height were evaluated before and after (30 days) the 
operation on CT scan (Table 2). Data for a control group of 30 
patients with osteoporotic fractures who underwent surgical 
fixation without the aid of neuromonitoring, matched for basic 
demographic characteristics (Table 1), was obtained from the 
institutional registry and retrospectively analyzed.

 Surgical Procedure

The surgical steps of the neuromonitoring-assisted and 
cement-augmented pedicle screw fixation are detailed below.

All patients underwent a single-level percutaneous cannu-
lated PMMA cement-augmented pedicle screw fixation, using 
the Longitude® System (Medtronic®) (Fig. 1). After the 
induction of general anesthesia and before patient positioning 
on the surgical table, needles for neuromonitoring were placed 
according to the electrode placement instructions that were 
provided with the NIM-Eclipse System. Based on the verte-
bral levels to be treated, the electrical activity of the rectus 
abdominis, vastus lateralis, quadriceps femoris, medial gas-
trocnemius, and extensor hallucis longus (both sides) was 
monitored. Two transcranial needles were also inserted subcu-
taneously in the scalp, for motor evoked potential (MEP) 
recording. Each electrode was connected to the workstation, 
and baseline electromyography (EMG) was recorded. We cal-
culated that the entire electrode positioning and connecting 
procedures lasted about 10 min. The patient was placed in the 
prone position, maintaining the physiological alignment of the 
spinal curves, on a radiolucent table. In this step it is crucial 
both to try to achieve an initial reduction of the kyphosis and 
to ensure that the subcutaneous needles are not displaced by 
the positioning maneuvers. After patient positioning, EMG 
recording was restarted. The comparison with the first EMG 
recording allowed us to detect all variations in electrical activ-
ity arising from the position on the table. Firstly, the vertebral 
pedicles where the percutaneous screws had to be implanted 
were detected with anteroposterior (AP) fluoroscopic scan-
ning. This allowed us to mark, on the skin surface, the entry 
point of the percutaneous device, considering that it is prefer-
able to use an inlet positioned laterally to the outer margins of 
the pedicles, to promote a convergent trajectory of the screws. 
A 12-mm linear skin incision was performed and the dorso-
lumbar fascia was sectioned. A Jamshidi needle, adequately 
modified, was then connected to the stimulating system and 
introduced through each skin incision for pedicle hole prepa-
ration (Fig. 1a). We used the needle as a pedicle probe, tracing 
the best and safest direction for the screw. Usually, when pos-
sible, we preferred a more lateral pedicular entry point to 
allow a convergent trajectory, in order to place the tips of the 
screws in close proximity to the median line. This seemed to 
improve the resistance of the implanted systems and to prevent 
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pullout. During this phase, monitoring is useful to detect any 
changes in EMG activity. If EMG abnormalities are recorded, 
the trajectory must be modified. Subsequently a Kirschner 
wire (K-wire) was introduced through the needle. The K-wire 
reached the vertebral body and was maintained in place in 
order to guide the introduction of progressive tubular retrac-
tors used to facilitate the introduction of the screw. Finally, 
under fluoroscopic guidance, the cannulated screw was placed 
and the K-wire removed. Once the screw was positioned, a 
special ball-tip probe was inserted through the cannula, for a 
final test. The probe is provided with two buttons to access the 
functions of the workstation. The device also allows the per-
formance of so-called screw integrity test stimulation, which 
combines automatic electrical stimulation and EMG response 
analysis to speed-test pedicle screw placement. The surgeon 
can control this test directly from the operative field, contact-
ing and stimulating the screw with the probe (Fig. 1b). The test 
begins by stimulating at the start intensity (usually 3 mA). For 
each increase in stimulus intensity, the EMG response is mea-
sured and compared with default response criteria, and the 
response either passes or fails based on the pass/fail criteria. A 
stimulation threshold greater than 15 mA indicates adequate 
screw positioning. A good response on this test predicts the 
absence of electric current leakage from the bone structures 
and this means that the pedicle is intact. A summary of the 
responses of all screws tested was recorded on the worksta-

tion, then printed and stored in the clinical folder. When all the 
transpedicular screws had been implanted, PMMA cement 
was injected through the cannulated screws (Fig. 1c). We 
introduced about 1.5 ml of PMMA cement for each screw 
under fluoroscopic guidance. During cement introduction, the 
EMG trace was carefully monitored to promptly detect any 
variation arising from this procedure. The last surgical step 
consisted of positioning and fixing the rods. The Longitude® 
System provides a free-hand inserter and reduction screw 
extenders that are designed to allow a stabilizing rod to be 
passed through a small incision over the higher treated level 
(Fig. 1d). After the last fluoroscopic control, the rods were 
locked and fixed to the screws after an adequate compression, 
in order to guarantee reduction of the fracture and the correct 
alignment of the spine (Fig. 2).

 Results

No significant differences in age, sex, fracture site, and cause 
of injury were observed between the two groups (Table 1). No 
surgery-related complications were observed either intraop-
eratively or postoperatively. All operations in Group A (study 
group) were performed using the aforementioned technique. 
The average operative time ranged from 90 to 190 min. All 

Table 1 Summary of demographic and clinical features

Group A Group B P

Age, years; mean(range) 68.9 (55–77) 62.8 (61–69) n.s.

Sex 12 M, 18 F 14 M, 16 F n.s.

Vertebral level 6 pts Th 12
16 pts L1
4 pts L2
4 pts L3

10 pts Th 12
10 pts L1
8 pts L2
2 pts L3

n.s.

Fracture type 8 pts A 3.2
22 pts A 3.3

12 pts A 3.2
18 pts A 3.3

n.s.

Group A study group, Group B control group, n.s. not significant, M male, F female, pts patients

Table 2 Preoperative, postoperative, and follow-up clinical and radiological evaluations

Variable Group A value – mean (range) Group B value – mean (range)

Preoperative VAS
Postoperative VAS
6-Month VAS
12-Month VAS

7.87 (7–9)
4.27 (3–6)
1.73 (1–3)
1.40 (1–2)

7.33 (6–9)
4.13 (2–6)
2.00 (1–3)
1.60 (1–3)

Preoperative Cobb angle kyphosis
Postoperative Cobb angle kyphosis
6-Month kyphosis angle
12-Month kyphosis angle

20.66° (14–26)
8.93° (6–14)
7.53° (6–11)
7.53° (6–11)

19.20° (13–28)
13.13° (4–12)
11.07° (5–11)
11.07° (5–11)

Preoperative anterior vertebral height
Postoperative anterior vertebral height
6-Month anterior vertebral height
12-Month anterior vertebral height

17.9 mm (15–23)
24.00 mm (20–27)
23.87 mm (19–27)
23.93 mm (19–27)

18.00 mm (14–22)
24.67 mm (22–28)
24.53 mm (22–28)
24.46 mm (22–28)

VAS visual analogue scale
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patients were able to walk on the first day after surgery and 
were discharged 3 days after the surgery. Improvements in the 
VAS score were significant for all patients. Preoperatively, 
VAS scores were 7.87 and 7.33 in Group A and Group B, 
respectively, and these scores were significantly decreased in 
both groups during the follow-up period (p < 0.05) (Table 2). 
In the group of patients who underwent neuromonitoring, a 
total of 296 screws were inserted; here we observed stimula-
tion thresholds ranging between 28 and 30 mA at the last con-
trol. In one case we observed a threshold of 11 mA, but after 
slightly changing of the orientation of the screw we obtained 
a threshold of 29 mA. Based on the method proposed by 
Zdichavsky et al. [24, 25], an objective evaluation of screw 
positioning was performed by an independent radiologist 

blinded to the clinical outcome. All screws used in the study 
group were well positioned (1a or 1b according to Zdichavsky 
et al.), whereas three screws in three different patients in the 
control group were misplaced (2b and 3b according to 
Zdichavsky et al.). In one case the misplaced screw was repo-
sitioned because the patient complained of sciatic pain that 
was related to neural conflict (Table 3). CT scans also revealed 
satisfactory augmentation of osteoporotic vertebral bodies, 
without leakage, in all patients included in the study group 
(Fig. 3). In contrast, one case of cement leakage was observed 
in the control group. The rate of complications including 
screw misplacement and PMMA leakage was significantly 
higher (p = 0.03) in the group of patients who did not receive 
intraoperative neuromonitoring (controls). Reduction of the 

a b

c d

Fig. 1 Surgical procedure: the combined use of surgeon-detected neu-
romonitoring and polymethylmethacrylate (PMMA) augmentation of 
the screws is shown. Firstly a modified Jamshidi needle connected with 
the workstation is inserted (a); after the positioning of each screw, the 

integrity of the pedicle is tested by introducing the probe into the can-
nulated screw (b). Finally, the PMMA augmentation is performed 
under fluoroscopic guidance (c) and the rods are inserted percutane-
ously with a free-hand inserter (d)
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kyphosis angle and restoration of the normal vertebral body 
height were measured and documented as reported in Table 2. 
Clinical and radiological follow-up was performed at 6 and 
12 months, respectively. All patients underwent clinical eval-
uation and AP and lateral X-ray scans. The same parameters 
as those analyzed immediately after surgery were evaluated at 
follow-up, as reported in Table 2. We did not observe any 
adjacent segment disease or displacement of the implanted 
devices and cement. Satisfactory vertebral alignment was 
documented in all patients in the study group.

 Discussion

Our results suggest that neuromonitoring guidance may 
increase safety and surgeon confidence in the positioning 
of PMMA cement-augmented screws in osteoporotic 
patients affected by thoracolumbar burst fracture. The use 
of neuromonitoring reduced surgery-related complica-
tions, including PMMA leakage and screw misplacement. 
All patients in the study group had immediate correction 
of kyphosis and pain reduction. In the past decade, many 

authors have debated the benefits of percutaneous tech-
niques over traditional open fixation. Several studies have 
pointed out the advantages of percutaneous techniques, 
including less muscle damage, shorter hospital stay, 
reduced postoperative pain, faster recovery of ability to 
work, and overall better functional recovery [14, 16, 17, 
19]. The value of percutaneous techniques has also been 
demonstrated by biomechanical studies demonstrating the 
high mechanical performance of percutaneous devices as 
compared with “open” systems [11]. The most obvious 
limitation of percutaneous methods concerns the absence 
of anatomical landmarks visible to the surgeon. In fact, 
these procedures require a specific learning curve, even 
when performed by experienced spine surgeons. In differ-
ent series the actual percentage of screw misplacement 
during percutaneous procedures ranges from 11% to 15 % 
[19]. In 2011, Kim et al. retrospectively examined the 
accuracy of the insertion of 488 percutaneous screws in 
110 patients, and reported a 12.5 % (61 screws) rate of cor-
tical encroachment, and frank penetration in 54 screws 
(11.1 %) [10]. Two patients (0.4 %) with medial penetra-
tion underwent revision surgery. Injection of a PMMA 
bone cement through cannulated screws following the 

Fig. 2 Case 2, L2 fracture: preoperative (left) and postoperative (right) sagittal reconstructed computed tomography (CT) scans with comparison 
between preoperative and postoperative anterior vertebral height; PMMA augmentation is visible on L1 (arrow)

Table 3 Screw positioning: radiological evaluation according to Zdichavsky

Group A Group B

1a 130 120

2a 166 151

3a – –

1b – –

2b – 2

3b – 1

Total number of screws inserted 296 274

VAS visual analogue scale

EMG-Guided Percutaneous Placement of Cement-Augmented Pedicle Screws for Osteoporotic Thoracolumbar Burst Fractures
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positioning inside the pedicle and the vertebral body was 
reported in a conventional open approach, performed in 
order to reduce the  complications related to the bone-
implant interface (pullout of screw, implant fracture) [1, 2, 
4, 7]. Recently Lubansu et al. described the use of PMMA 
cement-augmented screws during percutaneous fixation in 
osteoporotic patients [12]. Intraoperative neuromonitoring 

may provide useful support to obtain the best positioning 
of the screw and to avoid inadvertent PMMA leakage. 
Neuromonitoring offers constantly updated data on nerve 
function and also guarantees the integrity of the pedicle. In 
1995, Glassman et al. first demonstrated the accuracy of 
intraoperative EMG monitoring of pedicle screw place-
ment, verified by postoperative CT scans [6]. A total of 

a b

c d

Fig. 3 Case 1, Th12 fracture: preoperative axial (a) and sagittal (b) reconstructed CT scans show burst fracture of Th12 with posterior wall par-
tially pushed within the canal and initial kyphotic deformity. Postoperative images depict PMMA augmentation of adjacent vertebrae (c, d)

D.G. Iacopino et al.
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512 screws were implanted in 90 patients, using intraop-
erative EMG monitoring. These authors concluded that a 
stimulation threshold higher than 15 mA provided 98 % 
confidence that the screw was within the pedicle. A stimu-
lation threshold between 10 and 15 mA suggests re- 
exploration of the pedicle, even if in most cases this 
threshold is associated with adequate screw position. A 
stimulation threshold lower than 10 mA is generally asso-
ciated with significant cortical perforation. The screw 
integrity test provided by the NIM-Eclipse System appears 
to be a simple surgeon-controlled stimulation test that is 
based on the same parameters as those suggested by 
Glassman and colleagues. The surgeon can control the 
start of the test with the probe and the response can be eas-
ily interpreted, even without a neurophysiologist in the 
operating room.

 Conclusion

The simultaneous utilization of neuromonitoring and 
PMMA-augmentation of percutaneous screws has not 
been reported previously. Although our results are limited 
by the small number of patients included, they suggest 
that neurophysiological monitoring represents a signifi-
cant adjunct to avoid screw misplacement and displace-
ment of the cement.
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Abstract
Background
The choice of surgical approach for thoracic disc herniation 
should consider the location on the axial plane and the con-
sistency of the herniated disc. Calcified midline disc hernia-
tions are difficult to remove with a transpedicular approach 
because of limitations due to blind spots; so they are usually 
treated via a transthoracic approach, although this entails a 
high risk of thoracopulmonary injuries.

Methods
In this work we present two cases of calcified midline tho-
racic disc herniations treated with a transpedicular approach, 
improved by using a three-dimensional (3D) neuronaviga-
tion system to verify the extent of removal on the blind side.

Results
Postoperative computed tomography (CT) scans demon-
strated that this original technical innovation, in the two 
present cases, allowed us to reach the side opposite the disc 
herniation and to assess the extent of resection at the end of 
the procedure.

Conclusions
The employment of a neuronavigation system in the transpe-
dicular approach allowed safe and effective removal of calci-
fied midline thoracic disc herniations. We did not observe 
any postoperative neurological worsening, onset of spinal 
instability, or other adverse events.

Keywords Thoracic disc herniation • Thoracic transpedicular 
approach • Spinal neuronavigation

 Introduction

Surgical treatment of calcified thoracic disc herniations is 
challenging because of the probability of spinal cord dam-
age. Many approaches have been developed to obtain satis-
factory decompression and to overcome the significant rate 
of neurological damage associated with a strictly posterior 
laminectomy. These approaches are categorized as anterior 
(transthoracic [17], transsternal, and thoracoscopic [8, 12]), 
lateral (lateral extracavitary and costotransversectomy [10, 
20]), and posterolateral (transpedicular [5] and transfacet 
pedicle-sparing [22]).

The approach should be selected individually in each 
case, considering the location on the axial plane and the con-
sistency of the herniated disc. In our experience, the transpe-
dicular approach, first described by Patterson and Arbit in 
1978 [16], is a convincing technique with a lower rate of 
morbidity than that of the anterior and lateral approaches, 
although these approaches could be more effective in cases 
of calcified midline disc herniations. Here we describe an 
original technical innovation that allowed us to check the 
resection of a calcified median disc done by a posterolateral 
thoracic approach, guided by a three-dimensional (3D) navi-
gation system.

 Materials and Methods

 Patient Population

The posterolateral thoracic approach was used in two 
patients. The herniated discs were located, respectively, at 
the T8–T9 and T7–T8 levels.

Case 1 was a 53-year-old woman with dorsal pain not 
responsive to medical care, initial gait disturbance, and leg 
paresthesia. Magnetic resonance imaging (MRI) showed a 
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left paramedian T8–T9 disc herniation compressing the spi-
nal cord, with a T2 hyperintense signal at that level (Fig. 1a 
and b). A computed tomography (CT) scan showed a calci-
fied disc herniation (Fig. 1c and d). Motor evoked potentials 
(MEPs) and somatosensory evoked potentials (SSEPs) 
before surgery were slightly altered.

Case 2 was a 62-year old woman with severe paraparesis 
mainly in the right leg with impairment of standing and 
walking, sensory loss at a low thoracic level, and urinary 
retention. MRI showed a median disc herniation with com-
pression of the spinal cord and T2 hyperintensity at the T7–
T8 level. A CT scan showed calcific consistency of the disc. 

Preoperative MEPs and SSEPs showed only slight activity in 
the left leg.

 Preoperative Preparation

Before surgery, a CT scan is performed to acquire the images 
that will be matched with the intraoperative field to create a 
3D image base for navigation. The procedure is performed 
under total intravenous anesthesia. Inhalational anesthetic 
agents are not used in conjunction with electrophysiological 
monitoring because they interfere with electrical conduction. 

Fig. 1 Case 1: preoperative 
magnetic resonance imaging 
(MRI) in sagittal (a) and axial  
(b) planes. Computed tomography 
(CT) scans in sagittal (c) and axial 
(d) planes show calcified midline 
disc herniation

G. Innocenzi et al.
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We used a modified park-bench position, with the side of the 
surgical approach facing upwards. Localization of the cor-
rect level was obtained by anteroposterior and lateral fluo-
roscopy after the positioning of the patient on the operation 
table.

 Electrophysiological Monitoring

Electrodes were applied to the patient’s limbs and scalp for 
continuous intraoperative spinal cord monitoring of SSEPs 
and transcranial MEPs.

 Surgical Procedure

A midline linear skin incision was made, extended approx-
imately 4 cm over the spinous processes at the level adja-
cent to the disc herniation. The paraspinous muscles were 
reflected to expose the medial portion of the transverse 
processes and facet joints at that level. The reference sys-
tem for navigation (BrainLab Munich, Germany) was 
inserted on the spinous process below the level of surgery. 
Then we proceeded to match the selected vertebra with the 
preoperative images. In case 1, we removed—alternating 
drilling and the use of a Kerrison punch—the hemilamina 
of D8 and D9, the medial facet of D8, and the lateral facet 
of D9, and we did a partial pediculectomy of D9. The 
depth of the pedicle resection was established by the tran-
sition from the cancellous bone of the pedicle to the poste-
rior cortical bone of the vertebral body. The rib was kept 
untouched. In case 2 we performed the same procedure at 
the upper level (D7–D8). Under microscopic view, we 
started removing osteophytes from the endplates and then 
we progressively reduced and debulked the compression, 
using an ultrasonic bone curette with a 30-degree angled 
tip (Misonix Farmingdale, NY). The disc space was incised 
and a large cavity was created using curettes, the Kerrison 
punch, and the ultrasonic bone curette, working in a lat-
eral-to-medial direction. During the resection, we some-
times checked the extent of the removal by placing the 
navigation system pointer, in an oblique way, on the con-
tralateral side of the surgical field, which was covered by 
the spinal cord. The residual thin layer of calcification on 
the contralateral side, not adherent to the dura, was dis-
lodged with Penfield dissectors. The shell strictly attached 
to the dural plane was left. At the end of the procedure we 
checked the extent of removal by moving the pointer as 
described above, and by further assessment with endos-
copy (Fig. 2 and 3).

 Results

Case 1 During the surgical procedure we observed the 
depression of MEPs and SSEPs after moving the shell of the 
calcified disc herniation that was attached to the dura, so we 
decided to fracture the shell and leave it in situ. At the end of 
the procedure an improvement in the monitoring parameters 
was observed. In the early postoperative period this patient 
did not present with any neurological worsening. The post-
operative CT scan showed the removal of the herniated disc 
and the dislocation of the shell attached to the spinal cord 
(Fig. 3).

Case 2 During surgery no alterations of the monitoring 
parameters were observed. After 9 months of rehabilitation 
therapy the patient was able to maintain a standing position 
and to walk with support and she had achieved urinary con-
trol. Postoperative MRI and CT scans showed the removal of 
the herniated disc.

 Discussion

Incidental thoracic disc herniations are common, but symp-
tomatic ones are rare [20]. Surgery is usually not recom-
mended for asymptomatic patients, because the great 
majority of thoracic disc herniations remain stable or 
decrease in size, without the onset of neurological symptoms 
[6, 24]. However, no predictors currently exist to suggest 
which patients will develop symptoms [4]. In a review of ten 
surgical series, Bilsky [4] found that indications for surgery 
were myelopathy in 70 %, intractable radiculopathy in 24 %, 
and back pain in 6 % of cases.

The choice of the surgical approach for thoracic disc her-
niation depends on the location on the axial plane and on the 
consistency of the herniated disc.

There is general agreement in the literature about the prefer-
ence for anterior transthoracic approaches to treat calcified 
midline thoracic disc herniations [2, 3, 7, 9, 13, 14, 19–21]. 
Transthoracic approaches have a high risk of bronchopulmo-
nary complications [25], which has not been completely over-
come by the introduction of thoracoscopy [1, 23]. However, 
posterolateral approaches do not provide adequate exposure of 
the ventral surface of the spinal cord without manipulation, 
with a blind angle between the midline dura and the calcified 
disc herniation, representing a critical phase of the surgical pro-
cedure [13, 18, 19]. This problem has been partially overcome 
by the use of a transforaminal approach, which provides tan-
gential exposure of the ventral dura, albeit through a narrow 
passageway. In our experience, these drawbacks could be 
bypassed applying neuronavigation and endoscopic systems in 
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standard posterior approaches. These simple and easily avail-
able tools allow the quick verification of the intraoperative 
position, in order to obtain complete removal of the midline 
calcified disc herniation, even beyond the standard surgical 
corridor. The application of angled endoscopy in surgery for 
thoracic disc herniation has already been described, and it is 

currently a standard  procedure in our department [15]. 
Neuronavigation systems, however, have been reported only in 
the thoracoscopic approach [11]; to our knowledge, the present 
study reports the first employment of such a system in the pos-
terior approach to the thoracic spine to be described in the lit-
erature. However, even when these systems are used, the 

Fig. 2 Case 1: removal of 
calcified thoracic disc herniation 
guided by navigation system

Fig. 3 Case 1: comparison 
between the position of the pointer 
on the blind side during surgery 
and postoperative CT scan
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complete removal of calcified disc herniations can be difficult 
because of the presence of tight adhesions between the calcifi-
cation and the dura. In some cases a transdural extent of the 
herniated disc is also possible. Such conditions increase the 
risk of cerebrospinal fluid (CSF) fistula and neural injuries. In 
such conditions a safe and feasible surgical target could be con-
sidered to be the emptying of the disc herniation, leaving an 
external shell, still obtaining satisfactory decompression [15].

 Conclusions

The preliminary clinical experience reported here sug-
gests that the employment of tools such as a neuronaviga-
tion system in the transpedicular approach to thoracic disc 
herniations allows us to compensate for the lack of visu-
alization and to overcome the limitations of this surgical 
corridor in midline calcified disc herniations. With neuro-
physiological monitoring, the dural sac and spinal cord 
were never retracted and the modality provided added 
safety . We did not observe any postoperative neurologi-
cal worsening, onset of spinal instability, or other adverse 
events. On the basis of this experience, we consider that 
we will continue to employ this technique.
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