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VIII

Series Editor’s Note

Three eminent spine surgeons have collaborated as editors for this volume

of Progress in Neurological Surgery. There is no question that new spinal sta-

bilization techniques, minimally invasive approaches to the spine, and new con-

cepts of biomechanics have revolutionized our understanding of disorders of

spinal stability. In this comprehensive volume, the authors describe various

techniques and clinically relevant procedures designed to improve the outcomes

of spine surgery. Neuronavigational techniques, new bone fusion concepts, and

both open and percutaneous spinal stabilization techniques are described.

Progress in Neurological Surgery is dedicated to providing timely updates of

important neurosurgical paradigm shifts. The volume of spinal surgery across

the world has dramatically increased. The chapters in volume 16 help to eluci-

date the role and rationale of these new kinds of spinal stabilization. I am grate-

ful to the editorial efforts of Dr. Haid, Dr. Subach and Dr. Rodts and to all the

authors.

L. Dade Lunsford, MD
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Foreword

Spinal stabilization has changed dramatically over the last 10 years and the

pace of change continues to accelerate. This volume is an excellent mirror of

the evolution of spinal stabilization – from the nuts, rods, and bolts first used

years ago to the current applications of bilateral fusion using bone morpho-

genetic protein and gene manipulation or sophisticated bone extenders. Further

possibilities for stabilizing the spine, as reflected in this book, include

absorbable stabilization devices.

Through the combination of technical advances in minimally invasive

spine surgery and neuronavigation, spinal surgery will become less destructive,

less painful, and more successful. Most importantly, patient outcomes will

improve. The section on instrumentation and technique represents the most 

up-to-date advances in surgical technique and management of spinal disorders.

The authors have provided a valuable service by compiling the most recent

advances in spinal stabilization. This volume is a welcome addition to the per-

sonal libraries of spinal surgeons and to institutional libraries.

V.K.H. Sonntag
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Bone Morphogenetic Protein
(rhBMP-2): Experimental Review
and Clinical Update

Brian R. Subach, Regis W. Haid, Jr., Gerald E. Rodts, Jr.,
Carmen A. Petraglia

The NeuroSpine Institute, Department of Neurological Surgery, 

Emory University, Atlanta, Ga., USA

Over 30 years ago, Urist et al. [67, 68] identified a group of protein

extracts, derived from the ground substance of mature bovine bone, capable of

inducing both cartilage and bone formation when implanted into the soft tissues

of study animals. Aptly named, bone morphogenetic proteins (BMPs) by Urist,

these glycoproteins comprise a subset of the transforming growth factor-�
family of related growth and differentiation factors. Of the more than 20 BMPs

isolated to date, 6 appear to be structurally related to each other and capable of

initiating the process of endochondral bone formation. The presence of such

factors within the matrix of mature bone indicates a likely role in the regenera-

tion and remodeling of bony structures after injury or repetitive stresses [4, 9,

18, 24, 43, 44].

The Basics of BMP Biology

Each of the six known osteoinductive BMPs shares significant similarities

on a molecular level. Synthesized within the cell in precursor form, each mol-

ecule has a hydrophobic leader or secretory sequence with the mature portion

of the protein at the carboxy terminus marked by a highly conserved, seven-

cysteine repeat. Each mature BMP begins as 2 monomers of 120 amino acids each,

which undergo disulfide linkage dimerization to form either a homologous or

a heterologous protein chain. In the case of BMP-2 and BMP-7, the specific

structure was first identified by isolating the bovine protein from bone extracts.

Biological Advances
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Oligonucleotide probes were used to obtain the human complementary DNA

(cDNA) sequence. The cDNA clones were then spliced into a viral expression

vector and transfected into a carrier cell in a process called recombination. In

the case of BMP-2, the cells used were Chinese hamster ovary cells. Such cells

produce the pure recombinant differentiation factor rhBMP-2 in large quanti-

ties in a process similar to fermentation. This process avoids potential compli-

cations related to the transmission of infectious materials from human donor

bone tissue and eliminates the possibility of xenograft interactions with human

recipients of BMP derived from bovine sources.

An Osteoinductive Role for BMP

In order to function as a suitable graft for bridging bone defects or fusing

fracture lines and unstable motion segments, the prospective material would

ideally possess three characteristics. The material would provide a source of

primitive osteoprogenitor cells, which, under the appropriate influence, would

form osteoblasts and osteocytes (osteopromotive). Such precursor cells are

unfortunately relatively scarce. Bone marrow, for example, contains a ratio of

only one osteprogenitor cell to approximately 50,000 nucleated cells in a young

adult. This ratio may dip to 1:200,000 cells in an elderly individual afflicted

by degenerative spinal disease [21]. Despite techniques to concentrate marrow

extracts, successful efforts have only resulted in a maximum of 5-fold improve-

ment of the unfavorable cellular ratio. Second, the graft material would produce

local growth factors to stimulate bone growth and vascularity in the area

(osteoinductive). There are numerous reports in the literature detailing the com-

plex interaction of various autocrine and paracrine growth factors released from

fibroblasts, platelets, and even the local hematoma that forms at the site of

injury [1, 7, 16, 37, 46]. Finally, the third property of the graft material ideally

would be its ability to act as a scaffold for bony ingrowth. Such ability is known

as osteoconduction.

There are a number of possible reasons, which may account for the osteo-

inductive role of BMP. BMP acts as a chemotactic agent, a growth factor, and a

differentiation factor. BMP acts as a chemotactic factor and initiates the recruit-

ment of progenitor and stem cells toward the area of bone injury. In vivo stud-

ies of the local effects of BMP indicate an initial migration of mesenchymal

stem cells to the area of implantation far in excess of that supplied by bone mar-

row grafting [12]. BMP acts as a growth factor and stimulates both angiogene-

sis and the proliferation of stem cells from surrounding mesenchymal tissues.

BMP also acts as a differentiation factor by promoting the maturation of stem

cells into chondrocytes, osteoblasts, and osteocytes.

Subach/Haid/Rodts/Petraglia 2
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Some cells respond to the growth factor aspect of BMP by altering their

rates of proliferation. Yamaguchi et al. [71] demonstrated this in vitro by quan-

tifying cellular proliferation of the rat C26 calvarial osteoprogenitor cells after

treatment with BMP-2. This BMP-2 effect, however, appears to maintain speci-

ficity for certain cell types. For example, although BMP-7 has been shown to

be mitogenic for a human osteosarcoma cell line (TE-85), treatment with BMP-2

showed no measurable effect on proliferation. In contrast, treatment of an

osteoblast cell line (MC3T3-E1) with BMP-4 results in an inhibition of growth

and a globally diminished proliferative index. By the effects on both mature and

immature cell types, it seems reasonable that BMPs must be involved in the

regulation of bone growth and maintenance of bone structure.

BMPs may also initiate the differentiation of stem cells into a specific

phenotype. For example, the rat calvarial stem cell line (C26) is considered

multipotential, in that such cells may be precursors for adipocytes, muscle cells,

or osteoblasts. When BMP-2 is added to the culture medium, such cells become

mature osteoblasts with increased surface expression of receptors for parathy-

roid hormone, alkaline phosphatase, and calcitonin [71]. This effect may also

be observed in bone marrow cells. For example, the mouse line of marrow cells

(W-20-17) may differentiate into either adipocytes or osteoblasts, depending

upon the specific hormonal influence. The BMP-2 treatment of such cells

results in both the differentiation of the cells into osteoblasts and the surface

expression of receptors normally seen on mature cells.

Sources of BMP

At present there are three ways to obtain bone growth and differentiation fac-

tors: extraction of the factors from animal or human bone matrix, production of a

single factor by cellular hosts using recombinant technology, and direct delivery of

the DNA encoding for the factor to cells at the site of desired bone formation.

The first of these was initially employed by Urist et al. [67, 68]. From

massive quantities of bovine bone, the group was able to extract a mixture of

proteins found to stimulate bone growth in vivo. Under clinical evaluation in

Europe as NeOsteo™ (Sulzer Spinetech, Wheat Ridge, Colo., USA), this mixture

of BMPs and other associated proteins is derived through a well-engineered

isolation process. The precise combination of factors comprising this substance

has not yet been fully characterized, but appears to be reproducible through the

manufacturer’s process. This substance has shown experimental promise in

bridging both segment skeletal defects in dogs and in bringing about spinal

fusion in animal models of posterolateral arthrodesis. [12, 14, 17, 26, 27]. Like

other growth and differentiation factors, a carrier substance is necessary to

BMP Update 3
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maintain adequate concentrations at the site of fusion. Substances such as

natural coral (hydroxyapatite), collagen, and calcium sulfate have each been

investigated [26, 27].

The second method of obtaining bone growth and differentiation factors

has previously been discussed (see Molecular Biology). The process of obtain-

ing recombinant human BMPs such as rhBMP-2 (Medtronic Sofamor Danek,

Memphis, Tenn., USA and Genetics Institute, Cambridge, Mass., USA) and

rhBMP-7 (Stryker Biotech, Hopkinton, Mass., USA) has been described. Such

proteins differ from mixtures of extracted substances, mainly in terms of purity

of product. Original studies of these substances focused upon animal models of

segmental bone defects in the appendicular skeleton of rats, sheep, and dogs

[23, 24, 35]. Cole et al. [23] compared rhBMP in a carrier to autologous graft-

ing in a skeletal defect model with considerable success. Gerhart et al. [35]

showed the utility of rhBMP in healing segmental femoral defects in sheep.

Shortly thereafter, recombinant BMP was applied to animal models of spinal

fusion and later, humans.

The third strategy for engineering bone formation involves gene therapy, or

the delivery of the appropriate gene, or cDNA encoding for BMP to the local

cells, rather than the actual factor. There are two obvious benefits to the strategy

as compared to recombinant technology. First, the cost of genetic manipulation

is significantly less than that required to both produce and market the purified

rhBMP. Second, the potential for prolonged local production of the factor is

greater with gene therapy when compared to the relatively short-lived effect of

the rhBMP/carrier complex. Attempts to introduce BMP-2 cDNA into animal

models are preliminary, but have met with limited success [1, 17, 29, 70].

From the Laboratory

Early work in the isolation of proteins with osteoinductive activity suggested

that BMP-2 and BMP-7 were primarily responsible for the effects observed

in vivo [3, 22, 23, 53, 59]. As a result, rhBMP-2, produced in a Chinese hamster

ovary cell line, was the first of these molecules studied in detail. Implantation of

the recombinant factor in a rat model resulted in ectopic bone formation with a

dose-effect relationship temporally identical to that of bone-derived extracts;

however, the amount of pure rhBMP-2 required to induce formation of a given

amount of bone was approximately 10-fold less than that required of the bone

extract [5, 12, 13, 51]. Subsequent studies in nonhuman primates show no differ-

ence in the dose required to effect consistent posterolateral spinal fusions.

The ability to form bone at ectopic sites, however, had little application to

current spinal fusion techniques. Realizing the limitations inherent in
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autogenous and allogeneic bone grafting, investigators began applying BMP

technology to animal models of spinal fusion procedures [32, 36, 38, 62]. Multiple

studies, involving various concentrations of BMP in a variety of carrier sub-

strates, have shown remarkable results. Early work by Boden et al. [12–15] and

Holliger et al. [45] compared rhBMP-2 to autologous bone graft in a rabbit pos-

terolateral lumbar fusion model. Remarkably, all BMP-treated animals (100%)

attained solid, bony fusions across the operated level, which were biomechani-

cally stiffer and stronger than the autograft-only fusions observed in 42% of the

control group. Similar studies in a canine model also confirmed the efficacy of

rhBMP-2 in producing mature fusion masses [28]. The canine study by David

et al. [28] demonstrated a dose dependence to the BMP effect, with greater

concentrations producing greater effects; however, this contradicts a study by

Sandhu et al. [58–60] in a similar canine model, which shows BMP to be more

effective than autologous bone graft, but in a dose-independent manner [63].

Most investigators developed the opinion that bone induction was relatively

simple in lower species, but was only indirectly applicable to human models.

As a result, research focused on developing spinal fusion models in primates.

As a developmentally higher species, primates provide a more realistic test

environment for evaluating the effectiveness of BMP [40, 41]. Boden et al. [10]

applied this belief to a nonhuman primate model of intertransverse spinal

fusion and demonstrated effective fusion rates using rhBMP-2 on a ceramic

carrier delivered by a minimally invasive approach (fig. 1). Sandhu et al. [60]

went a step further to demonstrate clinically, mechanically, and radiographically

equivalent spinal arthrodesis using rhBMP-2 without decortication of the

prospective fusion bed. Boden et al. [7, 16] and Martin et al. [51], by adding

rhBMP-2 to autograft, were able to demonstrate subsequent induction of BMP-6,

osteocalcin, and collagen within the graft itself.

BMP Update 5

a b

Fig. 1. Photomicrograph of intertransverse spinal fusion using carrier matrix alone (a)

as a control and rhBMP-2/carrier (b). Histologic section demonstrates transverse processes

at inferior-lateral corners with bridging collagen scar tissue and minimal bone formation (a)

and abundant new membranous bone formation (b).
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Posterolateral fusion models attempted to replace autograft with a BMP/

carrier complex, but still required internal fixation. Attention was then focused

upon interbody spinal fusion techniques, which could possibly obviate the

need for both autograft and fixation [19, 20, 34, 42, 47, 48, 55, 56, 64, 65].

Zdeblick et al. [73] performed three level anterior cervical fusions in goats

using a BAK cage filled with either local autograft or a collagen impregnated

rhBMP-2 sponge [49]. Eleven of 21 animals (52%) in the autograft group had

histologic evidence of pseudarthrosis, while only 1 (5%) of the BMP group

failed to form a solid bony fusion. The biomechanical stiffness of the BMP

construct was equal to that of an autograft/cervical-plated level. Boden et al. [8]

performed the same procedure in the lumbar spine of primates. Using rhBMP-2

on a collagen carrier in both titanium-threaded interbody cages and

threaded bone dowels, both were delivered laparoscopically with a docu-

mented improvement of fusion rates over empty cages and autograft-filled

cages [8, 57] (fig. 2, 3).

Preliminary results of human clinical studies have been encouraging. In a

recent report of a randomized, prospective controlled clinical pilot study, Boden

et al. [8] demonstrated solid bony fusions by both clinical and radiographic

Subach/Haid/Rodts/Petraglia 6

Control 0.75 mg/ml 1.50 mg/ml

Fig. 2. Threaded titanium interbody cage implanted into the lumbar spine of a primate.

Control group is cage alone. Experimental groups are rhBMP-2-impregnated sponges at con-

centrations of 0.75 and 1.50 mg/ml. Actual spines at 6 months from surgery. Control demon-

strates a pseudarthrosis with fibrous scar tissue within the cage. BMP groups both show

mature bone bridging the interspace within the cage.

dramroo



criteria in 11 patients undergoing anterior lumbar interbody fusion procedures

with a tapered, threaded titanium cage filled with an rhBMP-2-impregnated

collagen sponge (fig. 4). Pain scores, as documented by the Oswestry Disability

and the Short Form-36 questionnaires, improved concomitantly as fusion

progressed [8, 30, 39, 56, 66, 69].

Based upon the findings in both the primate models and human trials, the

United States Food and Drug Administration (FDA) approved rhBMP-2 for lim-

ited use in patients with spinal disorders. Specifically, the FDA approved BMP

for use as an adjunct to spinal fusion in patients with degenerative disc disease

undergoing anterior lumbar interbody fusion using titanium cages (LT cages).

BMP Update 7

Control rhBMP-2

a b

dc

Fig. 3. Bone dowel interbody device implanted into the lumbar spine of a primate.

Control group is dowel with autograft. Experimental group is a bone dowel with an rhBMP-2-

impregnated sponge inside. Actual spines at 6 months from surgery. Control group demon-

strates a solid fusion (a) and reabsorption of the bone dowel/autograft construct (c). BMP

animals (b, d) both show mature bone bridging the interspace with resorption of the dowel.
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The cages attempt to both restore and maintain intervertebral height and protect

the BMP from exposure to diluting substances such as blood and irrigation fluid.

Although approved, BMP has yet to reach the market. Concerns raised by

experts include the improper use of the BMP such that vascular and neural ele-

ments may come in contact with the protein causing injury, lower fusion rates

due to improper or unapproved implantation techniques, and stimulation of

infectious or neoplastic processes due to use in patients with such diseases.

Discussion

Research over the past decade has shown the utility of using the growth

and differentiation factor, BMP-2, to promote bone formation at the site of bone

loss or injury. The in vivo role of BMP-2 and its complex interaction with other

Subach/Haid/Rodts/Petraglia 8

6 months 12 months

Patient 11 – rhBMP-2

24 months

a

b

c

Fig. 4. Computed tomographic reconstructions of a human patient receiving a

threaded, titanium cage (Lordotec cage, Medtronic Sofamor Danek, Memphis, Tenn., USA)

with rhBMP-2 on a collagen sponge carrier. a Sagittal view of the left cage at 6, 12 and 24

months. b Right cage at the same time intervals. c Coronal views at the same time intervals.

All images show fusion with increasing bone density over time.
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growth and differentiation factors remains to be clarified. The use of BMP-2 as

a means of replacing harvested autograft and obviating the need for internal fix-

ation, each with its attendant morbidity, appears likely as a result of outcomes

from both animal and human studies. Although dose-effect relationships and

carrier substrates may provide continued investigational challenges, the use of

recombinant technology and gene therapy in the field of bone fusion have been

firmly established. In the past 30 years since Marshall Urist first coined the

term bone morphogenetic protein, one doubts that he could have envisioned the

monumental strides and clinical progress, which researchers in the field have

achieved to this point.

Conclusions

The widespread use of spinal fusion procedures in the management of

spinal disorders has led investigators to explore the use of growth and differen-

tiation factors in such procedures. Either as an adjunct to allograft bone or as a

replacement for harvested autograft, BMPs appear to improve fusion rates after

spinal arthrodesis in both animal and human models, while reducing the donor

site morbidity previously associated with such procedures [2, 6, 11, 14, 23, 25,

50, 54, 72]. The use of recombinant genetic technology in the production of

BMP has improved the efficiency, cost-effectiveness, and safety of producing

and using such materials. rhBMP-2, as one of the first factors identified in the

process of endochondral bone formation, has been extensively researched over

the past decade. The efficacy and dose profile of this differentiation factor in

the context of various carrier substrates has been investigated [15, 26, 27, 33,

51, 58, 61]. Based upon the encouraging results of preliminary studies, the

future role of rhBMP-2 may lie in the elimination of autologous bone grafting,

the reduction of the need for instrumented fixation, and augmentation of

accepted fusion rates.
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A variety of evolving technologies are currently being evaluated in pre-

clinical studies to promote tissue repair and/or regeneration in the spinal region.

Cellular and genetic techniques to induce bone formation for interbody or pos-

terolateral spinal arthrodesis are an attractive approach, since this technology

could be employed through a minimally invasive approach with decreased

morbidity and potentially higher fusion rates compared to traditional open pro-

cedures. Tissue engineering techniques are also being evaluated for disc repair

and regeneration using various growth and differentiation factors, mesenchy-

mal stem cells (MSCs) and genetic therapies. Percutaneous soft tissue stabi-

lization techniques are also within the scope of current technologies, potentially

allowing stabilization of the spine by the induction of ligamentous tissues, thus

avoiding extensive spinal arthrodesis procedures. Clearly, tissue-engineering

techniques will continue to evolve and certainly lead to more effective, and less

invasive, procedures for the treatment of traumatic, neoplastic and degenerative

spine problems.

Stem Cell Technologies

The direct application of osteoinductive stem cells on a bioresorbable

matrix, or scaffold, may be a useful strategy for engineering bone and soft tis-

sues in the paraspinal region. Stem cells have several advantages for inducing

osteogenesis compared with the application of bone growth factors alone.

Pluripotent stem cells have the capacity to differentiate into the desired cell type

and form appropriate matrix elements under the control of various growth and
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differentiation factors. By supplying stem cells to the site, the growth factor

response is not dependent solely on the availability of local stem cell popula-

tions, which may be diminished due to senility, radiation, medical factors, or

medications which might alter the intrinsic stem cell population. Therefore,

direct implantation of pluripotent cells with or without growth factors has the

potential to yield more rapid and uniform bony healing. Osteoprogenitor cells

have been isolated from the bone marrow of rats, rabbits, dogs, and humans, as

well as nonmarrow locations such as adipose tissue. These cells can be isolated

and expanded in tissue culture, prior to implantation into a target location. Stem

cells also have the potential to be genetically altered to express various growth

factors or other therapeutic genes prior to implantation.

A variety of studies have demonstrated the utility of using stem cells to

achieve bone formation. Bruder et al. [1] placed autologous canine MSCs

obtained from bone marrow onto porous cylinders composed of hydroxyapatite

and tricalcium phosphate. The implant was subsequently grafted into critical-

sized femoral defects. Implants without MSCs produced atrophic nonunions in

all treated animals. Implants containing the MSCs produced lamellar and

woven bone within the carrier and resulted in a solid union at the site of the

defect. Bruder et al. [2] also successfully achieved bone induction using human

MSCs on a ceramic carrier in athymic nude rats. Using radiography, biome-

chanical testing, and histologic analysis, the human MSCs were capable of

healing critical-sized femoral defects. Quarto et al. [3] studied the use of autol-

ogous bone marrow stromal cells delivered on a macroporous hydroxyapatite

carrier for the healing of large bony defects (�4.0 cm) in a small human clinical

series. The implant was placed within the defect, and the fracture was stabilized

with external fixation. In each instance, the composite implant was able to

achieve successful union of the bony defect, thus producing the first direct

evidence that tissue engineering of bone can be successfully applied to humans

in a clinical setting.

Bone Morphogenetic Protein Gene Therapy 

Bone Morphogenetic Protein Overview
Bone morphogenetic proteins (BMPs) are a group of secreted proteins that

are members of the transforming growth factor-� (TGF-�) superfamily based

on their high degree of homology within the C-terminal seven-cysteine region

[4–7]. These proteins were originally recognized for their ability to form ectopic

bone by inducing primitive mesenchymal cell chemotaxis, proliferation, and

differentiation into chondrocytes and osteoblasts [8–13]. The ectopic bone is

formed primarily through endochondral mechanisms, recapitulating many of
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the events seen during embryonic development [7, 10, 11, 13–15]. However,

when delivered in high concentrations, direct or intramembranous bone forma-

tion can also be induced at the treatment site. Other BMPs have been found

experimentally to induce the formation of various other tissue types, including

cartilage, tendon, and ligament [16–24]. Molecular cloning techniques have

allowed the production of certain BMPs in large quantities, which has con-

tributed to the rapid advancement of our collective understanding of BMP

biology and potential for clinical applications [7].

BMPs are initially synthesized as monomeric precursors that, after prote-

olytic cleavage, undergo dimerization through disulfide bonding [15, 25]. These

dimers, which can be either homologous or heterologous, are released extracellu-

larly and act by binding to type I and II receptors [26–34]. Receptor binding and

subsequent transphosphorylation leads to the phosphorylation and activation of

various cytoplasmic Smad proteins [35–40]. These activated Smad proteins then

translocate to the nucleus and initiate cellular responses, including chemotaxis,

proliferation, and differentiation.

Gene Therapy Overview
Gene-based therapies attempt to deliver specific genes, known as the trans-

gene, to target cells to change the existing physiologic state or disease process

[41, 42]. Delivery of the genetic material to the target cell can be accomplished

by both nonviral and viral vectors. Nonviral or synthetic delivery techniques

include the use of molecular conjugates, liposomes, naked DNA, plasmids,

electroporation, or the incorporation of the transgenes with viral proteins.

To date, the majority of these techniques are limited by their relatively low cel-

lular transduction rates. In contrast, viral vectors can be highly efficient in their

delivery of genetic material. Some of the more common viruses used for gene

therapy include the adenovirus, herpes virus, retrovirus, and adeno-associated

viruses (AAV). These vectors are often genetically modified so that they are

replication-deficient, through the removal of specific portions of the viral

genome, which allow for the insertion of a therapeutic transgene. Although

gene therapy as a concept continues to capture the imagination of basic scien-

tists and clinical researchers, the advancement of the techniques toward human

use has proven difficult [41–44]. Technical hurdles such as insufficient trans-

gene expression, an inability to circumvent the host immune system, and a fail-

ure to achieve long-term transgene expression continue to present a challenge

for many clinical applications. Fortunately, bone induction using BMPs may be

an ideal application of gene therapy because long-term expression of the BMP

is not required to achieve therapeutic bone formation. In fact, the elimination

of BMP expression may be advantageous in that tissue overgrowth or toxicity

is less likely to be encountered.
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Viral Vectors

Adenoviral Vectors. Adenoviruses are double-stranded DNA viruses

which bind to specific cell surface receptors, enter the cells by endocytosis, and

subsequently release their DNA into the cytoplasm [45, 46]. The viral genome

is divided into immediate early genes, early genes, and late genes according to

the time in which the genes are expressed. The immediate early genes activate

early gene transcription, while the early genes are involved both in subsequent

viral replication and host immune evasion. The late genes code for the aden-

oviruses’ structural proteins [46]. Most adenoviral vectors studied to date are

derived from the adenovirus serotype-5, which are rendered replication-

defective by deletion of the E1 region. The E3 region is often deleted as well to

make room for larger transgenes. First generation adenoviral vectors can

accommodate up to 8 kb of foreign DNA.

The advantages of adenoviral vectors include their ability to be produced in

high titers, their extrachromosomal life cycle, which reduces the risk of insertional

mutagenesis, and their ability to transfect numerous cell types [46, 47]. There are

several potential disadvantages of the adenoviral vector for gene therapy. Because

the virus does not integrate into the cellular genome, the length of gene expression

is limited and therapeutic genes are not passed to the progeny of the transduced

cells. Perhaps the most problematic issue with adenoviral vectors, however, is the

robust humoral and cellular immune response that can occur at the treatment site

resulting in reduced transgene expression. Intense research efforts are currently

directed at blunting the immune response by alterations to the adenoviral vector

such as deleting the viral DNA polymerase gene (�pol adenoviral vectors) or

completely eliminating the viral genome (gutless adenoviral vectors).

AAV Vectors. AAV, which are defective single-stranded DNA parvoviruses,

are also attractive vectors for BMP gene therapy studies [48]. AAV vectors have

the ability to integrate stably into the target cell’s genome, transduce a variety of

cell types, maintain high levels of gene expression, transfect both proliferating

and quiescent cells, and be generated in high titers. Numerous studies have

demonstrated that AAV can efficiently transduce muscle and other cells in vivo

with little inflammatory response and no evidence of insertional mutagenesis.

The production of AAV vectors was initially fraught with numerous technical

difficulties; however, current techniques of vector production lead to a high yield

of recombinant AAV, completely free of wild-type AAV.

Retroviral Vectors. Retroviral vectors enter target cells through interac-

tions between the viral envelope proteins and cell surface glycoproteins.

Importantly, retroviruses contain single-stranded RNA. Once the viral genome

is released into the cytoplasm, retroviral reverse transcriptase produces a double-

stranded DNA copy, which subsequently integrates into the host genome

during mitosis. One disadvantage to using retroviral vectors is that retroviruses
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can only integrate their genetic material into proliferating cells [49]. Therefore,

it may be difficult to achieve adequate cellular transduction at sites requiring

bone induction by direct injection. Other major disadvantages of retroviral

vectors are their low infectivity and instability of the virions. The utilization of

retroviruses for BMP gene therapy will most likely be limited to ex vivo

approaches, such as for the genetic modification of MSC populations.

Herpes Viral Vectors. Herpes viruses are double-stranded DNA viruses

which can cause significant human pathology, including cold sores and encephali-

tis. Gene therapy studies utilizing herpes viral vectors typically utilize geneti-

cally modified herpes simplex type 1. In the normal life cycle of these viruses,

the virion fuses with the cell membrane and is transported to the nucleus where,

after several phases of gene transcription, the cell lyses and releases progeny

viral particles. Herpes viruses also have the ability to enter a latency phase, dur-

ing which time the viral genome is not actively transcribed. This latency phase

can be lost during cell division [46]. Herpes viral vectors have the advantage of

being able to accommodate up to 40 kb of foreign DNA and can be utilized to

insert foreign DNA into a variety of cell populations, including myocytes, with

limited toxicity. Herpes viral vectors may, therefore, be a reasonable vector for

BMP gene therapy [50].

Nonviral Vectors

Direct Plasmid Injection. Wolff [51] was the first to show that the direct

intramuscular injection of plasmid DNA could lead to low level, short-term

gene expression. Other researchers have now demonstrated the successful

transduction of the myocardium, brain, thyroid, and various tumors using this

technique [52–55]. Inadequate cellular transduction rates can be significantly

increased by pretreatment of the injected area with hypertonic saline or bupi-

vacaine [56]. Systemic gene expression can also be obtained by the direct intra-

venous injection of naked DNA in adults, although rapid degradation of the

DNA prior to reaching the target cell remains problematic in the absence of a

delivery system, such as cationic liposomes [57]. Currently, no published stud-

ies have demonstrated successful bone formation using direct injections of

osteogenic plasmid into either orthotopic or heterotopic sites.

Electroporation. The diffusion of extracellular DNA into a cell in vitro

and in vivo can be significantly increased by permeabilizing the cell’s mem-

brane using short, high intense electric pulses. The technique essentially opens

small pores in the cell’s membrane, through which molecules can diffuse down

concentration gradients. When the pores spontaneously close, the DNA is sealed

within the cell’s cytoplasm, where it can be transported to the nucleus [58]. This

technique can increase the transduction rate over a 1,000-fold compared to

direct plasmid injection, and has been utilized to transduce liver, melanoma,
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skin, and muscle cells [59, 60]. The ideal parameters for cellular transduction

appear to vary between tissues. In addition, only short-term gene expression has

been achieved. The utilization of this approach for the delivery of osteogenic

genes has yet to be defined.

Gene Gun. Another interesting technology which is currently under investi-

gation for transducing cells with foreign DNA is the gene gun. The technique

involves the coating of gold particles with plasmid DNA, which are subsequently

bombarded into the tissue of interest [61]. Under optimal conditions, the gene gun

can be utilized to transduce 10–20% of the cells at the treatment site. Although

gene expression of up to 60 days has been achieved, the depth of tissue penetra-

tion is limited to �0.5 mm [62]. In addition, low levels of gene expression are

generally achieved, which is problematic for BMP gene therapy, where relatively

high levels of local BMP expression are required for tissue induction.

Liposomes. Liposomes are commonly used to deliver DNA to cells in

vitro [63]. Cationic derivatives of diacylglycerol and cholesterol, lipid deriva-

tives of polyamines, and quaternary ammonium detergents are typically used

to form the cationic lipid-DNA complexes. The cationic-lipid compounds serve

to decrease the negative changes of the DNA plasmids and facilitate entrance

of the plasmids through the cell membrane. Liposome preparations also

contain neutral or ‘helper’ lipids, including cholesterol or dioleoylphos-

phatidylethanolamine, to improve DNA release from the endosome into the

cytoplasm [64]. Liposomes can transduce a wide variety of cells and tissues,

including vascular endothelium, lung, brain, and skin [65, 66]. The attachment

of cell-specific antibodies to the liposomal membrane may improve tissue

specificity of this transduction technique. Intense research efforts are currently

directed at improving liposome production and delivery, which may render

these vectors ideal for BMP gene delivery in the near future.

Polymer-DNA Complexes. High-molecular-weight cationic polymers, such

as poly-L-lysine, poly-L-ornithine, polyethylenimine, and chitosan, can improve

DNA delivery to cells via nonspecific absorptive uptake [67, 68]. Various syn-

thetic polymers can also be utilized to improve cellular transduction rates and

can be designed to be biodegradable, thermosensitive, and biocompatible [69].

Polymers can also be constructed with targeting ligands, such as antibodies,

transferrin, and asialoglycoprotein to improve tissue specificity. Additional

modifications to these molecules can also be made to improve cellular uptake

and cytoplasmic trafficking of the therapeutic gene.

Direct BMP Gene Therapy
The promotion of osteogenesis through the direct injection of adenoviral

vectors in vivo has been successfully achieved in both immunosuppressed and

immune-competent animals [70, 71]. All immune-competent animals tested
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with BMP adenoviral vectors, to date, have demonstrated evidence of an

immune response at the treatment site. The immune response appears to be both

humoral and cellular, and is directed against both the injected adenoviral parti-

cles and cells transduced by the adenoviral vector. It remains unclear whether

there is a major immune response directed against the foreign BMP (i.e. human

BMP gene in animal models) expressed using gene therapy techniques. A vari-

ety of different BMP adenoviral vectors have been shown to induce bone for-

mation in athymic nude rodents, including Ad-BMP-2, Ad-BMP-4, Ad-BMP-6,

Ad-BMP-7 and Ad-BMP-9. In immune-competent rodents, Ad-BMP-6 and 

Ad-BMP-9 are able to overcome the host immune response and induce signif-

icant bone formation. Figure 1 demonstrates the mechanisms involved in

osteogenesis using direct BMP gene therapy with an adenoviral vector.

In the paraspinal region, direct injection of adenoviral vectors, including

Ad-BMP-2 and Ad-BMP-9, have been shown to induce spinal fusion in athymic

nude rodents, without producing central or lateral stenosis caused by exuberant

bone formation [71, 72]. The fusion mass completely integrates with the adja-

cent laminae and spinal processes, without evidence of pseudoarthrosis, sug-

gesting that decortication of cortical bone is not required for bony fusion when

BMPs are applied in the paraspinal region. Stereotactically injected BMP vec-

tors into the paraspinal musculature is a compelling approach, since multiple,

percutaneous injections could be performed to produce a fusion mass with a

predetermined three-dimensional shape and in locations specific for each patho-

logical process. Postprocedural pain would be minimal since the technique

would not require muscular dissection. Patients requiring neural decompression

could be taken to surgery following successful bony fusion, where extensive

laminectomies, facetectomies, and foraminotomies could be performed without

leading to spinal instability. Figure 2 demonstrates a posterolateral spinal fusion

in the lumbar region of a rabbit using percutaneous, direct gene therapy of a

BMP-6 adenoviral vector, demonstrating significant bone formation with

excellent union with the host transverse processes.

Ex vivo BMP Gene Therapy
Another approach that is currently being investigated by several research

groups is ex vivo gene therapy, a technique in which osteogenic genes are

inserted into cells in tissue culture, and the genetically altered cells are subse-

quently implanted into regions requiring bone formation in experimental ani-

mals [73]. The cellular implants express and secrete bone morphogens, which

in turn induce the osteogenic response. Lieberman et al. [74, 75] demonstrated

that a murine bone marrow stromal cell line, which had been transduced with

BMP-2 cDNA using an adenoviral vector, could induce both heterotopic and

orthotopic bone formation in severe combined immune-deficient (SCID) mice.
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Fig. 1. Diagram showing mechanisms

of bone formation using direct, percuta-

neous injection of an adenoviral vector con-

taining the BMP-9 gene. Expression of

BMP-9 by the transduced cells leads to

migration, proliferation, and differentiation

of MSCs, ultimately leading to successful

osteogenesis.

Fig. 2. Three-dimensional CT recon-

struction of rabbit lumbar spine treated with

bilateral, percutaneous injections of a BMP-6

adenoviral vector using a posterolateral

approach, demonstrating significant bone

induction and a successful transverse process

spinal fusion. The data demonstrates that

successful osteogenesis can be achieved in

immune-competent rabbits using current

gene therapy technologies.
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In a similar study, Riew et al. [76] transduced marrow-derived MSCs with the

BMP-2 gene and autologously reimplanted the genetically modified cells in the

paraspinal region in rabbits. One of the five treated rabbits demonstrated as suc-

cessful intertransverse process spinal fusion, which was assessed radiographi-

cally and histologically. Although only 20% of the treated animals showed

significant bone formation, this study clearly demonstrated the potential of 

ex vivo gene therapy techniques. This group subsequently demonstrated that the

rate of bone formation could be increased to 100% in the treated region by

implanting the cells 7 days following viral transfection [77].

Musgrave [78] transduced mesenchymal cell populations obtained from

human muscle with the BMP-2 gene using an adenoviral vector. The trans-

duced cells were implanted into SCID mice and demonstrated successful

ectopic bone formation. Lee et al. [79] inserted the BMP-2 gene into muscle-

derived mesenchymal cells in mice and implanted the cells into mouse critical-

sized cranial defects. The transduced cells significantly increased the healing

rate of defects compared to control cells. In addition, fluorescent in situ

hybridization was utilized to demonstrate incorporation of the transduced cells

into the induced bone. In another compelling study, Turgeman [80] isolated

human MSCs from the bone marrow of normal patients, as well as patients

suffering from osteoporosis. The cells were transduced with the BMP-2 gene

and subsequently grafted into ectopic and orthotopic locations, leading to suc-

cessful osteogenesis. Utilizing a retroviral BMP-2 vector, Laurencin et al. [81]

demonstrated successful heterotopic bone induction by BMP-2-transduced

cells delivered on a PLAGA-HA scaffold in a SCID mouse model. The expres-

sion of the human bone morphogenetic protein-7 gene by periosteal-derived

rabbit mesenchymal cells has also been shown to induce bone and articular

cartilage repair in a rabbit knee osteochondral defect model [82]. In an elegant

study, Moutsatsos et al. [83] genetically engineered a murine MSC line to

secrete BMP-2 in a regulated fashion. The BMP-2 gene was under control of a

doxycycline-responsive promoter, such that the presence of doxycycline in

vitro and in vivo would downregulate BMP-2 expression. In vivo implantation

of this cell line led to both orthotopic and ectopic bone formation in a regulated

fashion, suggesting that long-term regulation of bone induction may be

possible.

Our lab has recently demonstrated that human MSCs transduced with the

BMP-9 gene can induce robust bone formation in athymic nude animals. In an

ectopic model, the implanted cells survive long-term, as assessed by an anti-

human mitochondrial stain, and contribute to the cellular composition of the

ectopic bone. Local host stem cells at the injection site are also stimulated by

the secreted BMP, and differentiate into chondrocytes and osteoblasts at the

treatment site. The genetically modified cells were also capable of forming
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significant bone formation in the paraspinal region following percutaneous

injection. The fusion mass integrated completely with the adjacent host spine,

similar to the direct BMP adenoviral vector treatment sites, without evidence of

posttreatment neural compression (unpubl. data).

In another set of interesting studies, Boden et al. [84, 85] have reported a

novel ex vivo gene therapy technique which utilizes the insertion of the osteogenic

LMP-1 gene into allogenic bone marrow cells. These investigators demonstrated

significant bone formation by the transduced cells in the paraspinal region of

rodents, in spite of relatively low transduction rates. LMP-1 gene therapy is

unique in that it is thought to induce the secretion of a variety of osteogenic

growth factors, which in turn stimulate bone formation.

These ex vivo techniques have the advantage of not only expressing

osteogenic morphogens, but also supplying the treated region with bone pre-

cursor cells, which may be of limited supply at the treatment site. For example,

it is unclear whether pluripotent stem cells are uniformly present throughout the

body in the adult human, which could make direct BMP or BMP gene therapy

treatments ineffective. Also, the number of MSCs may decrease with age,

which might decrease the physiologic activity of BMPs. The introduction of

stem cells, which are genetically modified to secrete bone morphogens, is,

therefore, a compelling approach. The harvest and expansion of autologous

stem cells for widespread human use may be hampered by high costs, cellular

contamination, and other technical difficulties. Therefore, other approaches

such as the genetic modification of traditional bone grafts (which contain

cellular precursors such as stem cells and osteoblasts) at the time of surgery

may be a more reasonable near-term approach.

Future Research and Development

Recent studies have clearly demonstrated the potential utility of MSCs and

BMP gene therapy for the promotion of bone formation for spinal applications.

However, the field of molecular spine surgery is certainly in its infancy. Many

of the techniques are under continuing development and may require refine-

ment prior to clinical application. The establishment of an allogenic or xeno-

geneic source of stem cells, which could be modified to attenuate potential host

immune responses, would have significant advantages compared to autologous

cells for clinical application. Various groups are currently studying the use of

genetically modified porcine cells, which are genetically altered to decrease

their expression of foreign antigens. In addition, ex vivo gene therapy approaches

are currently being developed to induce local immunosuppression around the

transplanted cells. The efficacy of BMP gene therapy might also be improved
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Fig. 3. Diagram demonstrating the

local production of potent BMP het-

erodimers using combinational gene therapy

techniques with two BMP adenoviral vectors.

Two homodimeric and one heterodimeric

species are produced, which may be more

effective at promoting bone formation than

treatment with a single BMP vector.

by achieving the expression of a cocktail of different growth factors at the treat-

ment site. Several growth factors, including BMP-6 and TGF-�3, have been

shown to have synergistic effects on stem cells in vitro. In addition, the gener-

ation of potent BMP heterodimers could be produced using a combination of

vectors, which may have improved osteogenic effects compared to their respec-

tive BMP homodimers alone (fig. 3). Finally, the optimal gene delivery system

for osteogenic genes has certainly not been firmly established for human use.

Although viral vectors have clearly been the most effective approach in animal

studies, their use in humans may be limited by their antigenicity. Therefore, the

development of novel nonviral approaches which are able to achieve short-term,

high-level transgene expression would be ideal for human use. It is anticipated

that many of these issues will be addressed in the near future and that cutting

edge tissue engineering technologies can be successfully applied to treat human

spine pathology.
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Bone Substitutes

Karin R. Swartz, Gregory R. Trost

University of Wisconsin-Madison, Madison, Wisc., USA

There has long been a need to minimize the morbidity associated with

spinal fusions. Bone substitutes are the most recent focus of this process, in an

attempt to minimize the morbidities of donor site harvesting without compro-

mising fusion. Autograft bone, consisting primarily of cancellous and some cor-

tical bone, is the current standard for spinal fusion constructs. However,

harvesting autograft usually requires a second incision and involves a risk of

associated morbidities, such as infection, blood loss, hematoma formation, neu-

rologic and vascular damage, pain, joint destabilization, and fractures.

Furthermore there is a limit to the size, shape, and volumes of harvested auto-

graft. Methods for strengthening the spine and improving nonunion/delayed

healing rates are actively being pursued.

The ideal graft should be biocompatible, osteoinductive, and resorbable.

This allows for incorporation with the surrounding tissues, including vascular-

ization [1, 2]. An ideal graft should be malleable, but once in vivo, should not

flow out of the graft bed [3]. It must restore the spine to its functional state [2]

with pain relief [4], allowing for decreased disability. Furthermore, an ideal

graft must be sterile, to abolish the risk of disease transmission. Finally, it

should be easy to use and cost-effective.

Physiology

Bone development occurs via several processes, specifically osteogenesis,

osteoinduction, and osteoconduction [2]. Osteogenesis is the creation of bone,

primarily occurring through the bone-building capabilities of osteoblasts, the

deposition by osteoblasts of rigid extracellular matrix (ECM), and the eventual

mineralization of the ECM into bone. The osteoblastic activity is normally

balanced by the bone-resorbing function of osteoclasts, which also allows for
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remodeling. Bone remodeling, a balance between bone formation (osteoblastic)

and bone resorption (osteoclastic) functions, is important for skeletal growth as

well as maintenance of normal bone structure. Various growth factors (GFs)

have been implicated in the function of maintaining/healing bone, including

transforming growth factor-� (TGF-�), platelet-derived growth factor, insulin-

like growth factors, fibroblast growth factors, and bone morphogenetic proteins

(BMPs) [3].

Osteoinduction involves active recruitment of mesenchymal stem cells

and facilitation of their differentiation along the osteoblastic lineage [2].

Osteoinduction more commonly occurs in cancellous more so than cortical

bone, and appears to be under the control of BMPs, as opposed to the other

GFs, which are not osteoinductive. Osteoconduction, which involves the ingrowth

of cells to create and support a stable bony environment, is likewise achieved

more readily through cancellous than cortical bone.

Bone Allograft

Cadaveric sources of bone graft are available autograft substitutes that

have undergone sterilization and processing. Tissue processing can weaken the

cadaveric bone graft and affect healing properties. Furthermore, despite pro-

cessing, there is a small but recognized concern over the possibility of disease

transmission. Grafts are typically a combination of both cancellous and cortical

bone – cancellous for its osteoinductive and osteoconductive properties, corti-

cal for its load-bearing capacity. Allografts come in many different sizes

and shapes. As the number of procedures using allograft continues to rise, the

availability will become limited, thus prompting searches for alternatives.

Alternatives to bone banking involve products of tissue engineering,

consisting of natural or synthetic scaffolds with GFs, and of GF therapeutic

techniques that involve direct implantation of cytokines, transduction of genes

encoding cytokines with osteogenic capability, or of transplantation of cultured

osteogenic cells [5].

Tissue Engineering

Tissue engineering applications are potential approaches for the future of

bone repair strategies. These applications rely on GFs for development of new

tissue through chemotaxis, proliferation, differentiation, and new tissue forma-

tion [3]. The development of carriers, delivery systems, and specific GFs is

underway.
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Carriers
Carrier substances can be divided into four major categories: inorganic

materials (bioglasses and ceramics), synthetic polymers (especially poly-

methylmethacrylate), natural polymers (primarily collagen), and composites

(various) (table 1) [3]. Collagen combined with hydroxyapatite is one of the

most widely used first-generation composite carriers, which is both flexible and

able to bond directly with bone [3]. As scaffolds, carriers must act as permis-

sive environments for osteoconduction to be successful [3] (table 2).

Hyaff-11

Hyaff-11 is a new semisynthetic biopolymer that can be fabricated into

porous scaffolds for tissue reconstruction. It is a benzyl ester derivative of the poly-

saccharide hyaluronic acid, a natural component of the ECM. Hyaluronic acid

plays a role in proteoglycan organization, cell differentiation, and wound healing.

It has well-established biocompatibility, and is biodegradable in 8–12 weeks in

vivo [6]. In a study by Kim and Valenti [6], Hyaff-11 was used as scaffolding for

the delivery of rhBMP-2, and showed low constitutive levels of release of BMP-2,

with good retention of the morphogenetic protein at the site, with success based on

the resultant increased expression of osteoblasts with bone formation.
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Table 1. Commercially available substitutes [adapted from 2]

OrthoBlast™ Heat-sensitive copolymer with cancellous bone chips and DBM,

available as injectable paste or putty; osteoconductive, bioresorbable, limited

osteoinduction 

DynaGraft® Heat-sensitive copolymer with DBM, available as injectable gel, matrix,

or putty; osteoconductive, bioresorbable, limited osteoinduction

ProOsteon® Coral HA composite; available in granular or block form; 

osteoconductive and bioresorbable 

Grafton® DBM combined with glycerol, available as gel; osteoconductive,

bioresorbable, limited osteoinduction 

OSTEOSET® Surgical grade calcium sulfate; available as various-sized pellets; 

osteoconductive, bioresorbable 

AlloMatrix™ DBM with surgical grade calcium sulfate powder; available as injectable or

formable putty; osteoconductive, bioresorbable, limited 

osteoinduction 

Collagraft™ Mixture of HA, tricalcium phosphate, and bovine collagen; available as strip

configurations; osteoconductive, bioresorbable, limited 

osteoinduction when mixed with bone marrow

Vitoss Surgical grade tricalcium phosphate; available as blocks or morsels;

osteoinductive, bioresorbable

DBM � Demineralized bone matrix; HA � hydroxyapatite.
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PLA-DX-PEG

Saito et al. [5] developed a biodegradable synthetic polymer to deliver

BMP-2. PLA-DX-PEG (poly-D,L-lactic acid-p-dioxanone-polyethylene

glycol) is available as a block copolymer that is biocompatible and biodegrad-

able. It offers an alternative to bone banking with no disease transmission, no

evidence of immunoreaction or foreign body reaction, and is more effective

than collagen-BMP-2 systems in regard to calcium content of formed ossi-

cles. Also, it swells a little when in contact with water and thus fills the dead

space at the bone-implant interface and provides a layer of scaffolding for

new bone [5].

Polymethylmethacrylate

Polymethylmethacrylate is the only available cement with reports of clinical

application and experience for vertebroplasty in the treatment of osteoporosis [1].

Polyetheretherketone

Polyetheretherketone (PEEK) is a radiolucent, biocompatible synthetic

polymer that purports similar stiffness to cortical bone. It is a polyaromatic
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Table 2. Pros and cons of carrier substances [adapted from 3]

Substance Inorganic materials Synthetic polymers Natural polymers Composites

Pros Similar structureto bone Reproducible manufacture Excellent biocompatibility Benefits from

Resorbable or Readily tailored May have natural affinity different materials

nonresorbable Controlled release for GFs exploited

Affinity for BMPs Ease of sterilization

Cons Brittle/difficult Breakdown products Pathogen transmission Complex manufacture

to mold might be inflammatory Sterilization

May be exothermic Solvents or cross-linkers Potential immunogenicity

might denature proteins

Nonphysiologic material

Examples Porous coralline HA Poly (�-hydroxy acid) Fibrin glue Collagen-TCP

B-tricalcium Polypropylene fumarate Collagen (type I) Collagen-HA

phosphates (B-TCP) Polyanhydrides Chitosan TCP-cellulose

Hyaluronic acid Polyphosphazenes Hyaluronic acid

Calcium phosphate Polozamers Gelatin

cements DBM

Metals

Calcium sulfates

HA � Hydroxyapatite; DBM � demineralized bone matrix.
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semicrystalline thermoplastic which is available as a cage (Stryker Solis®) or

in a pellet form for injection molding or machined cage (Invibio™ PEEK-

OPTIMA®). When in cage form, it can be packed with either auto- or allograft

to facilitate fusion.

Poly(L-Lactic Acid)

Poly(L-lactic acid) cages are radiolucent bioabsorbable cages that

demonstrate higher elasticity and thus less stiffness than metal cages. They have

been proven mechanically sufficient and resorb after providing support for an

average of 6 months [7].

Demineralized bone matrix products (ex: Osteofil™) are other osteoinduc-

tive graft substitutes. No current objective clinical data [8] is available.

Delivery Systems
Techniques for application of GFs are many, with the most commonly

cited described next: (1) delivery of DNA encoding a GF or in vivo gene

therapy, (2) delivery of a cell to produce the GF or ex vivo gene therapy also

called cell therapy, and (3) delivery of the protein itself via some carrier

matrix [3].

The latter of these has advanced the furthest, with ongoing attempts to

discover optimal carriers for GFs. These carriers would allow controlled release

(appropriate kinetics) with therapeutic dosing and would act as sturdy scaffolds

[3], thus encouraging cells to migrate and differentiate (osteoconduction and

osteoinduction), as well as allow ingrowth of blood vessels, passage of nutri-

ents, and expulsion of waste products [3]. Degradation and breakdown of the

carrier matrix should either be inert or beneficial to healing, and should be

synchronized with the rate of bone regeneration: too slow, and bone growth/

remodeling is retarded and carries a risk of encapsulation, and too fast, and the

definition of optimal shape may be lost [3].

Gene therapy, in its most generic terms, can be divided into in vivo or

ex vivo techniques to deliver a gene sequence for the osteoinductive factor (rather

than the factor itself) [9]. Both involve insertion of foreign cDNA directly into

a host (in vivo) or into donor cells (ex vivo) via a vector, ultimately forming

cells whose primary purpose is to produce a desired GF [3]. In the in vivo

model, also known as in situ therapy, a vector is directly introduced into host

cells inside the body, the vector acting as the carrier. In the ex vivo model, also

known as cell therapy, the cells can either be harvested from the patient or

another donor; that cell then becomes the carrier for the secreted GF (using

tissue culture expansion and gene transduction), and then is delivered into

the host [3, 10]. The success of gene therapy relies on accurate transduction,

transcription, translation, and expression (table 3).
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Growth Factors
The current trend in osteoinductive bone graft substitutes for minimally

invasive spine fusions includes providing GF cytokines in addition to the scaf-

folding of the carriers. Categories of factors used in these substitutes include

purified bone GFs, recombinant bone GFs, and gene therapy-delivered GFs.

The working current hypothesis is that a burst followed by sustained factor

release is ideal, allowing for cellular migration to the area, with eventual com-

mitment to osteoblastic lineages with propagation of cellular numbers [3].

An example of a GF invested as an osteoinductive bone graft is BMP.

Bone Morphogenetic Proteins

BMPs have been proposed to revolutionize bone surgery. BMPs are

members of the TGF-� family, which guides the differentiation of stem cells

down specific lineages (i.e., bone, cartilage) [6, 8, 11–17]. Urist [18] initially

discovered that devitalized bone could induce ectopic bone in rodents, and then

went on to isolate the protein from demineralized bone matrix; others went on to

clone these bone-inducing substances, and currently over forty have been iden-

tified [19]. They act locally, and thus must be delivered directly to the site

needed. BMPs trigger osteoblastic differentiation of marrow mesenchymal stem

cells, preosteoblasts, and undifferentiated mesenchymal cells [6, 8, 11–17].

BMP-2 is the most widely studied, and is one of the most potent osteoin-

ductive of the BMPs [6, 8, 11–14, 16, 18, 20, 21]. Other chondrogenic/potentially

osteogenic morphogenetic proteins include BMP-4 [13], BMP-6 [17], BMP-7

(aka osteogenic protein-1, OP-1) [15], and BMP-9 [11]. BMPs have many roles

besides osteogenesis: BMP-4 has been implicated as proapoptotic in somatic

development [22], BMP-9 in fetal and adult liver function [23] as well as in

CNS development [24], BMP-2, BMP-7 and BMP-4 in CNS development [25],

and BMP-4 and BMP-7 in lung development [26].
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Table 3. Pros and cons of gene therapy techniques

Pros Cons

Ex vivo No viral particle transmission More technically demanding

No DNA complexes Cost

Higher efficiency of transduction

In vivo Easier Difficult targeting specific cells

No harvesting Transduction efficiency

Potentially lower cost Vector diffusion from site

Host response to viral proteins
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Sustained production of high levels of activated BMP-2 using recombinant

adenovirus type 5 (Ad5BMP-2) has been achieved by Olmsted et al. [14]. In their

research, they were able to elicit BMP synthesis upon infection even by non-

osteoprogenitor cells, which was 3-fold more active than equivalent concentrations

of rhBMP-2 [14].

The issue of physical containment of BMP still needs to be optimized, such

that it remains in place, without causing unwanted bone growth that could

potentially cause neurovascular compromise.

Preclinical Data

Animal models, especially small animals, have shown success with treat-

ment of fractures and segmental defects [3]; Murata et al. [27] showed successful

rapid bone growth from an onlay over bone without periosteum, using rhBMP-2

and bioabsorbable atelocollagen in rats. Ripamonti et al. [28] used BMP-7 

(OP-1) to grow bone over a cranial defect in baboons. Boden [29] developed a

rabbit model to characterize the healing process, and sequenced a novel cDNA

encoding for LMP-1 (LIM-mineralizing protein-1, an intracellular protein which

induces osteoblastic differentiation); when implanted locally in the bone marrow

transfected with LMP-1 cDNA, he reported 100% fusion. Majumdar et al. [11,

30] isolated multipotential mesenchymal cells from the bone marrow and cul-

tured them in the presence of TGF-�3 and recombinant human BMPs (rhBMP-2

and rhBMP-9) causing chondrogenic differentiation, a technique that could allow

for delivery of chondrogenic GFs to the site of articular cartilage repair. Noshi et

al. [16] further advanced the bone-forming capability of a composite using mar-

row mesenchymal stem cells and porous hydroxyapatite by adding rhBMP-2 to

the composite, which resulted in accelerated bone formation.

Clinical Trials

Boden et al. [20] were the first to demonstrate the clinical efficacy of

rhBMP-2 for single-level spinal arthrodesis, comparing tapered titanium fusion

cages packed with either rhBMP-2 (1.5 mg/ml) soaked onto bovine collagen

sponge or with morselized iliac autograft. Success was based on shorter hospi-

tal stays, shorter operative time, less blood loss, and improved fusion in the

cage-BMP construct.

Sandhu [8] performed anterior lumbar interbody fusions using combined

threaded titanium cages filled with autograft and compared with cages filled

with rhBMP-2, and found the cages filled with rhBMP-2 had better outcomes,

including high fusion rates, shorter operative time, and shorter hospital stays.
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Friedlaender et al. [15] evaluated rhOP-1 (BMP-7), comparing clinical and

radiographic results in the treatment of tibial nonunion in a controlled, prospec-

tive, randomized, and partially blinded clinical trial. They inserted intramedullary

rods packed with either rhOP-1 in a type I collagen carrier or with fresh bone

autograft. They determined there were no statistically significant differences in

the results at 9 months, with 81 and 85% clinical success (respective) and 75

and 84% radiographic success (respective). Interestingly, postoperative

osteomyelitis rates at the nonunion site were greater in the autograft group

(21% in autograft patients, 3% in OP-1 patients).

Other Issues
Different anatomical sites may require different substitutes. Special con-

sideration must be given to variables of the involved kinetics with different

locations, the effects of medications, the impact of disease processes, and of

aging on the efficacy of function [2, 3, 6].

Objective measures determining utility of any bone-stabilizing product must

certainly include cost containment issues centered around operating room func-

tions, including time required for the procedure, duration of needed anesthesia,

supplies used/needed, and length of stay in recovery and in hospital (table 4).
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Table 4. Comparisons of autograft, allograft, and substitutes

Bone graft Structure/ Osteoconduction Osteoinduction Osteogenesis Price

strength

Autograft

Cancellous No ��� ��� ���

Cortical ��� �� �� ��

Allograft

Cancellous

Frozen No �� � No

Freeze-dry No �� � No

Cortical

Frozen ��� � No No

Freeze-dry � � No No

Substitutes

OrthoBlast™ No �� � No 10 cm3: USD 850/

DynaGraft® No �� � No 5 cm3 USD 470

ProOsteon® 500R ? �� No No 10 cm3: USD 850/

Grafton® No �� � No 5 cm3 USD 470

OSTEOSET® No �� No No 10 cm3: USD 1,150

AlloMatrix™ No �� � No 6 strips: USD 1,109/

Collagraft™ No �� � No 3 strips: USD 683

Vitoss No �� No No 10 cm3: USD 525
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As always, success of fusion depends on many factors, but is maximized

by the basic tenets of properly prepared sites, exposed cancellous bone,

mechanical loading and stability.
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Incredible advances in the surgeon’s ability to restore stability to the unsta-

ble spine have been made in the last decade. Using metal implants, surgeons can

now effectively stabilize any motion segment of the spine. With the concomitant

use of autograft or allograft bone, high fusion rates can be achieved in the vast

majority of cases. There are, however, drawbacks to the use of such systems.

Autograft bone is not always available for a given application and autograft

harvest is associated with nontrivial morbidity in a substantial fraction of

patients [1]. The use of allograft bone is associated with lower fusion rates than

autograft bone in most cases. The use of allograft is often limited by both cost

and availability. Machining of allograft bone to predetermined shapes is a tech-

nology- and labor-intensive process, and processing of the bone for infection

control and mechanical consistency is expensive. Finally, the use of metallic

implants is associated with late complications related to implant failure, erosion

into soft tissue structures, and degradation of the bone/implant interface.

In response to these drawbacks, several companies have developed resorbable

biomaterials that can serve as temporary fixation devices, structural supports,

and osteoconductive or even osteoinductive conduits for new bone growth.

These products offer the potential advantages of unlimited supply, significant

cost savings, and a reduction in patient morbidity. This chapter is intended to

serve as an overview of some of these new biomaterials and their potential

applications. This overview will be incomplete, as the pace of new development

in this field is staggering. Many of the substances and devices presented are not

FDA approved or are FDA approved for uses outside of the spine. The reader is
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cautioned to review the FDA-approved indications for the use of any of the

described products prior to the experimental or therapeutic use of any of the

products described.

Resorbable Synthetic Bone Substitutes

Autograft bone remains the gold standard for spinal fusion procedures,

especially lumbar posterolateral fusion. Autograft bone is osteogenic, in that it

contains the cellular components responsible for new bone formation.

Autograft is osteoinductive, in that it contains diffusible proteins which induce

neighboring cells to produce bone. Autograft is also osteoconductive, in that it

has a structure which allows for the migration of osteogenic cells which can

then form new bone [2]. Depending upon the size, shape, and source of the

autograft, mechanical strength may be negligible (cancellous) or substantial

(tricortical iliac crest, fibula, rib). Drawbacks to the use of autograft include

harvest site morbidity as well as limited availability. The use of allograft bone

avoids the problem of graft site morbidity, and allograft humeral, femoral, and

patellar grafts are available for use as large load-bearing struts. Allograft bone

is osteoconductive, and in some preparations may be somewhat osteoinductive

(such as in demineralized bone matrix). Unfortunately, allograft bone is not

always readily available. Allograft is expensive to preshape into readily used

sizes. Finally, some patients may refuse the use of allograft for religious reasons

or because of fear of infection.

Although there are many alternatively prepared allograft products

(Grafton™, Dynagraft™, Osteofil™) and xenograft products (Collagraft™, True

Bone Ceramics™) available for use which may extend the utility of allograft

use, the manufacture of these products still requires the use of processed donor

(human or animal) bone. In some cases, the extensive preparation of these

products has resulted in unexpected toxicity. For example, Botsman et al. [3]

and Wang et al. [4] recently presented evidence to suggest that the glycerol car-

rier in Grafton (Osteotech, Eatontown, N.J., USA) may be toxic in large doses.

This discussion will center on synthetic resorbable bone substitutes.

The use of synthetic bone graft material would negate the risks of harvest

site morbidity, disease transmission, and limited donor availability. The ability

to machine the material would allow for the creation of multiple shapes and

sizes that could be used as ‘off-the-shelf’ bone substitutes. Substantial cost sav-

ings may be realized with reasonably priced implants if the costs of autograft

harvest (estimated to be USD 1,500–5,000 for iliac crest [5, 6]) and allograft

harvest and preparation (machined allograft bone wedge approximately

USD 3,000 per level, allograft femoral ring USD 1,200–2,400 per level;
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source: University of Wisconsin operating room) are avoided. Ideally, these

synthetic bone grafts would be totally absorbed by the body and replaced by

native bone.

Calcium sulfate (plaster of Paris) has been used for bone defect repair

since 1892 [7, 8]. Peltier and Jones [9] used calcium sulfate pellets to fill uni-

cameral bone cysts in 26 patients with excellent results, and Coetzee [10] used

similar pellets to treat osseous defects in the skull and facial bones in 110

patients. Recently, Kelly et al. [7] reported the use of Osteoset™ (Wright Medical

Technology, Tenn., USA) a highly processed form of calcium sulfate for repair

of bone defects in a series of 109 patients with various bone lesions. Osteoset

was used as a bone graft substitute if the surgeon recommended the use of

morsellized graft, the bone void was not intrinsic to the stability of the struc-

ture, and the void shape could accommodate the calcium sulfate pellets. Overall

results were excellent, with 100% pellet resorption and 94% new bone growth

(radiographic criteria) noted at 1 year [7]. No spinal fusions were performed

during the study, and other materials were used in addition to the pellets in 65%

of cases. Hadjipavlou et al. [11] recently reported excellent results with calcium

sulfate-filled titanium cages in an interbody fusion model in adult sheep. These

authors obtained roughly equivalent results with cages filled with either autograft

iliac crest or with calcium sulfate. There are at present, however, no published

reports of the use of calcium sulfate for human spinal fusion.

Processed coralline grafts, including hydroxyapatite, have been used exten-

sively for the repair of bone defects. Additionally, these products have been used

for spine surgery with a number of different applications. Hydroxyapatite is a

poorly crystalline calcium phosphate compound which is similar in mineral

composition to bone [6]. Calcium phosphate and hydroxyapatite are osteocon-

ductive, if the porosity, pore size, and degree of pore interconnectivity are

optimized [6]. Substantial research has established that the ideal pore size is

between 100 and 500 �m [12]. Calcium hydroxyapatite is most commonly

formed through processing of coral, which contains calcium phosphate and

calcium carbonate in the form of aragonite. Several natural corals, particularly

Porites and Goniopora, have pore sizes and pore interconnectivity which allow

for osteoconduction. These corals have been harvested, cleansed, and then used

as graft material (Biocoral™ Inoteb, France), particularly in dental surgery [13].

These corals may also be chemically treated via the ‘replamineform’ process.

This process results in the conversion of aragonite to hydroxyapatite without

changing the three-dimensional structure of the coral [6]. ProOsteon™ 200R,

500R, and Interpore porous hydroxyapatite™ (Interpore Cross International,

Calif., USA) are produced in this fashion. The numbers 200R and 500R refer to

the nominal pore diameter of the crystalline structure, either 200 or 500 �m.

The mechanical properties of coralline hydroxyapatite grafts are more similar
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to cancellous rather than cortical bone. In general, increasing porosity increases

the osteoconductivity of the graft and lowers the compressive strength.

Coralline hydroxyapatite has been used as a bone substitute for both cer-

vical interbody as well as lumbar posterolateral fusion in animal, and in some

cases human trials. In 1996, Zdeblick et al. [14] studied the use of ProOsteon

500 R in a multilevel anterior cervical fusion in a goat model with or without

plate fixation. They found that although only 48% of grafts incorporated with

the hydroxyapatite alone, 71% incorporated if anterior cervical plate fixation

was added. However, none of the implants were completely replaced by host

bone at 12 weeks. Biomechanical testing revealed that the hydroxyapatite-fused

segments behaved poorly without plate fixation. However the addition of an

anterior cervical plate improved performance such that segments fused with

hydroxyapatite and a cervical plate behaved similar to segments fused with

allograft (but not autograft) bone and cervical plate in torsion. Hydroxyapatite-

fused segments were inferior to both autograft and allograft in flexion/extension

testing [14]. Boden et al. [15] studied the use of hydroxyapatite in a rabbit

model of lumbar posterolateral fusion. They found that the use of coralline

hydroxyapatite alone resulted in 0/14 solid fusions. Combination of hydroxy-

apatite and autograft bone in a 1:1 ratio resulted in a fusion rate of 50% (7/14).

Bozic et al. [16] found that the combination of hydroxyapatite and bone mar-

row aspirate resulted in 25% fusion rate in a rabbit model. Addition of electri-

cal stimulation (100 �A implantable direct current stimulator) significantly

improved fusion rates. Similarly, Baramki et al. [17] noted a significantly lower

fusion rate for hydroxyapatite-grafted animals (50%) than autograft-grafted

animals (100%) in a sheep model of posterolateral fusion.

Despite these rather lukewarm animal results, Thalgott et al. [18] used

hydroxyapatite (ProOsteon 200R) in combination with an anterior cervical

plate for cervical interbody fusions in a group of 26 patients. In this retrospec-

tive series of 26 patients, 41 disc spaces were considered ‘incorporated’ at

24 months. Radiographic fusion was impossible to judge because the graft

material was not resorbed at 24 months and remained more radio-dense than

native bone. The criteria used for the determination of ‘incorporation’ was loss

of a radiolucent line around the graft. The validity of this radiographic criterion

for the determination of bony fusion is questionable. Iseda et al. [19] found that

the appearance or disappearance radiolucent stripe around a hydroxyapatite

graft did not correlate with changes in the 99mTc-HMDP uptake ratio following

surgery in a small group of patients.

Tricalcium phosphate is a synthetically produced ceramic which has a

porous structure amenable to osteoconduction. It has been used alone and in

combination with hydroxyapatite as a bone graft substitute. It is completely

resorbed by the body and is gradually replaced by new bone formation [1].
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It is virtually identical to bone in terms of its mineral composition, and no

reports of systemic toxicity exist. A comparative study by Emery et al. [20]

demonstrated that the use of tricalcium phosphate (pore size 400 �m) resulted

in superior histological results compared to hydroxyapatite or calcium carbon-

ate in a canine interbody fusion model. Toth et al. [21] studied the use of

different �-tricalcium phosphate/hydroxyapatite preparations in a goat cervical

interbody fusion model and found that �-tricalcium phosphate performed as

well or better than autograft at 3 and 6 months following fusion (radiographic,

histological, dual-energy x-ray absorptiometry, and biomechanical testing).

There was a definite increase in the bony union rate at 3 months with increas-

ing porosity (0% union rate for autograft and 30% porous ceramic, 67% for

50% porous ceramic, and 83% for 70% porous ceramic). Delecrin et al. [1]

used a similar compound (Triosite™ Zimmer, France) in a study of 58 patients

undergoing surgery for scoliosis. In a prospective randomized study, these

authors found that patients who received the ceramic graft had less blood loss

and had no graft site complications. The authors noted that half of the autograft

group experienced pain at the donor site 6 months following surgery. There

were no significant differences between autograft and ceramic groups in terms

of radiographic appearance or functional outcome at a minimum follow-up of

24 months (mean follow-up 48 months) [1].

A pure �-tricalcium phosphate synthetic bone product has been recently

introduced (Vitoss™, Orthovita, Pa., USA). Vitoss has a unique crystalline

structure, imparted by the manufacturing process, which increases its porosity

significantly. The porosity of Vitoss is between 88 and 92%, compared to an

approximate 55% porosity of hydroxyapatite-calcium carbonate. The increased

porosity of this product allows for the rapid penetration of blood and blood

products as well as for the migration of osteoblasts. Animal experiments using

a humeral defect model have confirmed that the tricalcium phosphate is rapidly

and nearly completely replaced by native bone in a matter of weeks (fig. 1, 2).

The formation of bone in the humeral model is more rapid and more complete

than that seen with coralline hydroxyapatite bone substitutes (fig. 1). In time, the

graft is completely resorbed and replaced by new bone. When combined with

autogenous bone marrow, the osteoinductive properties of the tricalcium phos-

phate are superior to demineralized bone matrix in a rat Urist pouch test [22].

A similar �-tricalcium phosphate compound has been developed (but is not yet

FDA approved) that has biomechanical properties similar to cortical bone, can

be machined and shaped easily, and can even be delivered in a semiliquid or

putty form (Cortoss, Orthovita, Pa., USA).

Several other types of compounds have been used as synthetic bone substi-

tutes. Madawi et al. [23] studied a bioactive osteoconductive polymer made of

methyl methacrylate, calcium gluconate, and polyamide fibers. These authors
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noted favorable clinical results with this compound in trial of cervical interbody

fusion; however, the graft never radiographically incorporated into native bone.

Schulte et al. [24] used a bioglass-polyurethane composite to replace vertebral

bodies following corpectomy for metastatic lesions in 5 patients. All patients

also underwent titanium plate fixation. No instances of implant failure were

noted. Roessler et al. [25] reported sobering results in their clinical study of a

resorbable compound made up of polyethylene oxide and polybutylene tere-

phthalate (Polyactive 70/30™ HC Implants, The Netherlands) for reconstitution

of iliac crest bone graft harvest sites. Although this substance had shown very

promising results in multiple animal models, human trials failed to show a favor-

able effect on clinical or radiographic outcome. This study serves as a reminder

that there is no substitute for properly designed human clinical trials for the
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Fig. 1. Rapid absorption of Vitoss with regrowth of new bone within the graft.
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Fig. 2. Vitoss tricalcium phosphate bone substitute in a canine humeral defect model.

The implant is almost completely resorbed at 6 weeks postimplant (a) and is indistinguish-

able from normal bone radiographically and histologically at 12 weeks (b).
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development of bone graft substitutes. Differences in the healing capabilities

of the animal species, influences of patient age, and differences in the graft

environment all play a role in bone healing [25, 26].

Resorbable Fixation Devices

Implants placed during spinal fusion surgery function in various ways.

Screw/rod or screw/plate systems function to provide immediate structural sta-

bility, thus allowing early mobilization of the patient, maintaining spinal align-

ment and promoting the ultimate arthrodesis. Traditionally, these systems were

manufactured of stainless steel, which has more recently been largely replaced

by titanium alloy. Although both of these metals have performed well in their

primary function, there are drawbacks such as stress shielding due to the exces-

sive rigidity and permanence of the constructs that can in turn lead to bone

resorption and osteopenia [27, 28]. Corrosion, wear debris and even rare aller-

gic reactions have been seen, more so with stainless steel implants. Metallic

artifact on imaging studies can obscure anatomic detail and cause diagnostic

dilemmas. Once arthrodesis has occurred, the fixation systems no longer have

a purpose [27, 29]. The indications for explantation of spinal fixation hardware

are still controversial, but it is commonly performed.

Bioresorbable polymers have been increasingly explored as replacements

for metal, bone and nonresorbable synthetic materials in recent years. Obviously,

biodegradable implants eliminate the need for explantation. In addition, they

can reduce stress shielding, by having a better match of strength and elasticity

to bone as well as by gradually reducing load sharing as structural integrity is

lost [27, 28, 30]. Lastly, they avoid the problems of metal corrosion, debris, and

imaging artifact. This section will explore the properties and potential uses of

these polymers in spinal surgery.

Bioresorbable materials and plates have been used to repair orbital and

mandibular fractures since 1972 [31, 32]. Polylactic acid (L-isomer) (PLLA)

and polyglycolic acid (PGA) and other polyhydroxy acids have been identified

in the research to be promising polymers for resorbable implantable devices [33].

PLLA alone is resistant to hydrolytic degradation, which makes implants of this

polymer quite strong but takes years for resorption to occur, if it occurs at all.

These implants may also result in a foreign body reaction over time and thus

require removal [34, 35]. In comparison, pure PGA implants absorb much more

quickly when exposed to moisture yet suffer loss of tensile strength and rapid

polymer breakdown [36]. Researchers have experimented with combinations of

both polymers in order to utilize the favorable characteristics of each. LactoSorb™

(Biomet, Warsaw, Ind., USA) is a resorbable plate system approved for use in
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craniomaxillofacial surgery. It consists of a combination of synthetic PGA and

PLLA. This PGA/PLLA copolymer is manufactured in an 82% PLLA and 18%

PGA ratio. The increased amount of PLLA in this copolymer gives it degrada-

tion characteristics midway between the predominately PGA products and pure

PLLA implants [37]. MacroPore™ (MacroPore., San Diego, Calif., USA), another

resorbable product with potential spine applications, is produced by the combi-

nation of PLLA and a noncrystalline copolymer mixture of poly(L-lactide) and

poly(D,L-lactide).

The implant resorption time is most strongly affected by the chemical

composition of the polymer, but there are many additional variables in this

process [29, 38]. Gogolewski [28] has identified the implant’s physical struc-

ture and mass, polymeric molecular weight, chain orientation, and presence of

additives as some of the many factors influencing the rate of degradation, along

with the stress on the implant and the characteristics of the implantation site.

For example, he notes that an implant placed under significant load in a highly

vascularized site will likely degrade at an accelerated rate [28].

The PGA component of the LactoSorb implant is degraded to glycolic acid

by hydrolysis and further degraded to glycine, which may be used for protein

synthesis or further converted to serine. All other implant (LactoSorb and

MacroPore) components are hydrolyzed to lactic acid, which then enters the

tricarboxylic acid cycle (fig. 3) [39]. The use of these plates avoids several

potential complications associated with metallic fixation devices, such as migra-

tion, stress shielding, and interference with imaging techniques [39]. Currently,

the most commonly reported side effect is a sterile inflammatory reaction to the

implants [35, 40–43].

Local tissue reaction to polyhydroxy acid implants is governed by the

chemical nature of the polymer, the physical characteristics of the implant, and

by its degradation rate. Towards the latter part of the degradation process, the

implant may rapidly lose structural integrity, and the production rate of
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Fig. 3. Schematic illustration of the degradation of a prototypical resorbable polymer.

(Certain intermediate products of degradation can also be excreted in the urine.)

dramroo



polymeric debris may exceed the tissue tolerance and transport potential of the

implantation site [27, 38]. This in turn can stimulate what is said to be a ‘non-

specific foreign-body reaction’ rather than a true inflammatory response [27, 38].

Thus, a large implant made of a fast-degrading polymer is likely to produce a

more pronounced inflammation than a small implant composed of a slow-

degrading polymer. PGA polymers have been associated with a higher rate of

tissue reaction, even including the formation of fibrous capsules, sterile cysts

and sinuses. On the other hand, pure polylactic acid (PLA) polymers have a

low or nonexistent rate of tissue reaction, while once again, copolymers are

intermediate [27, 38, 44].

Histological evaluation of these inflammatory sites has shown typical

nonspecific foreign-body reactions. Similar foreign-body reactions were found

on histological examination of implant sites of patients without clinical evi-

dence of an inflammatory response [40]. These specimens were obtained upon

reoperation for fixation failure. No explanation is available for why some patients

have clinical signs of the foreign body reaction while others do not. Most stud-

ies have shown the inflammatory response, when clinically present, to occur

several months after implantation. Bostman [40] postulates that this time to

occurrence of the reaction is reflective of the estimated degradation time of

PGA and PLLA/PGA implants which is 90–120 days. Patients who have had

plates and screws made solely of PLLA, implanted for fixation of zygomatic

fractures, have shown inflammatory reactions from 3.3 to 5.7 years after surgery

[35]. These findings seem to correlate with degradation rates of PLLA, stated

in some studies to be from 2 to over 4 years [39].

PLA polymers and PLA-PGA copolymers are biocompatible with the dura

[45–47]. PLA biocompatibility has also been specifically tested in reference to

neural tissue, including brain and spinal cord tissue as well as peripheral nerves.

No effect on neuronal cells, nonneuronal cells or axonal growth has been noted

[45, 48]. No significant toxicity, carcinogenicity, teratogenicity or mutagenesis

has been associated with either PLA or PGA [27, 38].

LactoSorb plates and screws became commercially available for cranio-

facial applications in 1996. Most of the interest in bioresorbable plates for cranial

reconstruction has been in the pediatric patient population because of compli-

cations with metallic implants related to bone growth. LactoSorb plates have

been used in neurosurgery for fixation of craniotomy flaps, repair of depressed

skull fractures and for repair of craniosynostosis [33, 49–53]. Encouragingly, it

has been found that the dissolution and gradual loss of tensile strength of the

devices minimize growth restrictions as well as the potential for transcranial

migration [54]. In addition, good results have been obtained in both the pedi-

atric and adult population when LactoSorb plates and screws were used for

cranial fixation and reconstruction.
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LactoSorb plates are designed to withstand similar external forces and

approximate the strength of traditional titanium plates. In order for a biore-

sorbable plate to perform similarly to a titanium implant, it must retain similar

strength characteristics long enough for osteosynthesis to occur. Because PGA,

PLLA, and copolymers are all significantly less rigid than titanium, the design

of plate-like implants must be adjusted somewhat. In general, resorbable plate

designs incorporate a thicker plate, in order to recapitulate the mechanical

properties of a standard titanium implant. Flexural strength is significantly

improved in the LactoSorb plate, for example, due to its ‘I-beam’-like construc-

tion (raised rails along the side of the plate). In vitro studies of flexural strength

show the LactoSorb plate has an initial strength comparable to Lorenz titanium

plates and retains 70% of this strength for 6–8 weeks [55, 56]. The improved

strength does, however, create a much higher profile implant than the traditional

metallic plate.

The most common reported clinical difficulties with the LactoSorb products

are related to implantation technique. LactoSorb screws are not self-tapping

which increases the time necessary to place the screws. Second, unlike metal

plates, which can be shaped by hand or with instruments at room temperature,

polymer plates must be heated before they can be shaped. Heating is achieved

by use of a bag of calcium chloride which, when injected with sterile water, will

liberate heat for approximately 20 min. By placing the bag around the LactoSorb

plate, the implant can be made malleable. Some authors have stated that the 

20-min window may be too small, making a second calcium chloride bag

necessary, which involves adding time and expenses. Despite these initial

technical difficulties, most authors agree that the LactoSorb system is a safe,

effective system for cranial fixation and reconstruction, which, after minimal

experience with the system, adds very little time to the operation compared to

the traditional titanium plating systems.

Six studies of the use of bioresorbable plates for cranial fixation, either

alone or in conjunction with facial reconstruction and orthosis, have been

published with a combined total of 115 patients [33, 49–53]. No patients were

noted to have significant complications from inflammatory reactions, seizures

or failure of the fixation. In fact, clinical studies of patients who have had

LactoSorb plates implanted and have been followed for greater than 9 months

show no evidence of inflammatory reactions [49, 57]. It is believed that the

intermediate rate of degradation for this predominately PLLA copolymer

allows for efficient removal of its byproducts without overwhelming the body’s

mechanisms of clearance [50, 58].

Because of its relatively high profile, LactoSorb can produce a palpable

and sometimes visible implant. Studies have noted this factor to occur occa-

sionally; however, the authors state that in all cases the external evidence of the
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implant disappears within 3–6 months [33, 51, 59]. Most studies of LactoSorb

plates show the entire implant to be 95% resorbed by 9 months and completely

resorbed by 1 year (fig. 4) [60].

MacroPore is characterized by a degradation time of 18–36 months. The loss

of strength during degradation has been well characterized, and is predictable [61]

(table1). As noted above, however, the strength and degradation characteristics

of any specific MacroPore implant will be influenced by the manufacturing

processes, implant size and geometry, and characteristics of the implantation

site, among other factors. MacroPore can be formed into a wide variety of shapes,

and it can be stored and sterilized utilizing conventional techniques. In appro-

priate shapes, MacroPore can be heated and shaped for conformation to the

actual site of implantation, and it will hold the desired shape once cooled with-

out loss of structural integrity [MacroPore: pers. commun.].
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Fig. 4. Explanted LactoSorb plate. Histological examination of explanted LactoSorb

plate demonstates complete resorption of implant material 1 year following surgery (bone on

right, normal soft tissues on left) without evidence of persistent inflammatory reaction.

Time after implantation %

Implantation 100

6 months 90

9 months 70

12 months 50

18 months 0

Table 1. Strength of MacroPore

implant during degradation
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MacroPore devices cannot be readily visualized on routine radiographic

studies, although they can be seen distinctly on CT scans prior to significant

degradation [Branch: pers. commun; 62]. PLA implants do not degrade MRI

images, and MRI scanning has been utilized to evaluate the tissue response of

PLA implants [30, 63–65]. PLA implants are visible on MRI images as areas

of homogeneous low-signal intensity, which can be distinguished from the high

signal intensity of the adjacent bone [63].

MacroPore sheets have been utilized to reconstruct iliac crest donor site

defects [66]. Iliac crest reconstruction may diminish pain, prevent bowel herni-

ation through large defects [67], improve cosmesis, and optimize donor site

regeneration [66]. The benefits of a protected healing space have been recog-

nized in promoting optimal bone healing [47, 68]. Specifically, if soft tissue is

prevented from prolapsing into a bone defect, the regrowth of bone may be

better than with graft materials alone. In terms of the iliac crest, once the bone

is harvested, the donor site is backfilled with allograft or bone matrix material

if desired. A MacroPore sheet is then heated to 70�C, contoured to the defect

site and allowed to cool. It is then secured with screws or tacks [66]. This is an

example of the potential use of MacroPore as a barrier type of implant.

MacroPore implants are being utilized in pilot studies as load-sharing

implants in spine fusion constructs [62]. The versatile nature of this material

allows it to be formed into ‘cages’, ‘dowels’ and ‘interbody spacer’ shapes (fig. 5).

This, coupled with the desirable strength and degradation characteristics, lack

of artifact on imaging, low potential for foreign body reaction and the biocom-

patibility with the dura and nervous tissue, makes it a very promising material.
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Fig. 5. Absorbable ‘spacer’. This resorbable spacer represents one possible avenue of

exploration for resorbable technology for spine surgery.
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One such study examines the use of MacroPore devices in instrumented poste-

rior lumbar interbody fusion constructs [62]. The devices are placed following

complete discectomy, along with morsellized autograft bone, and maintain the

disc space height during the early phase of bone healing. Preliminary results

show equivalent clinical outcomes to those obtained with the use of allograft

bone spacers. The devices produce no artifact on postoperative imaging, allow-

ing better visualization of the maturing bone fusion [62].

Other products are being developed worldwide in order to expand the

applications of bioabsorbable products. Bostman et al. [40] used a biodegrad-

able rod for internal fixation of extremity fractures and osteotomies. The com-

position of the rods was either polyglycolide or a lactide-glycolide copolymer

(polyglactin). A small percentage of the 516 patients treated required reopera-

tion for fixation failure (1.2%). The incidence of bacterial wound infections

was low (1.7%). The most significant complication was a foreign-body reaction

in 7.9% of the patients. The reaction caused a painful, reddened, fluctuant

swelling at the operative site 2–4 months after surgery. Godard et al. [69] have

investigated a bioresorbable implant for spinal arthrodesis, which is reported to

undergo ossification. Brunon et al. [70] have used a bioresorbable plate devel-

oped from PLLA for anterior cervical interbody stabilization in 5 patients. The

development of bioabsorbable plates, screws, and rods for use in the spine is an

area of intense activity at the present time.

Conclusion

Absorbable bone substitutes and fixation devices are being developed for

spinal surgery. Advances in material technology may allow for the avoidance of

autograft harvest morbidity and allograft preparation costs and toxicities.

Resorbable implants may result in decreased morbidity and better radiographic

evaluation of spinal fusion procedures. The pace of new development in this

field is remarkable. As new products are brought to market, thorough and

rigorous testing in well-designed clinical trials will be required to establish their

ultimate worth.
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No uniform criteria for determining fusion have been used in the reports

of radiographic outcomes of anterior lumbar interbody fusion (ALIF) surgery

[1, 2]. The most commonly reported standard for establishing the presence of a

successful lumbar interbody fusion is evidence of trabecular bone formation

linking the adjacent vertebral bodies. A wide range of fusion rates for the ALIF

procedure has been reported [3–7]. The variability in fusion rates is, in part,

determined by the surgical technique, the type and quantity of bone graft used,

and the presence of an interbody fusion device. With these variables, the deter-

mination of a successful arthrodesis is largely determined by the investigator’s

definition of fusion.

The use of metallic interbody fusion devices creates new challenges in

establishing fusion criteria. These devices obscure vertebral landmarks used in

the assessment of fusion and create artifacts that degrade some imaging tech-

niques [8–10]. The intradiscal radiographic patterns of fusion after surgery with

interbody fusion cages are determined by the extent of the discectomy, the end

plate preparation, the reaming techniques, the interface between the cage and

the host bone, and the characteristics of the bone graft materials used. Direct

surgical exploration is not a viable option for determining the status of an inter-

body fusion [11–13]. Indirect assessment at surgery of an anterior fusion through

the manipulation of the posterior spinous processes is subjective and can iden-

tify only gross patterns of instability and cannot reliably identify micromotion

across an interspace.

Other than by histologic biopsy, interbody fusion can only be assessed

objectively by various radiographic imaging techniques. Although the presence
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of a pseudarthrosis can be determined by a single finding on an isolated radi-

ographic study, the presence of a solid fusion cannot be determined by a single

radiographic finding. Failure of fusion is established by the absence of bridging

trabecular bone and the presence of a radiolucent area that extends through the

entire fusion mass. Pseudarthrosis can also be identified by marginal radiolucency

around the implant, progressive subsidence of implants, and angular changes in

the spinal motion segment.

At present, no single study or technique is definitive for establishing the

presence of a fusion after anterior interbody surgery [14]. A successful arthrodesis

within a spinal motion segment can be determined by using radiographic eval-

uation to assess a stable spinal alignment on sequential examinations, a reduc-

tion in angular and translational changes on dynamic motion studies, an

absence of fibrous tissue reaction at the device-host interface, and the presence

of new bone formation and bone remodeling [15].

The most comprehensive and accurate means of radiographically assessing

fusion of the lumbar spine after ALIF with intradiscal implants are plain radi-

ographs, dynamic motion radiographs, and thin-cut computerized tomography

(CT) scans. Technetium bone scans and MR imaging are not effective in assess-

ing interbody fusion [9, 16]. Plain radiographs are effective for determining

changes in spinal alignment over time. Dynamic plain radiographs can accu-

rately assess changes in implant-host bone interface and instability patterns

within the spinal motion segment. CT imaging can identify new bone formation

and bone remodeling within and around the spinal implants [8, 17]. By using

all three imaging technologies, the physician can accurately determine a suc-

cessful and clinically relevant interbody fusion [15].

Lumbar Spine Imaging Studies

Plain Radiographs
The plain radiographic studies that are used most often to assess fusion

include the following: (1) standing or weight-bearing radiographs, (2) supine

radiographs, (3) dynamic flexion-extension radiographs, and (4) dynamic side-

bending radiographs. Standing or weight-bearing films are more valuable than

supine films in assessing sagittal plane balance and alignment; a weight-bearing

radiographic technique stresses the interbody fusion can help identify instabil-

ity patterns. Supine anteroposterior radiographs show lucencies around metal-

lic implants (fig. 1).

Metallic implants create artifacts that make interpretation of plain radi-

ographs alone inaccurate in the assessment of fusion [8, 10]. Bone growth within

the implants cannot be assessed on plain radiographs. The thread patterns of
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interbody fusion cages create varying amounts of artifact at the implant-host bone

interface. Radiographic lucencies in this area can be misinterpreted. The following

findings on plain radiographs help to identify a fusion: (1) incorporation of grafts

to vertebral end plates, (2) bridging trabecular bone across the interspace, 

(3) absence of lucencies at the graft-host interface, (4) absence of subsidence, and

(5) absence of graft or implant migration. The absence of subsidence and implant

migration can only be established by a review of serial radiographs.

Dynamic Plain Radiographs
Dynamic motion studies of the lumbar spine are done to identify subtle

changes within the spinal motion segment after ALIF surgery. Intra- and inter-

observer measurement error is always a factor in the assessment of lumbar

intervertebral segmental angulation and translation on serial radiographs. In their

clinical studies, examiners have considered spinal motion segments to be fused

despite measured differences in both angular and sagittal translation [1, 5].

Reports of measurement error range from 1 to 5�. Brantigan [18] proposed that

only 1� of motion was consistent with a fusion. Zdeblick [19] proposed 2�, and

Ray [7] proposed 3� of motion as support for the presence of a solid fusion.

These studies contrast with the findings of Kuslich et al. [5] who reported that

angular measurements of less than 5� are not accurate. Commonly, the presence

of 3–5� of motion within an instrumented spinal segment and 5 mm of transla-

tion is considered fused. These differences on dynamic studies are accepted

because of measurement errors. Clinicians often find these results difficult to

interpret because motion should not occur within a fused spinal segment.

Amplifying the problem of intra- and interobserver measurement error on

dynamic radiographs is the fact that no standard method for obtaining flexion-

extension radiographs has been established. Biplanar studies are among the
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Fig. 1. a Supine anteroposterior radiograph shows lucencies around both implants. 

b Thin-cut CT scan sagittal reconstruction confirms the lucencies surrounding the cages.
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most reliable plain radiographic methods. Dynamic radiographs taken with the

patient in the standing position are not reliable because of variable patient com-

pliance and the technical difficulty of properly centering the x-ray beam paral-

lel to the appropriate interspace. With standing lateral dynamic studies, the

pelvis is not locked and motion may be occurring at the hip joints rather than

within the lumbar spine. Supine lateral dynamic studies obtained in the lateral

decubitus position are also unreliable for the same reasons – the pelvis is not

locked or properly supported. Lateral radiographic images are frequently rotated

unless the lumbar spine has been supported. It is technically difficult to main-

tain the x-ray beam parallel to the spinal motion segment during these dynamic

studies.

Flexion-extension radiographs should be obtained with the pelvis fixed so

that motion occurs within the lumbar spine. Dynamic studies with the patient

in the seated position restrict pelvic and hip motion and enable the technician

to consistently obtain radiographs centered at the appropriate disc space with

minimal rotational distortion at the interspace. Restricting motion to the lum-

bar spine by eliminating hip and pelvic motion and consistently obtaining

radiographs that are parallel to the end plate of the instrumented spinal

segment sufficiently improves the accuracy of dynamic radiographic studies

and demonstrates subtle changes within the spinal motion segment (fig. 1).

Biplanar radiographic techniques have been introduced to reduce measure-

ment error [20].

Thin-Cut 1-mm CT Scans
Axial CT has also been used to establish fusion [8, 13, 21–23]. This cross-

sectional imaging technique eliminates overlapping and rotational errors pre-

sent on plain radiographs and allows direct visualization of the fusion mass.

Thin-cut CT scans with sagittal and coronal reconstructions have a greater abil-

ity to detect radiolucent areas within a developing fusion mass. Using thin-cut

CT scans, clinicians have identified and classified complex forms of spinal

pseudarthrosis into distinct morphologic categories [1, 20]. In animal studies,

thin-cut CT scans using 1-mm-thick axial sections through interbody fusion

cages have been used to reliably identify new bone formation within metallic

fusion cages and to identify pseudarthroses after interbody surgery [12, 24, 25].

These findings were correlated with histologic confirmation to establish the

presence or absence of a fusion. In these animal studies, CT scans were used to

show trabecular bone formation patterns within the disc space and identify

bridging bone formation that crossed the interspace. CT scanning was also used

to identify lucencies at the implant-bone interface. In our clinical experience,

thin-cut CT scanning has been the most precise and accurate method of evalu-

ating interbody fusion [26, 27].
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A single CT scan may not be able to distinguish between unincorporated

or necrotic bone grafts from bridging trabecular bone within a metallic fusion

cage. Cunningham et al. [28] analyzed fusion through a histomorphometric

assessment. They could not differentiate between residual autograft and new

bone formation. However, serial CT scans can be used to identify maturation of

corticocancellous grafts within fusion cages and can demonstrate incorporation

of these grafts through the openings in the second-generation fusion cages [26].

CT scans can be used to accurately identify new bone formation within the disc

space but outside of the interbody fusion devices [17, 26, 27].

Interbody Fusion Assessment

The assessment of fusion in a patient who has an interbody fusion device

includes four key elements: (1) spinal alignment, (2) segmental spinal stabiliza-

tion, (3) device-host bone interface, and (4) new bone formation and bone remod-

eling. Spinal alignment must be maintained over time. Similarly, with an intact

fusion, no significant angular or translational change should occur on dynamic

motion studies. The contact points between the device and the host cortical bone

and cancellous bone must also be assessed. For an intervertebral body fusion to

be considered intact and complete, there should be no radiolucent areas sur-

rounding the devices at the interface with the host bone. Identification of new tra-

becular bone formation within the disc space and remodeling of the grafts within

and around the interbody devices must also be assessed and is the most important

aspect of the fusion criteria [17, 29], but the sentinel sign [30, 31] of the progres-

sive anterior bone formation alone is not helpful in determining fusion.

Spinal Alignment
ALIF using stand-alone implants often improve the frontal and sagittal

plain contours of the lumbar spine. Immediate postoperative improvements in

frontal and sagittal plane contours are not maintained over time in all patients

[32–34]. Stand-alone implants are susceptible to subsidence into the vertebral

end plates. Subsidence of the implants, which occurs over the course of several

years after surgery, often leads to segmental spinal instability, loss of lordosis,

angular frontal plain deformities, and sagittal plain translation. It is evidence of

a delayed fusion or frank pseudarthrosis (fig. 2). The ability of an implant to

resist subsidence is, in part, related to its design [35]. Subsidence, loss of disc

space height, and angular deformity are also related to the position of the

implants within the disc space [17, 31].

Interbody fusion can only be determined to be complete if there is no change

in the alignment of the spine at the instrumented fusion site for a minimum of 
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6 months. Standing anteroposterior and lateral radiographic views must show no

significant change in segmental lordosis (�3�), sagittal translation (�5 mm), or

frontal plane angulation (�3�) on sequential radiographs taken at least 6 months

apart. Interbody fusion cannot be considered intact if there are progressive changes

in any frontal or sagittal plane angular or translational measurements (fig. 3).
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Fig. 2. a Standing lateral radiograph at 6 weeks after surgery. Segmental lordosis at

L4–L5 measures 14� and the implant rests on the cortical margin of the adjacent vertebral end

plate. b At 18 months after surgery, the segmental lordosis is reduced to 9� and the implant

has subsided through the vertebral end plate. Anterior radial osteophytes have formed.

Fig. 3. a Standing anteroposterior radiographs at 3 months after surgery show no

significant frontal plane deformity. b Standing anteroposterior radiograph at 1 year after

surgery shows a 7� angular deformity across the instrumented interspace.

a b
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Segmental Spinal Stabilization
Subtle changes in the lumbar contours can be identified on dynamic

lateral radiographs; changes in segmental lordosis and sagittal plane translation

can be identified on these studies. Incorporating known measurement error,

criteria for fusion on dynamic radiographic studies include angular motion

of 3� or less and reduction in sagittal plane or frontal plane translation of

5 mm or less. The documentation of persistent motion across a fused motion

segment has led some clinicians and researchers to conclude that the error in

measuring dynamic plane radiographs often precludes an accurate determi-

nation of fusion.

Device-Bone Interface
The host bone reaction to an interbody fusion device helps to ascertain

fusion. Although the composition and shape of the implant influence the

region around the device, the host bone reaction to the implant remains an

important aspect of determining fusion. The presence of sclerosis or cystic

radiolucencies on the margins of the implant within the subchondral bone can

result from bony reabsorption and fibrosis tissue reaction secondary micro-

motion in the presence of a pseudarthrosis. Radiolucency surrounding the

implants represents the interposition of fibrous tissue at the host bone-implant

interface. It is commonly agreed that this is also a sign of micromotion and

instability. End plate sclerosis that extends through the subchondral bone and

alters the trabecular pattern of the vertebral body is also consistent with micro-

motion and pseudarthrosis. Plain radiographs, dynamic extension radiographs,

and thin-cut CT scans are helpful in assessing the device-bone interface. These

changes can be seen on plain radiographs but are best detailed on thin-cut

CT scans.

Progressive collapse of the interspace and migration of implants are gross

radiographic signs of instability, delayed union, and pseudarthrosis. Plain

radiographs can also identify migration and subsidence of the implants within

the disc space. Dynamic lateral extension radiographs help to identify subtle

patterns of motion at the disc space and can help to identify interface lucen-

cies. If a fusion is not present, hyperextension lateral radiographs can increase

the gap between the implant and host bone. This gap appears as increased

radiolucency surrounding the implant or may appear as a gap in the anterior

fusion mass.

Thin-cut CT scans are best at detailing cystic changes within the vertebral

end plates, sclerosis, and interface lucency. Heithoff et al. [10] found CT scans

of little value in assessing fusion for the first-generation BAK cages. It is diffi-

cult to assess for fusion in patients with the thick-walled and square-threaded

BAK cage because of the radiographic scatter inherently associated with its
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design. However, end plate sclerosis and the presence of cyst formation within

the end plate adjacent to the implants can be readily determined even on these

first-generation implants (fig. 4). The interface between the host bone and tita-

nium implants can be more easily assessed with second-generation cages such

as the INTER FIX™ (Medtronic Sofamor Danek, Memphis, Tenn., USA) and

LT-Cage™ (Medtronic Sofamor Danek). The thread patterns on these cages are

self-tapping and thinner than on earlier devices. The radiographic scatter and

artifact are reduced. With the second-generation cages, it is possible to assess

the interface between the implant and the host bone for the development of

fibrous lucency.

The assessment of interbody fusion with cortical allografts must include

incorporation of the graft materials in addition to the morcellized autogenous

grafts. Complete fusion of an allograft-autograft montage must include incor-

poration of the allograft into both vertebral end plates and trabecular bone for-

mation across the interspace [22, 36]. With threaded cylindrical bone dowels

and femoral rings, it is possible to determine incorporation of the allograft to

end plates of the host vertebra. On plain radiographs and CT scans, it is common

to find early trabecular bone formation crossing the interspace. In the presence

of spanning trabecular bone formation around the implant, there is often incor-

poration of the allograft to only one vertebral end plate. The lucencies surround-

ing the contact points of the allograft to one end plate often resolve over time

[34, 37, 38]. They are commonly present at 1 year after surgery and do not

Burkus/Foley/Haid 62

Fig. 4. Axial CT scan at the device-bone interface shows lucent lines surrounding the

contact points of the implant and the host bone.
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resolve until 2–3 years after surgery. These unilateral lucencies on dynamic

plain radiographs are not associated with poor clinical outcomes, subsidence,

or instability. However, they do represent incomplete incorporation and fusion

of the allograft.

New Bone Formation and Bone Remodeling
New bone formation and bone remodeling in and around interbody fusion

cages can be assessed radiographically. Carbon fiber implants and cortical allo-

grafts are readily assessed radiographically. The ability to assess bone forma-

tion around titanium implants depends, in part, on the size of the implant, the

configuration of the implant, and the porosity of the implant. The first-generation

BAK implant is thick-walled and square-threaded. It also has two small open-

ings that are bordered by an internal strut for driving the implant. The configu-

ration of this thick-walled titanium implant is not conducive to radiographic

visualization of bone graft within or immediately adjacent to the cage. Second

generation titanium implants produce significantly less scatter and artifact on

plain radiographs and CT scans. The LT-Cage, INTER FIX and Ray TFC™

(Surgical Dynamics, Norwalk, Conn., USA) fusion cages [10] are hollow, fen-

estrated cylinders with no internal driving device. These cages are significantly

more porous and their thread patterns are also not square and do not produce as

much scatter (fig. 5).

The appearance of bone within an interbody fusion cage is not always

indicative of a fusion after surgery using autograft. CT scanning cannot be used

to distinguish between unincorporated necrotic bone present in the cage and

new trabecular bone formation. Identification of new bone formation outside
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Fig. 5. a Coronal CT scan reconstruction immediately after interbody surgery with 

LT-Cage devices and autogenous grafts shows the cages are well seated within the L5–S1

disc space. There are autogenous bone grafts within the cages; no grafts were placed lateral

to the cages. b Coronal CT scan reconstruction at 1 year after surgery shows maturation of

grafts with the cages and new bone formation outside of the cages and within the confines

of the disc space in the lateral fusion zones.
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the cages in an area where no bone graft was placed is the most important

radiographic sign indicating fusion. Similarly, identification of annular ossifi-

cation and bridging osteophytes crossing a disc space are secondary signs of

new bone formation after a successful interbody fusion.

Recombinant Human Bone Morphogenetic Protein-2
Assessing new bone formation after interbody surgery with InFUSE™

Bone Graft (Medtronic Sofamor Danek) substitute does not have the inherent

limitations of differentiating between de novo new bone formation and residual

necrotic bone. InFUSE is recombinant human bone morphogenetic protein

(rhBMP-2) applied to an absorbable collagen sponge. Its use replaces the need

for autogenous bone grafts and eliminates the complications associated with

iliac crest graft harvesting. In animal experimental models and in all human

studies, InFUSE has been used without any autogenous or autologous grafts

[24–27, 39].

In a prospective human study, osteoinduction after lumbar interbody

surgery was shown to occur with the use of InFUSE [25, 26]. These early find-

ings were confirmed in a larger study involving 143 treated with InFUSE [27].

New bone formation occurred in all patients treated with the LT-Cage and

InFUSE (rhBMP-2). The overall fusion rate at 24 months was greater than

94% in these patients. In a smaller sample of these rhBMP-2-treated patients,

bone formation, as evidenced by progressive density on thin-cut CT scans,

almost doubled within 6 months of surgery and increased almost 2.5 times by

24 months [26] (fig. 6). Similar to the bone formation within the cages, new
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Fig. 6. a Coronal CT scan reconstruction shows two LT-Cage devices centrally placed

in the L5–S1 disc space 48 h after surgery. The cages were filled with InFUSE bone graft

substitute (rhBMP-2 and an absorbable collagen sponge). No autogenous grafts were placed

within the disc space or cage. b At 1 year after surgery, there is new formation within both

cages. There is also new bone formation outside the cages in the lateral fusion zones. All new

bone formation remains confined to the disc space.
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bone formation had occurred outside of the cages in the rhBMP-2 group by 6

months after surgery, and it occurred in all patients by 24 months [26, 27].

New bone formation within the cages occurred most markedly during the first

6–12 months after surgery; rates of new bone formation exceeded those of the

autograft control group. All new bone formation outside of the cages occurred

within the confines of the disc space. All CT scan slices and all reconstructed

images were studied to evaluate new bone formation. No new bone formation

extended outside of the annulus fibrosus; no bone growth was observed

extending posteriorly into the spinal canal or posterolaterally into the neuro-

foramina.

Fusion Zones
New bone formation in a region or zone of the interspace that is free of

autogenous graft or growth factors represents osteoinduction within the soft

tissue elements of the spinal motion segment. Identifying osteoinduction

within the disc space is the most accurate means of determining fusion after

an ALIF procedure. New bone formation only occurs in a spinal motion

segment that is adequately stabilized and, therefore, represents a fused motion

segment. Five fusion zones have been established for interbody fusion

devices. The zones of fusion can be assessed on plain radiographs and CT

scans.

The anterior zone is an area of bone formation in front of the cages along

the anterior margins of the disc space (fig. 7). Bone formation in this zone is

the least reliable indication of interbody fusion. The formation of radial

osteophytes, which is indicative of instability, often masquerades as an early

‘sentinel sign’. On the basis of anterior bone formation alone, it is impossible

to tell if it is a good sign or a bad sign. For a fusion to be present, trabecular bone
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formation in the anterior zone must be complete from end plate to end plate.

Bone formation that extends past the confines of the disc space can be an early

indication of a developing pseudarthrosis (fig. 8). Frequently the sentinel sign

represents radial bone spur formation, not interbody fusion. The isolated

sentinel sign may indicate progressive instability instead of progressive

fusion.

The posterior zone is the posterior margin of the interspace (see fig. 7).

Trabecular bone formation in this zone is most likely the best radiographic

indication of interbody fusion. Bone formation in the posterior zone is the most

reliable indication of fusion.

The lateral zone or the lateral margins of the disc space are divided into left

and right regions (fig. 9). Bone formation between the lateral borders of the

implants and the annulus is difficult to visualize on plain radiographs. On

anteroposterior and Ferguson views at the L4–5 and L5–S1 interspace, the

posterior facet joints overlie the lateral fusion zones and early bone formation

in the lateral zone on these plain radiographs. CT scans are essential in visualiz-

ing early trabecular bone formation in the lateral zones (fig. 10). Only the final

stages of ossification of the annulus fibrosus are apparent on plain anteropos-

terior radiographs. Bone formation in these zones is also a very good predictor

of fusion and typically occurs here before it does in the posterior zone. Bone

formation with the two lateral zones is often asymmetric; this may be related to

asymmetric cage placement.

The between zone is the area of bone formation between the implants 

(fig. 9, 11). Bone formation in this zone is best visualized with thin-cut CT

scans and in those patients where the implants have been adequately spaced

away from each other.
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Fig. 8. Lateral plain radiograph shows

bone anterior to the cage within the L4–L5

disc space. There has been significant subsi-

dence of the device through the L5 end

plate. This sentinel sign does not represent a

fusion.
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Fig. 9. Anteroposterior view of the lateral zones and the between zone. The interbody

fusion cages are placed equidistant from the midline of the disc space. However, there is space

between the cage walls and the annulus fibrosus that compromises new bone formation in the

lateral zone.

Fig. 10. Drawing of an axial CT scan shows the position of the anterior, posterior, and

lateral zones.

The within zone is the area of bone formation within the interbody fusion

device (fig. 9, 11). It is very difficult to differentiate between living and dead

bone within the cages. The size, configuration, and material of the cages also sig-

nificantly influence the ability to accurately assess bone formation in this zone.

Assessment of bone formation is not practical with a single CT scan. It is best

assessed over time with serial CT scans.

Lateral
zone

Lateral
zone

Posterior
zone

Anterior
zone
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Fig. 11. Drawing of an axial CT scan

highlights the within (W) and between (B)

zones.
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Conclusion

Radiographic criteria have been established to reliably assess fusion after

ALIF with threaded and impacted implants and for titanium, carbon fiber, and

allograft devices. Determination of fusion involves the radiographic evaluation

of spinal alignment, stabilization of the spinal motion segment dynamic studies,

assessment of the device-host interface, and identification of new bone forma-

tion and bone remodeling. Each of the fusion criteria must be met to ensure that

an arthrodesis is complete.

Changes in the sagittal or frontal plane contours over time indicate a

delayed fusion. Progressive subsidence or any change in sagittal or frontal plane

contours also represents a failed fusion. A fusion can be considered intact if

there is no change in spinal alignment within the spinal motion segment over a

6-month period.

Dynamic radiographic studies must be obtained in a manner that applies

stress to the instrumented spinal motion segment and in a manner that can be

successfully replicated on serial radiographs. The pelvis must be stabilized

and radiographs must be taken parallel to the vertebral end plates. A fusion

is considered intact only if there is no significant motion on dynamic 

studies.

Changes in or the appearance of lucencies at the implant-end plate inter-

face are indicative of a failed fusion. Second-generation cages permit a closer

evaluation of the device-bone interface. The development of cystic or sclerotic

changes within the subchondral bone of the vertebral end plates is suggestive

of a fusion failure. If a pseudarthrosis is present, hyperextension lateral radi-

ographs frequently highlight radiolucencies at the device-bone interface and

can identify a gap within an anterior ‘sentinel fusion’.

The formation of new bone adjacent to or within the intradiscal implants

is the most reliable finding for establishing fusion. New bone formation occurs

outside the intradiscal implants when fusion has occurred. New bone formation

within the lateral and posterior zone is the most reliable radiographic indication

of a fusion. Remodeling of autogenous grafts or allografts is also consistent

with an intact fusion.
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Overview of Spinal Navigation
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An important advance in spinal surgery has been the development and

application of image-guided techniques for spinal navigation and fixation.

Image-guided technology includes both spinal stereotaxis as well as fluoroscopy-

based image guidance systems. Both of these techniques offer significant advan-

tages over commonly used plain radiography and fluoroscopy for complex spine

procedures. Image-guided spine surgery has been utilized for cervical, thoracic,

and lumbar fixation [1, 3–5, 7, 9–11, 13, 15–17, 19–22, 24, 28, 31, 34, 35]. This

chapter will highlight the newest techniques in image-guided spine surgery and

discuss their advantages and nuances compared to standard open techniques.

Unreliability of Intraoperative Radiography

Traditionally, intraoperative image guidance in spine surgery was directed

primarily by plain radiography and fluoroscopy. Although these conventional

imaging techniques offer surgeons better visualization compared with simple

open exposure and recognition of the anatomy, they still have a limited accu-

racy [6, 7, 14, 23, 27, 29, 35]. Intraoperative plain films and fluoroscopy lack a

three-dimensional (3-D) perspective of the anatomy. In addition, imaging in the

thoracic region with these two techniques is problematic related to the rib cage

and difficulty in localizing the appropriate level. Berlemann et al. [2] found that

only 41% of 119 thoracolumbar pedicle screws were accurately placed with

plain radiography at the time of surgery. Weinstein et al. [33] found a 21% fail-

ure rate in pedicle screw placement in a cadaver study. He found that success

was independent of experience or approach and that 92% of the failures were

cortical perforations within the spinal canal. Odgers et al. [23] reviewed a series

of 72 patients undergoing placement of pedicle screws utilizing plain radiography
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for image guidance. Out of a total of 238 pedicle screw placements, 24 pene-

trated the pedicle wall and 2 resulted in neurological injury. Other studies have

also documented a significant incidence of pedicle violation with standard

techniques [6, 18, 29]. Anatomical variations have been described within the

cervical spine that suggest image guidance may improve accuracy of screw

placement [13, 17, 18, 26, 30, 34].

Numerous techniques have been described attempting to increase the accu-

racy of pedicle screw placement. These include open laminar techniques, evoked

and spontaneous EMG potentials to record pedicle wall breakthrough, and

intrapedicular or epidural endoscopy [8, 12]. Each of these techniques has

significant limitations. Although intuitively open laminar techniques seem to

the safest method of placing pedicle screws, there are various anatomical anom-

alies that sometimes can mislead a surgeon. In addition, optimal screw trajec-

tory is difficult to predict based solely on anatomy. Evoked and spontaneous

EMG potentials have been utilized to determine pedicle wall breakthrough;

however, this technique presents information to the surgeon after potential neu-

rological injury has occurred. Intrapedicular or epidural endoscopy is problem-

atic primarily in the thoracic spine region given the small epidural space and

presence of thoracic spine cord.

Image-Guided Technology

There are multiple advantages of image guidance in complex spine surgery.

This technology can determine preoperatively the feasibility of performing

certain difficult spinal instrumentation procedures and can assist the surgeon in

navigating surgical instruments intraoperatively in real time. This technology

can improve accuracy in the placement of spinal instrumentation minimizing

the risk of neurological and vascular injury. In addition to reducing potential

complications, there is an added advantage of achieving optimal bone purchase

at each instrumented level. Once the surgeon and operating room team are

familiar with the use of image-guided techniques, operating time can be reduced

compared with other conventional technologies. Lastly, intraoperative exposure

of patient and surgeon to ionizing radiation can be reduced or eliminated

depending on the technique used [25].

Spinal Stereotaxis

The steps involved in utilizing spinal stereotaxis include both preopera-

tive data acquisition and correlation of this data with the intraoperative field.

First, a preoperative CT or MRI scan is obtained with 1-mm slices at a single
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gantry angle. Although the patient is in a prone position during surgery, a

preoperative data set is obtained while the patient is in the supine position.

Although there are slight differences in position, these are not quantifiably sig-

nificant with the exception of cases of severe instability. Respiratory variation

during scanning or surgery is not relevant to the navigation accuracy either

[10, 11, 26]. Once the data set has been acquired, a 3-D model is built on the

computer (fig. 1).

The patient is positioned in a standard fashion for surgery, adequate expo-

sure is obtained and the reference arc is then firmly attached to a spinous
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Fig. 1. The Stealthstation (Medtronic Sofamor Danek) includes a high-powered

computer and high-resolution monitor. The display generates triplanar images and a 3-D

model of the patient’s spine. After registration, the digitized instruments are passed through

the operative field and are displayed on the monitor.
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process (fig. 2). It has been our experience that the spinous process is the most

secure and reliable landmark for anchoring the reference arch. The arc should

be placed at each vertebral level being registered and instrumented. At L5, S1

it is useful to place the reference arc on the sacral spinous process with the

angled arch toward the feet. This allows for free movement of the surgeon’s

hands and instruments without interference of the arc. For upper lumbar and

thoracic instrumentation, the arc should be placed pointing cephalad.

Once the reference arc has been secured, it must be visible to the optical

camera (fig. 3). The surgeon can then register analogous anatomical points on

the computer and on the patient’s spine. For registration in the lumbar and tho-

racic regions specific landmarks include the middle posterior lateral aspect of

the transverse process tips bilaterally, the inferior and superior aspect of the

spinous process tips, the mamillary tubercles as the base of the transverse

processes (when present) (fig. 4).

These points are easily identifiable both on the computer model as well as

the patient’s spine. Once the reference arc is placed and registration is complete

the computer will then verify the location of the patient’s spinal anatomy in

relation to the operating room with submillimetric precision. Accuracy is con-

firmed by correlating the patient’s anatomy with the computer model. Digitized

instruments then can be moved within the operative field and using both

passive and active light-admitting diodes (LED). Frameless navigation can be

performed. Standard lumbar instrumentation equipment is available and digitized
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Fig. 2. The reference arc is attached firmly to one of the spinous processes exposed in

the operative field. Theoretically the arc should be attached at each vertebral level being

registered and instrumented. We have found for short segment fixation that only one level

registration yields clinically relevant accuracy.
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including a probe-all drill guide and tap that can contact the spine. With each

movement, the surgeon can look on the computer screen and visualize the

instruments in relation to the patient’s spine. Images are available in the axial,

sagittal and coronal planes as well as a 3-D image. This allows the surgeon to

see the anatomy in any of the three necessary planes. As an instrument is passed
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Fig. 3. The optical camera must be positioned approximately 6 ft away from the refer-

ence arc. It must have unobstructed views of the LEDs on the reference arc and the digitized

instruments.

Fig. 4. Registration is carried out by

locating homologous points of anatomy

between the exposed osseous anatomy and the

model generated on the computer worksta-

tion. Typically the spinous processes, trans-

verse processes, and pars intra-articularis

can be identified and correlated with the

computer-generated model.
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through the surgical field, its position is projected onto the computer screen

with this triplanar view.

The advantages of frameless stereotaxis were discussed previously.

Instrumentation can be placed more accurately decreasing the risk of vascular

and neurological injury. Operating time can be decreased as a result of

increased speed of hardware placement. The exposure of surgeon and patient to

ionizing radiation is also decreased because there is less need for reliance on

traditional imaging techniques such as fluoroscopy or plain films.

Limitations of frameless spinal stereotaxis include the additional cost of

obtaining a preoperative CT or MRI scan. Also any significant unexpected

movement related to instability at the time of positioning or surgery renders this

type of spinal navigation inaccurate. This is because the anatomical relation-

ships will differ from the preoperative data set. If the patient has had prior surgery,

potential anatomical landmarks used for registration may not be available.

Lastly, any disruption of the reference arc will require re-registration. Complicated

multilevel fusions can pose a difficult problem in avoiding any unintended

manipulation of the reference arc.

Virtual Fluoroscopy

The introduction of virtual fluoroscopy has offered surgeons several

advantages over frameless spinal stereotaxis. Virtual fluoroscopy combines the

optical tracking technology of spinal stereotaxis with fluoroscopic images. This

technique does not require any preoperative data set acquisition and allows for

instantaneous registration of the patient’s anatomy. Virtual instruments are then

superimposed on standard fluoroscopic images and data sets can be updated

instantaneously by simply obtaining a new fluoroscopic image. Imaging studies

utilized as anatomic data are obtained from lateral or AP fluoroscopic

intraoperative views. Only one or two images are required to obtain a complete

data set. The C-arm can then be removed from the field. The FluoroNav system

(Medtronic Sofamor Danek, Memphis, Tenn., USA) allows for four images to

be displayed simultaneously in navigated computer-generated representations

of the digitized instruments (fig. 5). The advantages of utilizing virtual fluo-

roscopy include minimizing the surgeon’s exposure to radiation and eliminating

the need for protective aprons. Also, there is an ergonomic benefit being able to

stand flush against the table when placing instrumentation rather than uncom-

fortably leaning against the C-arm. Equipment needed for virtual fluoroscopy

includes a C-arm with LED attachments and fiducial array, a computer work sta-

tion compatible with most stereotactic systems, an optical camera, a reference

arc, and digitized instruments (fig. 6).
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Similar to the use of frameless stereotaxis, the patient is positioned in a

standard fashion and the relevant anatomy is exposed. Again, the reference arc

is attached to the spine, and lateral, AT or oblique fluoroscopic images can be

obtained depending on the surgeon’s preference. The initial image is demon-

strated with an overlaid array of spherical fiducials, which are called the cali-

bration target. The anatomy is then instantaneously registered and the computer

combines the known geometry of the calibration target with the fluoroscopic

image. Signals are sent from LEDs on the reference arc, instruments, and 

C-arm to the optical camera, which then transmits this data to the computer.

The computer calculates the anatomy of the spine relative to the C-arm. No

point for point registration is required.
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5 6

Fig. 5. The Fluoronav system (Medtronic Sofamor Danek) includes a workstation with

a high-powered computer and a high-resolution monitor, an optical camera, and an attach-

ment with LEDs and fiducial display for the C-arm.

Fig. 6. The C-arm is modified slightly in that a fiducial display is attached to the

receiver. This metallic attachment contains LEDs that the optical camera sees to begin the

registration process.
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The surgeon can choose any instrument needed for pedicle screw place-

ment and a single universal instrument handle is attached. The software system

projects to the computer screen a virtual instrument in relation to fluoroscopic

image of the spine.

Various instruments can be projected onto the screen. As the instruments

move in real time with surgeon manipulation, the changes are replicated instan-

taneously on the computer screen. The surgeon is thus aware of the depth and

specific location of the instrument at all times. Distances such as pedicle length

can be calculated and screw angulation for optimal screw trajectory can be

determined with simple movements of the hand.

Because virtual fluoroscopy relies on fluoroscopic images, it is most useful

in navigating bony anatomy. Tumor resections and soft tissue abnormalities are

not suited to virtual fluoroscopy but are best suited for standard frameless

stereotaxis. Patients with 3-D or coronal deformities are also unsuitable candi-

dates for virtual fluoroscopy and would be better suited for frameless stereo-

tactic techniques as well.

Another spinal navigational system has recently gained popularity with the

advancement in fluoro to CT registration technology in which the two fluoro-

scopic images are used to noninvasively merge into the preoperative CT image

data set (Vector Vision, Brainlab, Germany) (fig. 7). A preoperative CT scan

with the standard image-guided protocol is necessary prior to using the fluoro

to CT registration technology. This protocol consists of 1-mm axial cuts incor-

porating one or two levels above and below the area of interest or the surgical

field where instrumentation is going to be placed. The images are then trans-

ported via ether net or zip drive into the working station where a 3-D image is

created. With the 3-D image operative planning can be performed such as iden-

tification of entry and target points for pedicle, transarticular, and lateral mass

screw insertion or biopsies.
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Fig. 7. Fluoro to CT registration. Through computer deformation algorithms, the software

merges the selected vertebral body with the fluoroscopic images. This minimizes extensive

tissue dissection and it becomes convenient when there are no bony anatomical landmarks

(i.e. postlaminectomy) for registration.
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Once the images are transformed into a 3-D rendition, surgical exposure

is obtained in a standard fashion and the reference array is clamped to the spin-

ous process. A new device is also available that allows the reference array to be

placed anteriorly into the vertebral body if an anterior surgical approach is

desired. This has been described previously with other systems [32]. By adjust-

ing the flexible joints, the reference clamp can be positioned without obstruct-

ing the surgical field. Once the array is secured AP and lateral fluoroscopic

images over the area to be instrumented are obtained. There are three methods

for registration. Like other systems there is the paired point registration in

which anatomical landmarks are identified and registered on both the spine and

on the CT images, and there is the surface matching algorithm in which ten or

more points are rapidly collected on the surface of the spine and registered

to the CT images. As mentioned above, unique to the Brain Lab system is the

fluoro to CT registration.

Fluoro to CT registration is performed by matching on the computer

screen the vertebral body of interest in a spine model to the AP and lateral films

obtained. Once the vertebral bodies are identified and matched, it takes approx-

imately 5 min for the software to register and have a navigational 3-D image.

Once registered, the software allows the surgeon to navigate in 3-D, CT, and

fluoro images or a combination of all by adjusting the computer screen (fig. 8).

When targeting a specific end point such as a lesion biopsy or placement of

a pedicle screw, the Brain Lab provides a software called Auto Pilot view that
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Fig. 8. Computer screen displaying (clockwise) 3-D image, lateral fluoro image, axial

CT, and Auto Pilot view while inserting a pedicle screw.
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enables safe navigation and instant feedback. The tool consists of a series of

aligned concentric circles forming a tunnel on a direct path to the target. The first

concentric circle is the entry point and the target point is the smallest black circle

at the end of the tunnel. If during navigation there are any deviations from the

trajectory, the tunnel will curve as the last and first circle become noncongruent.

The software provides immediate feedback providing distance to end point or

any compensatory changes in direction (i.e. angle) necessary to safely reach the

desired target. This tool can be used on difficult cases were the anatomy might

be distorted such as in scoliotic patients or when performing percutaneous

pedicle screw insertion where visible landmarks are not available (fig. 9).
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Fig. 9. Auto Pilot view. Concentric circles form a tunnel which provides immediate

directional feedback for pedicle screw insertion or biopsy guidance.
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The Brain Lab system allows the surgeon to adapt any desired instrument

into the image-guided field. This is performed by clamping a passive marker

array to any instrument (i.e. penfield, pedicle finder, tap, or awl) and inserting

the tip of the instrument into the calibration matrix box. This allows any

instrument to be utilized during the surgery.

Conclusions

Image-guided spine surgery enhances a surgeon’s ability to navigate

instruments and spinal instrumentation throughout the entire spine. These tech-

niques not only minimize morbidity related to instrumentation, but also optimize

screw purchase, decrease operating time, and minimize patient and surgeon

exposure to ionizing radiation. Frameless stereotactic techniques offer certain

advantages in the 3-D navigation of the spine. This technology is particularly

helpful in the placement of C1,2 transarticular screw fixation and in patients

with tumors infiltrating the spinal column. Virtual fluoroscopy, which is a

combination of computer-assisted stereotaxis with C-arm fluoroscopic guid-

ance, allows a surgeon to manipulate instruments within a surgical field while

viewing a virtual image of the instrument in real time on a computer screen.

Both of these techniques represent significant advances in spinal stabilization

and will most definitely advance future minimally invasive percutaneous

techniques. One remaining challenge in spinal navigation is improving regis-

tration accuracy when the spinal alignment is deformed during surgery. Also,

severe spinal deformities tend to pose significant obstacles when trying to reg-

ister the images using fluoroscopy. Innovative advances using fluoro to CT

merge registration technology and the 3-D fluoroscopy units appear to

provide new horizons for the improvement of real time registration and safe

navigation.
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The utilization of neuronavigation in spinal surgery continues to grow.

Numerous advances in this field have facilitated more practical clinical appli-

cations and have led to greater acceptance of this technology. The successful

combination of neuronavigational technology with a practical intraoperative

imaging modality (i.e. fluoroscopy) has significantly increased the clinical util-

ity of computer-assisted surgery. Consequently, the introduction of computer-

assisted fluoroscopy (‘virtual fluoroscopy’) has had a significant impact across

multiple surgical specialties.

The complex anatomy of the spine necessitates reliable preoperative and

intraoperative imaging. In spinal surgery, a significant number of surgical compli-

cations are a direct result of poor intraoperative anatomical localization. However,

due to technical limitations and cost considerations, detailed intraoperative imag-

ing modalities such as computed tomography (CT) or magnetic resonance imag-

ing (MRI) are not readily available. Consequently, the need to improve

intraoperative visualization has led to the development of image-guided naviga-

tional systems for spinal surgery. The first such system was three-dimensional

(3D) and relied on preoperative imaging (CT based) [1, 2]. Although conventional

3D image guidance technology has gained significant recognition and acceptance,

it is by no means widely utilized by spine surgeons. This technology is still con-

sidered to be early in its evolution and is not without limitations. From a clinical

perspective, the greatest limitation of current 3D systems is the time-consuming

and often frustrating process of registration. Another limitation is the current

inability to update the preoperative imaging to reflect the intraoperative position of

the spine. At present, intersegmental changes in the position of the spine either due
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to a change in the patients’ overall position compared to their preoperative position

or following a reduction maneuver cannot be updated without the presence of an

intraoperative CT or MRI. This limitation mandates that each segment be individ-

ually registered to provide maximal navigational accuracy at that respective

segment. As previously stated, this can often be a rate-limiting step to the novice

user of a conventional 3D image guidance system. Furthermore, the accuracy pro-

vided by these systems is often felt to be unnecessary for the majority of spinal

procedures. These limitations continue to drive the need to develop more user-

friendly and practical computer-assisted techniques, such as virtual fluoroscopy.

C-arm fluoroscopy is an intraoperative imaging technique that is familiar

to all spine surgeons. It is routinely employed for real-time intraoperative local-

ization of patient anatomy and surgical instruments in a variety of spinal

procedures. Fluoroscopic localization facilitates improved accuracy and in

many instances reduces surgical exposure in a variety of spinal procedures such

as pedicle screw insertion, interbody cage placement, odontoid screw insertion,

and atlantoaxial transarticular screw fixation. This imaging technology has also

enabled the development of percutaneous spinal procedures, such as vertebro-

plasty. Despite the advantages of intraoperative fluoroscopy, there are several

limitations. Without a second fluoroscope, only a single projection can be visu-

alized at one time. This limitation makes it necessary to reposition the C-arm

during procedures that require multiple planes of visualization. Frequent

repositioning of the C-arm is tedious, time-consuming, and frustrating. In addi-

tion, maintaining ideal sterility is a challenge. Furthermore, the position(s) of

the C-arm is often ergonomically challenging to the surgeon. Finally, the

potential deleterious effect of repeated radiation exposure to the surgeons’

hands is always an important consideration [3].

Combining neuronavigational technology with a standard C-arm fluoroscope

has enabled the optimization of this versatile intraoperative imaging modality.

A computer-assisted image-guided fluoroscopy (virtual fluoroscopy) system

provides the user with real-time multiplanar anatomical localization of a tracked

surgical instrument in relation to patient-specific fluoroscopic-based images

[4–8]. These systems eliminate the need for special preoperative imaging stud-

ies, manual image to patient registration (see above), C-arm repositioning, or the

associated ergonomic challenges of using a C-arm fluoroscope. Furthermore,

patient and occupational radiation exposure is significantly reduced, as is the need

for wearing lead protection. Virtual fluoroscopy is currently being used for a wide

variety of spinal applications. It is also being used for assistance in osseous cranial

navigation (e.g. transsphenoidal access to the parasellar region) [9]. In addition,

these systems are being extensively used for a variety of orthopedic trauma proce-

dures and more recently total joint replacement. A novel variant of this technology

is also being utilized in interventional radiology.
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System Overview

A typical virtual fluoroscopy system consists of a surgical navigational

computer system, a commercially available digital C-arm fluoroscope, a calibra-

tion target that attaches to the C-arm, and a variety of modified surgical instru-

ments that are capable of being tracked by the image guidance system. The

process of virtual fluoroscopy can be divided into four basic steps: (1) acquisi-

tion of one or more fluoroscopic images, (2) capturing the position of the

patient and C-arm at the time of image acquisition, (3) mathematically recreat-

ing the fluoroscopic image formation process of the C-arm for each image

acquired, and (4) superimposing the relative position of a tracked surgical

instrument onto the virtual fluoroscopic image(s) [6, 8]. In step 1, conventional

fluoroscopic images acquired in any plane are automatically transferred to the

computer for image processing. In step 2, information about the relative posi-

tion of the patient and the C-arm at the time of image acquisition (i.e. genera-

tion of the fluoroscopic image) is captured by a position-sensing camera array.

The most commonly used tracking device is an electro-optical camera that

detects the position of light-emitting diodes or passive reflectors attached to the

object(s) of interest. Other means of position sensing (e.g. electromagnetic) can

also be used. The patient position is defined by attachment of a dynamic refer-

ence array (DRA), which rigidly attaches to the portion of the patient’s anatomy

that is to be imaged. The C-arm position is defined by position markers or sig-

nal emitters built into the calibration target that is affixed to the image intensi-

fier. In step 3, utilizing a mathematical algorithm, the computer recreates

the fluoroscopic image formation process of the C-arm (i.e. virtual fluoroscopy).

The algorithm calibrates the acquired fluoroscopic image by taking into

account the positional data acquired in the second step. The calibration process

compensates for factors such as gravity-dependent changes in the C-arm image

center, the effect of external electromagnetic fields generated by electrical

equipment in the operating room, and the effect of changes in the C-arm’s posi-

tion with respect to the earth’s magnetic field. These factors are unique to every

C-arm position; therefore, it is necessary that every acquired image be inde-

pendently calibrated. Essentially the computer creates multiple live virtual flu-

oroscopic beams that are maintained in their original spatial orientation relative

to the patient. In step 4, the computer determines the position of one or more

trackable surgical instruments using a position-measuring camera and then super-

imposes an image of the instrument(s) in the virtual fluoroscopic display.

Dedicated image-guided instruments such as awls, probes, taps, and screwdrivers

are commercially available. Alternatively, any rigid surgical instrument may be

customized with a tracking device or tracked with the assistance of a universal

tool array. The system can display the position of the surgical instrument(s)
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in any of the previously acquired fluoroscopic images, in multiple planes,

simultaneously. The system also allows the actual projection of a surgical

instrument (in one color) and the simultaneous projection of the linear exten-

sion of that instrument’s proposed trajectory (in a second color) (fig. 1).

Accuracy Validation
Bench top testing of these systems has shown excellent (submillimetric)

correlation of the live fluoroscopic position of a probe and its virtual fluoro-

scopic projection. In a simulated operating room setting, Foley et al. [4] inves-

tigated the in vitro accuracy of the FluoroNav (Medtronic Surgical Navigation

Systems, Louisville, Colo., USA) system. In this study, the difference in posi-

tioning of an implanted pedicle probe (tip and trajectory angle) was measured

comparing live and virtual fluoroscopic images. The mean error in probe tip

localization was 0.97 � 0.40 mm (99% confidence interval � 2.2 mm, maximum

probe tip error � 3 mm). The mean trajectory angle difference between the vir-

tual and actual probe images was 2.7 � 0.6� (99% confidence interval � 4.6�,
maximum trajectory angle difference � 5�).

Clinical Spinal Applications

As this form of 2D neuronavigation is based on fluoroscopy, the use of a

good fluoroscopic technique is necessary. Specifically, the anatomic region of

interest should be placed in the center of the fluoroscopic image to minimize

a b

Fig. 1. AP and lateral virtual fluoroscopic views of the lumbar spine. Note the high-

grade spondylolisthesis. a The pedicle probe (dark line) has been positioned at the pedicle

entry point (white arrowhead). Its trajectory (light line) has been virtually extended 15 mm

to the base of the pedicle (black arrow). b Pedicle probe advancement is displayed in both

the AP and lateral images simultaneously.
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parallax. Furthermore, a true image should always be obtained if possible (e.g.

in a true anterior-posterior (AP) view, the spinous process should bisect the

pedicle). Prior to clinical use, it must be clearly understood that virtual fluo-

roscopy systems typically cannot improve the image quality generated by a

given C-arm and it cannot compensate for a surgeon’s misinterpretation of

fluoroscopic (2D) osseous anatomic data. Therefore, a sound knowledge of

fluoroscopic spinal anatomy is essential for the successful use of a virtual

fluoroscopy system.

Virtual fluoroscopy is presently being used for the following spinal proce-

dures: open pedicle screw placement (C7–S1), percutaneous pedicle screw

placement (T10–S1), lumbar interbody cage insertion, C1–C2 transarticular

screw placement, lateral mass screw placement, odontoid screw fixation and

transoral decompression.

Posterior Spinal Procedures
For posterior spinal procedures, patient setup and surgical exposure are

identical to the surgeon’s normal technique. The DRA is rigidly affixed to the

spinous process of the vertebra. For a typical degenerative case (without gross

instability), the end vertebrae can be utilized for this purpose (e.g., attach the

DRA to L4 for screw placement at L4, L5, and S1). The fluoroscopic views

preferred by the surgeon are then acquired. These may include lateral views,

AP views, or oblique (owl’s eye) views down the length of the pedicle. Once

processed (see System Overview), the desired images are simultaneously

displayed and anatomical correlation of the tracked instrument compared to

its virtual position is carried out. Utilizing virtual multiplanar fluoroscopic

information, the starting point and trajectory for a given task are chosen.

Clinical judgment and tactile feedback are used to refine the trajectory as

necessary. These systems can provide the virtual projection of any desired

length and diameter onto the chosen trajectory. The use of tracked awls,

probes, and taps permits continuous visualization of the instruments along

their course (fig. 2).

Percutaneous Pedicle Screws
Virtual fluoroscopy systems do not require direct exposure of the spine for

registration, thus percutaneous navigation may be performed as follows.

Through a small incision, the DRA is rigidly affixed to the desired spinous

process. The appropriate fluoroscopic projections (AP, lateral, and oblique) are

obtained and calibrated. From the skin surface, the trajectory of the tracked

probe is virtually extended through the pedicle to visualize the anticipated

course of the pedicle screw. Preoperative CT and MRI are used to decide the

optimal entry point and trajectory for the pedicle screw. Using a cannulated
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screw system the pedicle is probed and tapped under virtual fluoroscopic assis-

tance (fig. 3) [10].

Anterior-Cervical Spine
The surface anatomy of the anterior cervical spine is typically prohibitive

to anatomical registration using conventional 3D neuronavigation. Furthermore,

the anatomy of the anterior cervical spine and the nature of anterior cervical

spinal procedures typically do not allow the practical or safe attachment of a

DRA directly to the spine. At the craniocervical junction, the anatomical rela-

tionship of the occiput-C1-C2 can often be maintained by the use of a Mayfield

apparatus. As a result of the rigid relationship between the Mayfield apparatus

and the occiput, a DRA directly attached to the Mayfield combined with auto-

matic registration enables virtual fluoroscopic navigation during procedures at

the craniocervical junction (e.g. odontoid screw insertion or transoral decom-

pression). For anterior procedures of the subaxial cervical spine, the DRA can

be directly attached to one or more vertebral bodies using threaded distraction

pins. As noted for posterior procedures, the multiplanar position and trajectory

of tracked surgical tools are provided in real time. Specific to anterior cervical

procedures, information with respect to the anatomical midline and depth is

also utilized.

Fig. 2. AP and lateral virtual fluoroscopic views of the lumbar spine (same patient as

in fig. 1). The ability to follow the course of the pedicle probe simultaneously in the AP and

lateral planes enables reliable placement of the probe along an intended trajectory.

Advancement of image-guided pedicle probe trough the S1 pedicle to the sacral promontory

(white arrow) is demonstrated.
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Clinical Outcomes

The authors have significant clinical experience utilizing the FluoroNav™

system (Medtronic Surgical Navigation Technologies, Louisville, Colo., USA).

In a current prospective study the clinical accuracy of virtual fluoroscopy for

the placement of thoracic and lumbosacral pedicle screws is being evaluated

(unpubl. data). In this study, postoperative CT of 360 pedicle screws [45 patients;

lumbosacral (L1–S1) � 279; thoracic T (T3–T12) � 81] were independently

reviewed by a spinal fellow and neuroradiologist. All screws were placed at

an academic teaching center using the FluoroNav system. Residents and fel-

lows placed over 50% of the screws. The relative position of the screw to the

pedicle was assessed and graded as follows: A � completely in; B � �2 mm;

C � 2–4 mm; D � �4–6 mm. Any borderline position was automatically

downgraded. If an osseous breach occurred, the direction of the breach was fur-

ther classified. To date, 49 out of 360 screws (13.6%) breached the pedicle wall

(fig. 4). Overall pedicle breaches were grade B in 11.9%, grade C in 1.4% and

grade D in 0.3% of screws. The majority (87.5%) of breaches were minor

(grade B). Overall medial and lateral breaches occurred equally. Due to

anatomic constraints, breaches were 3 times more likely to occur in the thoracic

spine. Thirty-five percent of breaches were secondary to a pedicle screw that

was larger than the size of the pedicle. There were no clinically significant

screw misplacements and no screws required revision. In this series, the poten-

tial for any neurological injury (medial pedicle breach, greater than 2 mm) was

0.6%. This study represents a worse case scenario assessment (CT analysis). The

overall misplacement rate in this ongoing study is less than or comparable to

reported misplacement rates using other techniques [11–13].

Fig. 3. a Percutaneous pedicle screw insertion can be accomplished utilizing multipla-

nar virtual fluoroscopy and an image-guided pedicle probe such as a bone biopsy needle.

b As depicted, the pedicle can be pictured as a cylinder. c A percutaneously placed pedicle

probe is positioned at the pedicle entry point (the ‘top’ of the pedicle cylinder on the lateral

view and the lateral edge of the pedicle cylinder on the AP view). Its trajectory is then virtu-

ally extended to the ‘bottom’ of the pedicle cylinder (the junction of the pedicle and the

vertebral body). By maintaining a probe trajectory that is lateral to the medial edge of the

pedicle (arrow – AP view) at the ‘bottom’ of the pedicle, the pedicle can be percutaneously

probed with minimal risk of a medial pedicle breach. When using this technique, it is imper-

ative that true AP and lateral views are utilized. d After the pedicle is probed, a guide wire is

introduced and a cannulated pedicle screw can be placed. Postoperative AP (e) and lateral 

x-ray ( f ) following a minimally invasive posterior lumbar interbody fusion augmented with

the Sextant™ percutaneous pedicle screw system (Medtronic – Sofamor Danek, Memphis,

Tenn., USA). g Postoperative CT image (see e, f ) demonstrating ideal placement of percuta-

neously placed L5 pedicle screws utilizing virtual fluoroscopic assistance.
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Using a novel instrumentation technique, Foley et al. [10] placed percuta-

neous lumbar pedicle screws utilizing the FluoroNav system. Twelve patients

were successfully treated using this technique. The versatility of the imaging

system allowed registration of unexposed spine elements for the percutaneous

procedure. Screw placement was without complication in all cases.

Although the authors only have clinical experience using the FluoroNav

system, other commercially available virtual fluoroscopy systems seem to have

similar accuracy and likely will demonstrate similar clinical results. In an

in vitro study comparing a virtual fluoroscopy system to a conventional 3D

image-guided technique, Choi et al. [7] demonstrated comparable accuracy.

The overall screw misplacement rate (17.9%) demonstrated in this in vitro

study is comparable to the clinical findings of Rampersaud et al. (see above,

unpubl. data). Based on extensive in vitro data and in vivo experience the

authors have concluded that FluoroNav appears to be a safe adjunct for the

placement of thoracic and lumbosacral pedicle screws.

Disadvantages

Although virtual fluoroscopy has many advantages over conventional

fluoroscopy, its primary limitation is 2D image generation. Also, the quality of

a b

Fig. 4. Postoperative CT images demonstrating pedicle screw placement using virtual

fluoroscopic assistance. a At T6 both screws (5.5 mm) are in excellent position within the

pedicles. b At T4, the left screw is in good position and the right screw demonstrates a minor

breach (�2 mm) of the medial pedicle wall (arrowhead). In this case the screw diameter

(5.5 mm) was greater than that of the pedicle.
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the fluoroscopically generated images and the surgeon’s ability to meaningfully

interpret these views are unchanged compared to conventional fluoroscopy.

For all current image guidance systems, the navigational accuracy is greatest

at the spinal segment to which the DRA is attached. The rigid relationship between

the DRA and the spinal segment to which it is attached allows for accurate track-

ing and compensation for any motion occurring at that specific spinal segment. As

a result of intersegmental motion and other technical reasons, overall navigational

accuracy decreases as one moves further away from the DRA. Consequently, to

maintain maximal navigational accuracy, the DRA should be moved to each spinal

segment of interest with new fluoroscopic images acquired at each segment. This,

however, is clinically impractical for multilevel cases. Unless gross segmental

spinal instability is present, acceptable clinical accuracy is typically maintained

for 2–5 spinal segments for one DRA position (1 segment: above, 1: at and 1–3:

below). However, clinical judgment must be used to determine whether the system

is adequately correlating to the segment of interest before navigation is carried out.

For spinal procedures such as C1–2 transarticular screws where a low margin of

error exists the DRA must be attached to the vertebrae of interest. Furthermore, by

obtaining a live image to confirm the position of a tracked instrument the fluoro-

scope can serve as its own internal validation system.

Although virtual fluoroscopy provides the advantages of intraoperative imag-

ing, it is still limited by the inability to easily track multiple spinal segments.

Therefore, it is still necessary (for the reasons mentioned above) to move the DRA

and acquire new fluoroscopic images several times during long segment proce-

dures. The overall number of C-arm positional changes and images required,

however, is still much less when compared to conventional C-arm fluoroscopy.

Under ideal circumstances surgical navigational systems can be very accu-

rate. However, there are numerous potential sources of error that can significantly

affect the clinical accuracy of any image guidance system. These include errors

related to imaging, tracking, registration algorithm(s), and the tracked surgical

tools. These errors, although typically submillimetric, are cumulative and can

result in a clinically significant overall navigational error. One of the potentially

largest, but often understated sources of errors is the surgeon. Like any other

tool, a virtual fluoroscopic navigational system is only as good as its user.

Sound knowledge of the limitations associated with these systems is paramount

for their optimal use.

Future Implications

The future of virtual fluoroscopy is one of versatility. The practical imple-

mentation of an easy to use intraoperative imaging modality combined with

dramroo



Rampersaud/Foley 94

surgical navigational technology has enabled a robust platform from which only

improvement is possible. Virtual fluoroscopy has the potential to bring practi-

cal 3D intraoperative image guidance to the operating room. This is currently

evolving in two pathways. The first is a direct method utilizing a novel isocen-

tric C-arm (Siemens). This C-arm is capable of generating a 3D image data set,

therefore allowing 3D neuronavigation without the hassles of 3D registration.

Furthermore, because it is an intraoperative imaging device certain limitations

such as positional (patient) intersegmental motion and intraoperative image

update of conventional 3D neuronavigation are eliminated. The second pathway

involves technology that allows automated registration of intraoperative 2D

fluoroscopic images to a preacquired 3D image data set [14]. The goal of both

techniques is to eliminate the time-consuming step of tactile anatomic registra-

tion, while providing unparalleled 3D anatomic information and practical

intraoperative imaging capabilities. 2D to 3D image fusion also allows incor-

poration of multiple imaging modalities (e.g. CT, MRI, ultrasound or angio-

graphic). The added anatomical detail of a 3D image data set without the need

for tactile registration is ideally suited for the refinement and development of

percutaneous or minimal access spinal surgery.

Virtual fluoroscopy is also facilitating another exciting area of research

that involves practical solutions for tracking multiple segments of the spine.

Combined with segmentation of an image data set this will allow the user to

maintain optimal navigational accuracy over numerous segments and update

the relative position of individual segments in real time. Finally, it is only

logical that this technology will likely be integrated directly into the C-arm

fluoroscope, thus providing a versatile intraoperative imaging-navigational

system.

Conclusion

Virtual fluoroscopy is a safe and beneficial adjunct to complex spinal

surgery. The use of this technology has shown improved or comparable pedicle

screw misplacement rates when compared to published results utilizing

anatomical landmarks with or without fluoroscopy and conventional 3D image

guidance, respectively. As with all neuronavigation devices, advantages and

disadvantages specific to virtual fluoroscopy exist and must be considered in

the decision to utilize this technology. The real-time multiplanar information

provided by these systems can be a powerful adjunct to the surgeon’s ability to

perform complex tasks during spinal surgery. However, it must never be for-

gotten that this technology is intended to serve as an adjunct to the surgeon’s

clinical judgment and technical skills, not a replacement.
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Placement of Thoracic Pedicle 
Screws

David W. Polly, Jr., Timothy R. Kuklo

Department of Orthopaedic Surgery and Rehabilitation, 

Walter Reed Army Medical Center, Washington, D.C., USA

Thoracic pedicle screws are experiencing a significant increase in utiliza-

tion in North America, as well as in the rest of the developed world [2, 5, 20,

21, 30–34]. Consequently, there is a heightened interest in factors leading to

successful use.

When placing pedicle screws in the thoracic spine, the surgeon primar-

ily uses his or her knowledge of general thoracic pedicle anatomy along with

a preoperative plan founded on sound biomechanical principles for the initial

approach. Preoperative patient-specific imaging studies aid the surgeon in

adapting general anatomy knowledge to patient-specific anatomy. These

include a detailed study of the preoperative radiographs for pedicle position

and size, in addition to possible computerized tomography (CT) and magnetic

resonance (MR) imaging, which can further detail the pertinent anatomy. In

concert with a thorough understanding of this anatomy, tactile feedback,

however, remains the primary means of confirmation for successful screw

placement.

More recent screw placement guidance tools include conventional fluo-

roscopy (fig. 1), two-dimensional (2-D) fluoroscopy (fig. 2), computer-aided

image guidance (fig. 3), intraoperative advanced imaging (such as CT or MR),

physiological monitoring guidance and emerging three-dimensional (3-D)

The opinions or assertions contained herein are the private views of the authors and are

not to be construed as official or as reflecting the views of the United States Army or the

Department of Defense. The authors are employees of the United States government. This

work was prepared as part of their official duties and as such, there is no copyright to be

transferred.
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Fluoro guidance

2-D guidance

Fig. 1. This is conventional image

guidance with use of intraoperative fluo-

roscopy. This image demonstrates the typi-

cal 22� sagittal inclination of the thoracic

pedicle when utilizing the anatomic axis.

Fig. 2. This example of 2-D image guidance demonstrates two planar images allowing

the surgeon to navigate simultaneously in these planes. Advantages of this include familiar-

ity of the display (fluoroscopy) and the ability to update the images intraoperatively as

needed.
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fluoroscopic guidance. Screw tract and screw placement confirmation is ulti-

mately achieved by palpation, imaging, physiological monitoring or a combina-

tion of all of these techniques. Successful screw placement can be defined in a

number of ways [2, 11]. With successful surgical outcome as the primary goal,

successful screw placement may be a necessary, but not sufficient requirement.

Pedicle Anatomy

Applied thoracic pedicle anatomy has been well studied, and normative

tables and graphs have been developed [7, 8, 14, 16, 22, 24, 35–38, 40, 41].

Currently, there are primarily two accepted screw trajectories – the straight-

ahead trajectory (initially popularized by Roy-Camille, then Suk and Lenke),

and the anatomic trajectory (utilized by Harms and others, the term initially

suggested by Polly) [31].

Advantages of the straight-ahead trajectory include permitting the use of a

fixed head (monoaxial) screw, as well as offering increased insertional torque

Fig. 3. This example of 3-D image guidance demonstrates the utility of multiplanar

navigation. It allows for simultaneous sagittal, coronal and axial planar navigation. This

allows for true optimization of pedicle screw fit, fill and trajectory.

3-D image guidance
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and pull-out strength when compared to the anatomic trajectory [17, 19]. The

major disadvantage is that this trajectory may require the screw to traverse a

narrower portion of the pedicle isthmus to remain fully contained. The

anatomic trajectory (directed along the sagittal pedicle axis – a 22� inclination

from dorsal rostral to ventral caudal) permits the surgeon to navigate a larger

portion of the pedicle isthmus and place a longer screw within the bone. It may

also provide a ‘toenail’ effect, which typically provides the advantage of not

sustaining direct in-line pull-out forces to the screw. Any potential benefit in

construct performance, as opposed to individual screw performance, is

unknown.

Pedicle Screw Tract Placement

A number of techniques have been used to successfully navigate the pedicle.

Initial techniques utilized tactile feedback along with knowledge of the pedicle

anatomy to place screws. The ‘cancellous feel’, familiar to surgeons experi-

enced in lumbar pedicle screw placement, can also be used for thoracic screw

placement. Since cortical bone has a distinctly different feel, a progressive

cancellous resistance to the advancing pedicle probe is highly reassuring.

Likewise, a sudden change in this feel is a cause for reassessment.

The neurocentral junction, however, is a predictable point where a distinct

change in the ‘feel’ occurs. This is because the physeal growth plate is distinctly

more dense than the cancellous bone of the pedicle and the vertebral body.

Breeching this physeal scar has a similar feel to violating a cortical margin and

requires a certain level of experience (or anatomic confirmation) to differenti-

ate acceptable from unacceptable pedicle tract navigation.

Surgical Pedicle Navigation Techniques

Proposed techniques for pedicle navigation include the ‘freehand’ tech-

nique as well described by Lenke et al. [20]. Similarly, drilling has been utilized

by many surgeons while the use of a small diameter drill followed by placement

of k-wires with conventional radiographic confirmation has been popularized

by Suk et al. [32]. The ‘funnel technique’ of breeching the dorsal cortex with a

burr and then navigating the pedicle with a small size curette (such as a 2-0

Cloward curette) has been popularized by Gaines [10], and espoused by others

for cervical pedicle navigation (find the hole, do not make the hole).

Nonetheless, each of these techniques requires tactile feedback as the primary

means of confirmation.
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This tactile feedback can be supplemented with a number of adjunctive

technologies [1]. Conventional fluoroscopy has been widely used, with a high

level of accuracy [2]. It has the advantage of being a real time evaluation in a

familiar format. Disadvantages include the presence of the fluoroscopic unit at

the operative field, the conventional difficulties associated with planar radiog-

raphy (visualizing the upper thoracic spine, penetrating large body mass

patients, surgeon impairment from lead gowns) and exposure to both the patient

and the operative team. A skilled technologist is also required.

2-D image guidance (such as FluoroNav, Medtronic Sofamor Danek,

Memphis, Tenn., USA) acquires intraoperative images through a tracking arc

attached to the patient and displays the images on a computer screen to assist

the surgeon to navigate the pedicle [27, 28] (fig. 2). The major advantage of this

system is that it permits the surgeon to navigate in multiple conventional fluo-

roscopic planes simultaneously. This concept, the use of conventional imaging

linked in multiple planes, is a comfortable concept for many surgeons due to

the familiarity of the radiographic images. The disadvantages include the

requirement for a sophisticated unit that requires an additional user familiar

with the technical operation of the system.

3-D image guidance, or frameless stereotactic image guidance, utilizes

preoperative axial imaging studies (most typically CT) with intraoperative

registration to correlate segmental anatomy and display multiplanar images for

navigation [4] (fig. 3). The most significant advantage of this technique is the

display of axial images during the navigation process. This is perhaps the most

critical anatomic information required by the surgeon during pedicle naviga-

tion. Disadvantages include the need for the sophisticated unit (and subsequent

cost), obtaining the preoperative axial imaging studies (and additional cost),

transferring the information to the unit and then obtaining appropriate intraop-

erative segmental registration of acceptable precision. There is a significant

time investment necessary in the early use of the technology.

Physiological intraoperative guidance is based on stimulating a pedicle

probe during screw tract navigation, thus looking for a neural response from

either a nerve root or the spinal cord. This technique has been extensively

researched in the lumbar spine where the nerve root level myotomes provide

good discrimination. In the thoracic spine, this has proven to be more difficult.

Monitoring from the rectus abdominis appears to give reasonable evoked

potentials for T6–T12 [29]. To date, this technique has proven to be less reliable

rostral to T6. Newer technologies may allow real time monitoring of nerve root

proximity, as well as directional information.

Future technological developments may include sophisticated haptic feed-

back that can discriminate between bone, nerve and blood vessels. Ideally, this

technology should permit differentiation between cortical and cancellous bone,
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thus providing an excellent adjunct in pedicle navigation. The merging of

multiple modalities could further enhance the margin of safety provided for

navigating these narrow access corridors.

Evaluation of the Pedicle Tract

Classically, evaluation of the pedicle tract is done by direct bony palpation.

This includes ‘five-wall’ confirmation, or palpation of the medial, lateral, superior,

inferior and anterior walls. However, the predictive value of this maneuver

varies between surgeons, and is not foolproof [18]. If a breech is detected,

there is a high positive predictive value; however, if no breech is detected, the

negative predictive value is not as good. An ‘experience’ factor is also present

and appears to play a significant role.

Confirmation of a bony pedicle breach requires further analysis by the

surgeon to determine whether or not a screw can still be placed safely. One

technique, described by Dvorak et al. [6], places a pedicle screw along a

trajectory lateral to the pedicle, but within the confines of the pedicle-rib

complex, and ultimately into the vertebral body. This has subsequently been

termed the ‘in-out-in’ technique or the ‘pedicle-rib’ technique. O’Brien et al. [23]

have demonstrated the anatomy of this corridor. So simply having a small

lateral cortical breach is of no particular clinical consequence. It also appears

that a small medial breach can be tolerated [2, 11]. Further, Polly et al. [26]

analyzed volumetric spinal canal intrusion from medially positioned screws in

a computer model and found that a screw must have over a 2-mm medial breach

to have the same volumetric spinal canal intrusion as a perfectly positioned

pediatric laminar hook. However, in spinal deformity, a medial breach on the

concave apex would not be tolerated, and any change in neurological monitoring

is always a cause for significant concern [25].

Following insertion, screw purchase is routinely evaluated. If the screw is

loose (poor purchase), then it is not acceptably placed, whereas good purchase

does not necessarily confirm adequate placement. Again, screw removal and

direct palpation may assist the surgeon in identifying a breach. Similarly, elec-

trophysiological monitoring can suggest a medial cortical violation, especially

from T6–T12, but it is less reliable at detecting lateral or anterior breaches.

Intraoperative imaging (fluoro or plain film) can also be used to assess place-

ment, yet interpretation of the images can be challenging. Several checks have

been found to be helpful. First, with multiple level fusions, one can appreciate

the progressive orientation of the screws on the PA view, and a break in the

progression will alert the surgeon to a potentially misplaced screw. Further, the

pedicle can usually be identified, and the screw should appear to be tracking
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Fig. 4. a–l This is an example of a right thoracic left lumbar progressive scoliotic

deformity in a skeletally immature individual (curve pattern Lenke 3CN, King curve type

double major). Because of the curve magnitude (�50�), and her immaturity, she met opera-

tive indications. The lumbar modifier (Lenke C) and the thoracolumbar junctional kyphosis

mandated fusion of both curves. The preoperative coronal and sagittal radiographs demon-

strate the deformity, the postoperative radiographs demonstrate the excellent correction in

the coronal and sagittal planes while preserving the motion of the intervertebral disks from

L3 to the sacrum. The sequential CT images demonstrate the axial views of the screw

position at each level T5 through L3. The physeal scar (or neurocentral growth plate) is well

visualized on the right at T10 and T11.
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through the pedicle projection. Multiple views, especially in spinal deformity,

can be of further help. To date, the accuracy of planar radiography to determine

pedicular screw placement in the thoracic spine has not been validated.

Currently, CT scanning is considered the gold standard, although it is more real-

istically a worst case analysis since there is some magnification artifact even

with titanium implants [3, 9, 12, 13, 39]. Intraoperative CT scanners have been

utilized at some institutions. Obviously, this requires a significant infrastructure

and operating room modifications. For particularly high-risk screw placement,

one strategy might involve a planned intraoperative transport to a scanner

within the institution. Again, this requires significant coordination and

increased operative time. We have found that the routine use of postoperative

CT scans in patients who have undergone placement of thoracic pedicle screws

has added an extra margin of safety and an invaluable educational opportunity

for the operating surgeons to critically assess their technique (fig. 4a–l).

Successful Screw Placement

Successful screw placement can be defined in a number of ways. The

most obvious criteria would be the presence or absence of neurological or

visceral compromise as a result of the screw placement [15]. By all defini-

tions, presence of these conditions would be considered an unsuccessful

screw placement. The second criterion may be screw purchase. In other

words, does the screw have enough purchase to hold against the applied

loads? However, even if placed with anatomic precision, placement can still

be unsuccessful if there is inadequate bone stock. Third, did the screws suc-

cessfully achieve the goal of instrumentation, i.e. was the deformity corrected

or was the spine stabilized sufficiently to achieve the long-term biological

solution of fusion?

Conclusions

Individual decisions and techniques, including the use of neuronaviga-

tional aids, are premised to successfully and safely achieve the goals of surgical

treatment. Placement of thoracic pedicle screws is only one component of the

surgical process. However, for the surgery to be a success, the screws must be

placed safely and effectively. This can be achieved through a variety of tech-

niques using one of several accepted strategies. The surgeon must have enough

resources available to accomplish the task. Given the variety of experience, skill

and patient-specific anatomy, different resources will be required.
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Cervical Techniques with 
Image-Guided Spinal Navigation
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Cleveland Clinic Foundation, Cleveland, Ohio, USA

Image-guided spinal navigation is a computer-based surgical technology that

was developed to improve intraoperative orientation to the unexposed anatomy

during complex spinal procedures [12, 17]. It evolved from the principles of

stereotaxy which have been used by neurosurgeons for several decades to help

localize intracranial lesions. Stereotaxy is defined as the localization of a specific

point in space using three-dimensional coordinates. The application of stereotaxy

to intracranial surgery initially involved the use of an external frame attached to

the patient’s head. However, the evolution of computer-based technologies has

eliminated the need for this frame and has allowed for the expansion of stereo-

tactic technology into other surgical fields, in particular spinal surgery.

The management of complex spinal disorders has been greatly influenced

by the increased acceptance and use of spinal instrumentation devices as well

as the development of more complex operative exposures. Many of these tech-

niques place a greater demand on the spinal surgeon by requiring a precise

orientation to that part of the spinal anatomy that is not exposed in the surgical

field. In particular, the various fixation techniques that require placing bone

screws into the pedicles of the thoracic, lumbar and sacral spine, into the lateral

masses of the cervical spine and across joint spaces in the upper cervical spine

require ‘visualization’ of the unexposed spinal anatomy. Although conventional

intraoperative imaging techniques, such as fluoroscopy, have proven useful,

they are limited in that they provide only two-dimensional imaging of a complex

three-dimensional structure. Consequently, the surgeon is required to extrapo-

late the third dimension based on an interpretation of the images and a knowl-

edge of the pertinent anatomy. This so-called dead reckoning of the anatomy

can result in varying degrees of inaccuracy when placing screws into the

unexposed spinal column.
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Several studies have shown the unreliability of routine radiography in

assessing pedicle screw placement in the lumbosacral spine. The rate of pene-

tration of the pedicle cortex by an inserted screw ranges from 21 to 31% in these

studies [6, 9, 20]. The disadvantage of these conventional radiographic tech-

niques in orienting the spinal surgeon to the unexposed spinal anatomy is that

they display, at most, only two planar images. While the lateral view can be

relatively easy to assess, the anteroposterior or oblique view can be difficult to

interpret. For most screw fixation procedures, it is the position of the screw in

the axial plane that is most important. This plane best demonstrates the position

of the screw relative to the neural canal. Conventional intraoperative imaging

cannot provide this view. To assess the potential advantage of axial imaging for

screw placement, Steinmann et al. [19] used an image-based technique for pedi-

cle screw placement that combined computed tomography (CT) axial images of

cadaver spine specimens with fluoroscopy. This study demonstrated an improve-

ment in pedicle screw insertion accuracy with an error rate of only 5.5%.

Image-guided spinal navigation minimizes much of the guesswork associ-

ated with complex spinal surgery. It allows for the intraoperative manipulation

of multiplanar CT images that can be oriented to any selected point in the

surgical field. Although it is not an intraoperative imaging device, it provides

the spinal surgeon with superior image data compared to conventional intraop-

erative imaging technology (i.e. fluoroscopy). It improves the speed, accuracy

and precision of complex spinal surgery while, in most cases, eliminates the

need for cumbersome intraoperative fluoroscopy. This chapter will focus on its

use in the cervical spine.

Principles of Image-Guided Spinal Navigation

The use of an image-guide navigational system for localizing intracranial

lesions has been previously described [1, 2]. Image-guided navigation estab-

lishes a spatial relationship between a preoperative CT image data and its

corresponding intraoperative anatomy. Both the CT image data and the anatomy

can each be viewed as a three-dimensional coordinate system with each point

in that system having a specific x, y and z Cartesian coordinate. Using defined

mathematical algorithms, a specific point in the image data set can be matched

to its corresponding point in the surgical field. This process is called registra-

tion and represents the critical step of image-guided navigation. A minimum of

three points needs to be matched or registered, to allow for accurate navigation.

A variety of navigational systems have evolved over the past decade. The

common components of most of these systems include an image-processing

computer workstation interfaced with a two-camera optical localizer (fig. 1).
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When positioned during surgery, the optical localizer emits infrared light

towards the operative field. A hand-held navigational probe mounted with a

fixed array of passive reflective spheres serves as the link between the surgeon

and the computer workstation (fig. 2). Alternatively, passive reflectors may be

attached to standard surgical instruments. The spacing and positioning of the

passive reflectors on each navigational probe or customized trackable surgical

instrument are known by the computer workstation. The infrared light that is

transmitted towards the operative field is reflected back to the optical localizer

by the passive reflectors. This information is relayed to the computer worksta-

tion which can then calculate the precise location of the instrument tip in the

surgical field as well as the location of the anatomic point on which the instru-

ment tip is resting.

The initial application of navigational principles to spinal surgery was not

intuitive. Early navigational technology applied to intracranial surgery used an

external frame mounted to the patient’s head to provide a point of reference to

link preoperative image data to intracranial anatomy. This was not practical for

spinal surgery. The current generation of intracranial navigational technology
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Fig. 1. Image-guided navigational workstation with infrared camera localizer system.
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uses reference markers or fiducials that are glued to the patient’s scalp prior to

imaging. However, the use of these surface-mounted fiducials for spinal navi-

gation is not practical because of accuracy issues related to a greater degree of

skin movement over the spinal column [4, 5]. This is less of a problem with

intracranial applications because of the relatively fixed position of the overly-

ing scalp to the attached fiducials.

The application of navigational technology to spinal surgery involves

using the rigid spinal anatomy itself as a frame of reference. Bone landmarks

on the exposed surface of the spinal column provide the points of reference

necessary for image-guided navigation. Specifically, any anatomic landmark

that can be identified intraoperatively as well as in the preoperative image data

set can be used as a reference point. The tip of a spinous or transverse process,

a facet joint or a prominent osteophyte can all serve as potential reference

points (fig. 3). Since each vertebra is a fixed, rigid body, the spatial relationship

of the selected registration points to the vertebral anatomy at a single spinal

level is not affected by changes in body position.

Two different registration techniques can be used for spinal navigation,

paired point registration and surface matching. Paired point registration involves
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Fig. 2. Navigation probe and drill

guide for spinal surgery.

Fig. 3. Navigational workstation screen

demonstrating a paired point registration plan

for the insertion of C2 pedicle screws. Three

discreet bony landmarks are selected at the

C2 level. In this case the lateral margins of the

two C2–3 facets and the spinous process tip

of C2 have been selected.
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selecting a series of corresponding points in a CT or magnetic resonance imag-

ing data set and in the exposed spinal anatomy. The registration process is

performed immediately after surgical exposure and prior to any planned

decompressive procedure. This allows for the use of the spinous processes as

registration points.

A specific registration point in the CT image data set is selected by high-

lighting it with the computer cursor. The tip of the probe is then placed on the

corresponding point in the surgical field and the reflective spheres on the probe

handle are aimed towards the camera. Infrared light from the camera is

reflected back allowing the spatial position of the probe’s tip to be identified.

This initial step of the registration process effectively links the point selected in

the image data with the point selected in the surgical field. When a minimum

of three such points are registered, the probe can be placed on any other point

in the surgical field and the corresponding point in the image data set will be

identified on the computer workstation.

Alternatively, a second registration technique called surface matching can be

used. This technique involves selecting multiple nondiscreet points only on the

exposed and debrided surface of the spine in the surgical field. This technique

does not require the preselection of points in the image set although several dis-

creet points in both the image data set and in the surgical field are frequently

required to improve the accuracy of surface mapping. The positional information

of these points is transferred to the workstation and a topographic map of the

selected anatomy is created and matched to the patient’s image set [18].

Typically, paired point registration can be done more quickly than surface

mapping. The average time needed for paired point registration is 10–15 s. The

time needed for surface mapping is much longer with difficult cases requiring

as much as 10–15 min. With the need to perform several registration processes

during each surgery, this time difference can significantly impact the length of

the navigational procedure and the surgery itself [16].

The purpose of the registration process is to establish a precise spatial rela-

tionship between the image space of the data with the physical space of the

patient’s corresponding surgical anatomy. If the patient is moved after registra-

tion, this spatial relationship is distorted making the navigational information

inaccurate. This problem can be minimized by the optional use of a spinal

tracking device which consists of a separate set of passive reflectors mounted

on an instrument that can be attached to the exposed spinal anatomy (fig. 4).

The position of the reference frame can be tracked by the camera system.

Movement of the frame alerts the navigational system to any inadvertent move-

ment of the spine. The system can then make correctional steps to keep the

registration process accurate and eliminate the need to repeat the registration

process. The disadvantage of using a tracking device is the added time needed
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for its attachment to the spine, the need to maintain a line of sight between it

and the camera and the inconvenience of having to perform the procedure with

the device placed in the surgical field. It is particularly cumbersome when

image-guided navigation is used during cervical procedures. 

Alternatively, image-guided spinal navigation can be performed without a

tracking device [12, 16]. This involves acknowledging the effect of patient

movement on the accuracy of image-guided navigation and maintaining a

reasonably stable patient position during the relatively short amount of time

needed (i.e. 10–20 s) for the selection of each appropriate screw trajectory.

Patient movement can potentially occur with respiration, from the surgical team

leaning on the table or from a change of table position. Movement associated

with patient respiration is negligible and does not require any tracking even in

the thoracic spine. Although movement associated with leaning on the table or

repositioning the table or the patient will affect registration accuracy, it can be

easily avoided during the short navigational procedure. If inadvertent patient

movement does occur, the registration process can be repeated. Repeating the

registration process is easiest when using the shorter paired point technique as

opposed to the more time-consuming surface mapping technique.

When the registration process has been completed, the probe can be posi-

tioned on any surface point in the surgical field and three separate reformatted

CT images centered on the corresponding point in the image data set are imme-

diately presented on the workstation monitor. Each reformatted image is refer-

enced to the long axis of the probe. If the probe is placed on the spinal anatomy

directly perpendicular to its long axis, the three images will be in the sagittal,

coronal and axial planes. A trajectory line representing the orientation of the
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Fig. 4. Reference frame attached to a

spinous process in the surgical field. The

reference frame monitors inadvertent move-

ment of the spinal anatomy that may affect

navigational accuracy.

dramroo



long axis of the probe will overlay the sagittal and axial planes. A cursor repre-

senting a cross section through the selected trajectory will overlay the coronal

plane. The insertional depth of the trajectory can be adjusted to correspond to

selected screw lengths. As the depth is adjusted, the specific coronal plane will

also adjust accordingly with the position of the cursor demonstrating the final

position of the tip of a screw placed at that depth along the selected trajectory.

As the probe is moved to another point in the surgical field, the reformatted

images as well as the position of the cursor and trajectory line will also change.

The planar orientation of the three reformatted images will also change as the

probe’s angle relative to the spinal axis changes. When the probe’s orientation

is not perpendicular to the long axis of the spine, the images displayed will be

in oblique or orthogonal planes. Regardless of the probe’s orientation, the

navigational workstation will provide the surgeon with a greater degree of

anatomic information than can be provided by any intraoperative imaging

technique.

The application of image-guided navigation to spinal surgery is directed by

the complexity of the procedure and, specifically, by the need to ‘visualize’ the

unexposed spinal anatomy. Image-guided navigation can be used with or with-

out standard intraoperative imaging techniques (i.e. fluoroscopy). In either case,

image-guided navigation provides the surgeon with an improved orientation to

the pertinent spinal anatomy, which subsequently facilitates the accuracy and

effectiveness of the procedure.

Clinical Applications

Prior to using image-guided navigation for spinal surgery, testing of the

system was carried out in cadaver spine specimens. Image guidance was used

to direct screws into the thoracic and lumbosacral pedicles of these specimens.

The accuracy of screw insertion was assessed with plain film radiography and

thin section CT imaging of the instrumented levels. All inserted pedicle screws

were determined to be satisfactorily positioned [17].

The initial clinical application of image-guided spinal navigation was for

lumbosacral pedicle fixation [8, 10, 12]. It proved to be an efficient and effec-

tive replacement for intraoperative fluoroscopy and was gradually applied to

other spinal procedures such as thoracic pedicle fixation and anterior thora-

columbar decompression and screw fixation. The use of image-guided technol-

ogy in the cervical spine has also evolved. It is now used for such procedures

as C1–2 transarticular screw fixation, lateral mass screws at C1, pedicle screws

at C2 and C7 and anterior procedures such as transoral surgery and cervical

corpectomy [3, 16, 21].
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Navigational Technique
Image-guided navigation requires the acquisition of a preoperative CT scan

through the appropriate spinal segments to be instrumented. The image data is

then transferred to the computer workstation via optical disc or a high-speed data

link. If paired point registration is to be used, three to five reference points for

each spinal segment to be instrumented are selected and stored in the image data

set. For most cervical procedures, the camera can be positioned at the head of

the table with the navigation workstation positioned across from the surgeon.

If fluoroscopy is also used, it can be positioned next to the workstation (fig. 5).

Following a standard surgical exposure, either the paired point or surface

matching registration technique is performed. When the registration process

has been completed, most navigational workstations will calculate a registration

error (expressed in millimeters) that is directly dependent on the surgeon’s

registration technique. The error presented does not represent a linear error but

rather a volumetric calculation comparing the spacing of registration points in

the surgical field to the spacing of the corresponding points in the image data

set. This figure is, at best, a relative indicator of accuracy.

A more practical method of assuring registration accuracy is the verifica-

tion step. This step is typically performed immediately after completing either
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Fig. 5. Positioning of the image-guided system for a C1–2 transarticular screw fixation

procedure. The camera is positioned at the head of the table in a vertical orientation.

This minimizes any potential visual obstruction between the camera and the surgical field.

The workstation is positioned across the table from the surgeon (left arrow). The fluoro-

scopic monitor sits next to the navigational workstation (right arrow).
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registration process. The surgeon places the navigational probe on a discreet

landmark in the surgical field. With the navigational system now tracking the

movement and position of the probe, the trajectory line and cursor on the work-

station screen will, if accurate registration has been achieved, move to the cor-

responding point in the image data set (fig. 6a). If registration accuracy has not

been achieved, the cursor and trajectory line may rest on something other than

the point selected in the surgical field (fig. 6b). If this occurs to a significant

degree, the registration process needs to be repeated. This step is more of an

absolute indicator of registration accuracy and is a necessary step to perform

prior to proceeding with navigation.

C1–2 Transarticular Screw Fixation
This procedure involves the passage of a screw through the pars interartic-

ularis of C2, across the facet joint and into the lateral mass of C1. The risks of

screw insertion include injury to the vertebral artery if the screw is placed too

laterally or ventrally, injury to the spinal cord if the screw is placed too medi-

ally, and failure to engage the lateral mass of C1 if the screw trajectory is too

ventral. The insertion of a screw on either side may be contraindicated if the

pars interarticularis of C2 is too narrow. The procedure is typically performed

bilaterally using fluoroscopic guidance.

The selection of the appropriate screw entry site and trajectory requires a

thorough understanding of the atlantoaxial anatomy. Although fluoroscopy pro-

vides real-time imaging of the relevant spinal anatomy, the views generated rep-

resent only two-dimensional images of a complex three-dimensional anatomic

region. Manipulation of the fluoroscopic unit can reduce this problem but these

maneuvers can be cumbersome and time-consuming. Other disadvantages

include the radiation exposure and the need to wear lead aprons during the pro-

cedure. Fluoroscopy cannot provide a view of the spinal anatomy in the axial

plane. It is this axial view provided by image-guided navigation that makes it

superior to fluoroscopy for spinal screw fixation procedures. The application of

image-guided navigation to this procedure adds a significant layer of accuracy

for proper screw placement.

The technique for applying image-guided navigation to posterior C1–2

screw fixation involves acquiring a preoperative CT scan that extends from the

lower occipital region to C3. The image data is transferred to the computer

workstation and can be used to create a preoperative screw trajectory plan.

A proposed entry point and target can be selected at the C2 and C1 levels,

respectively. The image data set can then be manipulated in multiple planes

between these two points to demonstrate the position of a screw placed along

the selected trajectory. In addition to a sagittal image that demonstrates the

same information provided by lateral fluoroscopy, two other images are
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presented. One of the images lies perpendicular to the sagittal image along the

selected trajectory. It represents an orthogonal view that lies approximately

midway between the coronal and axial planes through the spine. It demonstrates

a second view of the selected trajectory.

An additional view demonstrates an image oriented perpendicular to the

long axis of the probe and, therefore, the selected trajectory. A cursor superim-

posed on this image can show the position of the screw tip along the selected

trajectory at millimetric increments. By scrolling through this image, the

proposed position of the screw along the selected trajectory can be assessed

along its entire path. While this planning technique does not assure safe screw

placement intraoperatively, it can preoperatively alert the surgeon to avoid

screw placement in patients with insufficient anatomy and to select an alternate

approach.

Intraoperatively, the patient is positioned and the posterior C1–2 complex

is exposed. A wire (cable) and bone graft stabilization procedure at the C1–2

level is performed prior to navigation and screw insertion. Performing this step

first minimizes any independent motion between C1 and C2 during navigation

and makes tap and screw insertion easier. If a reference frame is used, it is

typically attached to the spinous process of C2.

Following placement of the graft and cable, three to five registration points

are selected at the C2 level. It is not necessary to include registration points at

C1. Although the spatial relationship of C1 and C2 may change between the

preoperative scanned position and the intraoperative position, the ability of

image-guided navigation to facilitate accurate screw placement is not signifi-

cantly affected. The technical difficulty of this procedure is the accurate pas-

sage of the screw through the narrow pars interarticularis of C2. The lateral

mass of C1 is a relatively large target that can be easily reached provided there

is a reasonably acceptable realignment of C1 and C2 as well as an optimal posi-

tioning of the screw within the appropriate C2 anatomy. While the relative posi-

tion of C1 and C2 in both the preoperative image set and in the surgical field is

important, it is not critical enough to interfere with the process of image-guided

navigation.
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Fig. 6. a Navigational workstation screen demonstrating satisfactory verification of reg-

istration accuracy. While the navigational probe is positioned on the C2 spinous process in the

surgical field, the workstation screen should show the cursor and trajectory line in a correlative

position in the CT image set. b Navigational workstation screen demonstrating an unsatisfactory

verification of registration accuracy. If the navigational probe is positioned on the C2 spinous

process in the surgical field but the workstation screen shows the cursor and trajectory line in a

noncorrelative position (i.e. not on the C2 spinous process) accurate registration has not been

achieved and the registration process needs to be repeated before proceeding with navigation.
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Two separate stab incisions are made on either side of the midline at the

C7–T1 level. A drill guide is placed through one of the stab incisions, passed

through the paravertebral musculature and into the operative field. A small

divot is drilled at the proposed entry site in order to provide for secure place-

ment of the drill guide. The registration process is performed at the C2 level and

its accuracy confirmed using the verification step. The probe is passed through

the drill guide and, as its position is adjusted in the surgical field, the images

on the workstation screen will adjust accordingly to show the corresponding

trajectory in two separate planes and the projected location of the screw tip in

the third plane. Orientation to the correct screw position can be assessed rapidly

and accurately (fig. 7). Any errors in trajectory or entry point selection can be

determined and corrected by adjusting the position of the probe and the drill

guide through which it passes. When the correct screw insertion parameters

have been selected, the probe is removed from the drill guide and a drill

inserted. A hole is drilled along the selected trajectory, tapped and the appro-

priate length screw inserted. The process is repeated on the opposite side.
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Fig. 7. Workstation screen demonstrating a trajectory for insertion of a C1–2 transar-

ticular screw. The lower right screen shows the trajectory in the sagittal plane. The lower left

screen represents an orthogonal plane lying between the axial and coronal planes. It conveys

the medial-lateral trajectory. The upper left screen represents a plane that is perpendicular to

the two other images. It demonstrates the location of the screw tip inserted along the selected

trajectory at the indicated depth.
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The purpose of the drill guide is to preserve the physical trajectory and

entry point information just acquired through the navigation of that pedicle. If a

drill guide is not used, it may be difficult to precisely position a drill or pedicle

probe on the same point and with the same trajectory previously conveyed by

the navigational probe after probe removal.

While image-guided navigation does not guarantee accurate screw place-

ment, it does provide the surgeon with a greater degree of anatomical informa-

tion than fluoroscopy alone. The addition of fluoroscopy to this navigational

technique provides the greatest degree of precision to the procedure. In this case

however, navigational technology significantly reduces the time of intraoperative

fluoroscopic usage as it is typically used only to help position the patient preop-

eratively and as a final check of the selected trajectory in the sagittal plane imme-

diately following the navigational step.

Segmental C1–2 Screw Fixation
As an alternative to transarticular screw fixation, segmental fixation of

C1–2 can be used for managing atlantoaxial instability [11]. The procedure

involves placing a screw into each of the two lateral masses of C1 and two

screws down the pedicles of C2. The polyaxial screw heads on each side are

then connected with rods. Although this approach potentially reduces the risk

of injury to the vertebral artery during screw insertion, it does not eliminate the

risk altogether. As with the transarticular technique, precise anatomic orienta-

tion is required to avoid arterial or neural injury. Image guidance can supple-

ment intraoperative fluoroscopy in order to provide the necessary orientation

for accurate screw insertion.

As with the transarticular screw fixation technique, a preoperative CT is

obtained. The posterior C1–2 spine is exposed and a wire and cable fixation pro-

cedure is carried out. Registration is first performed at C1 for placement of the

C1 lateral mass screws. The three registration points typically used at C1 include

the midline posterior tubercle and the bilateral points marked by the junction of

the small pedicle of C1 with its lateral mass (immediately above the two exiting

C2 nerve roots). Once registered, the correct trajectory into the lateral mass can

be displayed on the workstation screen and the screws inserted (fig. 8).

To use image guidance for inserting C2 pedicle screws, the same registra-

tion points are used at C2 as those used for transarticular fixation (the C2

spinous process and the two lateral margins of the C2–3 facet). The entry point

for the screw is more lateral and the trajectory more medially oriented than for

a transarticular screw. The navigation probe is placed through a drill guide onto

this entry point and the selected trajectory is displayed on the workstation

screen. When the correct entry point and trajectory have been selected, the

probe is removed, a drill is inserted and the pilot hole is drilled (fig. 9).
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Fig. 9. Workstation screen demonstrating navigational information for placement of a

screw into the pedicle of C2.

Fig. 8. Workstation screen demonstrating navigational information for placement of a

screw into the lateral mass of C1.
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The process is repeated for the other side. The heads of the screws are then

connected with two short rods.

Transoral Surgery
Transoral decompression of the upper cervical spine typically requires

intraoperative fluoroscopy to help maintain proper anatomic orientation during

the procedure. Although orientation in the sagittal plane is easy to obtain with

fluoroscopy, depth and medial-lateral orientation are more difficult to assess.

Image-guided technology can be used to orient the surgeon in multiple planes

during transoral surgery [16, 21].

Unlike other spinal applications of image guidance, discreet registration

points are not readily available during transoral surgery. In this setting,

surface-mounted markers (fiducials) are applied to the patient prior to

obtaining the preoperative CT. Typically, two fiducials are applied to the

mastoid processes and two are applied to the lateral orbital margins or to

both malar eminences. The nasal septum can also be used as an inherent

registration point.

The patient is positioned in a three-point head holder. The registration

process is performed prior to draping the patient using the surface-mounted

fiducials. Because the registration points will not be accessible during the

procedure, a reference frame is used for transoral navigation. This allows for

changes in patient positioning during surgery without the need to re-register.

The reference frame can be attached to the three-point head holder.

During the procedure, the probe can be placed into the site of the decom-

pression. Reformatted sagittal, axial and coronal CT images are immediately

generated providing the surgeon with a precise orientation to the pertinent

surgical anatomy. In particular, orientation in the axial plane minimizes the risk

of lateral deviation towards the vertebral artery during the decompression

(fig. 10). If a posterior fixation is indicated following transoral decompression,

the same CT image data set can be used for C1–2 screw placement.

Other Cervical Applications

There are several other applications for image-guided navigation in the

cervical spine. Any procedure in which intraoperative imaging is required to

improve a surgeon’s orientation to nonexposed spinal anatomy can benefit from

image guidance. The other cervical procedures to which image guidance has

been applied include navigation during the removal of cervical neoplasms

(fig. 11), the placement of anterior fixation screws for the management of

nondisplaced odontoid fractures, lateral mass screw fixation in the subaxial
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Fig. 11. Workstation screen demonstrating the use of image guidance to help localize

an osteoid osteoma within the lamina and articular pillar of C7.

Fig. 10. Workstation screen demonstrating navigational information during transoral

decompression (probe tip location and trajectory highlighted by arrows).
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spine, cervical corpectomy and the placement of pedicle screws into C7

(fig. 12) [3, 13–16]. While anterior cervical applications of image guidance

present unique registration difficulties because of the relative lack of discreet

registration points on the anterior surface of the cervical spine, sufficient

navigational information can be obtained in order to improve the precision of

these procedures.

Pitfalls of Image-Guided Spinal Navigation

Like any other computer-based technology, image-guided navigation is

highly dependent on the quality of the information imported into the system.

While obtaining the properly formatted CT images and having them correctly

transferred to the navigational workstation is important, the critical step of

image guidance is the registration process. If the surgeon takes too casual an

approach to registration, inaccurate information will be displayed during intra-

operative navigation.

Another important principle of image guidance is the need to correlate the

navigational information with the surgeon’s own knowledge of the surgical
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Fig. 12. Workstation screen demonstrating navigational information for the placement

of a screw into the pedicle of C7.
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anatomy and the appropriate screw trajectories through that anatomy. Image-

guided navigation is not a replacement for the surgeon knowing the pertinent

spinal anatomy and surgical technique. It merely serves to help confirm a sur-

geon’s estimation of the nonexposed anatomy by providing image information

that typically exceeds that of intraoperative fluoroscopy.

Image-guided technology also has varying degrees of intraoperative func-

tionality depending on the features of the navigational system used. This trans-

lates into an ease of use factor that can either simplify or complicate the overall

procedure. Typically, the use of the surface mapping registration technique

and a reference frame add time to the navigational procedure, frequently making

it longer and more complicated than using fluoroscopy alone. The use of the

paired point registration technique without a reference frame further simplifies

the spinal navigation process. The option of using a reference frame is depen-

dent on the particular navigational system used.

Fluoroscopic Navigation

Fluoroscopic navigation is the combination of standard fluoroscopy with

image-guided navigational technology. It was developed to counter the user dif-

ficulties of some earlier image-guided systems that typically took much longer

to use than standard fluoroscopy. Its advantage is that it allows for a reduction

in fluoroscopic time during the procedure. With the patient in position prior to

surgery, an anteroposterior and lateral fluoroscopic view of the pertinent spinal

anatomy is obtained. This is done with a customized reference frame attached

to the C-arm or to the patient. This frame serves to superimpose a specific grid

on the two images obtained. The navigational workstation can then take the two

images and relate the spatial position of the imaged anatomy to a navigational

probe. A navigational trajectory line and cursor can be superimposed on the

lateral and anteroposterior images, respectively. As the probe is moved over the

exposed spinal anatomy during surgery the trajectory line and cursor will adjust

their position on the stationary fluoroscopic images [7].

The disadvantage of fluoroscopic navigation is that it is still only fluoroscopy.

The same difficulties experienced with standard fluoroscopy are present

with fluoroscopic navigation. Specifically, only an anteroposterior and lateral

images are provided. The critical plane for most spinal screw fixation proce-

dures is the axial plane. This is the only plane that can definitively demonstrate

violation of the spinal canal by a medially displaced screw. Only CT-based image-

guided navigation can demonstrate this view although current developments

with standard fluoroscopy will eventually allow for axial reconstructions.

Furthermore, any region of the spinal column that is difficult to image with
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standard fluoroscopy (i.e. upper thoracic) will be difficult to image with

fluoroscopic navigation.

The early goals of image-guided spinal navigation were to improve the

surgeon’s orientation to the intraoperative spinal anatomy in a time- and cost-

efficient manner and to ultimately replace fluoroscopy. While earlier image-

guided systems were difficult to use intraoperatively, several advances have

made some systems much easier to use. Several years of clinical experience

have helped modify and improve navigational techniques. The use of paired

point registration and the optional use of a reference frame have both been

found to significantly reduce the difficulties of using image-guided technology

for spinal procedures. Advances in computer and localizer technology have also

contributed to an improved functionality of these systems. This improved ease

of use of the advanced image-guided systems coupled with superior accuracy,

image manipulation and orientation capabilities provides image-guided

technology with a clear advantage over any fluoroscopic-based technology.

Conclusion

Image-guided navigational technology has been successfully applied to

spinal surgery. By linking digitized image data to spinal surface anatomy, image-

guided spinal navigation facilitates the surgeon’s orientation to unexposed

spinal structures improving the precision and accuracy of the surgery. It is typ-

ically used to optimize the placement of spinal fixation screws and to monitor

the extent of complex decompressive procedures. It can also be used as a

preoperative planning tool.

While image-guided spinal navigation is a versatile and effective technol-

ogy, it is not a replacement for the surgeon having a thorough knowledge of the

pertinent spinal anatomy as well as correct surgical techniques. It merely serves

as an additional source of information used by the surgeon to make selected

intraoperative decisions. In this way, it is similar to more conventional intraop-

erative imaging techniques (i.e. fluoroscopy) except that it provides a much

greater degree of information to the surgeon.

Despite the advantages of image guidance, the surgeon must ultimately assess

the information provided by these systems and determine if it correlates with his

or her estimation of the nonexposed anatomy and the proposed surgical plan.

If good correlation exists between the two, the surgical step can be carried out.

However, if sufficient correlation is not present, the surgeon needs to reassess both

the spinal anatomy and the image-guided registration accuracy before proceeding.

Ideally, the clinical application of this technology to spinal surgery should

facilitate a reduction in operative time, morbidity, and costs. It should be capable
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of minimizing or eliminating the need for conventional intraoperative imaging.

It should be fast, easy to use, reliable and capable of being used briefly to

provide accurate intraoperative information while minimizing any disruption to

the standard routine of each surgical procedure. Ultimately, beyond each indi-

vidual surgical application, image-guided navigation technology needs to be

clinically versatile. It is the routine use of this technology by multiple surgical

specialties that will drive its continued evolution and development as well as

establishing it as a cost-effective surgical tool.
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C1 Lateral Mass Fixation 

Amory J. Fiorea, Barry D. Birchb, Regis W. Haid, Jr.a

a Department of Neurosurgery, The Emory Clinic, Atlanta, Ga., and
b Department of Neurosurgery, The Mayo Clinic, Scottsdale, Ariz., USA

A variety of techniques exist for fixation of the upper cervical spine.

Recently, several authors have published case series reporting the use of C1

lateral mass screws for posterior cervical fixation [1–3]. In this chapter we

describe our surgical technique for placement of C1 lateral mass screws, includ-

ing indications and results from our experience.

C1 lateral mass screws may be used to provide additional fixation points

in occipitocervical constructs, possibly increasing resistance to construct

failure in the cervical spine without increasing the number of cervical levels

fused. Additionally, C1 lateral mass screws may be used as a supplement to or

substitute for other forms of atlantocervical fixation. Techniques for achieving

atlantocervical fusion include posterior interspinous fusion with sublaminar

cables and iliac crest bone graft [4, 5], C1-C2 transarticular screw fixation

[5–7], and interlaminar clamp fixation [8]. While each of these methods has

been successfully employed to achieve atlantocervical fusion, anatomic factors

may exist in certain situations that preclude their use. Interspinous fusion at

C1-C2 with sublaminar cables or interlaminar clamps cannot be performed if

the posterior elements of C1 or C2 are absent or disrupted. C1-C2

transarticular screws cannot be placed successfully in the presence of a

medially located vertebral artery, irreducible subluxation, severe cervicotho-

racic kyphosis, or destruction of the C2 pars interarticularis. In these cases

constructs employing C1 lateral mass screws may be used to achieve fixation.

We present a small case series in which C1 lateral mass screws were used to

achieve atlantocervical fixation when anatomic characteristics precluded the

use of traditional fixation methods. Also included in this series is one case

where C1 lateral mass screws were used to provide additional fixation points

for occipitocervical fusion.

Instrumentation and Technique Update

dramroo



Methods

Ten patients with cervicomedullary compression or atlantoaxial instability were treated

surgically between February 1998 and February 2002. Preoperative diagnoses included C2

metastasis in 2 patients, irreducible odontoid fracture in 3 patients, atlantoaxial subluxation

in 2 patients, and transverse ligament synovial cyst in 3 patients. Posterior atlantocervical

fixation was planned in 9 patients, one of whom had a transoral resection of the odontoid

prior to posterior fusion. In 1 patient with a C2 metastasis and pathologic fracture, an occip-

itocervical fusion was planned due to the high degree of instability of the atlantoaxial

complex. Atlantoaxial screw fixation was chosen as the initial fixation procedure when pre-

operative imaging studies did not reveal anatomic factors precluding screw placement. All

procedures were performed with intraoperative lateral fluoroscopy or CT-guided frameless

stereotaxic navigation (Stealth Station, Sofamor Danek, Memphis, Tenn., USA). Autogenous

iliac crest bone graft was harvested via a separate posterior iliac crest incision and used for

arthrodesis.

Surgical Technique

The patient is positioned prone using a Mayfield head holder (OMI, Cincinnati, Ohio,

USA). The neck is kept neutral with the head in the ‘military tuck’ position. The arms are

tucked at the sides and the shoulders retracted caudally using tape. A midline incision is

made extending from the inion to the spine of C3 if atlantoaxial fixation is planned. The

incision is extended inferiorly as indicated by the planned procedure. A bilateral sub-

periosteal dissection of the paraspinal musculature is performed to expose the lateral margins

of the facet joints at the C2-C3 level. Dissection is continued laterally over the dorsal arch

of C1, exposing the vertebral artery in the vertebral groove on the C1 arch. Bipolar cautery

and hemostatic agents such as gelfoam and fibrillar collagen are used to control bleeding

from the perivertebral venous plexus. The C2 nerve root is identified and mobilized inferiorly.

The lateral mass of C1 inferior to the C1 arch is exposed. The medial wall of the lateral mass

is identified using a forward angle curette to identify the medial limit of screw placement.

The medial aspect of the transverse foramen can also be identified and serves as the lateral

limit for screw placement. The entry point for screw placement is identified 3–5 mm lateral to

the medial wall of the lateral mass, at the junction of the lateral mass and inferior aspect of

the C1 arch (fig. 1). The entry point may be varied depending on the distance between the

medial wall of the lateral mass and the C1 transverse foramen. A high speed drill with 

a 3-mm round burr is used to remove a small portion of the inferior aspect of the C1 arch

overlying the entry point, to create a recess for the screw head and plate or rod 

(fig. 2a). An assistant retracts the C2 nerve inferiorly and protects the vertebral artery with

Penfield dissectors or similar instruments during drilling and screw placement. Using fluo-

roscopy or image guidance a 3-mm drill bit and guide are used to drill a hole with 10–15�
of medial angulation to penetrate the anterior cortex of C1 (fig. 2b, 3). On lateral fluoros-

copic imaging the drill is aimed toward the anterior tubercle of C1, so that the drill pene-

trates the ventral cortex of the lateral mass midway between the superior and inferior facets

of C1 (fig. 2c, 4). The hole is tapped with a 3.5-mm tap. If lateral mass plates are used, an

appropriate-sized plate is selected and contoured, after which a 3.5-mm screw is placed

through the plate (fig. 5). Caudal fixation points are then finalized. If a polyaxial screw-rod
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system is used, all screws are placed after which an appropriate sized and contoured rod is

secured (fig. 2d). In both cases an appropriate screw length is selected to achieve bicortical

fixation.

Once instrumentation placement is complete, decompression is performed if necessary.

Finally, arthrodesis is performed. Posterior arthrodesis with sublaminar cable and inter-

spinous bicortical autograft is preferred if the laminae of C1 and C2 are preserved.

Otherwise, lateral arthrodesis is performed by carefully decorticating the exposed surfaces

of the C1-C2 joints with a high-speed drill, and then packing cancellous iliac crest autograft

over these joints. A Hemovac drain is placed prior to wound closure.

Results

Seventeen C1 lateral mass screws were placed in 8 patients (table 1). These

screws were incorporated into several different constructs using lateral mass

plates (Axis, Sofamor Danek) or a polyaxial screw-rod system (Vertex, Sofamor

Danek) to achieve atlantocervical fixation in 9 patients and occipitocervical

fixation in 1 patient. There were no intraoperative complications and no vertebral

artery injuries. One patient died on postoperative day 9 from complications of

aspiration pneumonia. The remaining patients were immediately mobilized post-

operatively in hard cervical collars worn for 3 months. Immediate rigid fixation

was achieved in all patients. Follow-up ranged from 9 days to 18 months (mean

6.6 months). Osseous fusion was documented in 2 patients on 9- and 18-month

Fig. 1. Intraoperative photograph dem-

onstrating entry point for C1 lateral mass

screw, vertebral artery in vertebral groove of

C1, inferior aspect of C1 transverse foramen,

and C2 nerve root retracted inferiorly.
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Fig. 3. Axial CT images showing medial angulation of C1 screws and relationship to

transverse foramina.

a b

c d

Fig. 2. a Recess for the screw head is created on the inferior aspect of the C1 arch. b Axial

drawing shows medial screw angulation and relationship to transverse foramina. c Lateral view

of C1-C2 construct with C1 lateral mass screw, C2 pedicle screw, and plate, demonstrating screw

trajectory. d Posterior view of completed C1-C2 construct using polyaxial screw and rod system.
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Fig. 4. Intraoperative fluoroscopic

image demonstrating C1 screw trajectory

toward midpoint of anterior C1 tubercle.

Fig. 5. Completed C1-C2 construct

using lateral mass plates and screws.

follow-up radiographs, and 6 patients had delayed postoperative flexion/exten-

sion radiographs demonstrating construct stability. In 1 patient a unilateral C1

lateral mass screw was placed after the contralateral lateral mass fractured dur-

ing drilling. In this patient the polyaxial screw was connected with a rod to a C2

sublaminar hook for atlantoaxial fixation. On follow-up radiographs the screw

was noted to be disconnected from the rod, but there was no instability on

flexion-extension films and the patient was clinically improved.
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Table 1. Case representations

Patient Age/sex Presentation Diagnosis Treatment Follow-up Outcome

1 16/F Neck pain, Irreducible type II odontoid Bilateral C1 LMS, C2 pars 6 months F/E films stable, 

neurologically fracture screws, polyaxial screw/rod neurologically 

intact construct; interspinous intact

cable/autograft

2 68/F Neck pain Old type II odontoid fracture, Bilateral C1 LMS, C2 pars 4 months F/E films stable, 

nonunion, mobile on F/E films screws, polyaxial screw/rod clinically improved

construct; interspinous 

cable/autograft

3 81/M Hand numbness, Transverse ligament cyst, C1 laminectomy, unilateral C1 3 months Rod 

myelopathy irreducible C1-C2 subluxation LMS, C2 laminar hook, disconnected 

polyaxial screw/rod construct; from screw, F/E 

lateral autograft arthrodesis films stable, 

clinically improved

4 68/M Hand numbness, Transverse ligament cyst, Bilateral C1 LMS, C2 pars 9 months F/E films stable, 

neck pain, irreducible C1-C2 subluxation screws, plate construct; symptoms 

myelopathy interspinous cable/autograft improved

5 74/F Neck pain, hand Reducible C1-C2 subluxation, L C1-C2 TAS; R C1 LMS, C2 18 months Osseous fusion, 

numbness, medial R VA pars screw, plate construct; F/E films stable, 

myelopathy interspinous cable/autograft symptoms improved

6 46/F Hand numbness, Transverse ligament cyst, Transoral odontoidectomy; 3 months F/E films stable, 

myelopathy cervicomedullary compression, posterior atlantoaxial fixation clinically stable

medial L VA, cervicothoracic with R Cl LMS, C2 pars screw, 

kyphosis plate; interspinous 

cable/autograft
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Table 1 (continued)

Patient Age/sex Presentation Diagnosis Treatment Follow-up Outcome

7 34/M Neck pain, Irreducible type III odontoid Bilateral C1, C3 LMS, C2 pars 9 months Osseous fusion, 

neurologically fracture screws, plate construct; F/E films stable, 

intact interspinous cable/autograft neurologically 

intact

8 72/F Hand weakness, Congenitally narrow canal at C1 laminectomy; bilateral C1, 3 months F/E films stable, 

myelopathy C1, cervicomedullary C3 LMS, plate construct; C2 clinically stable

compression, C1-C2 sublaminar cables; lateral 

subluxation, bilateral medial autograft arthrodesis

VAs

9 69/F Neck pain, Leiomyosarcoma metastasis to Tumor resection; bilateral C1, 16 months F/E films stable, 

neurologically R C2 pars, medial L VA C3, C4 LMS, L C2 pars screw, neurologically 

intact plate construct; lateral autograft intact, died from 

arthrodesis diffuse 

metastases

10 74/M R hemiparesis, Metastatic colon cancer, Occipitocervical fusion to C5 9 days Died from 

neck pain pathologic C2 burst fracture, with polyaxial screw/rod pneumonia

spinal cord compression system, bilateral C1 LMS

LMS � Lateral mass screw, TAS � transarticular screw, F/E � flexion/extension, VA � vertebral artery.
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Illustrative Case: Patient 1
A neurologically intact 16-year-old girl was referred for management of a

type II odontoid fracture. She had sustained the fracture 2 months earlier in a

motor vehicle accident and had been treated with external immobilization by

the referring physician. She was referred when follow-up radiographs showed a

1-cm subluxation at C1-C2 (fig. 6). After 3 days of halo traction, follow-up

radiographs demonstrated minimal reduction of the subluxation, and she was

taken to the OR for internal fixation. Intraoperative attempts to reduce the

fracture under fluoroscopy were unsuccessful. Internal fixation was achieved

using a polyaxial screw-rod system with C1 lateral mass screws and C2 pars

interarticularis screws, supplemented with interspinous iliac crest autograft and

sublaminar cable. The patient was mobilized postoperatively in a hard cervical

collar. Postoperative radiographs revealed solid fixation at C1-C2 (fig. 7). 

The patient is neurologically intact at 6 months’ follow-up.

Discussion

We have described a technique to achieve solid fixation of the C1 lateral

mass that can be utilized in a variety of instrumentation constructs for varying

Fig. 6. Patient 1. Preoperative lateral cervical radiograph demonstrating anteriorly dis-

placed type II odontoid fracture.
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indications. In our experience, the most common indication for the use of C1 lat-

eral mass screws is atlantoaxial instability. Although a variety of techniques exist

to treat atlantoaxial instability, certain anatomic factors may preclude their appli-

cation in specific situations. C1-C2 interspinous fusion techniques using either

sublaminar cables or interlaminar clamps in combination with iliac crest auto-

graft require the presence of intact posterior elements. These techniques cannot

be applied when the C1 arch or C2 laminae have been disrupted by trauma, neo-

plasm, or other pathologic processes, or when resection of these elements is nec-

essary to achieve neural decompression. C1-C2 transarticular screw fixation is

likewise precluded by a variety of factors. In up to 20% of patients, a medially

located or ‘high-riding’ vertebral artery will preclude safe passage of C1-C2

transarticular screws unilaterally. In 3% of patients, vertebral artery anatomy will

preclude passage of screws bilaterally [9, 10]. Irreducible C1-C2 subluxation will

likewise preclude optimal placement of C1-C2 transarticular screws. In this case,

a screw trajectory traversing the articular surfaces of C1 and C2 cannot be

achieved. Severe cervicothoracic kyphosis may preclude C1-C2 transarticular

screw placement by obstructing the trajectory of the instruments used to insert

the screws. Destruction or erosion of the osseous substrate for screw fixation by

trauma, neoplasm, or other pathologic processes will likewise preclude transar-

ticular screw placement. In these situations occipitocervical fusion may be con-

sidered as an alternative means to treat atlantoaxial instability. Occipitocervical

fusion may be avoided by using C1 lateral mass screws to achieve atlantocervi-

cal fixation. By avoiding occipitocervical fixation, patients avoid the risk of

intracranial bleeding which may occur with placement of occipital hardware

[11]. Additionally, range of motion at the atlantooccipital joint is maintained,

Fig. 7. Patient 1. Postoperative AP and lateral radiographs demonstrating C1-C2

construct with polyaxial screw-rod system and interspinous cable and autograft.
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reducing morbidity from craniocervical malalignment that may occur following

occipitocervical fusion. Clinical studies have also suggested that avoidance of

occipitocervical fusion may decrease the incidence of delayed subaxial subluxa-

tion [12, 13]. In this series we achieved atlantocervical fixation in 7 patients who

demonstrated various anatomic characteristics that precluded traditional methods

of atlantoaxial fixation. These patients were all mobilized in hard cervical collars,

avoiding postoperative halo vest immobilization.

It is likely that C1 lateral mass screws will also prove to be an extremely

useful technique for occipitocervical fixation. C1 lateral mass screws provide

additional fixation points for occipitocervical constructs, possibly increasing

resistance to construct failure. This additional construct integrity is achieved

without fusing additional cervical levels, thus preserving cervical motion

segments. In the one patient in this series who underwent occipitocervical

fixation, we were able to achieve solid C1 fixation and integration into the

occipitocervical construct using C1 lateral mass screws. As the use of polyax-

ial screw-rod systems for occipitocervical fixation becomes more widespread,

we anticipate that C1 lateral mass screws will be used more frequently, since the

contourable rods used in these systems will allow C1 screws to be easily

incorporated into occipitocervical constructs.

In 6 of the 9 patients in this series who underwent atlantocervical fixation,

constructs using C1 lateral mass screws were supplemented with a posterior 

C1-C2 fusion using sublaminar cable and interspinous autograft. In recent case

series, Dickman et al. [4] reported an 86% fusion rate after interspinous fusion

with cables and autograft, while Farey et al. [5] reported a 58% fusion rate. In two

smaller series, fusion rates of 100% were achieved using the Brooks method of

interspinous fusion, but all patients were immobilized in a halo vest for 3 months

[14, 15]. It is not clear from this series whether C1 lateral mass screw constructs

will increase fusion rates when applied in addition to interspinous fusion tech-

niques, but it seems likely that the additional rigidity conferred by these constructs

should result in improved outcomes. The ability of unilateral C1 lateral mass

screw constructs to increase fusion rates when applied together with contralateral

C1-C2 transarticular screws is also unclear. Song et al. [16] reported a 95% fusion

rate after unilateral transarticular screw placement combined with posterior inter-

spinous fusion in a group of patients with high-riding vertebral arteries. In the

present series, 1 patient had a unilateral C1 lateral mass screw construct in com-

bination with a contralateral transarticular screw and interspinous fusion. Again,

it seems likely that the supplemental fixation provided by the C1 lateral mass

screw construct will increase rigidity and result in higher fusion rates.

It is also unclear whether C1 lateral mass screw constructs can be used as

a stand-alone method for achieving atlantocervical fusion in the absence of

interspinous fusion or unilateral transarticular screw fixation. Harms and

dramroo



Melcher [2] suggest that temporary C1-C2 constructs using C1 lateral mass

screws may be used in selected cases, including rotatory subluxation and young

patients with displaced odontoid fractures, allowing preservation of rotation at

C1-C2 after instrumentation removal. In addition, they state that C1-C2 fixa-

tion with C1 lateral mass screws eliminates the morbidity associated with

passage of C1 sublaminar cables. In this series we treated 3 patients with dis-

placed odontoid fractures, adding interspinous cable and autograft to increase

construct rigidity and provide additional substrate for bony fusion. We feel that

odontoid fractures with irreducible subluxation are best treated with C1-C2

interspinous arthrodesis in addition to instrumentation, to provide optimal rates

of long-term fixation. In our experience, passage of C1 sublaminar cables can

be performed with minimal morbidity when neural compression is not present.

In this series 3 patients were treated with stand-alone constructs because

absence of the C1 or C2 laminae precluded interspinous arthrodesis. Two

patients had stable radiographs at follow-up, and rod-screw separation occurred

in 1 patient with a unilateral construct, although there was no overt radiographic

instability. When stand-alone constructs are used, it is important to achieve

lateral arthrodesis by decorticating the lateral masses and C1-C2 joint space,

with placement of cancellous autograft laterally. In the future, the decision to

employ a C1 lateral mass screw construct without interspinous fusion or con-

tralateral transarticular screw fixation should be considered on an individual

basis in the context of the pathologic process causing instability, bone quality,

and other comorbidities influencing bone fusion, as well as the potential mor-

bidity of the alternative treatment, occipitocervical fusion. Larger studies with

long-term follow-up will be necessary to determine the safety and efficacy of

C1 lateral mass screw constructs.

To date, only one study has examined the biomechanical characteristics

of atlantoaxial constructs using C1 lateral mass screws. Lynch et al. [17]

evaluated an atlantoaxial construct with C1 lateral mass screws and C2

pedicle screws with and without supplemental interspinous cable and graft,

and compared this construct with atlantoaxial transarticular screws. The C1

lateral mass screw construct was most resistant to lateral bending and axial

rotation, and less resistant to flexion and extension. Adding a posterior cable

and graft reduced motion slightly. Compared to transarticular screws, the C1

lateral mass screw construct was slightly less rigid, allowing an average of

0.6� more motion. This study suggests that C1 lateral mass screw constructs

are a reasonable alternative to transarticular screws for achieving atlantoaxial

stabilization.

Harms and Melcher [2] used a specially modified screw at C1 with an

unthreaded proximal shaft, in order to reduce the risk of greater occipital nerve

irritation as well as screw breakage. In our series we used standard screws with
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threads along the entire shaft. We did not observe any cases of occipital

neuralgia or screw breakage. These results indicate that standard screws may be

used at C1. We believe the risk of greater occipital nerve irritation is small as

long as there is adequate space caudal to the C1 screw for passage of the nerve.

In 1 patient not included in this series, placement of C1 lateral mass screws was

planned. However, intraoperatively the C2 nerve roots were found to be much

larger than usual, occupying the entire space between the inferior aspect of the

C1 dorsal arch and the superior aspect of the C2 pars. In this case, we elected

not to place C1 screws, since the risk of C2 irritation was unacceptably high.

In this case the alternative would be to place C1 screws directly into the dorsal

aspect of the C1 arch, rather than into the inferior surface of the arch. This

would place the screw shafts away from the C2 nerve roots. However, this can

only be considered when the rostrocaudal dimension of the C1 arch is large

enough to accommodate a screw. In addition, the vertebral artery in the C1

groove must be retracted rostrally during drilling, increasing the risk of embolic

complications or direct injury to the vertebral artery by the drill, retractor, or

other instruments.

The risk of vertebral artery injury must always be assessed when place-

ment of lateral mass screws or transarticular screws is planned. In this small

case series, there were no vertebral artery injuries. To minimize this risk,

preoperative assessment of the path of the vertebral artery using CT scanning

is mandatory prior to placement of C1 lateral mass screws. Magnetic resonance

angiography or catheter angiography may be performed to provide additional

information concerning the path and patency of the vertebral arteries, although

in our experience we have not found this to be necessary. The surgeon must note

that the trajectory of the C1 lateral mass screw is very different from that of

lateral mass screws placed in the subaxial cervical spine. Particularly important

is that the C1 screw is placed with a slight medial angulation to avoid the

vertebral artery laterally and the spinal canal medially. We consider the use of

intraoperative fluoroscopy or CT-based image guidance mandatory to safely

place C1 lateral mass screws. Fluoroscopy allows safe placement of bicortical

screws under direct visualization, while CT-based image guidance provides

additional three-dimensional information about the vertebral artery and spinal

canal. Virtual fluoroscopy may also prove to be a useful adjunct to screw

placement.

Conclusion

The placement of C1 lateral mass screws provides a useful alternative

method to achieve atlantocervical fixation when anatomic factors preclude the
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placement of atlantoaxial transarticular screws. This method achieves immediate

rigid stabilization of the atlantoaxial joint and obviates the need for halo vest

immobilization. This technique may be used in certain cases as an alternative to

occipitocervical fusion, and may also be used to increase construct stability

when occipitocervical fixation is employed. Evaluation of the course of the

vertebral artery with preoperative CT scanning and use of intraoperative fluo-

roscopy or image guidance are mandatory when using this technique.

Placement of C1 lateral mass screws is a technically demanding procedure that

may result in grave complications from vertebral artery injury if improperly

performed. We thus advocate that this procedure only be performed by surgeons

who are highly experienced in the treatment of atlantoaxial instability, and who

have an intimate understanding of the anatomy of the region. The uninitiated

surgeon can minimize the possibility of complications during C1 lateral mass

screw placement by first performing this procedure in a cadaveric setting.

Further biomechanical analysis of this technique should be performed to quan-

tify the strength of constructs employing C1 lateral mass screws as compared

with other fixation methods. Further clinical studies should be performed to

determine the safety and efficacy of this technique.
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Cervical Laminoplasty

Adrian T.H. Caseya,b, H. Alan Crockarda

a Victor Horsley Department of Neurosurgery, National Hospital for Neurology 

and Neurosurgery, London, and
b Spinal Surgery Unit, The Royal National Orthopaedic Hospital, Stanmore, UK 

Cervical laminoplasty is very much a Japanese invention. Its popularity in

Japan arises from the formidable challenges of anterior decompression for ossi-

fication of the posterior longitudinal ligament [1–5]. These anterior multilevel

surgeries would be frequently complicated by dural tears as the dura is usually

intimately associated with the ossified ligament [1, 6–9]. There was also a sig-

nificant risk of instrumentation or graft failure [2]. It has been reported that the

rate of these complications including cerebrospinal fluid leakage and dislodg-

ment or pseudarthrosis of the strut grafted bone was 24% and the rate of the

salvage operation required was 12.5% [10]. 

In the past, laminectomy has been the most common method to achieve pos-

terior decompression of the cervical spine in these patients. However, the proce-

dure has been complicated by postoperative instability resulting in deformity,

particularly kyphosis [11–15], which may exacerbate neurological symptoms.

Kyphosis and instability may leave the spine more vulnerable to cervical

spine trauma, especially flexion injuries. In addition, postlaminectomy mem-

branes have been implicated in arachnoiditis and restenosis after simple laminec-

tomy [16, 17]. To avoid the disadvantages of laminectomy, several authors have

described the technique of cervical laminoplasty whereby decompression is

achieved without removal of the posterior spinal elements, maintaining the bio-

mechanical integrity of the cervical spine and the spinal cord-protective fea-

tures of the posterior elements [3, 18–25]. This is a more physiological solution.

Expansive open-door laminoplasty was first described by Hirabayashi et al.

[26] as a development of the air drill laminectomy technique of Kirita [27] and

has since been modified by Hirabayashi et al. and many others [3, 18–25, 28].

The authors of this chapter present a modification of the technique using

titanium miniplates to stabilize the posterior elements in the open position [22].
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This method has the advantage of technical simplicity and allows for postoper-

ative magnetic resonance imaging because the use of stainless steel implants is

avoided. It has been used in the authors’ departments in more than 300 cases

now, with good short- and long-term results. The technique is no longer limited

to ossification of the posterior longitudinal ligament, which is rare in

Caucasians. Its most frequent use is now for multilevel cervical spondylotic

myelopathy associated with varying degrees of constitutional canal stenosis.

The indications and contraindications are listed in tables 1 and 2.

Kyphosis is a contraindication to laminectomy [29] and probably lamino-

plasty [30, 31].

There are several technical variations. The two main differences are

whether the opening is in the midline (French door) or to one side (open door).

Then there are differences in how to keep the door open. Initially the techniques

were quite cumbersome and involved suturing or wiring the bony posterior

elements to muscle. Inevitably they did not always keep the door as open as it

may have been originally at the time of surgery. The Queen Square technique

uses titanium miniplates with no bone graft to keep the door open. In our expe-

rience this has been a simple and reliable technique. Alternative techniques

have used ceramic spacers or bone graft to keep the doors open.

Three types of Z plasty may be performed: on the lamina using the method

of Hattori as reported by Oyama et al. [32], between each lamina using the

reciprocal method of Tomimura and Morizono [33] and between two segmen-

tal laminae using the Chiba University technique [34]. The variety of reported

techniques are illustrated in figure 1.

Table 2. Contraindications for expansive cervical laminoplasty

Significant anterior compression

Established absolute kyphosis 

Isolated radiculopathy

Loss of anterior column support resulting from tumour, trauma or infection

Table 1. Indications for expansive cervical laminoplasty

OPLL over multiple levels (with maintained cervical lordosis)

Congenital canal stenosis (with maintained cervical lordosis)

Multilevel cervical spondylosis (with maintained cervical lordosis)

Posterior compression from ligamentous hypertrophy (with maintained cervical lordosis)

As part of a staged anterior and posterior canal expanding procedure

OPLL � Ossification of the posterior longitudinal ligament.
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Itoh 1984

Hirabayashi 1987

Tomita 1988

Yoshida 1992 K. Nakano 1992

Hattori 1989

Shikata 1989

N. Nakano 1988

Koyama 1985 Lin 1986

Fig. 1. Different techniques reported.
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Tomita et al. have [3] championed the use of their thread wire saw to

achieve the opening. This is similar to a very fine Gigli saw. It was developed

for en bloc vertebrectomy. This is a clever technical innovation, however it does

require sublaminar passage of the wire. This is very much finer than sublami-

nar wires and indeed cables which have been implicated in neurological deteri-

oration. The majority of the other techniques require a high-speed drill.

Queen Square Technique [22]

Surgical technique (C3–C6): The patient is placed in a prone position with

the head slightly flexed secured by Mayfield pins. The body is supported by a

Montreal mattress. Somatosensory evoked potentials are recorded. A standard

posterior midline approach allows exposure of the cervical laminas from the

caudal edge of C2 to the cranial edge of C7 and laterally to the lateral aspect of

the facet joints. Care is taken to preserve the facet capsules and soft tissue

attachments to the lateral masses. The spinous processes and interspinous

ligaments are preserved.

Using a 3-mm spherical cutting burr, two channels are drilled bilaterally.

These are placed at the junction of the lamina and the medial aspect of the lateral

masses (fig. 2a). Care is taken to avoid damage to the facet joints. Using this

technique, the canal is entered laterally, where spinal cord compression is less

severe. Inadvertent plunging penetration of the canal is prevented by the shelf

created in the medial aspect of the lateral masses. The depth of the channels is

increased until the ventral cortex of the lamina is identified. The laminoplasty is

opened on the side with clinical evidence of unilateral radiculopathy or with asym-

metric canal or foraminal stenosis identified on the preoperative scans. Specific

radiculopathies can also be addressed with foraminal decompressions. If there is

no unilateral radiculopathy or asymmetric stenosis, either side may be opened.

On the side to be opened, the channel is completed through the ventral cortex

of the lamina with a diamond burr or 1-mm Kerrison up-cutting rongeur.

Alternatively, the craniotome attachment for the Midas Rex (Midas Rex

Pneumatic Tools, Fort Worth, Tex., USA) may be used to transect the lamina on

the opening side. This is in fact our most usual technique. There have been no

dural tears or neurological deteriorations in our series, using the craniotome

attachment to open the door. On the hinge side, the ventral cortex of the lamina

is thinned until the posterior elements can be rotated dorsally to effect decom-

pression of the spinal cord (fig. 2b). This is done en bloc because the interspinous

ligament and ligamentum flavum are intact from the occiput through C7.

Hirabayashi et al. [26] suggest a limited osteotomy of the spinous process

of C7 (or most caudal vertebra) to allow a sufficient opening of the door.
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Release of ligamentum flavum, dural adhesions, and bridging vessels is per-

formed on the opening side as required to elevate the posterior elements.

At C2–C3 and C6–C7, partial resection of the intraspinous ligaments on the

opening side and partial subperiosteal release of the intraspinous ligaments of

C2 and C7 on the hinge side may be necessary to allow adequate mobilization

and rotation of the posterior elements, achieving full decompression (fig. 2b).

Vigorous epidural bleeding is occasionally encountered on release of the

stenotic canal. This can be controlled with bipolar coagulation and haemostatic

material. After adequate decompression, the dura is typically pulsatile, indicat-

ing satisfactory decompression. When the open door has been adequately mobi-

lized, it is stabilized with titanium miniplates (Lehbinger, Freiburg, Germany).

Hirabayashi et al. [35] unflex the neck prior to fixing their laminoplasty.

This they claim helps maintain and secure cervical lordosis. We most often use

a straight five-hole plate bent into sigmoid shape/open Z configuration (fig. 2c)

to allow one hole for fixation into the lamina and 2 screws into the corre-

sponding lateral mass. Longer or shorter plates can be fashioned as needed to

achieve adequate opening. The plates are held in position with 2 or 3 screws

5–9 mm in length. An attempt is made to angle the screws away from the facet

joints. We typically use one plate per level, if possible, to distribute the forces

over multiple fixation points (fig. 3). No formal attempt is made to graft bone

to the operative site. However, on the hinge side, where the adjacent lamina

and lateral masses are still connected, the dorsal cortex of these structures are

a b c

Fig. 2. Operative sequence showing preparation of the bilateral channels for the hinge

side (right) and opening side (left) of the laminoplasty (a), mobilization and rotation of the

posterior elements (b), and stabilization of the open-door laminoplasty with titanium

miniplates (c) [modified from 22].
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brought into contact as the hinge side trough is closed during elevation and

rotation of the posterior elements into the open position. This is analogous to a

green stick fracture. The morbidity associated with harvesting bone graft is

avoided. A soft collar is used to facilitate patient comfort while mobilizing

during the first few days after surgery. No other external orthosis is used after

surgery.

Discussion

Anterior and posterior decompression are established techniques in the man-

agement of multilevel cervical canal stenosis resulting in myeloradiculopathy.

Anterior cervical discectomy and fusion immobilize segments of the cervical spine

and result in high mechanical demands on the adjacent intervertebral segments.

Over the patient’s lifetime, abnormal mechanical stresses can produce significant

radiographic and clinical evidence of deterioration. Hilibrand et al. [36] in a con-

secutive series of 374 patients reported that symptomatic adjacent-segment disease

occurred at a relatively constant incidence of 2.9%/year (range 0.0–4.8%/year)

during the 10 years after the operation. Survivorship analysis predicted that 25.6%

of the patients (95% confidence interval, 20–32%) who had an anterior cervical

arthrodesis would have new disease at an adjacent level within 10 years after the

operation. However, contrary to their hypothesis, they found that the risk of new

disease at an adjacent level was significantly lower following a multilevel

arthrodesis than it was following a single-level arthrodesis (p � 0.001).

Fig. 3. Schematic diagram showing the orientation of the titanium miniplates in a

C3–C6 laminoplasty and adjacent anatomic structures.
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Nonetheless there is an intellectual reluctance to perform a multilevel

trench procedure with fusion in a young patient. The incidence of complications

for anterior multilevel corpectomy has been reported to be high even in expert

hands. Saunders et al. [37] did a retrospective analysis of 31 cases of cervical

spondylotic myelopathy treated by four-level subaxial cervical corpectomy.

Three patients died within 3 weeks of surgery (9.7%). Delayed radiculopathy

occurred in 4 patients after surgery, 3 had acute graft complications, and 1 had

pseudomeningocoele, resulting in a morbidity rate of 25.8%. There were no

cases of infection or increasing myelopathy. In another series by these authors,

on 40 cases of cervical corpectomy, they reported a perioperative complication

rate of 47.5%, with a 7.5% incidence of persistent sequelae [37–39]. Fessler

et al. [40] have reported their extensive experience of cervical corpectomy in a

retrospective series of 93 cases over 10 years with a lower complication rate.

In another more recent series Edwards et al. [41] have attempted to compare the

neurological outcome and complications of cervical corpectomy and cervical

laminoplasty. Medical records of all patients treated for multilevel cervical

myelopathy with either multilevel corpectomy or laminoplasty between 1994

and 1999 at the Emory Spine Center were reviewed. From a pool of 38 patients

meeting stringent inclusion and exclusion criteria, 13 patients who underwent

multilevel corpectomy were blindly matched with 13 patients who underwent

laminoplasty based on known prognostic criteria. Improvement in function

averaged 1.6 Nurick grades after laminoplasty and 0.9 grades after multilevel

corpectomy (p � 0.05). Subjective improvements in strength, dexterity, sensa-

tion, pain, and gait were similar for the two operations. The prevalence of axial

discomfort at the latest follow-up was the same for each cohort, but the anal-

gesic requirements tended to be greater for patients who underwent multilevel

corpectomy. This is the opposite finding to the larger study of Hosono et al. [42]

on pain. Sagittal motion from C2 to C7 decreased by 57% after multilevel cor-

pectomy and by 38% after laminoplasty. One complication (C6–C7 herniated

nucleus pulposus requiring anterior discectomy with fusion) occurred in the

laminoplasty group [41]. Multilevel corpectomy complications included the

progression of myelopathy, non-union, persistent dysphagia, persistent dyspho-

nia, and subjacent motion segment ankylosis.

An alternative posterior decompressive procedure to laminoplasty is cervi-

cal laminectomy with posterior fixation/fusion. Today this would be performed

using the lateral mass screw/rod system. This will also prevent postoperative

kyphus. It will more reliably immobilize the spine. Adams and Logue [43, 44]

have shown that one of the reasons for delayed deterioration following cervical

laminectomy is hypermobility. Screw/rod fixation is therefore an attractive

option. However the extra rigidity is probably not required as Herkowitz

[45, 46] concluded from his ‘biomechanical study’ that stability of the cervical
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spine after laminoplasty was not significantly different from that of the intact

control. Laminoplasty affords some rigidity, but still preserves motion [47]. The

long-term effects of laminoplasty on cervical movement and alignment were

investigated by radiography and CT scans in a study of 56 patients with multi-

segmental myelopathy who had undergone a C3 to C7 open-door laminoplasty.

Follow-up averaged 5.8 years. Satisfactory neurological improvement occurred

in 73%. Cervical flexion decreased by 35% and extension by 57%; the decrease

of both movements was statistically significant. Decreased vertebral slip as well

as slightly reduced lordosis was seen after operation.

Cervical laminectomy and laminoplasty have been compared in a retrospec-

tive study [48]. This is another study from Emory, with similar design principles

to the corpectomy/laminoplasty study described above (an independent matched

cohort analysis), involving 13 patients in each arm. Both objective improvement in

patient function (Nurick score) and the number of patients reporting subjective

improvement in strength, dexterity, sensation, pain, and gait tended to be greater in

the laminoplasty cohort [48]. Whereas no complications occurred in the lamino-

plasty cohort, there were 14 complications in 9 patients that underwent laminec-

tomy with fusion. Complications included progression of myelopathy, non-union,

instrumentation failure, development of a significant kyphotic alignment, persis-

tent bone graft harvest site pain, subjacent degeneration requiring reoperation, and

deep infection. The marked difference in complications and functional improve-

ment between these matched cohorts suggests that laminoplasty may be preferable

to laminectomy with fusion, as a posterior procedure for multilevel cervical

myelopathy [48]. Similar findings were found in a less well-controlled study by

Herkowitz [49]. In this retrospective study he compared the results and complica-

tions of 45 patients with at least a 2-year follow-up, who had undergone anterior

fusion, cervical laminectomy, or cervical laminoplasty for the surgical manage-

ment of multiple level cervical radiculopathy due to cervical spondylosis. Eighteen

patients (58 levels) underwent anterior fusion, 12 patients (38 levels) had a cervi-

cal laminectomy, and 15 patients (57 levels) underwent a cervical laminoplasty. In

another study by Baisden et al. [50], radiographic and biomechanical results in the

goat model revealed that laminoplasty was superior to laminectomy in maintain-

ing cervical alignment and preventing postoperative spinal deformities. Quite how

this relates to humans is debatable.

Complications

There are two notable complications with cervical laminoplasty – radicu-

lopathy and pain. These have been the subject of several studies [51]. C5,C6

radicular pain and/or paresis are the most frequent complications that occur in
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approximately 5–10% of the patients in the series of Hirabayashi et al. [35]

of 350 patients although most complications resolve spontaneously within 2

years. Of 365 patients who had undergone laminoplasty, 20 patients (5.5%)

developed postoperative radiculopathy. Using data from postoperative com-

puted tomography scans and other sources, these patients were compared with

211 patients with no radiculopathy, who had undergone laminoplasty during the

same period, to identify risk factors related to patient characteristics and surgi-

cal techniques. Of various risk factors studied, the narrowest level of the spinal

canal, preoperative symptomatic severity, flatness of the spinal cord assessed by

computed tomography myelopathy at C4–C5, cervical curvature, anterior pro-

trusion of the superior articular process as assessed by computed tomography

scan, laterality of the osteophytes, and ossification of the posterior longitudinal

ligament could not significantly discriminate between patients with and with-

out postoperative radiculopathy. The angle of lamina as measured by using

computed tomography scans obtained after expansion in the patients with

radiculopathy was greater on both the opened and hinged sides and was signif-

icantly greater than the angle in patients without radiculopathy (p � 0.05). The

incidence of radiculopathy on both the opened and hinged sides was signifi-

cantly higher in patients in whom the bony gutter had been cut on the lateral

side of the medial aspect of the zygapophyseal joint. An alternative theory is

that too radical a decompression allows slumping backwards of the spinal cord,

putting traction on the anatomically vulnerable C5 nerve root. This is the theory

espoused for C5 radiculopathy following the trench corpectomy procedure.

Here it now recommended limiting the decompression to 15 mm from right to

left. Friction heat generated by drilling on the open and hinge sides, traumatic

use of Kerrison rongeurs, and a drop of the hinge into the canal are also by

some considered as causes of such injury. However, these types of trauma dur-

ing the operation are likely to damage the posterior root rather than the anterior

root; therefore, the sensory disturbance is expected to be stronger. Nevertheless,

in most cases, sensory disturbance at C5 or C6 was absent. This lends credence

to the tethering action on the anterior root [35].

Pain
There is an increasing recognition that this is quite a painful procedure in

the short term, mainly with pain in the trapezius region. In the long run a fair

number of patients experience neck pain. This has been studied by Hosono 

et al. [42]. Ninety-eight patients had surgery for their disability secondary to

cervical spondylotic myelopathy. Of those patients, 72 had laminoplasty and 26

had anterior interbody fusion. The presence or absence of axial symptoms was

investigated before and after surgery. The duration, severity, and laterality of

symptoms were also recorded. The prevalence of postoperative axial symptoms
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was significantly higher after laminoplasty than after anterior fusion (60 vs.

19%; p � 0.05). In 18 patients (25%) from the laminoplasty group, the chief

complaints after surgery were related to axial symptoms for more than 3 months,

whereas in the anterior fusion group, no patient reported having such severe

pain after surgery. In this group shoulder pain developed exclusively on the

hinged side.

In conclusion, open door expansive laminoplasty is a versatile, easy and

effective method for achieving multilevel decompression of the cervical spine

affected by ossification of the posterior longitudinal ligament or cervical

spondylosis [51].
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Since Hadra [8] first used silver wires to internally fixate the cervical

spine in 1891, cervical spinal fixation has undergone significant transforma-

tion. Posterior instrumentation systems have evolved from wires to facet

screws, lateral mass plates, and ultimately to cervical pedicle screws. These

advances in cervical stabilization techniques have been accompanied by inno-

vative spine image guidance systems to assist with appropriate placement.

Transpedicular fixation of the cervical spine poses a particular challenge

to surgeons due to the close proximity of the cervical pedicle to the spinal cord,

nerve roots and the vertebral arteries. Nevertheless, possible biomechanical

advantages afforded by cervical pedicle screws over lateral mass screws and

posterior cervical wires are the primary factor in the continuing study and

advancement in pedicle screw application for cervical spine fixation.

Anatomy

Due to the small margin of error allowed for ideal cervical pedicle screw

placement, even small miscalculations can result in a vascular or neural injury.

Therefore, intimate knowledge of the cervical pedicles is important.

Pedicle Measurement Studies
It should be noted that some surgeons feel that C2 does not have a true pedi-

cle but rather has a large elongated pars; we disagree with this. Panjabi et al. [17]
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in 1991 were among the first to understand the three-dimensional anatomy of the

cervical pedicle and to propose that the cervical pedicle could tolerate pedicle

screw placement. In their cadaveric study of 12 cervical spines, Panjabi et al.

systematically demonstrated that both the width and height of the cervical pedicle

was the greatest at C2 (C2 width and height were on the average 7.7 and 9.4 mm,

respectively) (table 1). In addition, they demonstrated that the cross-sectional area

of the C2 pedicle was the greatest of all the cervical pedicles. From C3–C7, the

pedicle angles to the transverse plane ranged from an average of 9.2� below to

13.4� above the transverse plane. In the sagittal plane, there was a decrement of

the pedicle angle from an average of 41.6� at C3 to 33.1� at C7.

Other cadaveric studies have also demonstrated the feasibility of placing

screws within the cervical pedicle. An et al. [6] in 1991 utilized a cadaveric

study to investigate the pedicle anatomy from C7–T2. In terms of C7 pedicle

anatomy, they demonstrated that the medial angulation averaged 34� at C7,

while the mediolateral and superoinferior outer pedicle diameters were on aver-

age 6.9 and 7.5 mm, respectively. The pedicle distances (from the entry point

to the posterior vertebral body line) measured 9.1 mm on average. An et al. rec-

ommended that for pedicle screw placement, the entry point should be 1 mm

inferior to the midpoint of the facet with a 25–30� medial angle.

Shin et al. [19] further defined the cervical pedicle anatomy by addressing

cross-sectional variability of the cervical pedicles. They demonstrated that the

medial pedicle walls are consistently thicker than the lateral pedicle walls and

that there was a substantial variability in the composition and shape of the cer-

vical pedicle cross section.

Both Xu et al. [23] and Ugur et al. [22] expanded on prior anatomical stud-

ies by evaluating the relationship between the cervical pedicles and the adjacent

neural structures. These studies showed that there was no gap between the pedi-

cle and the superior portion of the nerve root and between the pedicle and the

thecal sac from C3 to C7. The average distances between the pedicle and the

Table 1. Pedicle dimensions

C2 C3 C4 C5 C6 C7 T1

Panjabi et al. [17], 1991
Width, mm 7.7 5.8 5.7 6.1 6.3 6.6

Height, mm 9.4 7.6 7.4 6.7 7.1 7.5

Cross-sectional area, mm2 32.3 24.2 24.7 23.8 24.5 30.4

Rampersaud et al. [24], 2001
Width, mm 7.4 4.9 4.8 5.1 5.4 6.5 8.0

Height, mm 8.0 6.2 6.8 6.5 6.4 7.1 9.4

dramroo



Chun/Mummaneni/Birch/Sasso 156

inferior nerve root margins ranged from 1.4 to 1.6 mm. Consequently, both

studies concluded that the risk of neurological injuries may be higher in screw

penetration of the medial or superior cortex of the pedicle rather than in screw

penetration of the inferior cortex of the pedicle (fig. 1).

Technique Studies
Ludwig et al. [15] compared the accuracy of three different techniques for

placing pedicle screws in cadaveric specimens. With screws placed based on

morphometric data alone, 12.5% of the screws were placed entirely within

the pedicle; 21.9% had a noncritical breach, and 65% had a critical breach

(‘critical’: encroachment of vertebral artery, nerve root or spinal cord by the

screw, ‘noncritical’: violation of the pedicle cortex without injury to surrounding

vital structure). In the second technique (laminoforaminotomy), 45% of the

screws were within the pedicle; 15.4% had a noncritical breach, and 39.6% had

a critical breach. In the third technique (computer-assisted surgical guidance

system), 76% of the screws were placed entirely within the pedicle; 13.4% had

a noncritical breach, and 10.6% had a critical breach.

Biomechanical Studies
Once the feasibility of screw placement within the cervical pedicle was

demonstrated, biomechanical studies were required to justify the use of cervical

pedicle screw fixation in light of the technically challenging nature of pedicle

screw placement. Kotani et al. [13] in 1994 compared the biomechanical stability

Fig. 1. Entry point of C2 pedicle screw (B) is 2 mm superior and 1–2 mm lateral to

the C2 pars screw entry point. The C2 pedicle screw is angled more medially (C). A � C1

lateral mass screw entry point; D � vertebral artery; E � C2 nerve root exit.
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of seven different cervical fixation methods, including transpedicular screw

fixation. They demonstrated that the three-column fixation of the cervical spine

using cervical pedicle screws offered increased stability over other posterior

cervical fixation systems. Even when both the anterior and middle columns were

compromised, the stability provided by cervical pedicle fixation was similar to

combined anterior plate and posterior triple wiring in one-level fixation.

Additionally, Jones et al. [10] in 1997 demonstrated in cadaveric speci-

mens that cervical pedicle screws had a significantly higher pullout strength

than lateral mass screws. The load failure mean for cervical pedicle screws was

677 N in contrast to 355 N for lateral mass screws.

Kowalski et al. [14] in 2000 further evaluated the pullout strengths of

pedicle screws. They compared the ‘standard’ method of pedicle screw place-

ment (decortication of the lateral mass and passage of a hand drill prior to tapping)

to the Abumi insertion method (decortication of the entire lateral mass, which

provides a direct view of the pedicle introitus). There was no significant differ-

ence in the mean pullout resistance between the Abumi (696 N) and standard

(636.5 N) insertion techniques (p � 0.41).

These studies demonstrated that cervical pedicle screw constructs are

biomechanically stronger than lateral mass screw or wire fixation systems.

Clinical Studies

In 1989 Roy-Camille [25] described the technique and the indication for

the placement of a transpars screw at C2 for Hangman’s fractures. For C2, he

recommended drilling approximately 15� in the medial direction and 35� in the

superior direction.

Abumi et al. [1] in 1994 was the first to report placement of pedicle screws

in the subaxial spine. Thirteen patients with fractures/dislocation of the middle

and lower cervical spine underwent transpedicular screw fixation. The angle of

the cervical pedicle screws of Abumi et al. ranged from 25 to 45� medial to the

midline in the transverse plane. All patients had solid fusion without loss of cor-

rection at an average of 22 months’ follow-up. Despite three cortical breaches

of the 52 screws that were placed, no neurological or vascular complications

were observed. This study demonstrated that safe and successful placement of

cervical pedicle screws was possible.

Abumi and Kaneda [2] further utilized pedicle screw fixation for nontrau-

matic lesions of the cervical spine. They analyzed the clinical results in 45

patients and demonstrated that the solid fusion was obtained in all patients

except 8 patients who did not receive bone graft. There was one case of

transient radiculopathy.
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Abumi et al. [3] in 2000 followed this study with another large retro-

spective study analyzing the complications associated with pedicle screw

fixation of the cervical spine. Seven hundred twelve screws were inserted

into the cervical pedicles, and the locations of 669 screws were radiologi-

cally evaluated in 180 consecutive patients. Forty-five screws (6.7%) were

found to penetrate the pedicle, and 2 of the 45 screws caused a postoperative

radiculopathy. Abumi et al. concluded that the incidence of clinically

significant complications caused by cervical pedicle screw insertion was

extremely low.

Since then other studies have reported successful placement of pedicle

screws in the cervical spine. Albert et al. [5] demonstrated successful use of

C7 pedicle screws in 21 patients. Pedicle screws were placed after direct

palpation of the pedicle with a right angle nerve hook after laminoforamino-

tomy at C7. There were no neurological complications related to pedicle

screw placement and no failures of fixation or complications at 1-year

follow-up.

More recently, Harms and Melcher [9] in 2001, Mummaneni et al. [16] in

2002, and Fiore et al. [7] in 2002 demonstrated a novel technique of atlantoax-

ial stabilization using lateral mass fixation at C1 and C2 pars screw fixation

with minipolyaxial screws and rods. No neural or vascular damage related to

this technique was observed in these studies. The early clinical and radiologic

follow-up data indicated solid fusion in all patients.

Surgical Technique

For posterior cervical pedicle screw (and lateral mass screw) fixation, we

prefer to use a polyaxial screw-rod system (VERTEX, Medtronic Sofamor

Danek, Memphis, Tenn., USA). This system is more versatile than standard lat-

eral mass plating systems and allows for more varied screw entry points and

screw angles because the screw placement is not dependent on the predeter-

mined plate entry holes.

C2 Pars Screw Placement
We recommend a screw entry point 3 mm superior and 3 mm lateral to the

C2/3 facet joint. We drill approximately 15� in the medial direction and 35� in

the superior direction with direct visualization and palpation of the medial and

superior aspect of the C2 pars with a Penfield 4 to decrease the chance of cortex

violation (fig. 2–4). We use a handheld drill to create the screw pathway. We

then tap and place a polyaxial VERTEX screw.
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C2 Pedicle Screw Placement
The entry point for C2 pedicle screws is 1–2 mm superior and 1–2 mm

more lateral than that of the C2 pars screw. We expose and palpate the medial

portion of the C2 pars to guide our medial trajectory, which is approximately 25�

32

Fig. 2. A C2 pars screw (A) has a higher risk of vertebral artery injury than a C2 pedi-

cle screw (B) because the vertebral artery runs occasionally through the inferior portion of

the pars of C2. SAP � Superior articulating process; IAP � inferior articulating process.

Fig. 3. The trajectory of a C2 pedicle screw (A) and the trajectory of a C2 pars screw

(B) are shown.

Fig. 4. Lateral cervical x-ray shows

C1 lateral mass screws and C2 pars screws.
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(this is more medial angulation than the pars screw as the entry point is more

lateral). We also angle approximately 25� in the superior direction. We use

fluoroscopy or image guidance to help with screw trajectory.

Since the vertebral artery occasionally runs within the inferior pars of C2,

the entry point of the C2 pedicle screw is safer than the entry point of the C2

pars screw because the C2 pedicle screw entry point is more superior than the

entry point of the C2 pars screw.

Violation of the medial pedicle wall is unlikely with a C2 pedicle screw

because the bone here is cortical and quite strong. We prefer to use the tap from

the VERTEX set to enter and create a screw pathway because the tap is less

likely to create a cortical wall breach than is the drill.

C3–C6 Pedicle Screw Placement
The entry point of C3–C6 pedicle screws is slightly lateral to the center of

the facet and close to the posterior margin of the superior articular surface. After

decorticating the lateral mass, the pedicle can then be probed to validate screw

trajectory. The tap from the VERTEX (Medtronic Sofamor Danek) instrumenta-

tion set is particularly good for this maneuver because it is delicate with fine

cutting edges and has a tendency to be ‘sucked down the pedicle’ (fig. 5–8).

Fig. 5. The difference in the angulation

of pedicle screws versus lateral mass screws

in the subaxial spine is shown.
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Laminotomies are not routinely performed to identify the medial aspect of

the C3–C6 pedicle unless prior facetectomy or laminotomy has been performed

for decompressive purposes. Image guidance with Stealth is helpful for appro-

priate screw placement. Based on measurements from preoperative CT images,

Fig. 8. Axial CT of cervical pedicle screws.

Fig. 6. Lateral cervical spine x-ray of subaxial pedicle screws.

Fig. 7. Anterior-posterior cervical spine x-ray of subaxial pedicle screws.
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the intended angle of the pedicle screw (usually 30–40� medial to the midline

in the transverse plane) can be determined, and this is confirmed intraopera-

tively with image guidance.

C7 and T1 Pedicle Screw Placement
For C7 and T1 pedicle screw placement, we prefer to create lamino-

foraminotomies at C6–C7 and at C7–T1, respectively. This window allows for

direct palpation of the medial, superior, and inferior walls of the pedicle with a

right angle nerve hook (fig. 8).

We use a 2-mm burr to establish an entry point that is based on the direct

palpation of the medial wall of the pedicle. We then use the tap from the 

VERTEX instrumentation system to cut and tap the pedicle. The VERTEX tap

has a tendency to be ‘sucked down’ the pedicle with minimal downward force.

If the pedicle is sclerotic, then a drill with an automatic stop at 18 mm can

be used instead. It is especially important to sound the pedicle through the

laminoforaminotomy when using the drill as perforations are more likely with

this instrument than with the VERTEX tap.

If a cortical perforation is made at C7 or T1, the safest place to perforate

the pedicle is directly lateral to it since the vertebral artery is not present at C7

or T1. The important structures are the thecal sac medially and the nerve roots

superior and inferior to the pedicle. The lateral cortex of the pedicle is a rela-

tively ‘safe zone’. In fact, at T1, a lateral cortical penetration may be performed

and a longer screw used to fixate the end of the screw into the costotransverse

junction, which can increase the pullout strength of the screw [7].

Image Guidance Technology

Safe placement of cervical pedicle screws requires knowledge of the 

three-dimensional anatomical structure of the pedicles and entry points, and

the pedicles’ relationship to neural and vascular structures. Given the wide vari-

ability of cervical pedicle dimensions and questionable reliability of topo-

graphical surface anatomy, greater reliance on visualization/palpation of pedicle

and/or image guidance is preferred.

Ludwig et al. [15] in 2000 investigated comparative accuracy of three

different techniques of pedicle screw placement in cadaveric specimens. They

compared screw placement using morphometric data versus laminoforamino-

tomy versus image guidance. They showed that the computer-assisted, image-

guided placement had the lowest error rate.

It is our preference to use image guidance for pedicle screw placement

from C3–C6. For C2, C7, and T1 it has been our experience that anatomic
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landmarks and medial pedicle wall palpation with a Penfield 4 are adequate for

accurate screw placement.

Conclusion

The purpose of posterior cervical fixation is to provide adequate fixation

to resist deforming forces until solid bony fusion occurs. To this end, lateral

mass plating has been widely utilized. The procedure has been shown to be rel-

atively easy and complications are minimal. Unfortunately, there are circum-

stances, such as when lateral masses are eroded or not available, that require an

alternative fixation technique. Under these circumstances, cervical pedicle

screws may be a viable alternative for fixation.

The biomechanical advantages of cervical pedicle screws have been

demonstrated. Nevertheless, current data seems to indicate that unless one is

intimately familiar with cervical pedicle anatomy and is well versed in cervi-

cal pedicle screw placement, this fixation option should be performed

sparingly.

Use of image guidance for accurate cervical pedicle screw placement seems

promising, and we have successfully utilized the Stealth system for this purpose.
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Posterior cervical fixation utilizing lateral mass plates has been shown to

be a safe and efficacious method to achieve cervical fusion [1–3]. Lateral mass

plating is biomechanically superior to laminar wiring or clamping in limiting

cervical motion [4–7]. In addition, unlike posterior laminar wiring or clamp-

ing, lateral mass plating does not require the presence of the posterior

elements.

However, lateral mass plates have numerous drawbacks. They are difficult

to contour, and the screw positions are dictated by the fixed plate entry holes.

In addition, the screw trajectories are divergent from the plate entry holes, and

the connection of the screw to the plate is not rigid. There is no space to pack

autograft bone under the screw-plate connection. Screws placed medially or lat-

erally cannot be captured by the plate. Successive screws cannot be compressed

or distracted because of the fixed plate hole distances. Moreover, if the plate

needs to be revised, the screws must be removed. Finally, most of the systems

currently available do not easily allow for extension of fusion up to the occiput

or down to the thoracic spine [8].

The ideal posterior cervical instrumentation system will address these

shortfalls from the lateral mass plate systems. Currently, there are three com-

mercially available systems that address the problems of lateral mass plates.

These systems do allow for initial screw placement with subsequent rod con-

touring. The three systems are Starlock/Cervifix (Synthes USA, Paoli, Pa.,

USA), SUMMIT (DePuy Acromed, Raynham, Mass., USA), and VERTEX

(Medtronic Sofamor Danek, Memphis, Tenn., USA).
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Instrumentation

The three systems that allow for initial screw placement with subsequent

rod attachment differ from each other in several ways.

Starlock/Cervifix Systems (Synthes)
Unlike the VERTEX and SUMMIT systems, the Starlock/Cervifix sys-

tems do not have polyaxial screw heads. These systems require the use of an

intervening closed-loop eyebolt to connect the screw to the rod and, as a result,

the connection of the rod to the screw is not a locked, rigid attachment.

Starlock and Cervifix are two instrumentation sets from Synthes that have

interchangeable hardware. Cervifix is more restrictive than Starlock because it

requires the surgeon to place the lateral mass screws through closed loop eye-

bolts, which are already mounted on a rod. The closed-loop eyebolts have the

capability of sliding up and down the rod, thus enabling the screws to be placed

variably in the sagittal plane [9]. Starlock is an improved version of this system

that requires attaching closed-loop eye bolts to standard lateral mass screws and

then subsequently threading the rod through the closed-loop eyebolts. However,

the threading of a contoured rod through closed-loop eyebolts can be tedious

and sometimes impossible [9].

Both the Starlock and Cervifix systems have features that distinguish them

from standard lateral mass plate systems. They both have occipital plate exten-

sions to accommodate occipitocervical fusions and laminar hooks for use when

lateral mass screw attachment is not possible. It is possible to accommodate

thoracic pedicle screws into the systems with appropriate rod contouring and

attachment of the closed-loop eyebolts to upper thoracic pedicle screws.

Starlock/Cervifix are also compatible with the thoracic hook and rod system

marketed by Synthes, and can be attached to a separate thoracic instrumenta-

tion system via an adaptive connector.

VERTEX System (Medtronic Sofamor Danek)
The VERTEX system allows for initial polyaxial screw placement with

subsequent multiplanar rod contouring and attachment with or without offset

connectors. The capability of direct connection of the polyaxial screw to the rod

allows for a locked, rigid attachment of the rod to the screw. This is biome-

chanically a sounder construct than the closed-loop eyebolt connection in the

Starlock/Cervifix system.

The novel VERTEX polyaxial screw heads are especially useful for facili-

tating rod attachments in patients with severely abnormal cervical curvatures.

The polyaxial screw heads lock to the rod via top loading locking cap screws
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that fit inside the screw head. The VERTEX system’s polyaxial screw heads are

very low profile as a result of this attachment scheme [10].

The VERTEX system is easily adaptable for occipital and thoracic exten-

sions. It consists of 6- to 10-mm titanium occipital screws (which are not

polyaxial) and 14- to 18-mm titanium polyaxial cervicothoracic screws. In

addition, noncannulated 40–50 mm transarticular titanium polyaxial screws are

available for C1/C2 fusion. The system’s titanium rods are malleable in three

dimensions, and there is an available rod with an occipital plate on one end to

allow for occipitocervical fusions.

With the VERTEX system, occipitocervical fusion can be performed, but

the nonpolyaxial occipital screws must be placed through the apertures in the

occipital plates. The polyaxial cervicothoracic screws, however, are placed

independently of the rod system. These polyaxial 14- to 18-mm screws are ideal

for placement in the C1 lateral mass, C2 pars, C3–7 lateral masses, and upper

thoracic pedicles [10, 11]. The contoured rods are then linked either directly to

the polyaxial screw heads with a locking cap screw or are linked via an offset

connector.

SUMMIT System (DePuy Acromed)
The SUMMIT system shares many of the features of the VERTEX system.

SUMMIT polyaxial screw heads are placed independently of the rod and are

then connected directly to the rod through a rigid locked connection. Recently,

an adaptive occipital extension has been made available, and an extension into

the thoracic spine is also possible.

However, the SUMMIT polyaxial screw heads are higher profile than are

the VERTEX screws, and the locking cap fits around the polyaxial screw head

instead of within it, thus further increasing the profile of the system.

Consequently, thin patients who have the SUMMIT system implanted in the

posterior cervical spine may experience discomfort from the higher profile

instrumentation. In addition, in our experience, the higher profile of the polyax-

ial screw heads of the SUMMIT system makes it more difficult to fit the con-

toured rod into the screw heads in severely spondylotic patients whose lateral

masses are very close together as a result of their hyperlordosis.

Surgical Technique for Placement of Posterior Cervical Instrumentation
Exposure

A standard midline posterior cervical exposure is performed to reveal the

lateral aspects of the cervical facets. The exposure is extended for one to two

levels below the inferior end of the planned arthrodesis to allow for optimal

screw placement. In patients with marked degenerative changes, the osteo-

phytes on the dorsal facets are removed to provide better visualization, to help
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define the anatomy of the facets, and to provide a suitable surface to allow the

polyaxial screw heads to rotate. However, care should be taken to preserve,

where possible, the posterior cortex of the articular mass in order to provide for

better screw purchase.

In cases where posterior cervical decompression is necessary, we drill and

tap pilot holes for the cervical lateral mass screws prior to performing the full

laminectomies in order to preserve the normal anatomic landmarks for the

screw trajectories. In addition, the lamina serve to protect the neural elements

during screw hole preparation.

For occipitocervical fusions, we expose the suboccipital area up to the

inion.

For cervicothoracic fusions, we expose the thoracic transverse processes.

At C7 and T1, when canal decompression is not necessary, at least minimal

laminoforaminotomies are performed to expose the medial walls of the C7 and

T1 pedicles to help guide C7 and T1 pedicle screw placement.

Screw Placement (VERTEX System)

We prefer to use the VERTEX system for posterior occipitocervicothoracic

arthrodesis. This system has the advantage of having low profile polyaxial

screw heads that can attach either directly or via an offset connector to the rod.

After the exposure is completed, we turn our attention to cervical polyax-

ial screw placement. Initially, we perforate the posterior cortices of the lateral

masses with a high-speed drill. Our screw trajectories for C3–7 are based on the

guidelines set by Haid, Papadopoulos, and Sonntag (unpubl. data, presented at

the American Association of Neurological Surgeons Annual Meeting, 1991)

and further elucidated by McCafferty et al. [12]. Entry points are 1 mm medial

to the center of the lateral mass and trajectories are 20–30� cephalad and 20–30�
lateral (fig. 1, 2). We ‘normalize’ the entry point and screw trajectory at each

lateral mass to allow for changes in the orientation of the lateral masses sec-

ondary to accentuated cervical lordosis or kyphosis and to allow for each

patient’s unique pathoanatomy.

Some surgeons elect to place screws with the assistance of fluoroscopy or

image guidance. However, we do not routinely use fluoroscopy or image guid-

ance (except for screw placement into C1 and C2). Consequently, attention to

the patient’s unique cervical anatomy is of paramount importance for us.

For screw placement into the lateral mass of C1, we utilize the technique

described by Harms and Melcher [13] and refined by Fiore et al. [11]. The

screw entry point is at the junction of the posterior arch of C1 and the center of

the posterior, inferior C1 lateral mass. The C2 nerve root is gently retracted

inferiorly with a Penfield 4 to expose the screw entry point. The screw trajec-

tory is parallel to the plane of the C1 lamina and is aimed straight anterior from
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the entry point. Screw depth is guided by lateral fluoroscopy and can be esti-

mated by preoperative Stealth CT planning.

For screw placement into the C2 pars, we pay close attention to the preop-

erative CT to assess the course of the vertebral artery. In addition, we palpate

the medial pars with a blunt probe to help guide our screw trajectory. We utilize

a screw entry point 3 mm superior and lateral (‘3 mm up and out’) to the medial

aspect of the C2/3 facet joint. The screw trajectory is 10–15� medial and 35�
cephalad. We typically use 4-mm width and 16-mm length screws for the C2

pars [10, 11].

For C1/2 transarticular screw placement, the entry point and trajectory are

the same as for C2 pars screws; the screw length, however, is longer (up to 50 mm
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20–25º 0–10ºa b

Fig. 1. Illustration of the lateral mass screw trajectory in the axial plane. a Appropriate

angle. b The screw trajectory puts the nerve root at risk.

Fig. 2. Lateral mass screw trajectory

in the sagittal plane.
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in some cases) [14, 15]. We prefer to use lateral fluoroscopy for guidance when

placing C1/2 transarticular screws.

Screw placement at C7 is dependent on the bony anatomy. We scrutinize the

preoperative CT scan to assess if the patient’s C7 lateral mass has a typical cer-

vical anatomy or has a transitional thoracic anatomy with a well-formed pedicle.

When the C7 anatomy is transitional, we prefer to place a C7 pedicle screw.

For pedicle screw placement at C7 or in the upper thoracic spine, we

expose and palpate the medial walls of the pedicles and utilize an entry point

1 mm below the center of the facet joint. Our screw trajectory is typically

25–30� medial while maintaining a perpendicular angle in the sagittal plane [10].

We have found it useful to use the drill to create a small pilot hole for entry

of the tap into the pedicle. We then use the 4.0-mm tap from the VERTEX set

to create the screw path and simultaneously tap the pedicle. This instrument is

delicate and particularly useful to find an appropriate trajectory into the C7 and

thoracic pedicles. It has a tendency to be ‘sucked down’ the pedicle with gentle

manipulation in experienced hands.

In the thoracic spine, pedicle screws also can be placed laterally into the

costotransverse joint to achieve greater cortical purchase [16].

After polyaxial screw placement, the appropriate posterior decompressions

are performed based on the patient’s symptoms. In addition, the facet joints to

be fused are stripped of cartilage and decorticated with a high-speed drill and

packed with autograft.

The final step is rod contouring and attachment. A rod template is used to

estimate the rod length and rod contour required. A small endotracheal tube

stylet is particularly good for use as a rod template. The titanium rods are then

measured, cut, contoured, and directly attached to the polyaxial screw heads

with locking cap screws. In cases where the patient’s pathoanatomy requires

significantly different lateral or medial screw positions at successive levels, we

utilize small offset connectors in order to facilitate rod attachment.

When occipitocervical fusions are planned, we utilize a specialized rod

with an occipital plate on the cephalad end. The rod and occipital plate are

contoured based on the rod trial. We position the occipital plate near the midline

occipital keel to provide for the most bony purchase for the occipital screws.

The occipital screws are not polyaxial and must be placed through the apertures

in the occipital plates. Ideally six occipital screws (three on each side) should be

placed near the midline of the suboccipital bone. This has been shown to be the

most biomechanically favorable position for suboccipital fixation [17] (fig. 3).

After the instrumentation construct is placed, but before final tightening of

the construct, we compress, distract, or laterally rotate each successive segment

as needed to restore normal cervical lordosis and sagittal balance. Autograft is

then packed over the tops of the fusion sites.
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Discussion and Conclusion

Lateral mass plating has been shown to be an effective method of achiev-

ing posterior cervical arthrodesis and stabilization [3]. Reported complication

rates are low. Injuries to the cervical spinal cord or vertebral artery have not

been reported in recent large published series on lateral mass plating [3, 5,

18–20]. The reported rate of radiculopathy from malpositioned screws has

ranged from 0 to 6% of patients [3, 5, 18–20].

However, lateral mass plates are of limited use when fusing from the

occiput to the thoracic spine in patients with abnormal cervical anatomy

because of their lack of malleability and their predetermined screw hole trajec-

tories. The Starlock/Cervifix systems overcome some of these problems but are

suboptimal because they require threading of a contoured rod through closed

loop eyebolts, which is not a rigid connection and which can be tedious and

sometimes impossible [9].

The ideal posterior cervical instrumentation system will allow for initial

screw placement with subsequent multiplanar rod contouring and attachment

via a rigid connection with a locking cap screw. In addition, offset connectors

are needed to allow for screw capture at any distance laterally away from the

rod (as is the case with C7 and T1 pedicle screws (fig. 4). Finally, the system

should be low profile so that the polyaxial screw heads will not be crowded in

cases with cervical hyperlordosis.

The new VERTEX and SUMMIT posterior polyaxial cervical screw and

rod systems satisfy many of the criteria for the ideal posterior cervical instru-

mentation system. They have the versatility to accommodate occipitocervical

fusions with C1 lateral mass screws and C2 pars screws. In addition, they allow
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Fig. 3. Optimal screw placement

positions for occipital fixation.
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for lateral mass fixation from C3–7 as well as pedicle fixation and laminar

hook placement in the lower cervical and upper thoracic spine without the

limitations inherent in placing screws through holes in lateral mass plates 

(fig. 5–8). Finally, the rods are easily contoured and attached directly and

rigidly to the polyaxial screw heads.
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Fig. 4. Different screw trajectory and

entry point needed for C7 and T1 pedicle

screws as compared to cervical lateral mass

screws.

Fig. 5. Photograph of the VERTEX system. Note the polyaxial screw heads, the offset

connector, and the laminar hook.
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Fig. 6. Photograph of occipitocervicothoracic fixation in a saw bone model utilizing

the VERTEX system.

7 8

Fig. 7. Preoperative x-ray in a severely kyphotic and myelopathic patient.

Fig. 8. Postoperative x-ray in the same patient following posterior cervical decom-

pression and occipitocervicothoracic fusion with the VERTEX system.

The VERTEX system has advantages over the SUMMIT system. VERTEX

is lower profile than the SUMMIT system and more easily accommodates com-

plex cervical curvatures and spondylosis as a result. In addition, VERTEX has

top-loading offset connectors to easily accommodate cervicothoracic pedicle

screws.

Further studies will be required to establish long-term results and fusion

rates with the cervical screw-rod systems.
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Interbody Carbon Fiber

Rudolf Bertagnoli

Klinikum St. Elisabeth, Spinal Department, Straubing, Germany

The fusion of spinal segments is one of the major goals in surgical treat-

ment of degenerative disc disease (DDD). To obtain the best biomechanical

support and fusion rates, interbody fusion is the preferred method. The main

advantages of implants made of carbon fiber reinforced plastic (CFRP) are the

radiolucency and the fact that there is no distortion on CT and MRI. The

surgeon can chronologically follow the biological reaction in the fusion section

and can clearly detect bony fusion. Regions which are hidden using metal

implants could now be analyzed on standard radiographs. In implants made of

CFRP matrix materials such as thermoset epoxy resin systems (EPN/DDS) or

thermoplastic systems PEAK (PEKEKK™, PEEK™, ULTRAPEK™) are

used. The first ones have been clinically used since 1988 following detailed

in vitro and in vivo tests starting 1975 according to ISO 10993-1 [1]. In the

spine these implant materials have been used since 1993 [2].

These CFRP implants are manufactured using a special fiber winding process

of carbon fiber roving which is impregnated with resin and laid on a rotating rod.

Due to that and to the design-adapted machining processes the properties of the

material could be chosen for each kind of implant design. Hardening, tempering,

and machining lead to the final implant geometry and must be controlled.

Interbody fusion with cage support is an ideal situation for the application of

resorbable biomaterials [3, 4]. To monitor the production of the new bone masses

and to determine the degree of bone fusion, cages made from carbon composite

materials are superior to metallic cages due to their radiolucent characteristics.

In the literature some mechanical and in vitro tests performed on CFRP

implants could be found: Brantigan et al. [5], Ciapetta et al. [6] (vertebra

replacement), Jost et al. [7], Kandziora et al. [8] (80 cervical spines of sheep

with different cage designs), Shono et al. [9] (18 calf spines in compression and

rotation), and Steinhauser et al. [10] (static and dynamic compression and shear
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testing) all showed very good results. The first animal tests of CFRP implants

as interbody lumbar fusion devices were done by Brantigan et al. [5]; they

reported 100% fusion after 6, 12 and 24 months in 27 Spanish goats. A sum-

mary of clinical experience with CFRP cages is shown in table 1. In all cases

high fusion rates were detected with no device-related complications. One case

report showed infection and a broken CFRP cage (see table 1) [17].

Material and Methods

Mechanical Tests
To test the axial compression and shear behavior the spinal implants were loaded

between two parallel stainless steel plates according to ASTM F2077-00. An axial force rate

of 500 N/min was used for quasistatic testing. The loading was stopped when a permanent

failure of the specimen occurred or a displacement of 3.0 mm was reached.

For dynamic testing the specimens were tested under cyclic fatigue using a sinusoidal

loading waveform at a constant frequency of 5 Hz (lumbar) and 12 Hz (cervical), with an 

R ratio (Pmin/Pmax) of 0.1. The maximum load cycle was 5,000,000 cycles and a displace-

ment limit error of 3 mm was established.

To determine the pull-out strength, the implants were placed in between two blocks

made of Rohacell RC 300WL with mechanical properties comparable to cancellous bone. An

axial preload of 100 N was applied. The instrument intended for clinical use was attached

Fiber Matrix

Fig. 1. Cross section and SEM (artificial fracture) of CFRP implants: carbon fiber

with a diameter of �5 �m surrounded by matrix material.
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according to the procedure defined by the manufacturer. A constant deflection rate of

5 mm/min was used. All tests were performed dry at room temperature.

To determine the ultimate torque load, the implants were placed in between two blocks

made of Rohacell RC 300WL with mechanical properties comparable to cancellous bone.

Prior to testing, an axial preload of 1,000 N was applied to enable settlement of the contact

area. The upper as well as the lower block were fixed versus the torsion measurement sys-

tem. A constant axial preload of 100 N was applied during the test. Torsion was applied at a

constant rate of about 100°/min.

All static tests were performed dry at room temperature. The dynamic tests were per-

formed under Ringer solution at 37°C temperature and all specimens were preconditioned.

Clinical Experience
The fusion devices to be assessed at the postoperative evaluation were the CORNER-

STONE-SR C (lordotically shaped anterior cervical interbody fusion device, Medtronic

Sofamor Danek) and UNION or UNION-L (lordotically shaped anterior or lateral lumbar

interbody fusion device, Medtronic Sofamor Danek) spinal fusion cages.

The implant system CORNERSTONE-SR C consists of a basic body (12 � 13 mm),

various heights of 4–8 mm (10–16 mm) and two lines of fins (see fig. 2). The anterior

retroperitoneal implant system UNION or UNION-L consists of a basic body (24 � 26 or

26 � 31 mm, respectively) with two chambers, various heights of 10–16 mm and three lines

of fins (see fig. 2). For both types of implants x-ray contrasts are layers of BaSO4 embedded

into the CFRP material. Prior insertion of the implant the fins must be prepared in the bone

with a special instrument.

Table 1. Summary of the clinical experience with CFRP cages

Location Cases Follow-up Results Ref. No.

Lumbar (PLIF) 71 28 months 90% fusion rate, 11

66% overall satisfaction rate

Lumbar (PLIF) 11 6–48 months 90% fusion rate after 12

48 months

Lumbar (PLIF) 221 24 months 98.9% fusion rate, 13

86% clinical success

Lumbar (PLIF) 51 12 months 86% fusion rate 14

(89% of levels)

Lumbar (L4–L5) 15

Bilateral 83 12–24 months �97% fusion rate

Unilateral 80 100% fusion rate

Lumbar (ALIF and PLIF), 70 3–12 months �98% fusion rate 2

cervical

Cervical 19 12–21 months 100% fusion rate 16

Lumbar (PLIF) 1 4 week to 25 months Case report of infection 17

and broken CFRP cage

PLIF � Posterior lumbar interbody fusion; ALIF � anterior lumbar interbody fusion.
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In a retrospective study preoperative, peroperative, and postoperative data were col-

lected and entered in case report forms and a comparison was made between preoperative

and postoperative clinical status (diagnoses see table 2).

In the cervical group 206 cages were used in 139 patients. There were 69 men and 

70 women (36.2% smokers), with a mean age of 46.5 years (from 17 to 68), a mean weight

of 75.4 kg (from 48 to 114 kg) and a mean height of 170.2 cm (from 151 to 196 cm). 25.2%

of the patients had 1 previous spinal surgery and 4.2% had 2 previous spinal surgeries.

In 91.4% of cases tibia was used as an autologous graft.

In the lumbar group 146 cages were used in 89 patients. There were 54 men and 

35 women (36.8% smokers), with a mean age of 44.2 years (from 21 to 65), a mean weight

of 76.3 kg (from 51 to 114 kg) and a mean height of 172.6 cm (from 155 to 197 cm). 64.0%

of the patients had 1 previous spinal surgery and 6.7% had 2 previous spinal surgeries.

In 94.4% of cases the pelvic bone was used as an autologous graft.

a b

Fig. 2. CFRP implants: cervical interbody fusion cage (CORNERSTONE-SR C, a)

and anterior lumbar interbody fusion cage (UNION, b).

Table 2. Primary diagnoses of all studies

Diagnosis Retrospective study Prospective study

cervical lumbar cervical lumbar

Failed back disc surgery syndrome 2 40 – 18

Segmental instability 55 19 6 8

Disc herniation 77 2 28 10

Spondylolisthesis (grade 1–3) – 25 – –

Spinal stenosis 2 3 – –

Osteochondrosis 2 – – –

Fracture 1 – – –
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In 2% of the cervical cases there was a supplemental anterior fixation; in 97.8% an

anterior-lateral approach was used. C3–C4 was operated on in 1.5%, C4–C5 in 11.7%,

C5–C6 in 52.4%, C6–C7 in 34.0%, and C7–T1 in 0.5% of the cases. In 91% of the lumbar

cases there was a supplemental posterior fixation; in 94.4% an anterior approach was used.

L5–S1 was operated on in 50.7%, L4–L5 in 39.0%, L3–L4 in 8.9% and L2–L3 in 1.4% of

the cases.

In addition a prospective study was performed on 34 cervical and 36 lumbar patients

(diagnoses see table 2). The group of 34 cervical patients consisted of 19 males and

15 females with an average age of 47.1 years (range 26–77), an average weight of 76.5 kg

and an average height of 169.6 cm. The group of lumbar patients consisted of 17 male and

19 female patients with an average age of 48 years (range 16–73), an average weight of

74.3 kg and an average height of 170.6 cm. In the cervical group 27 patients had no and

7 patients had 1 or 2 previous spinal operations in the affected areas; in the lumbar group

18 patients had no and 18 patients more than 1 operation.

In 7 cervical patients a supplemental screw and plate fixation was performed. The

patients were treated with fusion surgery using the CFRP CORNERSTONE-SR C cages

filled with the bone regeneration substance Colloss®, an osteoinductive natural protein com-

plex. Monosegmental surgery was performed; in 10 patients a multisegmental procedure was

carried out. There were 28 patients for the 3-month follow-up, 17 patients for the 6-month

follow-up and 8 patients for the 12-month follow-up.

In the lumbar group, 34 patients were treated with the CFRP UNION cages and poste-

rior pedicle fixation devices were used; the other 2 patients underwent stand-alone proce-

dures. In 29 patients, one camber of the cage was filled with autologous cancellous bone and

the other camber with Colloss. In 7 patients both cambers were filled exclusively with

Colloss. In 26 of the patients, monosegmental surgery was performed; in 10 patients a mul-

tisegmental procedure was carried out.

The following radiographical criteria were used to detect fusion: bone in the fusion area

is more dense and more mature than originally achieved in surgery, no interface between

donor bone and vertebral bone; sclerotic line between graft and vertebral bone, mature bone

trabeculae bridging the fusion area, resorption of anterior vertebral traction spurs, fusion of

facet joints and ‘ring’ phenomenon on CT.

45

35
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15

5
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12 months

CORNERSTONE-SR C

24 months 36 months 48 months

20
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UNION

Fig. 3. Minimum follow-up of the CFRP cervical and lumbar fusion implants:

CORNERSTONE-SR C (n � 126) and UNION (n � 89).
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The neurological status was assessed postoperatively using a comprehensive neurolog-

ical status scale ranging from 0 (worst) to 100 (best). Pre- and postoperatively each patient

rated the frequency of their back/leg pain on a scale of 1–10. Patient satisfaction questions

and success are defined as either a ‘completely recovered’, ‘much improvement’, or ‘slightly

improved’ response.

For the prospective study the arm/neck score was used to evaluate and compare the pain

intensity and frequency in the cervical groups (with 1 equal to ‘no pain’ or ‘never’ and

10 equal to ‘extremely painful’ or ‘always’). The results of the lumbar group were evaluated

and compared using the Oswestry score. In this scale patients can receive a maximum value

of 5 points and a minimum value of 0 points on each of the 10 criteria being used.

Clinical examination and comparative measurements were performed on AP and lateral

radiographs as well as on flexion/extension films in order to estimate the position of the

cages, the degree of restoration of the disc height of the intervertebral discs and the density

of the fusion area. MRIs were taken at defined times to verify possible edema that had been

reported when using graft material. CTs and regular tomograms were also used to evaluate

new bone formation inside the cages.

Results and Discussion

The standard mechanical tests showed the superior strength of the CFRP

fusion devices. The cervical fusion device (CORNERSTONE-SR C) has a high

compression and shear load (see fig. 7) which is more than 20 times above the

normal load in the cervical spine [18]. Pull-out and torsion tests show significant

differences between designs with and without the fins (see fig. 8) but even for the

nonfin version the values reached are above the daily loads [18]. Figure 9 shows

the compression and shear behavior of the CFRP lumbar fusion device UNION.

No significant differences could be detected between different sizes (small

and medium) and different heights (10 up to 20 mm) of the implants. The com-

pression load is more than 4 times higher than the load during daily activities

[18]. The fatigue behavior due to compression and shear load is shown in 

figure 10. Run-out load is much higher than could be detected during daily

activities. In the clinical studies no intraoperative or device-related complications

were observed in either group. In all cervical and lumbar cases of the retro-

spective study, 100% fusion was determined.

In the cervical group the mean preoperative back/leg pain frequency score

was 7.3 and the mean postoperative back/leg pain frequency score was 5.2

(28.8% improvement) (one clinical case, see fig. 4a–f). In the lumbar group the

mean preoperative back/leg pain frequency score was 7.9 and the mean post-

operative back/leg pain frequency score was 6.2 (21.5% improvement) (two

clinical cases, see fig. 5a–c, 6a–d).

In the cervical group patients were satisfied with the results of surgery in

81.6%, surgery helped as much as patient thought it would in 79.0%, and
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patients would have the same surgery again in 80.7% of the cases. In the lum-

bar group patients were satisfied with results of surgery in 71.4%, surgery

helped as much as patient thought it would in 57.2%, and patient would have

the same surgery again in 67.5% of the cases. The independent physician’s

assessment showed in 95.3% of the cervical and 97.7% of the lumbar cases

excellent or good results (see table 3). 6% of the cervical and 13% of the lum-

bar patients in the retrospective study showed general and local complications.

ba c d e f

Fig. 4. a–f Radiography showing the CFRP fusion implant CORNERSTONE-SR C

(visible due to a BaSO4 layer in the implants): 40-year-old female, vertical segmental insta-

bility C5–C6, radicular pain with dysesthesia C5, severe neck pain, unsuccessful conservative

treatment. Good realignment of cervical lordosis and secure fusion at the 6-month checkup.

b ca

Fig. 5. a–c Conventional tomogram and CT scan show excellent visualization also

inside the UNION cage. Secure determination of fusion showing the CFRP fusion implant

UNION (visible due to a BaSO4 layer in the implants); here at 6 months checkup is possible.
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In the cervical group of the prospective study 97% fusion could be detected

radiographically; in 1 patient (3%) due to only one early check-up at 6 weeks

after surgery fusion could not be evaluated. The mean arm/neck pain score

improved significantly from 7.6 preoperatively to 4.2 after 12 months (45%

improvement), the arm/neck pain frequency score from 8.8 to 5.4 after 12 months

(39% improvement). 87.5% of the patients felt there was an improvement

ba c d

Fig. 6. a–d Radiography showing the CFRP fusion implant UNION-L (L4–L5, visible

due to a BaSO4 layer in the implants): 42-year-old female, failed back disc surgery in 1999,

vertical segmental instability L4–L5, severe low back pain, minor radicular pain, unsuccess-

ful conservative treatment. Posterior neurolysis L5 and stabilization L4–L5, ALPA approach.

Good realignment of lumbar lordosis and secure fusion at the 12-month checkup.
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Fig. 7. Compression and shear strength of the CFRP cervical interbody fusion cage

CORNERSTONE-SR C tested according to ASTM F2077-00.
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and were satisfied after 12 months, the results of surgery met the expectations of

75%, and 87.5% would have the same surgery again.

In the lumbar group 100% fusion could be detected radiographically; no

pseudarthrosis was determined. The mean Oswestry score was 52.3 before

surgery and improved after 6 months to 16.2 (69% improvement). 90.0% of the
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Fig. 8. Pull-out force and torsion behavior of CFRP cervical interbody fusion devices:

comparison of implants with rails (CORNERSTONE-SR C) and without rails (CORNER-

STONE-SR C serrated).
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Fig. 9. Compression and shear strength of the CFRP anterior lumbar interbody fusion

cage UNION tested according to ASTM F2077-00.
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patients felt there was an improvement and were satisfied after 6 months, the

results of surgery met the expectations of 80%, and 60.0% would have the same

surgery again. Only 1 patient was not satisfied with the result.

Conclusion

Spine stabilization is an important area of orthopedic surgery, especially

due to an increasing number of patients with chronic low back pain and DDD.

For interbody fusion, besides autologous or allograft bone grafts, fusion cages

composed of metal or polymer as a space holder are increasingly used.

Especially CFRP are used in the medical field when radiolucency, high
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Fig. 10. S/N curve of compression and shear strength of the CFRP anterior lumbar

interbody fusion cage UNION tested according to ASTM F2077-00.

Cervical, % Lumbar, %

Excellent 73.4 86.5

Good 21.9 11.2

Fair 4.7 2.3

Poor 0.0 0.0

Table 3. Independent physician’s

assessment of the retrospective study
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mechanical strength and innovative design are required. During the manufac-

turing process of the material CFRP carbon fibers are embedded into a ther-

moset (e.g. epoxy resin EPN/DDS) or thermoplastic (e.g. PEAK) resin matrix.

CFRP is biocompatible, radiolucent and has a higher mechanical potential

compared to other implant materials and has clinically been used since 1993 for

fusion implants of the cervical and lumbar spine. The clinical experience of

cervical and lumbar fusion systems showed high fusion rates and no carbon

fiber-related complications. In addition prospective studies have shown that the

use of osteoinductive bone graft material in conjunction with CFRP cages is a

safe and effective method with high fusion rates in the treatment of DDD.
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Thoracic Pedicle Screw Placement 

Lawrence G. Lenke

Orthopaedic Surgery, Pediatric and Adult Spinal, Scoliosis and Reconstructive

Surgery, Washington University Medical Center, Shriners Hospital in St. Louis, 

St. Louis, Mo., USA

The use of thoracic pedicle screws in the treatment of various spinal

disorders has shown a dramatic increase in the last decade [1–4]. The bio-

mechanical stability afforded by transpedicular fixation, the ability to correct

various sagittal and coronal plane spinal malalignments and deformities, and the

available room for bone grafting around the implants provide an optimal envi-

ronment for spinal fusion success [5–10]. This chapter will discuss the tech-

nique of free-hand thoracic pedicle screw placement using anatomic landmarks,

and a special thoracic pedicle probe combined with appropriate surgical 

3-dimensional orientation and ‘feel’ to access the vertebral body via the pedicle

channel [11]. This free-hand technique can be adopted by any surgeon comfort-

able placing lumbar pedicle screws and experienced with thoracic spinal

anatomy and surgical techniques, and does not require the use of continuous or

intermittent intraoperative fluoroscopy, radiography or navigational systems.

Preoperative Assessment

One of the first assessments that needs to be made by the surgeon contem-

plating the use of thoracic pedicle screws for the treatment of various surgical

spinal disorders is whether the thoracic pedicle is large enough to probe down

with a pedicle probe and subsequently accept a screw of appropriate and avail-

able diameter and length. There is a wide spectrum of individual pedicle dimen-

sions, with the limiting dimension always being the medial to lateral diameter at

the isthmus in millimeters [12–15]. This can range from only 2–3 mm in the mid

thoracic region up to �10 mm at the lower thoracic levels. Interestingly, the

smallest pedicle dimensions are usually found at the T5–T7 levels. Pedicle
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isthmus dimensions increase both above and below these mid thoracic levels,

being consistently larger in the lower thoracic region (T10–T12), and somewhat

smaller in the proximal thoracic region (T1–T3). Because of the varied anatomy

and pedicle sizes, it is extremely important to have a variety of choices for ped-

icle screw diameters available ranging from a 4.0-mm all the way through a 

7.5-mm diameter in 0.5-mm increments. The goal should be to maximize fit into

the pedicle cortex with the largest screw that will safely fit. The lengths of the

screws will vary but range from 40–50 mm in length in the lower thoracic

regions to 25–35 mm in length in the proximal thoracic levels. The lengths will

depend on patient size, and orientation of the screw, and will be shorter if the

trajectory is somewhat lateral. It is also helpful to have both fixed head and

multiaxial screws available. I tend to use fixed head screws in the thoracic spine,

for they are lower profile and allow more room for bone grafting. However,

multiaxial screws can easily be used as well.

In most instances, standard AP and lateral radiographs will adequately

demonstrate the pedicle dimensions required to confirm the size of the thoracic

pedicles and the ability of the surgeon to navigate down them into the body.

One must remember that in a true frontal plane radiograph of the thoracic spine,

the pedicles that are perfectly perpendicular to the x-ray beam will have the

most accurate representation of their overall dimensions. With increasing

thoracic kyphosis, the ability to adequately assess the pedicles above and below

the apex will be diminished and occasionally additional views may be helpful

in assessing pedicle dimensions in these specific cases. As an alternative, a

preoperative CT scan can be obtained with a single slice through each mid

pedicle level to check on overall isthmus dimensions. In my experience, these

CT dimensions somewhat underestimate the diameter of the screw that can be

placed since there does appear that cortical expansion occurs with aggressive

tapping and final screw placement. This will be discussed further in the tech-

niques section of this report. I would caution against using a preoperative MRI

to assess pedicle dimensions as it appears to underestimate the true cortical size

due to artifacts that can occur during the acquisition process.

It is much more difficult to assess rotated pedicles, such as those located at

the concave apex of scoliosis deformities. For scoliosis cases, we rely on the

assessment of pedicle dimensions noted at proximal and distal levels away from

the apex where the vertebrae become more neutral in orientation. Routinely, if

the pedicle dimensions are adequate at these more neutral levels, the pedicles will

be accessible at the concave apical levels. Also, analyzing the convex-sided ped-

icle dimensions can provide information on the corresponding concave pedicles.

The major difference is that the concave pedicles will tend to be more cortical

than the more cancellous centered convex pedicles, although they appear to be

relatively the same size at least in adolescent idiopathic scoliosis patients [16].

Thoracic Pedicle Screw Placement 189
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Free-Hand Pedicle Screw Technique

The technique of ‘free-hand’ thoracic pedicle screw placement is identical to

that utilized in the lumbar spine and includes eight specific steps: (1) exposure,

(2) locating the appropriate starting point with burring of the dorsal cortex,

(3) use of the thoracic pedicle probe to navigate down the pedicle into the verte-

bral body, (4) intraosseous palpation, (5) undertapping by 0.5 mm of the intended

screw diameter, (6) repalpating to confirm intraosseous borders, (7) screw place-

ment, and (8) confirmation of intraosseous screw placement (table 1, fig. 1–8).

It is extremely important to have a well-exposed posterior spine with

minimal oozing of blood into the field. The free-hand technique requires the

identification of specific posterior element landmarks to help confirm the

appropriate starting point. In addition, the vertebral body can often bleed a fair

amount through the pedicle and thus blood loss can be an issue if multilevel

screws are placed throughout the thoracic spine. So the initial spinal dissection

must be meticulous and the pedicle tract should be liberally plugged with bone

wax to minimize oozing from the body through the pedicle. It is also recom-

mended to perform a partial inferior facetectomy which serves several purposes

including to remove the cartilage off the facet joint, to improve the fusion rate,

and also to gain access to the base of the facet joint which will be utilized as

the starting point for the mid thoracic pedicle levels (T7, T8, T9).

Next a specific starting point on the posterior elements must be located for

the creation of a cortical defect which should be at the superficial base of the

pedicle. We have discovered that there are specific starting points for each

thoracic pedicle between T1 and T12 that are fairly consistent for patients with

or without a coronal and/or sagittal spinal deformity present [11]. Beginning

distal at T12, the starting point is the down slope of the medial portion of the

bisected transverse process where it meets the lamina which should be just at or

lateral to the lateral portion of the pars. And as one proceeds to the T11 and T10

spinal levels, the starting point moves slightly more proximal and more medial

such that by T10 the starting point is the proximal edge of the transverse process

where it meets the lamina and facet. The starting points for T7, T8 and T9 are

fairly consistent being the proximal portion of the transverse process where it

meets the facet joint, just lateral to the mid portion of the superior facet. Then as

one proceeds proximal from T7, the starting point becomes more lateral and dis-

tal, based off the anatomic landmarks of the thoracic transverse process-lamina

junction. Thus at T6, similar to T10, the starting point is the proximal edge of the

transverse process base at the junction of the lamina. Then by T3, the starting

point is the bisected transverse process where the transverse process meets the

lamina. This also holds true for T1 and T2, which are slightly larger pedicles, but

have a greater medial inclination in the transverse plane [13].
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Table 1. 8 steps of the ‘free-hand’ technique of thoracic pedicle screw placement

Step Description

Exposure (see fig. 1) Thorough and meticulous exposure to the tips of all transverse processes to

be included in the instrumentation/fusion.

Starting point and cortical Visualize the starting point based upon as much anatomical information as 

burr (see fig. 2) possible. For noncontiguous levels, this may be limited to a review of the 

pre- and intraoperative radiographs and orientation of the posterior elements.

However, with successive levels, much information is provided by making

fine adjustments to the trajectory of the previous level’s screw or contralateral

screw. Use a 5.0-mm acorn-tipped burr (or smaller burr in smaller patients) to

thin the posterior cortex and enter the pedicle. The pedicle ‘blush’ should be

visualized suggesting entrance into the cancellous bone of the pedicle. In

cases with smaller pedicles, especially in the apical concavity of scoliosis

patients, there will be very limited intrapedicular cancellous bone and

therefore a pedicle blush may not be observed. 

Pedicle gearshift-lateral Use a 2-mm blunt-tipped, slightly curved pedicle finder (thoracic gearshift) 

(see fig. 3) facing laterally to enter the pedicle. Often the endosteal diameter of the

pedicle is quite small, so allowing the finder to ‘fall’ into the pedicle. The

thoracic gearshift should be perpendicular to the plane of the superior facet

and/or lamina. Aiming slightly laterally initially will help to avoid medial

wall perforations. Rotate the pedicle finder to a medially faced orientation

after a depth of approximately 15–20 mm is attained (the average length of a

typical pedicle). Carefully place the tip to the base of the prior hole before

advancing the pedicle finder. Advance the finder to approximately the length

of the desired screw and then rotate the finder 180� to make room for the

screw. Make sure you feel bone the entire length of the pedicle. Any sudden

advancement of the gearshift suggests penetration into soft tissue and thus a

pedicle wall violation or vertebral body violation. These should be

investigated immediately in order to possibly salvage the pedicle and avoid

complications.

Pedicle palpation Use a flexible ball-tipped sounding device to palpate all 5 walls of the pedicle 

(see fig. 4) (cephalad, caudad, medial, lateral, and floor). Pay special attention to the

junction of the middle and upper portions of the tract as this is the region of

the pedicle where the spinal canal is located. If any wall besides the medial

wall has been breached, the pedicle may be salvageable. In this circumstance,

place bone wax in the pedicle hole to limit bleeding and reangle the pedicle

finder with a more appropriate trajectory.

Pedicle tapping Tap the pedicle with a tap that is 0.5 mm smaller than the proposed screw. 

(see fig. 5) If there is difficulty passing the tap, use the next smaller tap and then retap

the pedicle. If there is no anterior wall violation, one can use a K wire to

assist with guiding the path of the cannulated taps. If there is any question of

whether the anterior wall is intact, do not use a K wire as cardiac tamponade

due to K-wire-induced trauma to a coronary artery has been reported. 
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Table 1 (continued)

Step Description

Repeat pedicle palpation Use the palpating device a second time to assess the bony

(see fig. 6) pedicle walls and remeasure the tract length with a hemostat. Compare this

measurement directly adjacent to the screw to be placed to ensure appropriate

screw length.

Screw placement Place the screw slowly to confirm it is threaded properly and

(see fig. 7) allow for viscoelastic expansion of the pedicle. Make sure the angle of screw

insertion matches the tract previously palpated and tapped.

Confirmation of After all the screws have been placed, intraoperative

intraosseous screw radiographs are repeated prior to placing the rods in order to

placement (see fig. 8) confirm accurate placement of the screws. Some surgeons prefer to use

fluoroscopy in order to obtain a true AP of each level. The coronal plane

should show harmonious screw positions from proximal to distal. The sagittal

plane should demonstrate parallel orientation to the superior end-plate so that

no screw tip is anterior to the anterior vertebral body line. Perform EMG

assessment of the screws based upon rectus abdominis data. Frequently we use

active EMGs via the same approach through the pedicle finder or cannulated

tap to assess real-time monitoring of the thoracic nerve root. The screws with

the lowest impedance are removed and rechecked with a ball-tipped sounder

prior to replacement of the screw if intraosseous borders are confirmed.

Fig. 1. Complete exposure of the bony anatomy.
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Fig. 2. Thoracic pedicle screw starting points.

Thoracic Pedicle Screw Starting Points

Level

T1

T1

Midpoint TP Junction: TP-Lamina

T2 Midpoint TP Junction: TP-Lamina

T3

T4

T5

Midpoint TP

Junction: Proximal
third-Midpoint TP

Proximal third TP

Junction: TP-Lamina

Junction: TP-Lamina

T6
Junction: Proximal

edge-Proximal third  
TP

Junction: Proximal
edge-Proximal third  

TP

Junction: TP-Lamina-
Facet

Junction: TP-Lamina-
Facet

Just medial to lateral
pars

At the level of lateral
pars

Junction: TP-Lamina

T7 Proximal TP Midpoint Facet

Midpoint TP

T8 Proximal TP Midpoint Facet

T9

T10

T11

T12

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

Proximal TP

Proximal third TP

Midpoint Facet

Cephalad-Caudad
Starting Point

Medial-Lateral
Starting Point

A specially designed thoracic pedicle probe (‘Lenke Probe’, Medtronic

Sofamor-Danek Memphis, Tenn., USA) helps probe down the small-

sized pedicle channel into the vertebral body. The pedicle probe has a 2-mm

tip, which will be required for navigating smaller pedicles versus a conven-

tional 4- to 5-mm tip used as a lumbar pedicle probe. The probe tip becomes

thicker as one proceeds away from the tip of the probe, which will make the

probe somewhat snugger as one proceeds down into the body past the pedicle.

It is also calibrated in 5-mm increments with a rectangular tip going to a

round shaft at 35 mm in length. The probe is also shaped with a slight
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Fig. 3. Use a 2-mm blunt-tipped, slightly curved pedicle finder (thoracic gearshift)

facing laterally to enter the pedicle.

Fig. 4. Sounding device to palpate all 5 walls of the pedicle (cephalad, caudad, medial,

lateral, and floor).

Fig. 5. Tap the pedicle with a tap that is 0.5 mm smaller than the proposed screw.

3

4

5
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Fig. 6. Use the palpating device a second time to assess the bony pedicle walls.

Fig. 7. Place the screw slowly.

Fig. 8. Intraoperative x-rays.

6

7

8
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curvature, which is utilized to avoid penetration of the spinal canal at all times

[17]. We almost always start our probe with the curve facing lateral for this

purpose.

After a cortical window is drilled with a 4.0-mm burr, the gearshift is taken

and placed perpendicular to the plane of the lamina at the level being instru-

mented. This ‘perpendicularity’ is an extremely important feature for obtaining

both correct sagittal plane and transverse plane angulation to allow placement

of the screw parallel to the superior end-plate of the instrumented level.

The pedicle probe tip starts out with the curve facing lateral in the pedicle tract.

A ‘soft spot’ of the cancellous pedicle is identified with an initial light push of

the probe tip into the burred surface. Once this ‘soft spot’ is acknowledged by

‘feel’, then the probe is advanced deeper into the pedicle past the spinal canal.

Once the pedicle probe has been engaged down to 15–20 mm (i.e. past the

spinal canal and into the posterior portion of the body), the probe is removed,

and turned in a medially curved direction and the probe is then advanced

medially into the vertebral body. If the probe was left continually in the lateral

curved position, it would deflect out of the vertebra laterally, which is less than

desirable. It is important as one is advancing the probe to rotate it slightly so as

to allow the tip to fall into the soft portion of the pedicle and then into the body

quite readily. If resistance is being met, then the probe tip is usually positioned

either too medial or too lateral. One should make multiple small permutations

of probe tip positioning and orientation to seek out the best fit of the pedicle

probe down the shaft of the pedicle without breaking out of the pedicle.

Certainly, this ‘feel’ is an extremely important component to the free-hand

screw placement technique. Thus, one should ideally have mastered this in the

lumbar spine before proceeding up to the thoracic spine where medial penetra-

tion may render the thoracic spinal cord at risk during probe placement and/or

screw placement.

After the probe has been advanced to a depth between 30 and 35 mm

(proximal thoracic region) or up to 40–45 mm (lower thoracic region), the probe

is removed and the pedicle tract palpated with a fine ball-tipped palpation

device. It is absolutely essential to feel the floor and four bony walls (medial,

lateral, superior, and inferior) confirming intraosseous placement. One must

carefully rule out a ledge that will be indicative of a medial wall breech that will

be present in the proximal to mid third of the pedicle tract where the spinal

canal is located. A tip-off of a medial breach is fairly aggressive bony oozing

of venous blood from the pedicle tract out of proportion to other levels.

Although this bleeding can be indicative of intraosseous bleeding, it may also

signal epidural bleeding secondary to a medial pedicle wall defect. Liberal use

of bone wax will plug the hole between the various maneuvers before the screw

is placed, if intraosseous borders are confirmed.
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Next, the pedicle tract is tapped with a tap undersized from the final

pedicle screw by 0.5 mm. I use a variety of color-coded cannulated taps that

range in diameter from 4.0 up to 6.5 mm with the threaded portion 35 mm in

length (Medtronic Sofamor-Danek). If necessary, a short K wire can be placed

into the pedicle tract as long as there is a floor for the K wire not to advance

through while tapping is undertaken. The K wire can be especially helpful if

more than one attempt is made to probe down the pedicle and a false passage has

been created. A K wire leading down the correct pathway can guide the tap into

the appropriate position. We have also found clinically, and confirmed biome-

chanically, that undertapping by 0.5 mm will improve the screw ultimate pullout

strength. It is not necessary to tap the entire length of the pedicle screw tract,

only the portion deep into the isthmus of the pedicle usually meaning approxi-

mately 20–25 mm.

Following tapping, the pedicle is palpated again with a fine ball-tipped

sounding probe. Once again the floor and four walls (medial, lateral, superior

and inferior) should be confirmed intact to be completely intraosseous. There

is often a very nice cortical bony ridge that is palpated following the tapping

that absolutely confirms an intraosseous screw tract. It is important at this time

to confirm the appropriate length of the screw by measuring the length of the

sounding device while it is held deep against the floor of the vertebral body. We

will place a screw of a slightly smaller length so as not to penetrate anterior or

lateral to the vertebral body with an inadvertently long screw. The screw is then

placed in the same orientation as the pedicle tract was probed and tapped.

If the initial pedicle probe tract is found to be either medial or lateral, it

often can be redirected with the probe down the appropriate pedicle shaft. Even

with a medial wall defect, a new medial wall can be created with a pedicle

probe placed correctly down the pathway of the pedicle. However, this is not

always the case and in very tiny pedicles, often only one pass will be allowed

to successfully navigate the pedicle. Almost always if the initial pedicle probe

is lateral, the true pedicle pathway can be salvaged with a more medially

directed probe. Similar to the lumbar spine, if one is having difficulty finding

the start of the pedicle, it is best to err slightly more lateral. If one does exit

lateral initially, virtually no structures are at risk from minor lateral wall

penetrations, and the correct pedicle tract can almost always be salvaged in

these circumstances.

Confirmation of Intraosseous Screw Placement

Following screw placement, it is imperative that the surgeon confirm accu-

rate screw placement. This is done intraoperatively by several methods including
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previously mentioned tract palpation, visual orientation and line-up of the screws,

intraoperative AP and lateral radiographs and/or fluoroscopy, and pedicle screw

stimulation with EMG recordings [18]. The use of CT scans postoperatively to

confirm appropriate screw position is strongly recommended to those beginning

their experience [19].

Probably the more important intraoperative confirmation of an intraosseous

screw is the palpation method. This is utilized twice: initially after the probe is

in place and then following tapping of the pedicle. Once the screw is placed,

intraoperative coronal and sagittal plane radiographs or fluoroscopy should be

used to check all screws. In the frontal plane, the screws should be fairly har-

monious with a lack of crossing of the screw tips in the midline. Although this

does not absolutely predict medially directed screws, it certainly heightens one’s

suspicion. Also, lateral placement needs to be checked because this is fairly

common in the thoracic spine especially since the vertebral bodies thin out lat-

erally in mid and proximal thoracic vertebral levels. In the lateral view, I prefer

to have the screw parallel to the superior end-plate. And also, the screw tips

should not extend past the anterior border of the vertebral body so as to make

sure the screws are not excessively long. It is important to confirm that the top

and bottom screws are not penetrating the superior end-plate extending into the

adjacent disc space. This is especially true for the most proximal level thoracic

screw, as it is often difficult to angle one’s pedicle probe, tap and screw in the

appropriate kyphotic angulation of the proximal thoracic region, with resultant

cephalad positioning.

We perform thoracic pedicle screw stimulation with EMGs recorded

from the rectus abdominis muscles to confirm intraosseous screw placement

[20]. An identical technique is used for screws placed between L1 and S1

with recording in the various lower extremity myotomes. Screws are stimu-

lated with an ascending method of simulation to obtain a compound muscle

action potential from the rectus abdominis muscles bilaterally. A recent study

of 677 screws placed between T6 and T12 (innervation of the rectus) pre-

dicted a medially placed screw by a combination of threshold response less

than 6 mA in absolute value and also a threshold intensity averaging 65%

below the mean of all other thoracic screw responses in the same patient.

Although this is not absolutely indicative for a medially misplaced screw, it is

another method utilized to heighten one’s suspicion of a pedicle wall defect

intraoperatively.

It also is advisable for surgeons beginning with the technique of thoracic

pedicle screw placement to obtain postoperative CT scans of their patients [19].

It can be quite enlightening to see exactly where the screws are placed, where

the tips of the screws are located, and it can only help the surgeon improve his

or her technique over time.
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Results and Correlations of Thoracic Pedicle Screws 
Placed by the Free-Hand Technique

All thoracic pedicle screws placed by the free-hand placement technique

have been reviewed by an independent spine surgeon performing a 2-year clin-

ical research fellowship (Y.J. Kim, MD, Seoul, Korea) [21]. 2,199 thoracic

pedicle screws have been placed by this technique in the last 9 years, the vast

majority of which over the last 4 years. The majority of screws have been

placed in the treatment of pediatric and adult spinal deformity, but also include

use in nondeformity conditions such as spinal trauma, tumor and infection.

Our results in spinal deformity treatment include increasing correction rates

with a decreased use of preliminary anterior release and fusions in some cir-

cumstances, and the rare use of any postoperative external immobilization

(fig. 9).

There were no screws removed for any type of neurologic, vascular or

visceral complications [11, 21]. Specifically, there have been no screw-related

neurologic deficits, unexplained thoracic chest wall pain or radicular lower

extremity pain, or unexplained neurologic symptoms. There have been no cases

of revision surgery needed up to this stage in the cases with thoracic pedicle

9a 9b

(For legend see p. 201.)
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9c 9d

9e 9f
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screw constructs, except for 1 patient 2 years postoperatively from an adoles-

cent idiopathic scoliosis surgery with a chronic deep wound infection treated by

implant removal. Because of these results, we have continued to utilize pedicle

screws as our main anchor attachment to the thoracic and lumbar spine in all

forms of pediatric and adult deformity and nondeformity conditions requiring

spinal instrumentation and fusion.

Thoracic Pedicle Screw Placement 201
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Fig. 9. a ER is a 14 � 11-year-old female who presented with a severe 113� right

thoracic idiopathic scoliosis. Proximal thoracic curve measured 46� and lumbar compen-

satory curve 52�. b Her sagittal plane showed 43� of thoracic kyphosis between T5 and T12

and –80� of lumbar lordosis between T12 and the sacrum. c Her left side bender showed a

structural proximal thoracic curve bending out to only 35�, with a flexible lumbar curve

bending out to 17�. d Her right side bender showed a stiff main thoracic region as expected

with correction to only 84�. e She underwent an open anterior release and fusion from T5 to

T12 and a posterior segmental screw instrumentation and fusion from T3 to L3 and in a

staged fashion. Her upright postoperative coronal radiograph demonstrates excellent correc-

tion of her main thoracic curve to 36�, with well balanced curves both above and below. Note

the marked apical translation occurring with use of multisegmental screw instrumentation.

f Her upright lateral x-ray shows normalized thoracic kyphosis of �33� and overall good sagit-

tal balance. g Her preoperative upright photograph demonstrates her right thoracic trunk shift

and rib prominence on the right side. h Her postoperative clinical photo demonstrates excel-

lent balance of her trunk on her pelvis and level shoulders with a diminished rib prominence.
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Conclusions

The free-hand placement of thoracic pedicle screws in both pediatric and

adult patients with or without spinal deformity can be performed in a safe and

reliable manner. This technique should be mastered in the lumbar spine and tho-

racolumbar junction prior to extending it more proximal in the mid and proxi-

mal thoracic spine. Strict and meticulous attention to detail is required along

with a precise surgical technique to safely place thoracic pedicle screws for a

variety of spinal conditions.
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Percutaneous Lumbar Pedicle Screws:
Indications, Technique, Results
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Lumbar pedicle fixation has proven to be a safe, effective means of lumbar

stabilization. Prospective, randomized trials and community clinical experience

using lumbar instrumentation have demonstrated an increased fusion rate.

Lumbar instrumentation has also improved the ability to mobilize patients after

surgery and perhaps brace them for shorter periods of time or not at all. To date,

techniques of lumbar pedicle screw placement have involved a single midline or

bilateral paramedian incision. Some degree of muscular tendon detachment from

the bone and muscle retraction has been necessary. Without question, this is a

source of postoperative pain and subsequent muscle atrophy and scar formation.

Until recently, techniques of percutaneous lumbar fixation have involved

external instrumentation or epifascial techniques [1–3]. Described herein is a

new technique to allow for direct subfascial lumbar pedicle fixation, rod inser-

tion, distraction/compression, and final tightening, all with percutaneous entry

points. Compared to open techniques, the presumed benefit of the percutaneous

technique is avoidance of muscular tendon detachment, elimination of large-

scale muscle retraction, diminished postoperative pain, less blood loss, and

improved cosmetic result. In the future, improved minimally invasive fusion

techniques and the use of bone morphogenetic protein may increase the appli-

cability of percutaneous techniques.

Indications

The indications for percutaneous lumbar pedicle fixation initially are

limited to a few specific clinical conditions. Currently, percutaneous lumbar

pedicle fixation may be most useful when a surgeon wishes to create a posterior
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tension band. As posterior endoscopic or other minimally invasive techniques

progress, percutaneous fixation may be combined with simultaneous laminec-

tomy, discectomy, interbody or posterolateral fusion.

One indication for percutaneous posterior fixation is following a laparo-

scopic or open (retroperitoneal or transperitoneal) anterior lumbar interbody

fusion (ALIF). Many surgeons do not rely on a stand-alone ALIF for the treat-

ment of a mobile (unstable) lumbar spondylolisthesis. Whether threaded tita-

nium cylinders, vertical carbon or titanium or ceramic cages, allograft femoral

ring wedges or threaded allograft bone dowels are used for the ALIF, the place-

ment of posterior instrumentation in the setting of a mobile spondylolisthesis

provides greater biomechanical stability. Furthermore, studies have shown a

higher rate of pseudoarthrosis following stand-alone ALIF using allograft bone.

With posterior fixation, the rate of fusion following ALIF with bone-only is

improved.

Another consideration for the use of posterior percutaneous fixation is in

the case of a pseudoarthrosis following previous stand-alone ALIF. If a

nonunion is present yet the surgeon is satisfied with the structural integrity of

the previously implanted bone graft, posterior instrumentation ultimately can

help to achieve a successful arthrodesis. An example would be a case of previ-

ous femoral ring ALIF with an intact graft, absence of subsidence or vertebral

body lysis, but no evidence of bone union on plain radiographs or CT with

reconstructions.

Percutaneous pedicle fixation is also a reasonable alternative to open

placement of instrumentation in the setting of a pseudoarthrosis following pre-

vious posterolateral fusion. In this setting, decortication of the previous fusion

mass and placement of bone graft can be done through the same portals used

for percutaneous screw placement.

More recently, advances in less invasive techniques using tubular retractors

and blunt dissection through muscle have allowed for lumbar bone decompres-

sion (laminectomy, laminotomy, medical facetectomy, discectomy), posterolat-

eral fusion, and interbody fusion. Percutaneous pedicle screw fixation using the

same or different stab incisions may be a beneficial adjunct to these newer

approaches to decompression and arthrodesis.

Materials and Techniques

For percutaneous pedicle screw fixation, radiographic image guidance is essential.

Several options may be considered. Placing the instrumentation using plain radiographs is not

recommended. A single fluoroscopic C-arm can be alternated between anterior-posterior (AP),

oblique or ‘owl’s eye’, and straight lateral views. The owl’s eye view allows a coaxial view

down the barrel of the pedicle. Performing percutaneous screws with a single fluoroscopic 

dramroo



Rodts 206

C-arm is possible; however, it is tedious and significant time must be devoted to changing

sterile drapes and moving the C-arm into different positions.

Simultaneous biplanar fluoroscopy offers immediate feedback in two planes.

Ergonomically, it is challenging to operate inside of and around two C-arms placed for lateral

and AP or lateral and oblique views. Simultaneous dual views allow for instant feedback

when an instrument trajectory is altered manually by the surgeon in one plane. One limita-

tion of biplanar fluoroscopy in percutaneous procedures, however, is the difficulty in seeing

the tip of an instrument at the level of the skin surface. This is particularly true in patients

with a large body habitus where there is a great distance between skin surface and the spine.

Computer-assisted, virtual fluoroscopic systems offer a tremendous advantage. We

have had extensive experience using the FluoroNav™ virtual fluoroscopic system

(Medtronic Sofamor Danek, Memphis, Tenn., USA). With this technology, a stereotactic ref-

erence arc with light-emitting diodes is attached rigidly to the patient’s spine through a small

stab incision. The arc can also be attached to the ileum using a screw. Routine lateral, oblique

or owl’s eye, and AP images are obtained. The images are obtained with an overlying cali-

bration array of ‘fiducials’ attached to the C-arm. Images are then transferred automatically

from the C-arm monitor to the Stealth™ or ION™ (intraoperative navigation) computer

monitor. The images are automatically ‘registered’ and ready for navigation. Left and right

oblique images are recommended for each level to be instrumented. Up to four images can

be displayed and monitored simultaneously on the same screen. Digitized instruments with

light-emitting diodes are then recognized by the camera and their location in the room is

thereby known by the computer. In short, a surgeon can navigate on two-dimensional images

as if the C-arm were operating ‘live’ continuously. No further irradiation is necessary. Virtual

cartoons or representations of the surgical instruments move real time on the monitor as the

surgeon moves them in surgery.

Perhaps the most powerful component of the virtual fluoroscopic system is the ability

to virtually ‘extend’ the tips of the various instruments from the skin surface down to the

spine. Thus, when an instrument is held on the skin surface, the tip is extended down to

recognizable radiographic landmarks that represent the entry point for pedicle fixation. This

is not possible with conventional fluoroscopy or radiography unless a wire is actually passed

through the skin and soft tissues to simulate a trajectory. The lateral view identifies the center

of the pedicle and appropriate trajectory in the sagittal plane. The owl’s eye or oblique view

gives the surgeon feedback in the axial plane. Straight AP images represent the coronal

plane. One helpful technique is to extend the tip of the virtual instrument on the computer

screen to the point where the pedicle enters the posterior aspect of the vertebral body

(fig. 1, 2). In the sagittal view, therefore, the instrument would have virtually probed the

entire length of the pedicle in the AP direction. When one then looks simultaneously at the

oblique view, the very tip of the extended instrument should be within the cortical confines

(margins) of the pedicle. If the tip is medial, medial wall perforation may be possible. In

short, the surgeon’s brain is able to imagine three-dimensional trajectories based on multiple

two-dimensional fluoroscopic images. Once the desired skin entry point is identified, a small

stab incision is made (approximately 10–12 mm) (fig. 3).

In open placement of lumbar pedicle screws, slight variations of the same technique are

used to identify the entry point for pedicle fixation. It is recommended that the proximal or

medial-most aspect of the transverse process be considered for the entry point. This is as

opposed to performing a partial inferior-medial facetectomy for a more medial entry point.

For obvious reasons, one would favor a technique for percutaneous placement that does not
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Fig. 1. Virtual representation of probe extending through skin down to the level of

vertebral body (AP and lateral views) (photo courtesy of Kevin Foley, MD).

Fig. 3. Reference arc and digitized

probe just beneath skin surface.

Fig. 2. Schematic drawing of extend-

ing virtual tip of probe beyond length of

pedicle to help stay within confines of cortex.

require bone removal. Another advantage of using the medial transverse process is that the

surgeon can palpate with a wire or other image-guided probe the superior and inferior edges

of the transverse process at the same time that visual feedback is given from the AP virtual

fluoroscopic view. One can then feel the slight groove where the transverse process meets the

superior facet process.
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Using an image-guided drill guide, a K wire is drilled into the pedicle approximately

20 mm, allowing for entry into the posterior vertebral body. A cannulated pedicle probe can

then be passed or a cannulated drill bit can be used to drill the pedicle. A cannulated tap is

passed (usually) to the depth of the posterior vertebral body (fig. 4). Patients with sclerotic

or very firm bone may require tapping the full length of the intended screw. The pedicle is

now ready for screw placement.

An important part of the percutaneous instrumentation is the screw extender. A multi-

axial screw (M8, Medtronic Sofamor Danek) is attached to a long arm that will cross the dis-

tance between the posterior pedicle and the skin edge (fig. 5). A locking screw is preloaded

into the chamber of the screw extender. The outer end of the screw extender will attach to the

Sextant™ device.

For L5–S1 fixation, a single longer stab incision can be made to accommodate place-

ment of both the L5 and S1 screws and screw extenders. For L4–L5 and higher levels, sepa-

rate stab incisions will be necessary. Thus, once one screw has been placed, the sequence of

steps is repeated for placement of the second screw. When both screws have been placed, the

ends of the screw extenders are snapped together. The Sextant device with detachable trocar

is then attached to the end of the screw extender complex (fig. 6). The arm of the Sextant is

rotated down to the skin surface. This site is identified and a small stab incision is made. The

trocar is passed through the adipose layer, fascia, and bluntly through the muscle to the heads

of the multiaxial screws (fig. 7, 8). The arm is rotated back out. This step helps prepare for

4 5

Fig. 4. Percutaneous placement of cannulated pedicle screw with screw extender (over

K wire).

Fig. 5. Pedicle screw extenders.
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passage of the rod. The trocar is removed and a lordotic rod is attached to the arm of the

Sextant. The rod is delivered through the same fixed arc into the side openings of the multi-

axial screws. One additional real-time fluoroscopic image is recommended to ensure proper

placement of the rod, though the fixed geometry of the screw extender Sextant system pro-

vides for consistent accurate placement. The rod is detached from the delivery arm, and the

arm removed. The locking screws previously loaded into the screw extender chambers are

tightened to the appropriate torque tension with a screwdriver. Then, the complete apparatus

Fig. 8. Sextant device at moment of

final rod engagement.

6 7

Fig. 6. Sextant device with rod attached and screw extenders prior to percutaneous

delivery.

Fig. 7. Fluoroscopic view of rod inserted with tip of Sextant device visible inferiorly.
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9 10

Fig. 9. Postoperative scars from unilateral percutaneous pedicle screw-rod fixation.

Fig. 10. L5–S1 ALIF with allograft femur wedge and unilateral percutaneous pedicle

fixation, 14 months postoperatively.

is pulled out of the three (or if L5–S1, two) stab incisions. Subcuticular closure is then

possible (fig. 9). The entire process can be repeated on the opposite side, though some

surgeons may perform unilateral fixation when the biomechanical goal is to provide a

posterior tension band following ALIF (fig. 10).

Results

The preliminary results of this technique confirm that it is a safe, effective

way to place lumbar pedicle screws and rods. Lefkowitz and Foley [4] pre-

sented their results for 10 patients with spondylolisthesis. Patients underwent

ALIF followed by posterior percutaneous pedicle screw/rod fixation. There

were no complications related to the percutaneous technique. The average total

operating time for both the ALIF and the percutaneous screw placement in this

initial series was 7.3 h. Blood loss was markedly decreased compared to open

techniques. The average hospital stay was 2.9 days.

Nockels et al. [5] presented their experience in 15 patients with a wide range

of pathology. A total of 64 screws with rods were placed. Two cases of a two-level

instrumentation were done. Patients were evaluated postoperatively with plain

radiography and CT scan. Most cases were performed in combination with an

ALIF. The average time for the percutaneous placement of lumbar screws with
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rods was 65 min. No complications were reported due to the percutaneous

technique. There were no cases of implant failure during the initial follow-up.

Lefkowitz et al. [6] also reported on their experience using percutaneous

pedicle screw fixation following minimally invasive posterior lumbar interbody

fusion (PLIF). This latter technique was performed through endoscopic tubular

retractors but with the use of the operating microscope or surgical loupes. Six

patients underwent this technique. The indications were spondylolisthesis or

degenerative disc disease. One dural tear was reported but was not related to the

screw technique (it occurred during the PLIF technique). The average operating

time for the entire procedure was 6 h 45 min. The average blood loss was

183 ml. The average duration of hospitalization was 2.3 days.

Rodts [7] presented preliminary data of 5 patients who underwent unilat-

eral posterior percutaneous pedicle screw fixation following ALIF. The indica-

tion for surgery was spondylolisthesis in 4 patients and recurrent disc

herniation in a fifth. All patients received unilateral instrumentation alone.

Follow-up ranged from 10 to 22 months. Solid arthrodesis has been achieved in

all patients. Postoperative CT scans were performed showing satisfactory screw

placement in all screws except one. One S1 screw had 3 mm of lateral cortical

perforation of no clinical significance.

Conclusion

Lumbar instrumentation has proven to be a useful component of current

lumbar fusion surgery. The advantages include higher rates of arthrodesis, pro-

vision of immediate spinal stability, and the ability to more effectively reduce

or correct deformity [8–11]. For patients who require extensive posterior

decompression with fusion, open placement of pedicle instrumentation remains

a useful technique.

In some patients, however, the goals of arthrodesis may be achieved with an

ALIF, a minimally invasive PLIF, or a minimally invasive posterolateral fusion

technique. In cases of mobile spondylolisthesis, previous surgery (and subopti-

mal fusion bed, vascular supply), metabolic bone disease, or smoking, a surgeon

may wish to supplement the ALIF or PLIF arthrodesis with instrumentation. In

this setting, the percutaneous technique may offer an advantage over open tech-

niques. Several very small stab incisions may be cosmetically superior to one

longer midline or paramedian incision. The paraspinal musculature is spared the

ill-effects of midline tendinous release and wide retraction causing ischemia and

subsequent atrophy and scar formation. Blood loss is markedly less compared to

open techniques. In their initial experience, surgeons using the percutaneous

pedicle screw technique have found that their patients have substantially less

back pain in the postoperative period.
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The key component to safe, effective passage of percutaneous instrumenta-

tion is image guidance. Whether a surgeon chooses to use a single or biplane live

fluoroscopy or computer-assisted virtual fluoroscopy, the proper radiographic

identification of important landmarks is critical. Virtual fluoroscopy offers sev-

eral advantages, including the ability to view four images at once (e.g. right and

left oblique, AP, lateral), and the ability to virtually extend various instruments

from the surface of the skin down to the spine on the radiographic images.

Further experience with percutaneous and minimally invasive techniques

will not only lead to less postoperative pain, smaller incisions and soft tissue

trauma, shorter operating time, and less blood loss, but it will also enable the

surgeon to achieve the same desired result as in open procedures: successful

arthrodesis. With the advent of new biological products such as bone morpho-

genetic protein, and with the refinement of interbody fusion implants, the role

of minimally invasive surgery may expand.
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Thoracolumbar Deformity Advances
1. Nonoperative Treatment of Thoracolumbar Deformity
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The terms ‘scoliosis, kyphosis, and lordosis’ were first coined by the Greek

physician Galen in the second century AD [1]. Since that time, significant

advances have occurred in the classification and management of patients with

spinal deformities.

Early physicians attempted to correct thoracolumbar deformities with non-

operative treatments. Hippocrates, and later Galen, unsuccessfully used longitu-

dinal traction to try to pull the deformed spine back into alignment [2]. Ambrose

Pare was the first physician to use an orthosis to brace a scoliotic patient

(approximately 1,500 AD). Pare soon realized that bracing was not useful once

a patient had reached skeletal maturity [1].

During the past several centuries, more sophisticated and effective non-

operative treatment modalities for spinal deformity have been developed.

Evaluation of Deformity

There are multiple causes of thoracolumbar deformity; a full discussion

of all of these entities is beyond the scope of this chapter. We will limit our dis-

cussion to the most frequently encountered entities: adolescent idiopathic scoli-

osis, adult scoliosis, and thoracic hyperkyphosis. When the surgeon encounters

any of these entities, the first step in the treatment paradigm is to evaluate the

patient fully.
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History
The patient’s medical and family history should be documented.

Documentation of the age of onset of the deformity and the rate of progression

of the deformity are important factors that may influence treatment. Since the

rate of curve progression often accelerates after puberty, the age of onset of

menarche should also be noted. In addition, since spinal deformities can be

inherited, it is important to identify all relatives with deformity and to attempt

to classify the type of deformity and the rate of progression of the deformity in

family members.

Physical Examination
Initially, a global survey is performed to evaluate overall spinal balance.

Obvious curvatures are noted. Pelvic obliquities and abnormal skin folds are

often seen with moderate to severe scoliotic curvatures. In the pediatric popu-

lation, secondary sex characteristics are also noted. Additionally, in scoliotic

patients, leg lengths are measured and discrepancies are noted. Leg lengths can

be measured either from the umbilicus or the anterior superior iliac spine to the

medial malleolus (fig. 1). In addition, overall coronal balance can be quantified

in the upright position by dropping a plumb line from the C7 spinous process

(fig. 2). Normally the line should extend down the intergluteal crease.

Patients with scoliotic curvatures may be in overall coronal balance if their

secondary curves are of sufficient magnitude to recenter C7 over the inter-

gluteal crease in the coronal plane. Patients are asked to perform side bends to

assess if their curves are flexible or rigid.
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Medial malleolus

Anterior superior iliac spine

Umbilicus

Fig. 1. Measurement of leg length from the umbilicus or the anterior superior iliac

spine to the medial malleolus.
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In order to further evaluate scoliosis, the patient is asked to stand upright

with their palms opposed in the ‘praying position’ and with their arms extended

perpendicular to their torso. The patient is asked to bend forward at the waist

until the shoulders and hips are in the same axial plane. The physician then

views the patient from both the front and the back noting any spinal curvature

or asymmetric rib/flank elevation. For lumbar curves, more forward flexion is

required to bring out the maximal asymmetry; for thoracic curves, less forward

flexion is required to bring out the maximal asymmetry. Some physicians elect

to use an inclinometer to quantify their patient’s scoliotic curvature. The patient

is maneuvered to a flexed position where the asymmetry is most striking before

the inclinometer is used.

Patients with kyphotic deformities are observed in the neutral position to

see if they are able to look straight ahead when facing forward, and to assess for

compensatory extension at the hips and flexion at the knees. In addition, these

patients are asked to perform the forward bending test, which makes thora-

columbar apex kyphosis obvious. Finally, these patients are asked to extend and

flex their spines at the apex of the curvature to check for curve flexibility.
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Fig. 2. C7 plumb line. Normally line

should fall into intergluteal crease indicating

coronal plane balance. The plumb line in this

illustration falls to the right of the intergluteal

crease indicating coronal plane imbalance.
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Kyphotic curves are classified as either postural or structural. Kyphotic

curves that correct in extension are classified as postural. Postural kyphotic

curves are smooth curves and are usually due to poor posture and not to a

pathological process. Structural kyphotic curves, on the other hand, do not

correct in extension, often have a sharp, angular gibbus at the apex of the curve

on forward flexion, and are due to a pathological process (fig. 3).

Radiographic Evaluation
Standard radiographic evaluation for deformity begins with standing full

length (36 inch) posterior-anterior (P/A) and lateral spine x-rays. In patients

who cannot stand, recumbent x-rays are acceptable. The flexibility of the

patient’s scoliotic curve is evaluated with recumbent side-bending x-rays. Side-

bending x-rays are taken in the recumbent position in order to avoid locking the

facet joints during the bending motion. In patients who do not have adequate

muscle mass to perform side bends, a manual push may be administered during

the x-ray.

Scoliosis x-rays differ from nonscoliosis x-rays in several ways. First of all,

they are shot in the P/A direction in order to minimize the radiation dose to the
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Fig. 3. Postural and structural thoracic kyphosis. The illustration on the left shows a

patient with a postural kyphosis. Note the rounded, smooth curve. The illustration of the patient

on the right has a structural kyphosis with a pronounced gibbus in the midthoracic spine.
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breast tissue in adolescent girls. Secondly, scoliosis x-rays are placed on the 

x-ray viewer in the opposite orientation from other x-rays. The reader looks at

scoliosis x-rays as if he is looking at the patient’s back, i.e. the right side of the

x-ray is on the right side of the viewer.

In younger patients, special attention is paid to the pelvis on the P/A x-ray

to assess skeletal maturity. In 1958, Risser [3] noted that the growth of the ver-

tebral body endplate parallels the ossification of the iliac apophysis. The Risser

classification (grades 0–5) is used to quantify skeletal maturity. Risser grade

1 patients have ossified only 25% of their iliac apophysis. Risser grade 4 patients

have ossified 100% of their iliac apophysis but have not fused their iliac wing

to their ileum. Risser grade 5 patients are skeletally mature and have ossified

their entire iliac apophysis and fused their iliac wing to the ileum (fig. 4).

Furthermore, the pelvic x-ray is examined to see if the triradiate acetabular

cartilage is still open (indicating skeletal immaturity).

The lateral x-rays are inspected to assess overall sagittal balance.

Normally, a plumb line dropped from the posterior vertebral body of C7 should

pass through a point within 2.5 cm of the posterosuperior corner of S1. If the

plumb line passes more than 2.5 cm anterior to this point, then the patient is

noted to have a ‘positive sagittal imbalance’. Likewise, if the plumb line passes

more than 2.5 cm posterior to this point, then the patient is noted have a ‘nega-

tive sagittal imbalance’.

The P/A x-rays are evaluated to assess coronal balance and rotatory defor-

mity. Overall coronal balance is assessed by dropping a plumb line from the C7

spinous process. Normally, this line should pass through the midline of the sacrum.
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Fig. 4. The Risser classification (grades 0–5) is used to quantify skeletal maturity.

Risser grade 1 patients have ossified only 25% of their iliac apophysis. Risser grade

4 patients have ossified 100% of their iliac apophysis, but have not fused their iliac wing to

their ileum. Risser grade 5 patients are skeletally mature and have ossified their entire iliac

apophysis and fused their iliac wing to the ileum.

dramroo



When there is a loss of coronal balance, as seen occasionally with scolio-

sis, the head and shoulders are no longer centered over the pelvis. In order to

compensate, the patient often tries to bend the spine above or below the primary

curve in the opposite direction. Over time, a fixed, secondary scoliotic curve

can develop as a result of this bending. The apex of the secondary curve is

opposite that of the primary curve, and the magnitude of the secondary curve

is smaller than that of the primary curve.

Rotatory deformities result in loss of axial balance and often complicate

scoliotic curvatures. They transmit loads unevenly between successive vertebral

segments (fig. 5). Rotatory deformity can be evaluated on the P/A x-rays by

assessing the symmetry in the pedicle positions at each level. Nash and Moe [4]

classified the rotatory deformity by grading it from zero (no rotation) to grade

IV (only one pedicle shadow is visible and it is rotated past the center of the

vertebral body).
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Fig. 5. Coronal, sagittal, and axial illustrations of a scoliotic deformity. Note that this

single right thoracic curve has a significant rotatory component.
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Curve Measurement
Scoliosis x-rays are evaluated to establish the number of curves, the location

of the curve(s), the direction of the curve(s), and the magnitude of the curve(s).

When multiple scoliotic curves are present, the major curve is defined as the

largest, rigid curve. Minor curves are compensatory curves that are created to

try to return to overall spinal balance. Minor curves are smaller than the major

curve and usually are flexible on side-bending x-rays.

The magnitude of each coronal plane curve is quantified through the Cobb

angle measurement. To measure the Cobb angle, the physician identifies the

end vertebrae of the curve on the P/A x-ray. End vertebrae are the last levels

that are tilted into the curve concavity. A line is drawn from the superior end-

plate of the superior end vertebral body, and another line is drawn from the infe-

rior endplate of the inferior vertebral body. The angle of the intersection of

these lines is the Cobb angle (fig. 6).
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Fig. 6. Measurement of the Cobb angle. End vertebrae are the last levels that are tilted

into the curve concavity. A line is drawn from the superior endplate of the superior end ver-

tebral body, and another line is drawn from the inferior endplate of the inferior vertebral

body. The angle of the intersection of these lines is the Cobb angle.
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Indications for Treatment and Nonoperative Treatment Modalities

Adolescent Idiopathic Scoliosis
Adolescent idiopathic scoliosis is the most common form of scoliosis seen

in the United States. School screening programs are effectively screening for

this disorder, and the prevalence of scoliosis in the school age population is

estimated to be 1–3% [5, 6]. Most patients with adolescent idiopathic scoliosis

are female with a right thoracic curve. Patients with atypical thoracic curve

patterns (i.e. left thoracic curve) also should be evaluated with spinal axis MRI

to rule out other causes of adolescent scoliosis (i.e. tumor).

Indications for treatment are dependent on the initial Cobb angle, the

skeletal maturity of the patient, and the progression of the curve. Skeletally

immature patients (Risser score of 0–3) with curves less than 25° usually are

not treated and are followed with serial x-rays at 4- to 6-month intervals to

check for curve progression.

If the curve progresses to greater than 30° (but less than 40°), then nonop-

erative treatment with bracing is initiated [7]. For curves with their apex above

T6, a cervical extension may be needed. Otherwise, underarm, rigid, thora-

columbar braces are satisfactory. Bracing requires cooperation and compliance

from the patient and the family. Braces should be worn daily for over 18 h per

day until skeletal maturity.

For braced patients, follow-up radiographs are obtained at 4- to 6-month

intervals until skeletal maturity is reached. If the curve remains under 40° and

the patient reaches the end of growth (Risser 4 status and at least 18 months

since menarche), then the brace is discontinued. If the curve progresses beyond

40°, then surgical treatment is indicated [8, 9].

Adult Scoliosis
Adult scoliosis has two primary etiologies: adolescent idiopathic scoliosis

(which has progressed after skeletal maturity) and degenerative adult-onset 

(de novo) scoliosis.

Adult Patients with Progressive Adolescent Idiopathic Scoliosis

Studies have shown that adolescent idiopathic scoliosis can progress

after skeletal maturity, especially if the magnitude of the curve is greater than

30° [8, 10]. Consequently, it is important to continue to periodically follow

patients with adolescent idiopathic scoliosis with curves greater than 30° at

skeletal maturity. Patients with adolescent idiopathic scoliosis suspected of

progressing during adulthood should be evaluated with serial scoliosis x-rays at

6-month intervals to document progression.
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Adult patients with progressive adolescent idiopathic scoliosis typically

become symptomatic in the fourth and fifth decades of life. These patients are

usually female with thoracic or thoracolumbar junction curves. The most fre-

quent presenting complaint in this patient population is back pain (lumbar more

common than thoracic), and the etiology of the back pain may be multifactor-

ial. Causes of back pain in this population include muscle fatigue, facet

arthropathy, radiculopathy from foraminal compression, and lumbar degenera-

tive disc disease. Other presenting complaints in this population include

cosmetic deformity or, rarely, cardiopulmonary dysfunction.

For patients presenting with pain, the surgeon must deduce the cause of the

pain via the patient’s history, exam, and/or diagnostic testing. Fatigue-related back

pain, for example, usually occurs on the convex side of the curve, is absent in the

morning, worsens as the day progresses, and resolves with rest. It is often allevi-

ated with physical therapy (strengthening of the back and abdominal muscles).

If patients fail physical therapy, then bracing may be tried to reduce the workload

on the muscles (bracing in the adult does not prevent curve progression).

Patients with facet arthropathy, on the other hand, often have pain on the

concave side of their curve or in the lower lumbar spine. This pain is also activ-

ity related. Facet arthropathy can be confirmed by, and effectively treated by,

facet joint injections.

Patients with thoracic or lumbar radiculopathy can be diagnosed by their

history of radiating pain. The diagnosis can be confirmed by selective nerve

root sleeve injection. The selective nerve root sleeve injections can be periodi-

cally repeated to give long-term pain relief.

Patients with degenerative disc disease causing mechanical low back pain

should undergo a trial of physical therapy to strengthen their low back and

abdominal muscles. This often alleviates their pain because these muscle

groups can then function to decrease the workload of the lumbar discs. If phys-

ical therapy is ineffective, then further evaluation can be done with discography.

If the discogram correlates with their pain and with disc degeneration seen on

MRI, then lumbar fusion may be considered (if the patient is not osteoporotic).

For scoliotic patients presenting with pulmonary limitations, one key

treatment option is cessation of smoking.

In general, initial management of adults with progressive idiopathic scol-

iosis should be nonoperative. Most patients will respond to the measures above

in combination with oral nonsteroidal anti-inflammatory medications.

Degenerative Adult-Onset Scoliosis

Patients with degenerative adult-onset scoliosis typically present during

the sixth or seventh decade of life. These patients have primarily lumbar defor-

mities, and the male to female ratio is equal. The presenting complaints are
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usually related to lumbar stenosis or extraforaminal stenosis with radicular pain

and neurogenic claudication. Extraforaminal stenosis usually occurs at the apex

of the scoliosis on the concave side as a result of the transverse processes

abutting each other.

Low back pain may be due to facet arthropathy or degenerative disc disease.

Discogenic pain commonly occurs below the scoliotic deformity in the ‘normal’

region of the lumbar spine because this region is compensating for the scoliotic

curvature. Loss of lumbar lordosis (flat back) is common. The etiology of the

low back pain must be ascertained. On physical exam, the facet joints can be

loaded by asking the patient to extend the lumbar spine posteriorly and

laterally; pain caused with this maneuver is indicative of ipsilateral lumbar

facet arthropathy. Facet arthropathy can be confirmed by and treated with facet

joint injections.

The workup and treatment for degenerative disc disease has been previ-

ously mentioned and will not be repeated here.

For symptoms of stenosis and radiculopathy, epidural steroid injections

and selective nerve root sleeve injections may assist with the diagnosis and

provide temporary relief from symptoms.

Kyphosis
Normal thoracic kyphosis ranges from 20 to 40°. Hyperkyphosis is a sagit-

tal plane deformity with excessive flexion of the thoracic spine. Hyperkyphosis

is subclassified as either postural or structural (fig. 3).

Postural kyphosis is due to poor posture, and the patient can consciously

correct the curve by ‘standing up straight’. Postural kyphosis is characterized

by a smooth, rounding pattern in the thoracic spine. There is no gibbus on

forward flexion. For patients with cosmetic issues related to their postural

kyphosis, we recommend physical therapy with back strengthening exercises to

improve posture. No operative intervention is indicated.

Structural kyphosis, on the other hand, cannot be consciously corrected by

the patient. Often, a gibbus is seen when the patient is asked to flex forward, and

there is often a sharp angular pattern to the kyphosis on x-ray. Structural kypho-

sis can either be primary or secondary. The most common cause of primary struc-

tural kyphosis is Scheuermann’s disease (juvenile kyphosis). Scheuermann’s

disease is defined as three consecutive levels of at least 5° of segmental kyphosis

(anterior wedging) at each level [11]. The etiology of Scheuermann’s disease is

unknown; however, there does appear to be a familial occurrence. Nonoperative

treatment for Scheuermann’s disease is indicated for progression of the kyphosis

beyond 40° (but under 70°) in a skeletally immature patient (Risser 1–4). For

these patients, an underarm, hyperextension, thoracolumbar orthosis is often

satisfactory to halt progression of the kyphosis [12, 13].
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Secondary structural kyphosis, on the other hand, has an underlying

pathological process. The most common etiologies include multiple level degen-

erative disc disease, vertebral body fracture or tumor, or prior multilevel laminec-

tomy. Multilevel thoracic degenerative disc disease can result in thoracic

hyperkyphosis, whereas multilevel lumbar degenerative disc disease is the most

common cause of lumbar flat backs. Normally, lumbar discs are taller anteri-

orly than posteriorly and thus create lumbar lordosis. As the lumbar discs

dehydrate, the lumbar spine loses this normal lordosis and becomes straight.

The patient often loses overall spinal sagittal balance as a result and tries to

compensate by flexing at the hips and knees. Patients with secondary structural

kyphosis are often older adults, and the typical presenting complaint is back pain.

The physician must, once again, determine the cause of the pain. The pain may be

due to muscle fatigue, which typically worsens as the day progresses. Pain related

to muscle fatigue can often be effectively treated by back strengthening physical

therapy. Another treatment modality is daytime bracing with an underarm thora-

columbar orthosis in those unable to perform back strengthening exercises. The

orthosis can share the load with the posterior spinal musculature and reduce mus-

cle fatigue and pain. However, in the skeletally mature patient, an orthosis will not

prevent progression of the kyphosis. In addition, the orthosis can contribute to fur-

ther weakening and atrophy of the lumbar musculature by shielding these muscles

from spinal loads.

Pain may be due to degenerative disc disease (the workup and treatment

have been previously mentioned and will not be repeated here). Pain may be

due to facet arthropathy. This pain also tends to worsen as the day progresses.

Facet joint injections can be both diagnostic and therapeutic for this problem.

Conclusion

For the majority of patients with mild or moderate spinal deformities, ini-

tial evaluation and a course (or several courses) of the appropriate nonsurgical

treatment are often satisfactory to alleviate symptoms.

For those patients who fail to have relief of their symptoms with conserva-

tive treatment, and for those patients who have severe deformities, surgical

intervention is often necessary. Part 2 will focus on the indications for surgical

treatment and the options for surgical treatment of spinal deformity [14].
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Surgical fusions to treat spinal deformity were first developed in the

1900s. In 1911, Hibbs [1] performed a noninstrumented, posterior spinal fusion

for deformity related to tuberculous spondylitis. In 1962, Harrington [2]

revolutionized spinal fusion for deformity with the use of his distraction rod

instrumentation system.

In the past 50 years, there has been a revolution in the use of instrumenta-

tion for the treatment of deformity, and new techniques and new constructs

have improved the surgical outcomes for deformity patients.

Indications for Surgery and Surgical Techniques

Adolescent Idiopathic Scoliosis
Surgical treatment is indicated for adolescent idiopathic scoliosis (AIS)

that progresses beyond 40–50° in the growing child. Typically, curves over 40°

in a growing child will continue to progress if not treated surgically. The pri-

mary reasons to perform surgical correction of these curves is to halt and

reverse curve progression as well as to improve cosmesis. Curves between 40

and 90° usually do not cause cardiopulmonary difficulties. However, curves

greater than 90° may cause cardiopulmonary compromise, and this is an addi-

tional indication to surgically correct these curves. Preoperative planning for

these patients should include a radiographic assessment (with 36-inch standing

x-rays) of curve magnitude, pedicle rotation, location of curve apex, vertebral

levels marking the ends of the curve, and overall sagittal and coronal alignment.
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The ends of the curve are defined as the vertebrae that are both stable and

neutral. The stable vertebra is the end vertebra that is most closely bisected by

the center sacral line. The neutral vertebra is the end vertebra that is the least

rotated. Usually the stable vertebra is also the neutral vertebra, but if they do

not correspond then fusion to the stable vertebra (not the neutral vertebra) is

recommended [3].

This will give the surgeon a good idea of the amount of correction needed

to reestablish spinal balance. Lateral bending films are useful to identify struc-

tural (usually rigid thoracic curves) and compensatory curves (usually flexible,

lower magnitude, lumbar curves without pedicle rotation). In addition, the size

of the rib hump should also be measured, and the surgeon can consider thora-

coplasty for significant rib hump deformity.

Curve Classification

Classification of AIS curves is important because the selection of fusion

levels is dependent on the classification. Over the past few decades, the King

classification system has been the most commonly used system to classify AIS

curves. Recently, however, Lenke et al. [4] described a more comprehensive and

descriptive classification system for AIS.

We prefer to use the Lenke classification system for several reasons.

The King system only describes curves in the coronal plane and does not take

sagittal balance into account. In addition, interobserver variability in classifi-

cation with the King system is high. The Lenke system, on the other hand, takes

into account sagittal alignment with a sagittal modifier. In addition, the Lenke

system is highly descriptive and uses a three-tiered classification scheme

(6 curve types, lumbar spine modifier, and sagittal thoracic modifier) (fig. 1) [4].

The most frequent curve types with the Lenke system were found to be type 1

(main thoracic curve) and type 2 (double thoracic curve) with the most frequent

curve classifications found to be types 1AN, 1BN, and 2AN [4].

Surgical Correction

The Lenke classification system can be used to predict which levels should

be instrumented to correct AIS [5]. For type 1 curves, only the main thoracic

curve should be instrumented. For type 2 curves, both the proximal and main

thoracic curves should be fused. For type 3 curves (double major), both the

main thoracic and the thoracolumbar/lumbar curves should be fused. For type 4

curves (triple major), all three curves should be instrumented.

Surgical treatment for AIS is usually reserved until the patient is close to

skeletal maturity. If the patient is not near skeletal maturity, then the patient

may be at risk for a crankshaft phenomenon in the years following surgery.

The crankshaft is due to continued growth from the vertebral endplates while
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the posterior tension band is secured by instrumentation; the spine then crank-

shafts from side to side to accommodate the vertebral body growth.

In the past few decades, hook-rod instrumentation has been used success-

fully for the correction of AIS. In the 1990s, however, pedicle screw-rod
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Fig. 1. Artist’s illustration of the Lenke classification system for scoliosis. The Lenke

system is highly descriptive and uses a three-tiered classification scheme (6 curve types,

a lumbar spine modifier, and a sagittal thoracic modifier). TL � Thoracolumbar; L � lumbar;

MT � main thoracic.
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instrumentation has gained in popularity. Pedicle screws are stronger anchors

than hooks. In addition, unlike laminar hooks, pedicle screws do not occupy the

spinal canal nor do they disrupt the ligamentum flavum.

Structural Right Thoracic Curve (Lenke Type 1)

The structural right main thoracic curve with a compensatory (flexible,

low-magnitude, nonrotated) lumbar curve is classified as a King type II or a

Lenke type 1 curve. It is the most common curve type in AIS, and we will

discuss its treatment further.

Posterior Approach

The classic operation performed for a structural right thoracic curve in an

adolescent is a selective thoracic fusion. Classically, a selective thoracic fusion

is maintained by distraction with hook-rod instrumentation on the concave side

of the curve and compression with instrumentation on the convex side of the

curve [6, 7].

Initially, the thoracic curve is instrumented with hooks on the concave

side; a rod is attached to the concave hooks and a rod rotation maneuver is

performed to correct the curve (i.e. attach a concave rod to the hooks and then

rotate the rod until it is straight in the sagittal plane). On the concave side, 

up-going pedicle hooks are typically placed at the superior end of the curve, and

down-going laminar hooks are typically placed at the inferior end of the curve.

This hook pattern allows for distraction on the rod, which serves to maintain the

correction after a rod rotation maneuver. On the convex side, a claw is placed

at the superior end of the curve (the claw consists of down-going hooks above

and up-going hooks at the next level below), an up-going hook is placed at the

apex of the curve, and down-going hooks are placed inferiorly. This hook pat-

tern allows for compression on the rod in order to maintain curve correction on

the convex side of the curve. The compensatory lumbar curve is not instru-

mented and will typically correct to normal when the structural thoracic curve

is straightened [8].

Alternative posterior fusion options include hybrid hook-screw-rod

systems, hook-endplate screw systems, or pure pedicle screw-rod systems.

In the hybrid system, hooks are placed superiorly (where the pedicle diameters

are smaller) and screws are placed inferiorly (where the pedicle diameters are

larger). In the pedicle hook-endplate screw system, a pedicle hook is placed and

then anchored to an endplate screw; this rigid fixation technique is similar to

pedicle screws in pullout strength. In pure pedicle screw systems, no hooks

are used; instead, pedicle screws are placed in lieu of the hooks. In all three

systems, a rod rotation maneuver is initially done on the concave side of the

curve to correct the curve.
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When we place thoracic pedicle screws, we have found the following sur-

gical nuances to be helpful. We locate the entry point for thoracic pedicle

screws by using a high-speed burr to decorticate the surface of the thoracic

facet overlying the area of the pedicle. Once this mild decortication has been

done, a blush of blood is usually noticeable, and this blush marks the entry to

the pedicle. This blush of red arises from the cancellous bone at the center of

the pedicle, which tends to bleed when uncovered. The surrounding facet area

does not tend to ‘blush’ with this maneuver. The surgeon can reliably establish

the pedicle entry point through this technique.

The typical location of the pedicle with respect to the thoracic transverse

process and facet has been elucidated by Lenke et al. [9].

One word of caution is in order, however. If the central portion of the pedi-

cle is corticated, then this ‘blush’ technique cannot be used, as there is no can-

cellous bleeding bone. In this case, we recommend the surgeon perform a

laminoforaminotomy to feel the medial, superior, and inferior walls of the pedi-

cle to guide the screw placement [10].

Once the entry point has been established, there are three options we use to

establish a pathway through the pedicle for the pedicle screw. The first method we

use entails tapping the pedicle from the entry point with a 3.5-mm tap from the

VERTEX posterior cervical set (Medtronic Sofamor Danek, Memphis, Tenn.,

USA). This tap has fine cutting flutes and with minimal downward pressure, the

tap has a tendency to find the appropriate trajectory for screw placement by cut-

ting through the cancellous portion of the pedicle without violating the cortical

pedicle walls. The screw can then be placed through this trajectory.

The second option is to use the thoracic pedicle probe recently created by

Lenke et al. [9]. This small tap is ideal for the thoracic pedicles. It has a small

angled end, and this end is initially placed through the pedicle entry point facing

laterally (in order to avoid medial cortical wall violation and spinal canal penetra-

tion). After a depth of 15 mm (marked on the tap itself), the probe is then turned

medially to enter into the vertebral body and to avoid lateral wall breakout from

the vertebral body. It is important to note that after the first 15 mm, the probe is

beyond the spinal canal in most patients, and the risk of spinal cord injury is

minimized during the first 15 mm by the laterally directed angle of the probe [9].

We avoid drilling down the pedicle as cortical breakthrough can occur with

the drill. However, when the pedicle is corticated, then drilling becomes a

necessity (the third option). We guide our drill trajectory by feeling the outer

walls of the pedicle after performing a laminoforaminotomy. When the pedicles

are too small to accommodate 4.5-mm screws, several options should be con-

sidered. First, by using a 3.5-mm tap (we prefer to use the one available on

the VERTEX posterior cervical system), we establish a pathway through the

pedicle into the vertebral body. Then we use a 4.5-mm tap to ‘dilate’ the pedicle.
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In adolescents, the pedicle often dilates with this successive tapping, and this

allows for placement of a 4.5-mm screw.

Another option for dealing with a small pedicle is to use the ‘in-out-in’

technique for screw placement [11]. In this technique, the screw enters the pedicle

and then is purposely placed through the lateral wall of the pedicle and engages

the bone of the transverse process and rib head. The screw subsequently reen-

ters the pedicle more anteriorly and ends in the vertebral body [12, 13].

The surgeon should keep in mind that the pedicle on the concave side of

the curve may be smaller than the pedicle on the convex side. Consequently,

different screw widths may be needed for the contralateral pedicles of the same

level in scoliotic patients [14].

Use of fluoroscopy can be helpful in establishing the appropriate sagittal

plane angulation of the pedicle screw. Thoracic pedicle screws can either be

placed parallel to the endplates (straightforward trajectory), or they can be

placed parallel to the axis of the pedicle itself (anatomic trajectory) (fig. 2).

When placed parallel to the axis of the pedicle (anatomic trajectory), a longer

screw can be used, and the tip of the screw is directed at the anterior, inferior

vertebral endplate [15–17].

Anterior Approach

Another alternative is to perform the correction through an anterior

approach by releasing the anterior longitudinal ligament, debriding the discs

anteriorly, packing the disc spaces with bone graft harvested from a rib, placing
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AT

ST

Fig. 2. Artist’s illustration of the difference between the anatomic (AT) and the

straightforward (ST) trajectories for thoracic pedicle screw placement. The thoracic pedicle

screws can either be placed parallel to the endplates (straightforward trajectory), or they can

be placed parallel to the axis of the pedicle itself (anatomic trajectory).
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vertebral body screws, and derotating the spine with a connected rod. This can

be done either through a video-assisted thoracoscopic surgery (VATS), via an

open thoracotomy, or via a ‘mini-open’ thoracotomy, which is a hybrid tech-

nique utilizing a small thoracotomy inferiorly and VATS superiorly [18, 19].

In patients who are not near skeletal maturity, an anterior operation may be

required to release the spine anteriorly and remove the growing vertebral end-

plates. The surgeon can choose to perform only an anterior release and epiph-

ysiodesis with a subsequent posterior instrumented procedure, or he can

perform an anterior release, derotation, and fusion through a single anterior

approach.

The anterior approach for derotation and fusion has advantages and disad-

vantages. VATS offers the advantages of decreased blood loss, sparing of the

posterior muscular tension band, and a smaller surgical scar. However, VATS

requires a lung takedown (with subsequent chest tube placement) and entails a

longer operative time (often double the time of a posterior operation).

Anterior derotation and fusion procedures typically do not achieve the

same degree of curve correction that posterior procedures do; this is likely due

to the limitations in the number of segments that can be accessed via an ante-

rior approach. When patients are hyperkyphotic the anterior approach is not

possible, as access to the anterior vertebral bodies is limited. In addition, long-

term follow-up of anterior derotation and fusion procedures is currently lacking.

Consequently, a posterior derotation and fusion operation is still the gold-

standard operation for correction of AIS.

Double Thoracic Curves (Lenke Type 2)

In progressive double thoracic curves, both curves are structural.

Consequently, the fusion will need to extend to the stable vertebrae above and

below both the curves. The preferred approach for the correction of double tho-

racic curves is the posterior approach.

An anterior approach for these curves may be necessary as an adjunct to a

posterior correction and fusion (for an anterior release and epiphysiodesis), but

instrumentation and curve correction via an anterior approach are very diffi-

cult, if not impossible due to the difficulty of accessing and instrumenting

numerous thoracic levels.

Double Major Curves (Lenke Type 3)

Double major curves have a structural thoracic and a structural thoraco-

lumbar or lumbar curve. In general, the instrumentation should extend to the

stable vertebra above the thoracic curve and the stable vertebra below the tho-

racolumbar (or lumbar) structural curve.
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An area of controversy in treating progressive structural curves that extend

to the low lumbar spine is whether or not to extend the fusion to the sacrum.

In general, in the treatment of AIS, the instrumentation should extend to the

stable vertebra at the inferior end of the lowest structural curve (which is rarely

at L4 or below) and fusion to the sacrum should be avoided unless the low

lumbar discs are severely degenerated.

Extension of fusion to the sacrum has several disadvantages. First of all,

the risk of pseudoarthrosis increases when a long construct is taken down to the

sacrum [20]. Also, long constructs can fail due to screw pullout from the

sacrum. In addition, extension of the fusion to the sacrum increases the risk of

not completely correcting a patient’s spinal imbalance. Patients often rebalance

themselves following scoliosis corrections by accommodating any offset from

the balanced state through alterations in the position of the lower lumbar spine.

When the lumbosacral junction is fused, this accommodation potential is lost.

Finally, extension to the sacrum runs the risk of creating flat-back syndrome if

an appropriate amount of thoracic kyphosis and lumbar lordosis is not placed

in the rods.

Adult Scoliosis
Adult Patients with Progressive AIS

The indications for surgery in this patient population are curve progression

greater than 5° in a single year, back pain that is not relieved by conservative

measures, pulmonary compromise from severe curvature, and unacceptable

cosmetic deformity. Of these, the two most common indications are unrelent-

ing back pain and cosmetic deformity.

Surgical Correction

The principles for surgical correction of adult patients with AIS are simi-

lar to those for adolescents with AIS. The curve can be evaluated and classified

by the Lenke system. The instrumentation pattern is dependent upon the curve

classification.

There are, however, two main differences between treating AIS in adults

versus adolescents. First, the rate of pseudoarthrosis is higher for adults than for

adolescents. Consequently, adults may need both anterior and posterior surgery

to achieve a solid fusion. The anterior approach is often required in long curves

to release the anterior longitudinal ligament and incise disc spaces to allow for

a rigid curve to be corrected. The disc spaces can then be packed with structural

graft to promote fusion, and a subsequent posterior procedure can be performed

to instrument and correct the curvature.

The second major difference between adults and adolescents with AIS is

that adults often have significant disc degeneration and spondylosis in the
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lumbar spine. Stopping a long segment fusion at a stable and neutral vertebra

in the mid lumbar spine may not be appropriate in the face of significant lum-

bar spondylosis and degenerative disc disease (DDD). Patients with significant

lumbar spondylosis and DDD may have progression of the spondylosis or sig-

nificant low back pain from accelerated disc degeneration due to the greater

loads on these segments following a long segment fusion above. Consequently,

the need for extension of the fusion to the sacrum is greater in adults than it is

in adolescents. However, if there is no significant lumbar spondylosis or disc

degeneration, then stopping the fusion in the mid lumbar spine is appropriate.

Degenerative Adult-Onset Scoliosis

Degenerative adult-onset scoliotic curves are often rigid, lumbar curves.

The indications for operative intervention are curve progression and unrelent-

ing low back and radicular pain (not responsive to the conservative measures

previously discussed). Often patients have significant radicular pain on the con-

cave side of the curve due to severe foraminal compromise. Patients with these

curves may be in overall spinal balance as many of them compensate at the tho-

racolumbar and lumbosacral junctions. Consequently, evaluation of overall

spinal balance with 36-inch scoliosis x-rays is important. If a patient is a surgi-

cal candidate but is in overall spinal balance, then correction of the curve is not

necessary.

Surgical Correction

In the subgroup of patients who are in overall spinal balance, there are two

surgical treatment options. First, if the patient suffers from primarily radicular

symptoms, then a unilateral Wiltse approach and decompression (posterolateral

approach between the multifidus and longissimus muscles to perform an

extraforaminal nerve root decompression) on the concave side of the curve are

often sufficient to provide relief from radicular pain [21]. The advantage of this

option is that the posterior ligamentous tension band is left intact and bony

removal of the posterior column is kept to a minimum. Only the lateral portion

of the facet joints is removed and the roof of the neural foramen is opened from

lateral to medial.

If the patient, who is in overall spinal balance, is suffering from both low

back and radicular pain, then another surgical treatment option is needed. For

these patients, we recommend foraminal decompression on the concave side of

the curve with an in situ instrumented fusion with pedicle screw-rod instru-

mentation. The foraminal decompression from a standard midline posterior

approach will address the radicular symptoms. The fusion will relieve the low

back pain (which is likely secondary to DDD and lumbar spondylosis). We

always use autograft bone harvested from the iliac crest to establish the fusion.
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When patients with degenerative adult-onset scoliosis are not in overall

spinal balance and when their symptoms cannot be controlled by conservative

measures, then correction of the scoliotic curvature is needed (fig. 3a). This is

best accomplished by a combined anterior and posterior approach. An anterior

approach is often helpful to release the rigid curve by incising the anterior lon-

gitudinal ligament and the anterior disc spaces. Autograft-filled Pyramesh

cages (Medtronic Sofamor Danek) can be placed in the anterior interbody space

to promote fusion (fig. 3b). If no anterior column support with autograft is
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Fig. 3. a Preoperative 36-inch x-ray of a fixed thoracolumbar scoliotic deformity in an

adult. b Postoperative 36-inch anterior-posterior x-ray of the same patient following an ante-

rior lumbar release with interbody fusion (Pyramesh, Medtronic Sofamor Danek) and a sub-

sequent posterior multisegmental instrumented correction with thoracic hooks superiorly and

thoracic and lumbar pedicle screws inferiorly (M-10 system, Medtronic Sofamor Danek).
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performed, then the risk of pseudoarthrosis is high in this elderly patient

population.

A subsequent posterior approach with a coronal plane wedge osteotomy of

the convex facets is performed (i.e. the convex facets are removed from the pedi-

cle above the neural foramen to the pedicle below the neural foramen). The

wedge-shaped osteotomy of the convex side of the curve prevents compression of

the exiting nerve roots on the convex side. This osteotomy is extended beyond the

midline and includes the convex side of the laminae in order to avoid thecal sac

compression when the convex side is compressed. Pedicle screws are then placed

at all levels from the superior to the inferior stable vertebrae of the lumbar scoli-

otic curve. Rods are connected to the screws and the convex side of the curve is

compressed while the concave side is distracted, and the curve is straightened.

If the surgeon wishes to perform the entire operation from a posterior

approach, then multilevel transforaminal lumbar interbody fusions can be per-

formed and Pyramesh cages filled with autograft can be placed into the inter-

body space through this approach. Fusion to the sacrum is avoided if the

inferior stable vertebra is at L4 or above and if the L4/5 and L5/S1 discs are in

good condition. If the lumbosacral junction is not fused, then additional curve

compensation is possible for the patient. However, if the curve extends to L5 or

if the low lumbar discs are significantly degenerated, then fusion to the sacrum

is often needed. There are several options for extension of the fusion to the

sacrum. First of all, S1 (and S2) pedicle screws can be placed. However, the

sacral pedicles have large cancellous centers, and they often do not allow for

solid screw purchase. Sacral pedicle screws have greater pullout strengths if

they are bicortical, and lateral fluoroscopy can assist with bicortical placement.

Long segment fusions to the sacrum are subject to large cantilever loads,

which can lead to pullout of sacral pedicle screws, sacral fractures, and lum-

bosacral pseudoarthrosis. Consequently, some surgeons elect to supplement

sacral pedicle screws with intrasacral rods, transacral rods, and/or iliac screw

fixation [22, 23]. Iliac screw fixation can be hindered by harvesting posterior

iliac crest bone graft. However, the harvest of posterior iliac crest bone graft

does not completely preclude the placement of iliac crest screws [24].

Kyphosis
Surgical treatment of kyphosis can be considered if there is a rigid thoracic

or thoracolumbar kyphotic curve greater than 60–70° in either the adolescent or

the adult. Curves of 60–70° are often cosmetically deforming, but they usually

do not cause significant cardiopulmonary symptoms. However, these curves

can cause intractable back pain that is not responsive to conservative treatment

measures. Curves over 80–90°, on the other hand, can cause cardiopulmonary

compromise and surgical correction is definitely indicated.
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Surgical Correction

Surgical correction of large, structural thoracic or thoracolumbar curves

can be performed through a posterior approach or a combined anterior and

posterior approach. Correction through an anterior only approach is difficult

because the severe thoracic kyphosis limits the surgeon’s access to the anterior

thoracic spine.

Curves of 60–70° can be treated via a posterior only approach, especially if

the curves are flexible. The treatment strategy for these curves is to expose the

ends of the curve, and then to either perform a pedicle subtraction osteotomy

(PSO) or multilevel posterior closing wedge osteotomies (multiple Smith–

Petersen osteotomies). PSO is useful for a focal thoracic kyphosis (i.e. thoracic

wedge compression fracture) because with PSO, the majority of the correction is

performed over a single segment. The technique involves removing a large wedge

of the posterior and middle columns (including the pedicle) of the vertebral body.

The remainder of the posterior and middle columns is then approximated by

pulling together pedicle screws above and below the osteotomy level. The ante-

rior column of the PSO level acts as the fulcrum for this correction (fig. 4), and

up to 30° of correction can be achieved with a single level of PSO [25].

Prior to approximating the remainder of the posterior and middle columns

in PSO, a Z-plasty of the underlying dura may be needed to avoid buckling of

the dura into the spinal canal. We prefer to perform PSO below the conus to

avoid injury to the spinal cord.
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Preoperative

Bony resection
Winn after Bridwell

Postoperative

Fig. 4. Artist’s illustration of a three-column PSO. The technique involves removing a

large wedge of the posterior and middle columns (including the pedicle) of the vertebral

body. The remainder of the posterior and middle columns is then approximated by pulling

together pedicle screws above and below the osteotomy level. The anterior column of the

PSO level acts as the fulcrum for this correction.
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Multiple Smith–Petersen osteotomies, on the other hand, are much safer

because the correction is spread out over multiple levels. Only 1° of correction

can be expected for every 1 mm of bone removed with this technique.

Consequently, multiple Smith–Petersen osteotomies are needed to correct a sig-

nificant kyphosis. The technique involves removing multiple wedges of the facets

bilaterally over several levels (fig. 5) [26]. The remaining posterior columns are

then pulled together (by pedicle screw-rod instrumentation) while the neural

foramina are monitored closely to ensure that excessive foraminal narrowing

does not occur. The fulcrum of the correction is the anterior disc space, and,

consequently, in rigid curves, an anterior procedure may be needed to first

incise the anterior longitudinal ligament and the anterior disc space [27].

Conclusion

Surgical correction of spinal deformity has advanced rapidly over the past

decade. Correction of severe scoliotic and kyphotic deformities can now be

performed with low mortality rates. However, the morbidity rates for major

deformity corrections remain very high. New advances will likely blend more

minimally invasive techniques with the current instrumentation systems in an
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Bony resection
Winn after Bridwell

Postoperative

Fig. 5. Artist’s illustration of a Smith–Petersen osteotomy. The technique involves

removing multiple wedges of the facets bilaterally over several levels. The remaining poste-

rior columns are then pulled together (by pedicle screw-rod instrumentation) while the neural

foramina are monitored closely to ensure that excessive foraminal narrowing does not occur.

The fulcrum of the correction is the anterior disc space, and, consequently, in rigid curves,

an anterior procedure may be needed to first incise the anterior longitudinal ligament.
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attempt to reduce the surgical morbidity associated with multisegmental

correction and instrumented fusion.
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Vertebroplasty and Kyphoplasty

Isador Lieberman

The Cleveland Clinic Foundation, Cleveland, Ohio, USA

Osteoporosis is a systemic disease currently afflicting more than 40 mil-

lion Americans; this figure is likely to rise further as the population ages. It

results in progressive bone mineral loss and concurrent changes in bony archi-

tecture that leave bone vulnerable to fracture, often after minimal or no trauma.

Osteolysis secondary to metastatic disease or multiple myeloma affects up to

70% of patients on initial presentation. The spine is the most common site of

osteoporotic or osteolytic fracture, with vertebral compression fracture (VCF)

occurring in up to 50% of women 80 years and older and 25% of women 70

years and older [1, 2]. Overall, 700,000 people per year in the US suffer a VCF

secondary to osteoporosis, exceeding even the frequency of hip fractures [11].

Osteoporotic VCFs have been shown to be associated with up to a 30% age-

adjusted increase in mortality [3]. The cost to society of managing osteoporotic

VCF patients in the United States in 1995 was USD 746 million [4]. Possible

acute complications of either osteoporotic or osteolytic vertebral fracture

include cord compression, urinary retention, and ileus [10]. Long-term conse-

quences include considerable pain (reported in 35% of detectable VCFs) [12],

as well as pulmonary compromise (a 9% loss in predicted forced vital capacity

with each vertebral fracture) [13]. Other chronic sequelae include decondition-

ing, deformity, insomnia, and depression, resulting in substantial physical,

functional, and psychosocial impairment [13, 14].

Nonoperative Management of VCFs
Two thirds of patients with acute, painful osteoporotic VCFs improve

regardless of the treatment applied. Traditional, nonoperative management
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includes bed rest, analgesics, and bracing. This type of medical management,

however, fails to restore spinal alignment, and the lack of mobility itself can

result in secondary complications, including worsening osteoporosis, atelectasis,

pneumonia, deep vein thrombosis, decubitus ulcer, and pulmonary embolism.

An alternative approach is supervised ambulatory mobility by a physiotherapist

plus hydrotherapy [15]. In one third of patients, severe pain, limited mobility,

and poor quality of life persist despite appropriate nonoperative management.

No patient spontaneously achieves a realigned spine, corrected sagittal contour,

or restoration of vertebral height.

Half the patients with metastases to the spine report pain relief after exter-

nal beam radiation [31]. Patients with radiosensitive tumors (breast, prostate,

myeloma) typically do well, however radiotherapy does not protect the spine

from progressive osteolytic collapse and presents the treating surgeon with

major concerns regarding postoperative wound healing and bone fusion should

surgery be indicated [32]. Similar concerns exist when considering the use of

chemotherapy to treat various metastases to the spine, although there are new

investigational bisphosphonates which are promising reversal of bone loss [33].

Operative Management of VCFs
Historically, the only alternative to nonoperative management for sympto-

matic osteoporotic or osteolytic vertebral fractures was open surgical decom-

pression (anterior or posterior decompression and stabilization via internal

fixation hardware and bone grafting), and this was usually reserved for those

patients with gross spinal deformity or neurologic impairment (�0.5%) [10, 32].

The reason for this surgical caution was due to the adverse risk/benefit ratio in

this elderly or cancer population with poor bone quality and multiple comorbid

conditions.

Percutaneous vertebroplasty (PVP) is a minimally invasive method that

involves the percutaneous injection of polymethyl methacrylate (PMMA) into

a collapsed vertebral body to stabilize the vertebra. Originally developed for

osteolytic metastasis, myeloma, and hemangioma, the procedure resulted in

quick, effective pain relief and a low complication rate [5–7]. PVP is now also

increasingly used for the treatment of osteoporotic vertebral fractures [8].

However, PVP does not expand the collapsed vertebra, potentially locking the

spine in a kyphotic posture. In addition, the PMMA bone filler has associated

problems (epidural leakage, thermal necrosis, inability to integrate with bone,

handling difficulties, toxicity to patient and operator) [2, 9].

Kyphoplasty is a newer minimally invasive technique with a number of

potential advantages over PVP, including lower risk of cement extravasation and

better restoration of vertebral body height [29]. A cannula is introduced into the

vertebral body, followed by insertion of an inflatable bone tamp (IBT), which
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when deployed, reduces the compression fracture and restores the vertebral

body toward its original height, while creating a cavity to be filled with bone

cement. The cement augmentation is therefore done with more control into the

low-pressure environment of the preformed cavity with viscous, partially cured

cement.

Percutaneous Vertebroplasty

Background
Percutaneous vertebral augmentation (vertebroplasty, PVP) was first

devised by Galibert et al. [16] in 1987, and initially involved the augmenta-

tion of the vertebral body with PMMA during open procedures to allow stable

fixation of internal hardware. PVP was first described in the French literature in

1987 [16] but was not performed in the United States until 1994. Originally

targeted for osteolytic metastasis, myeloma, and hemangioma, PVP resulted in

early appreciable pain relief and a low complication rate [7, 16]. Its indications

now include osteoporotic vertebral collapse with chronic pain, expanding further

to include treatment of asymptomatic vertebral collapse and even prophylactic

intervention for at risk vertebral bodies [17]. Nevertheless, the treatment of acute

fractures in ambulatory patients and prophylactic treatment remains controver-

sial [18]. In fact, vertebral augmentation itself is somewhat controversial, with

questions concerning a lack of defined indications, expected complications,

outcome measures, and the need for long-term follow-up data [2].

An open question in PVP is the mechanism of pain relief. The most

intuitive explanation involves simple mechanical stabilization of the fracture;

the cement stabilizes vertebral bodies and offloads the facet joints. However,

another possibility is that analgesia results from local chemical, vascular, or

thermal effects of PMMA on nerve endings in surrounding tissue [8, 19].

Supporting this concept is the lack of correlation between cement volume and

pain relief [20, 21]. Further evidence against an effect resulting solely from

mechanical stabilization is the fact that PVP typically does not restore lost ver-

tebral body height and therefore does not correct altered biomechanics [1, 18].

Technique
Injection of opacified PMMA is performed via a transpedicular or para-

vertebral approach under continuous fluoroscopic guidance to obtain adequate

filling and to avoid PMMA leakage. For complex or high-risk cases, CT and

fluoroscopic guidance are sometimes combined [5, 18]. In routine cases, PVP

can be performed under local anesthesia with slight sedation in less than an

hour [1], although general anesthesia is sometimes required because pain may
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intensify during cement injection [8]. Preceding PMMA injection, intraosseous

venography is often used to determine the filling pattern and identify sites of

potential PMMA leakage (outline the venous drainage pattern, confirm needle

placement within the bony trabeculae, and delineate fractures in the bony

cortex). However, others have dispensed with routine venography [1].

Contraindications to vertebroplasty include coagulopathy, absence of facil-

ities to perform emergency decompressive surgery in the event of a complica-

tion, and extreme vertebral collapse (�65–70% reduction in vertebral height)

[8]. However, this last contraindication has been questioned recently [18, 22].

Results
The available clinical studies, mostly European, report pain relief in about

90% of cases treated for osteoporotic fracture, with only infrequent clinically

significant complications (0–10%), most of them minor [7, 18]. In a series of 80

patients treated with PVP for osteoporotic vertebral collapse, 90% gained imme-

diate pain relief [5]. During a follow-up of 1 month to 10 years, only one com-

plication was reported: intercostal neuralgia treated by local anesthetic

infiltration. In another prospective study of 45 vertebral body augmentations in

17 osteoporotic patients led to significant and lasting pain reduction during the 

1-year follow-up [1]. Although cement leakage occurred in 20% of vertebral bod-

ies, none had clinical sequelae. In a retrospective review of 70 augmented verte-

brae in 38 consecutive patients with osteoporosis, treatment resulted in pain relief

within 48 h in 36 patients (95%). The pain relief was durable in 34 of the patients

(89%) during a follow-up averaging 18 months. Twenty-four patients (63%) expe-

rienced marked to complete pain relief, 12 (32%) moderate relief, and 2 (5%) no

significant change [18]. Of 8 patients suffering malignant neoplasm of the spinal

column and treated with vertebroplasty, 4 (50%) found pain relief in this series

[18]. Cortet et al. [23] studied 16 patients with 20 osteoporotic vertebral com-

pression fractures who underwent PVP. This study found a statistically significant

decrease in pain with several standardized scoring systems at all observed time

points during the 6-month follow-up, along with concurrent, significant improve-

ment in overall health status. No adverse events and no vertebral fractures

occurred during the follow-up period. Another study of 29 patients with 47

painful osteoporotic vertebral fractures reported a 90% success rate in terms of

significant pain relief immediately after treatment [7]. Two patients sustained rib

fractures during the procedure resulting in pain that subsequently resolved;

otherwise, no clinically significant complications were noted.

Complications
The principal risk of PVP, which involves the forced injection of low-

viscosity PMMA cement into the closed space of the collapsed vertebral body,
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is cement extravasation. Extravasation rates are as high as 40% when used to

treat osteoporotic fractures [7]. The likelihood is greater when using cement

with a liquid rather than paste consistency or with higher PMMA volume [24].

However, in most settings, the majority of extravasations have no clinical rele-

vance, at least in the short term [1].

The consequence of an extravasation depends on its location. In epidural or

foraminal extravasation, nerve root compression and radiculopathy are the major

risk, occurring in 11 of 274 patients (4%) treated by Deramond et al. [5]. Three

patients required surgical nerve root decompression, as has been described by

others as well [10, 20]. Extravasation into perivertebral veins can cause cement

embolism to the lungs; deaths attributed to cement embolism have been docu-

mented. However, the 2 deaths attributed to pulmonary embolism were reported

to be unrelated to the procedure; no cement material was detected by chest x-ray

of the first patient [8, 25], and the second pulmonary embolism arose from deep

venous lower extremity thrombosis [5]. On the other hand, extravasation into

adjacent disks or paravertebral tissue, although common, generally produces no

patient symptoms and carries little clinical significance; many such extravasa-

tions can be avoided by careful needle positioning [5].

Other operative and long-term complications of PVP are specific to PMMA

as a filler [1, 17, 26]. The physician may work with PMMA in large batches in

order to keep it liquid and to extend the working time for vertebroplasty. However,

its high polymerization temperature (86–107°C within cement core) [27] can

damage adjacent tissue, including the spinal cord and nerve roots [9], leading to

an inflammatory reaction and transitory exacerbation of pain [8]. When injecting

PMMA monomer, vigilance and caution of the physician are required.

Absorption of PMMA during the injection can induce hypotension by virtue of

its cardiotoxic and arrhythmogenic properties [28]. Keeping in mind that placing

a material in the spine affords proximity and access to the chest and the heart,

vertebral augmentation with PMMA demands meticulous attention to technique.

Overall, the risk of complications that carry clinical significance follow-

ing PVP for osteoporotic vertebral fracture is 1–3%, and most potential com-

plications can be avoided with a good technique [5].

Kyphoplasty

Background
Kyphoplasty is a new technique evolved from a marriage of vertebroplasty

with balloon angioplasty. It has a number of potential advantages, including

lower risk of cement extravasation and better restoration of vertebral body

height. A cannula is introduced into the vertebral body, via a transpedicular or
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extrapedicular route, followed by insertion of an IBT, which when deployed,

reduces the compression fracture and restores the vertebral body toward its

original height. This then creates a cavity to be filled with bone cement. The

cement augmentation can now be completed with more control into the low-

pressure environment of the preformed cavity with viscous, partially cured

cement. Using a cannula for bone filler with a steel stylet as a plunger enables

the operator to apply cement at considerably higher viscosity than is possible

with injection through a 5-ml syringe and 11-gauge needle. Both the higher

cement viscosity and lower-pressure injection reduce the risk of cement

extravasation. Filling is performed under continuous lateral fluoroscopic guid-

ance similar to vertebroplasty. The procedure can be performed under general

anesthesia or local anesthesia with intravenous sedation; some patients are able

to return home the same day of procedure.

Technique
With the patient under general or local anesthesia in prone position on a

radiolucent spinal frame, two C-arms are positioned for anteroposterior and lat-

eral fluoroscopic images. Once positioned the C-arms or patient are not moved

to ensure repeatable images throughout the case. Two 3-mm incisions are made

at the vertebral level, parallel to the pedicles in both planes. Then a guide wire

or biopsy needle is advanced into the vertebral body via a transpedicular or

extrapedicular approach, depending on fracture configuration and patient’s

anatomy. The guide wire is then exchanged for the working cannula using a

series of obturators. Once the working cannula is positioned the surgeon reams

out a corridor to accommodate the IBT and positions IBT under the collapsed

endplate. To deploy the IBT, inflation proceeds slowly under fluoroscopy until

maximum fracture reduction is achieved or the balloon reaches a cortical wall

(see fig. 1). At this point the surgeon deflates and removes the IBT, mixes the

cement, prefills the cement cannulae and allows the cement to partially cure in

a cb

Fig. 1. a–c Kyphoplasty example, IBT inflation and PMMA augmentation.
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the cement cannulae. Once partially cured PMMA is slowly extruded into the

vertebral body through each pedicle under continuous lateral fluoroscopic guid-

ance. This technique permits a low-pressure fill. In most instances, the volume

of cement can slightly exceed that of the bone cavity to interdigitate filler from

the central bolus with the surrounding bone. Once filling is complete and the

cement has hardened the surgeon removes the cannula and closes the 3-mm

incisions.

Results
Kyphoplasty has been slowly advanced through a few surgical centers par-

ticipating in a multicenter study begun in 1999. A phase I efficacy study of 70

consecutive kyphoplasty procedures in 30 patients with painful, progressive

osteoporotic/osteolytic VCFs was recently completed [29]. Mean duration of

symptoms was 5.9 months. Symptomatic levels were identified by correlating

the clinical data with MRI findings. Preoperative and postoperative x-rays were

compared to calculate the percentage height restored. Outcome was further

assessed by comparing the preoperative and latest postoperative survey of

patient’s self-reported health status using the 36-item Short Form Health Survey

(SF-36) [30]. In 70% of the vertebral bodies, kyphoplasty restored on average

47% of the lost vertebral height (p � 0.001). SF-36 scores for bodily pain

(p � 0.0001), physical function (p � 0.002), and vitality (p � 0.001) were

among the subscales that showed substantial and significant improvement.

Complications were infrequent. One patient experienced perioperative pul-

monary edema and a myocardial infarction secondary to intraoperative fluid

overload; 2 patients suffered rib fractures due to positioning during the proce-

dure. Cement leakage occurred at 6 of 70 treated levels (8.6%); however, there

were no complications that related directly to selection of this technique or to

use of the IBT. In an ongoing evaluation the results of this initial series have

been maintained in the most recent follow-up of over 70 consecutive patients

up to 14 months.

In a second prospective evaluation the safety and efficacy of kyphoplasty in

the treatment of osteolytic vertebral compression fractures due to multiple

myeloma found similar satisfying results [34]. Fifty-five consecutive kypho-

plasty procedures were performed in over 27 sessions in 18 patients. The mean

age of patients was 63.5 years (48–79), the mean duration of symptoms was 11

months, and the mean follow-up 7.4 months. The range of levels treated were

from T6 to L5 (T11 � 9, T12 � 7, L1 � 8, L2 � 7). There were no major com-

plications related directly to the use of this technique. On average, 34% of height

lost at the time of fracture was restored. After stratifying for those where height

was not restored the remaining vertebral bodies showed an average of 56%

height restoration. Asymptomatic cement leakage occurred at 2/55 levels (4%).
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Significant improvement in SF-36 scores occurred for bodily pain: 23.2 to 55.4

(p � 0.0008) and physical function: 21.3 to 50.6 (p � 0.0010), vitality: 31.3 to

47.5 (p � 0.010), and social functioning: 40.6 to 64.8 (p � 0.014). The authors

concluded that the kyphoplasty technique was efficacious in the treatment of

osteolytic vertebral compression fractures due to multiple myeloma and associ-

ated with early clinical improvement of pain and function as well as some

restoration of vertebral body height in these patients.

Vertebroplasty versus Kyphoplasty

Although both vertebroplasty and kyphoplasty provide excellent pain

relief, kyphoplasty has the potential to improve spine biomechanics and

decrease the risk of cement extravasation. PVP usually will not expand the ver-

tebral body or regain normal spine alignment. Preliminary data indicate that

kyphoplasty may restore near-normal height, preventing kyphosis that leads to

respiratory and digestive problems. Restoration of height and sagittal alignment

may also work to protect vulnerable vertebral levels above or below the site(s)

treated by minimizing force transfer.

PVP is much more prone to cement leaks since the PMMA is injected in

a liquid state and will take the path of least resistance through any cracks in

surrounding bone. In administering vertebroplasty the operator injects the

liquid cement, typically pausing or stopping once a leak becomes evident. On

the other hand, in kyphoplasty, the expanded balloon creates a cavity and

pushes bone to the edges of the cavity, thus sealing off potential fissures and

cracks. Greater placement control is possible in a kyphoplasty, in which the

operator can fill the cavity with a more viscous cement to the point at which

the cement bolus reaches and interdigitates with the bony margins. The initial

kyphoplasty findings show lower rates of cement extravasation compared with

published vertebroplasty series, supporting the hypothesis that injection of

high-viscosity cement into a previously formed cavity may be an improvement

over the injection of low-viscosity liquid cement into the unreduced vertebral

body.

Conclusion

Osteoporotic and osteolytic VCFs pose a significant clinical problem

including spinal deformity, pain, reduced pulmonary function and mobility, as

well as an overall increase in mortality in the elderly. Traditional medical and

surgical options in many cases prove inadequate.

dramroo



Lieberman 248

PVP is a relatively noninvasive technique that has gained increased accept-

ance over the last decade in the treatment of symptomatic osteoporotic verte-

bral fractures. The available clinical studies describe pain relief achieved in

greater than 90% of symptomatic osteoporotic fractures, with only infrequent,

mostly minor, complications. Some of the drawbacks of PVP stem from the use

of PMMA, because of its toxicity and poor handling characteristics, rather than

from the procedure itself.

Kyphoplasty is a modification of PVP that is still in evolution. It may add

a margin of safety by virtue of a lower observed incidence of cement leakage.

Kyphoplasty may be shown to be worthwhile in acute vertebral fracture, in

high-risk patients to predictably restore vertebral height (see fig. 2) and to facil-

itate a low-pressure fill procedure. Favorable outcomes in early trials appear to

permit early mobilization, which has the potential to decrease mortality.

Considering the greater mortality that is associated with osteoporotic compres-

sion fractures, early mobilization in these patients is of prime importance.

The next logical step beyond treatment of evident vertebral fractures is

prophylactic augmentation. Prevention of osteoporotic vertebral fractures with

a b

Fig. 2. Kyphoplasty example, height and kyphosis restoration. a Postheight � 37 mm,

midheight � 12 mm, kyphosis � 25°. b Postheight � 37 mm, midheight � 28 mm, kypho-

sis � 10°.
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a combination of pharmacologics and timely reinforcement of at risk osteo-

porotic vertebrae is the ultimate goal aside from prevention of osteoporosis

itself. It is here that new osteoconductive synthetic composites will figure more

prominently as an emerging alternative to cement. Advances in minimally

invasive surgical techniques, imaging, and synthetic engineering are rapidly

changing the treatment protocols available for osteoporotic compression

fracture.
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Recently microendoscopic discectomy (MED) techniques have been

applied to perform laminoforaminotomy and discectomy for unilateral cervi-

cal radiculopathy [1, 11] utilizing the MED technique and instrumentation

(fig. 1) developed by Smith and Foley in 1997 for lumbar disc disease [4, 6].

The muscle-splitting approach used in this technique is effective in limiting

postoperative pain and muscle spasms while maintaining the integrity of

midline posterior muscular and ligamentous attachments to the spine.

Minimally invasive posterior cervical microendoscopic discectomy and

laminoforaminotomy (CMED) can provide a number of advantages including

reduced approach-related morbidity, preservation of the motion segment,

reduced patient postoperative pain and discomfort, and quicker patient recov-

ery. In avoiding an anterior approach to the spine and maintaining segmental

motion the incidence of hastened adjacent level disc degeneration may be

reduced [3, 9, 10]. The muscle splitting approach used in this technique as

apposed to the muscle stripping approach used in traditional posterior cervical

discectomy and laminoforaminotomy may help to reduce paraspinal muscle

denervation. Despite these many benefits there is a steep learning curve to

mastering this technique, which may require additional training under the

guidance of an experienced minimally invasive spine surgeon. Once trained in

these techniques the results can be very satisfying for both clinician and

patient. This chapter will focus on the technical considerations used in

performing CMED effectively and safely.

Minimally Invasive Update 
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Background

Posterior cervical foraminotomy and microdiscectomy is a proven effec-

tive technique for the management of lateralized herniated disc and foraminal

stenosis [2, 5, 7, 8, 12, 17–19]. The endoscopic approach is a further evolution

of this technique with a primary benefit of reduction in approach-related

morbidity. This is accomplished with a number of tubular dilators that allows

for muscle splitting of the longitudinal muscular fibers to reach the facet
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c d

Fig. 1. METRx instrumentation used for performing CMED with figures showing 

K-wire, sequential dilators and tubular retractor (a), endoscopic assembly (b), long tapered

Drill (c), and specialized instruments (d).
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complex as opposed to striping the muscle from the spinous process and lamina

and aggressively retracting the muscles laterally to gain access to the facet

complex. The instrumentations used to perform this technique were originally

designed for the treatment of lumbar disc herniation (fig. 1). The ability to

perform CMED was first determined in cadaveric studies [16]. These studies

determined that the METRx system could be used effectively to treat degenera-

tive cervical disease and then was applied safely in a clinical setting [1, 11].

Evaluation

Patient workups routinely include plain anteroposterior, lateral and oblique

x-ray views to determine spine alignment, disc space height and foraminal

encroachment. Additional radiographic evaluation of the cervical spine will

include either a magnetic resonance image (MRI) or myelogram, and/or com-

puted tomographic myelogram (CTM) to visualize the area of neural compres-

sion. CTM is particularly helpful in multilevel degenerative cervical disc

disease to determine the level of maximal neural compression since this study

clearly shows bone pathology, as well as foraminal stenosis and nerve root com-

pression. In conjunction with thorough clinical history and physical examina-

tion, radiographic evaluation will help to determine the operative level. Further

assessment can include selective nerve root blocks and or electromyelographic

studies. Ultimately, it is critical to correctly identify the anatomic level from

which the patient’s radiculopathy originates in order to achieve surgical 

success.

Indications

Endoscopic posterior cervical foraminotomy is indicated for cases of

lateralized disc herniation (fig. 2), osteophyte compression, and foraminal

stenosis. Ideally, patients should present with painful cervical radiculopathy,

which correlates with neural compression seen on MRI, myelogram, and/or

CTM. This procedure is not recommended for cases of cervical myelopathy

from spondylosis or central disc herniation. Whereas traditional surgical teach-

ing guides us to address pathology from an anterior approach when there is

straightening or kyphosis of the spine, the endoscopic posterior approach can

be used for cases of posterolateral disc herniation or foraminal stenosis with

mild to moderate kyphosis so long as there is no evidence of instability.

For these patients, particular caution must be taken to avoid resecting too much

of the medial facet complex during the decompression. Studies have shown that
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up to 50% of the facet complex can be resected unilaterally without inducing

iatrogenic instability [15]. Since the 30� angled endoscope allows for more

extensive facet resection, care is taken during this procedure to avoid taking too

much facet [16].

It is important to realize that even with a good clinical history of radiculo-

pathy and a seemingly appropriate radiographic finding, a potential for mis-

diagnosis can exist. As the incidence of multilevel disc degeneration is high on

MRI and CTM for elderly patients, it is statistically not uncommon that some

degree of pathological change will be seen at any given level on imaging stud-

ies. For such patients, a careful search to exclude other causes of nerve root pain

should be completed prior to operative intervention. The differential for nerve

root pain includes spinal canal tumors, trauma, inflammatory diseases,

demyelinating conditions, toxic and allergic conditions, hemorrhage, congeni-

tal defects, metabolic diseases, neuropathies, thoracic outlet syndrome, rotator

cuff pathology, impingement syndromes, bursitis, arthritis of the shoulder, and

bicipital tendonitis. It is important for spinal surgeons to be familiar with these

disorders in order to properly exclude them from the list of possible etiologies

before subjecting the patient to unneeded surgery. Electromyographic (EMG)

and nerve conduction velocity studies done by a competent neurologist or

physiatrist may be particularly helpful in this regard. Lastly, it is prudent to 

perform a psychological screening of all patients prior to performing this 
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Fig. 2. Lateralized left C6,7 disc herniation ideal for treatment using the CMED

approach.
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procedure and to rule out secondary gain or psychological issues that may result

in a poor surgical outcome.

Anesthesia and Operative Setup

After appropriate preoperative evaluation and medical clearance, patients

were brought to the operative suite. Following the induction of general endo-

tracheal anesthesia, adequate intravenous access was secured. An arterial line is

placed to enable continuous blood pressure monitoring and control. Adequate

blood pressure is maintained to assure spinal cord perfusion during this proce-

dure. During the initial experience with the CMED technique, patients were

placed in the prone position. However, this led to bleeding that often obscured

the endoscopic image during the operative procedure and resulted in increased

operative times and blood loss (fig. 3). A change to the semisitting position

using a Mayfield head holder (fig. 4) has resulted in significantly improved

operative visualization, relieved epidural venous congestion, and decreased

operative blood loss and operative times (fig. 3). The advantage of this position

is that blood does not accumulate at the bottom of the tubular retractor. Blood

loss was found to be substantially less and the procedure can be preformed with

the tubular retractor positioned at a comfortable height for the surgeon (fig. 5).

Because of the slightly increased risk of air embolism, precordial Doppler as

well as end tidal pCO2 are measures. We do not routinely place a central venous

line. Adequate intraoperative measures taken in the event of an air embolism

should be familiar to the operative team prior to undertaking this procedure.

Before final patient positioning, utmost care is directed at ensuring that the

cervical spine and neck musculature are not kinked or held in an unfavorable
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Fig. 3. Operative blood loss (a) and time (b) when performing the CMED procedure

in all patients combined, in the semisitting position, and in the prone position.
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position. The neck is placed in a neutral or slightly flexed position to ensure

adequate jugular venous drainage and the head is secured in the Mayfield

holder to assure direct midline positioning. In most instances a Foley catheter

is not placed except in instances where more than one level is performed.
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Fig. 4. Patient positioned in a semisitting position with head affixed in a Mayfield

head holder (a) with lateral C-arm in place (b).

a b

Fig. 5. The position of the surgeon, while standing behind the patient, viewing the

endoscopic image on the operative monitor. Note the ergonomically favorable position of the

surgeon’s hands and body posture.
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Somatosensory evoked potentials, as well as EMG recordings, are measured to

further ensure the safety of the procedure. After the initial induction of anes-

thesia, we have refrained from the use of neuromuscular paralytics to allow for

improved feedback from the nerve root(s) during the operation. A single

preoperative dose of either Ancef or vancomycin is used. We do not routinely

employ Solumedrol or other glucocorticoids for neural protection.

The fluoroscopic C-arm is brought into the surgical field and positioned

with the arc over the patient so that real-time lateral fluoroscopic images can

easily be obtained (fig. 6). Although we have not typically use anteroposterior

images, they can also be utilized to facilitate docking of the initial K-wire and

tubular retractors on the facet complex. The surgeon generally stands directly

behind the neck of the patient with the video and fluoroscopic monitors placed

within direct view of the surgeon to allow optimal ergonomic flow during the

procedure (fig. 5).

Surgical Technique

We employed the METRx system (Medtronic Sofamor-Danek, Memphis,

Tenn., USA) of endoscopic retractors, camera, and instruments for the proce-

dures (fig. 1). As this system was initially designed for lumbar discectomy,

several modifications have been made to better optimize its use in the CMED

procedure. These include lengthening of the table-mounted retractor as well as

a better selection of smaller profile curettes and Kerrison punches for use in the

more delicate cervical spine. An initial stab incision was made approximately

1–2 cm off midline ipsilateral to and at the level of the pathology. Under

fluoroscopic guidance, a K-wire was inserted through the posterior cervical

musculature and fascia down to the facet complex or lateral mass of the opera-

tive level. Particular caution was taken at this point to insure that the guidewire

was docked on bone to avoid inadvertent dural penetration medially or slipping

off the facet complex laterally (fig. 6). Once the guidewire is docked on the

facet complex in question, the skin incision was extended above and below the

K-wire for a total length of approximately 2.0 cm. The skin edges are retracted

with a small retractor and the cervical fascia incised using either a Metzenbaum

scissors or Bovey cautery. Care should be taken not to cut muscle fibers during

this procedure as this can cause unnecessary blood loss. Due to the relative

thickness of the posterior cervical fascia, this sharp opening of the fascia is

required to allow for easier and safe passage of the sequential dilating cannulas

with a minimum use of force. If a skin-covering barrier such as ioband was

placed, it should be circumferentially removed from around the skin incision to

prevent plastic sequestra that can occur during placement of the percutaneous
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Fig. 6. Lateral fluoroscopic images showing docking of the K-wire on the facet com-

plex (a), first dilator (b), second dilator after K-wire is removed (c), third dilator (d), fourth

dilator (e), and tubular retractor in place with curette-identifying facet (f).
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soft tissue dilators. It is important to remove the K-wire after the initial dilator

is passed. A series of dilators are then sequentially inserted using a gentle

downward rotating maneuver through the posterior neck musculature, over

which an 18-mm tubular retractor was inserted. Real-time lateral fluoroscopic

images were obtained throughout the above procedure to insure proper docking

of the sequential dilators and tubular retractors on the facet complex (fig. 6a–f).

The working channel (tubular retractor) is then attached to a flexible arm

affixed to the operating table side rail and locked in position. The retractor arm

is positioned to avoid obscuring the lateral fluoroscopic image. The endoscope

is then attached to the tubular retractor via a circular plastic friction couple.

Additionally, the endoscopic camera used today has far superior resolution and

clarity than the cameras used during our previous cadaveric studies and initial

operative cases. Further modifications of the instruments are ongoing to

improve the safety, efficacy, and ease of this procedure.

Once the tubular retractor is set in the desired position, a Bovey cautery

with a long insulated tip is used to remove the remaining muscle and soft tissue

overlying the facet complex. A small straight or up-going curette in conjunction

with lateral fluoroscopic imaging can further define the bone anatomy and local-

ization of surgical anatomy (fig. 6f). The dissection is initially started laterally

where the bone is easily palpated with the Bovey tip. Once the bone of the lat-

eral facet complex in exposed, the dissection of muscle off the facet complex

continues medial to expose the laminofacet junction with care not to enter the

interlaminar space with the Bovey tip. To prevent Bovey cautery smoke from

obscuring the endoscopic image during this procedure a frequent on/off tech-

nique is used that allows smoke to clear from the tube before proceeding.

A suction tubing is also attached to the endoscopic device. If the tubular retractor

is properly placed initially only a small piece of muscle tissue needs be removed

to expose the facet complex. Often the ligamentum flavum is thinned or

altogether absent near the lateral edge of the interlaminar space thereby placing

the dura and spinal cord at higher risk. With the bone well visualized the inferior

edge of the superior lamina and the medial edge of the lateral mass-facet

complex are identified with a small straight or up-going endoscopic curette. The

facet complex at the proper level is clearly identified before proceeding.

Bleeding from epidural veins is controlled using a long tipped endoscopic

bipolar cautery. For bleeding underneath the edge of the lamina, angled bipolar

forceps with a 45� angle are often useful. After the medial facet plane has been

clearly defined, a small angled 1- or 2-mm Kerrison rongeur is used to begin the

foraminotomy (fig. 7a). Periosteal and bone bleeding is addressed with bone

wax and cautery. In cases of marked facet arthropathy and enlargement, a drill

with a long endoscopic bit (e.g. AM-8 bit with Midas Rex or TAC bit with

MEDNext drill) can be used to further thin the medial facet and lateral mass.
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Frequent dissection of the soft tissue off the bone with an angled curette facili-

tates safe use of the Kerrison rongeur. In this fashion, the decompression is care-

fully continued inferiorly and laterally along the course of the neural foramen.

The laminoforaminotomy is completed when the nerve root had been well

exposed along its proximal foraminal course. The adequacy of the decompres-

sion should be confirmed by palpating the root along its course with a small

nerve hook (fig. 7b).

In cases where a herniated cervical disk or free disc fragment is present,

additional exposure is obtained by drilling a small portion of the superomedial

Perez-Cruet/Fessler 260

Fig. 7. Intraoperative images showing Kerrison punch initiating medial facet removal

(a), nerve probe passing out of the foramen once foraminotomy is performed with underly-

ing nerve root exposed (b), lateral fluoroscopic image with down-going curette on disc under

nerve root (c), and endoscopic image showing removal of disc fragment (d).
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pedicle directly below the exiting nerve root. As the nerve root lies directly

against this portion of the pedicle, removing a small portion of the pedicle will

create enough space for passing a down-going curette (fig. 7c) under the nerve

root to remove a disc fragment without traumatizing the nerve root (fig. 7d).

Additionally osteophytes encountered in this region can also be drilled or curet-

ted as needed. Prior to closure the nerve root is palpated along its anterior

surface to ensure that no residual compression exists along its course.

Far lateral foraminal stenosis or disc herniations can also be decompressed

through this approach. As the nerve root often passes in close proximity to the

vertebral artery laterally, particular attention should be paid during decompres-

sion in this area. Inadvertent passage of instruments beyond the bone defining

the posterior margin of the foramen transversarium should be avoided. Brisk

dark bleeding is often encountered from the rich venous plexus, which typically

surrounds the space around the vertebral artery. When encountered, such bleed-

ing should serve as a useful warning to limit further dissection and thus prevent

inadvertent arterial injury. Unnecessary excessive decompression of the facet

should be avoided to prevent iatrogenic instability of the cervical motion

segment. Raynor et al. [15] concluded that the integrity of the majority of the

facet joint is essential for stability and that no more than 50% of the facet

should be removed to maintain its integrity.

Wound Closure

After inspection of the nerve root, meticulous hemostasis should be

obtained by a combination of bipolar cautery and gentle tamponade with

thrombin-soaked gel-foam pledgets. The area is then copiously irrigated with

lactated ringers impregnated with bacitracin antibiotics. Although optional, we

have usually placed a small piece of gel-foam soaked with Solumedrol gently

over the laminoforaminotomy defect. Use of epidural morphine paste or simi-

lar cocktails is reasonable if there is no evidence of dural erosion or tear.

Alternatively, Marcaine (0.25%) can be injected around the incision. Such

agents may help to reduce postoperative pain and allow for more rapid recov-

ery and ambulation. The tubular retractor and endoscope are then removed and

a routine closure of the fascia and skin performed. As the defect is typically

quite small, only a limited amount of closure need be performed and a drain is

not needed. A 0-Vicryl-type reabsorbable stitch is used to close the lumbodor-

sal fascia in a figure of 8. Inverted 2-0 Vicryl stitches are used to reapproximate

the subcutaneous layer. Dermabond is used to reapproximate the skin edges and

no dressing is applied as the Dermabond will adhere to it. Dermabond is attrac-

tive as it keeps the skin edges closely approximated for a 7- to 10-day period as
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well as providing a waterproof barrier. The patient can thus shower almost

immediately after surgery.

Postoperative Care

The patient was then awakened from anesthesia and taken to the postanes-

thesia recovery unit. Most patients have the procedure on an ambulatory basis;

therefore, long-acting inhalational and intravenous agents should be avoided to

allow for rapid awakening of the patient postoperatively. Additionally, use of

only short-acting muscle relaxants for initial induction will allow for better

monitoring of nerve root function as well as quicker extubation of the patient

after surgery. This procedure performed on an outpatient basis requires

thorough perioperative patient education [14].

Once in the postanesthesia recovery area, the patients are allowed to

rapidly mobilize and ambulate as tolerated. Arterial and intravenous lines are

removed early on. If a Foley catheter was placed it is generally removed before

the patient leaves the operative suite. Done correctly, this procedure does not

result in either instability or fusion of the operated cervical motion segment.

Therefore no cervical collar is required. Soft collars and other comfortable

semirigid collars can be given to patients for their comfort if desired. It is

important to emphasize to patients, however, that chronic dependence on such

orthosis will only lead to further deconditioning of the cervical musculature.

Depending on their preoperative medications, patients are typically discharged

on a combination of muscle relaxants (e.g. baclofen or Flexeril), nonsteroidal

anti-inflammatories (e.g. Toradol, Vioxx, or Celebrex), and an oral opioid for

breakthrough pain (i.e. Vicodin or Darvocet). When we compared our patients

with patients treated via open cervical foraminotomy, we found that the

microendoscopic foraminotomy (MEF) group used significantly less pain med-

ications postoperatively than did the open group [11]. Patients undergoing this

procedure typically recovered rapidly with only mild to moderate discomfort

upon discharge. Of our last 30 cases, the majority of patients were discharged

in 6 h or less.

Complication Avoidance

Complications can be avoided by having a thorough understanding of

cervical anatomy, proper training in endoscopic spinal techniques and a

knowledge of possible complications. Adamson [1] retrospectively reviewed 100

cases of patients undergoing endoscopic posterior cervical laminoforaminotomy
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(MEF) and reported complications in 3 patients; 2 cases of dural puncture

required no intervention other than gel-foam and 1 case of superficial wound

infection was reported. In a series by Khoo et al. [11] three complications

occurred in 25 patients and were attributable to surgical technique. These

included two small cerebral spinal fluid (CSF) leaks and 1 case of partial-

thickness dural violation. For the 2 cases where a CSF leak occurred, no direct

repair was required as the durotomy was very small. After 2–3 days of routine

lumbar drainage for patients with CSF leaks, none of these patients went on 

to have long-term clinical sequelae of chronic CSF leak or symptomatic

pseudomeningocele. Thus we have routinely employed a lumbar drain for 2–3

days postoperatively to help closure of the small dural tear. Additional adjuncts

such as fibrin glue, fat or muscle grafts can also be used. Spinal headaches and

nausea associated with the lumbar drainage were treated symptomatically with

nonsteroidal anti-inflammatory medications and bed rest. If a large durotomy

occurs, direct dural repair can be attempted if specialized instruments are avail-

able for use through the endoscopic tube. Castro-Viejo-type needle holders and

long forceps are particularly useful in this regard. In rare instances, conversion

to an open procedure may be necessary to close large dural violations. To date,

we have not had problems with delayed pseudomeningoceles or continued CSF

leaks. The risk of dural injury can be reduced with experience in performing

this technique with most durotomies occurring on initial patients undergoing

this procedure. Patients should be advised of this potential complication and

informed that with appropriate management durotomy results in no adverse

clinical result.

A potential complication, which has not been reported, is iatrogenic injury

during the surgical approach and muscle dilatation portion of this operation.

Unlike the thoracodorsal fascia, the posterior cervical fascia is very thick and

must be cut under direct visualization to prevent hyperextension of the neck

during insertion of the dilators. The initial K-wire or smaller dilators can be

inadvertently pushed between the cervical lamina resulting in nerve root or

spinal cord injury; therefore, this portion of the procedure is performed under

lateral fluoroscopic guidance. An anteroposterior fluoroscopic image can also

help in safely docking the K-wire and subsequent dilators on the facet complex.

Additionally, lateral displacement of the K-wire or dilators can result in nerve

root or vertebral artery injury. Brisk venous bleeding can also result if the

dilators inadvertently slip lateral to the facet complex during placement. This is

controlled with gentle gel-foam packing and/or bipolar cautery. The K-wire is

removed after the first dilator is passed and subsequent dilators securely docked

onto the laminar facet junction.

To help reduce intraoperative bleeding the CMED procedure is performed

in the semisitting position (fig. 4). A series of patients comparing cervical
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laminoforaminotomy performed in the open prone position, microendoscopic

prone position, or microendoscopic sitting position revealed reduced operative

times, estimated blood loss, postoperative length of stay, and pain medication

requirements in the microendoscopic sitting position group [11]. The sitting

position significantly reduces epidural venous engorgement, thus decreasing

blood loss. In addition, this position allows blood to flow out of the tubular

retractor, rather than accumulating and obscuring the endoscopic view of the

operative field. Although none of the sitting position patients experienced an air

embolism the potential increased risk for air embolism precludes the use of a

pericardial Doppler even though the incidence of clinically significant embolic

event remains extremely low.

Conclusion

The endoscopic posterior cervical laminoforaminotomy and discectomy

technique is a safe and effectively treatment of posterior lateral cervical disc

herniation and/or foraminal stenosis. The learning curve associated with this

technique requires additional training and we recommend that this training be

performed under the guidance of an experienced endoscopic minimally inva-

sive spine surgeon. Cadaveric training can further familiarize the surgeon with

this technique. The clinical results are very satisfying since patients experience

less postoperative pain and can be discharged on the same operative day.
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Clinically significant thoracic disc herniation is a relatively rare condition

with an estimated annual incidence of approximately one per million. Surgical

management of thoracic disc herniation comprises between 0.15 and 4% of all

operations for herniated discs including those of the cervical and lumbar spine

[3, 40, 41].

Several surgical techniques have been developed to approach the thoracic

spine including costotransversectomy, lateral extracavitary, lateral parascapular

extrapleural, transfacet, transpedicular, and transthoracic approaches [1, 17, 41].

Although all of these approaches have been successful in reaching thoracic

pathology, each procedure requires a relatively large skin incision and extensive

bony work that subsequently may lead to considerable postoperative morbidity

[4, 12, 37, 41].

Outcomes from the traditional posterior approach, thoracic laminectomy, to

treat thoracic disc herniation are especially poor with large percentages of

patients failing to improve or, more significantly, deteriorating further. Although

anterior approaches facilitate exposure to the ventral aspect of the thecal sac,

they require entry into the pleural cavity and place the intrathoracic contents at

risk. Posterolateral approaches, especially the lateral extracavitary one, provide

many of the benefits of an anterior approach without the additional risks of

entering the thoracic cavity. Unfortunately, the exposure for this approach

requires extensive muscle dissection that adds to the postoperative morbidity.
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Perot and Munro [33] and Ransohoff et al. [34] performed the initial

transthoracic approach to thoracic disc herniation after which the transthoracic

approach became a standard procedure to manage thoracic disc herniations. This

approach provides excellent visualization of the ventral aspect of the thoracic

spine without the risk of spinal cord manipulation. However, the thoracotomy

used in this approach requires a large skin incision, extensive lung and rib retrac-

tion, and muscle dissection, all of which can contribute to postoperative

pulmonary dysfunction, pain and increased morbidity.

To reduce the morbidity associated with the thoracotomy technique and

other approaches previously mentioned, less invasive thoracoscopic techniques

have been developed and more recently refined for the treatment of herniated

thoracic disc [1, 8, 9, 35, 36]. Thoracoscopy is capable of producing the same

exposure as the transthoracic route without the need for a large thoracotomy

incision. Thoracoscopy was introduced by Jacobeus in 1910 [19]. However, this

technique was not widely adopted at that time due to poor illumination of

intrathoracic structures and other technical limitations. It was not until the

1970s that the modern era of surgical endoscopy began following a number of

technical advancements such as fiberoptics, and the operating endoscopes.

Introduction of the video camera into thoracoscopic surgery was the next major

advance leading to the introduction of the video-assisted thoracoscopic surgery

technique [14, 18, 19, 35]. Thoracoscopic discectomy is an effective alternative

to traditional open thoracotomy techniques that has been found to reduce the

incidence of pulmonary morbidity [11, 13], intercostal neuralgia, and shoulder

girdle dysfunction [13, 20]. Although the incidence thoracoscopic complica-

tions may vary they are similar to those encountered with open thoracotomy

[16, 30].

Although the procedure-associated morbidity is much less than with

thoracotomy, the prevalence of pulmonary complications such as postoperative

atelectasis, pneumothorax, pleural effusion, and hemothorax is considerable

[7, 10, 22, 37, 39]. In addition, thoracoscopic surgery is technically demanding

and requires attainment of new surgical skills. Therefore, it is advised that

surgeons perform the thoracoscopic procedures only after pursuing appropriate

training that includes extensive practice of this skill in a surgical laboratory [4].

Even today the use of video-assisted thoracoscopic surgery techniques to treat

thoracic disc herniation have not been widely adopted due to the steep learning

curve which requires specialized training to master.

The primary indication for thoracoscopic spinal surgery is management of

herniated discs that compress the spinal cord and/or nerve root. Severe or

progressive myelopathy from spinal cord compression caused by disc herniation

is an absolute indication for surgery [19, 27]. In addition to thoracic discectomy,

current indications for thoracoscopic spine surgery include tissue biopsies,
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thoracic paravertebral abscess drainage and debridement, anterior spinal release

and/or fusion for spinal deformity, stabilization and fusion of thoracic and

thoracolumbar fractures, corpectomy for vertebral tumors and placement of

anterior spinal instrumentation for fusion [2, 5–8, 23–26, 29, 36].

We have developed a novel posterolateral, minimally invasive thoracic

microendoscopic discectomy (TMED) technique that potentially provides a less

morbid approach to the treatment of thoracic disc herniation. The procedure is

performed via a posterolateral approach with the patient in the prone position

(fig. 1a) and therefore avoids entry into the thoracic cavity. A number of studies

have shown that minimally invasive spine surgery is associated with less disrup-

tion of normal tissue, less blood loss, and less procedure time than traditional

open procedures, which translates to patients experiencing reduced postopera-

tive pain, reduced hospitalization, and reduced recovery time [1, 4, 15, 32].

Based on our validation data from cadaveric studies we have demonstrated that

this technique could be safely implemented into clinical use. The technique is a

modification of the lateral extracavitary approach, which was a further modifi-

cation of the lateral rachiotomy initially performed in 1961 for the treatment of

Pott’s disease by Larson et al. [21]. Unlike the traditional lateral extracavitary

approach which requires significant muscle, rib head and transverse process

excision to reach the thoracic disc, the TMED approach avoids much of this

dissection. It uses a series of muscle dilators, a tubular retractor and endoscope

that was initially developed to approach lumbar herniated disc pathology [31].

Herein we report this novel minimally invasive technique to treat herniated

thoracic disc pathology. 

Indication

The clear indication to perform the TMED procedure is in patients with

thoracic disc herniation causing myelopathy in order to improve neurological

function and prevent further injury to the spinal cord. However, the longer the

myelopathy has been present the less likely is restoration of normal neurological

function. Severe and refractory radiculopathy is another indication for surgery.

Thoracic radicular pain from disc herniation is typically sharp, lancinating

pain that radiates unilaterally from posterior to anterior around the chest wall in

its dermatomal distribution correlating to the herniated thoracic disc.

Radiculopathy can develop without loss of neurological function because of the

overlap of innervation of adjacent intercostal nerves. Radiculopathy may be pre-

sent without myelopathic manifestations. Isolated thoracic radiculopathy often

responds to conservative management such as nonsteroidal anti-inflammatory

medications, oral steroids, epidural injection, intercostal nerve injection, activity
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modification, and hyperextension brace [41]. Pain relief after thoracic discec-

tomy is usually favorable in patients with radiculopathy, even for those with

long-standing radiculopathy. Although it is controversial whether patients with

localized back pain and axial pain without myelopathy require surgery or not,

most surgeons do not recommend thoracic discectomy for isolated back pain

unless it is associated with a neurological deficit [28, 29, 37, 38, 40]. This tech-

nique is not recommended for a large calcified midline thoracic disc that may

require an anterior approach.

Technique

Posterolateral Microendoscopic Discectomy
We have developed a novel posterolateral, minimally invasive TMED

technique that potentially provides a less morbid treatment for thoracic disc

herniation compared to traditional techniques. This method has been used

successfully to treat lateralized and central thoracic disc herniations causing

radicular and myelopathic symptoms. This technique was developed with similar

instruments used to perform a microendoscopic lumbar discectomy using the

METRx system of tubular dilators and retractor initially developed by Smith and

Foley, see Perez-Cruet et al. [31]. The procedure is performed as follows.

Patient Positioning and Operative Setup

After general endotracheal induction and placement of a Foley catheter,

the patient is positioned prone on a radiolucent Wilson frame. All pressure

points are padded adequately and the arms are placed above the patient making

sure not to overextend at the shoulder beyond 90� (fig. 1a). Somatosensory

evoked potentials are measured throughout the procedure. Any change in

somatosensory evoked potentials during the procedure warrants investigation

as to the probable cause. The fluoroscopic C-arm is positioned to allow for a

lateral x-ray image of the operative area. A video monitor is placed opposite the

surgeon to allow for a clear field of view of the monitor. The back is shaved and

prepped in a routine surgical fashion.

Under fluoroscopic guidance a spinal needle was used to locate the level

of the herniated thoracic disc. The exact location of the thoracic disc herniation

was confirmed by counting from the sacrum below and/or from the occiput

above. Once the correct location was identified, a Steinmann pin was placed at

the medial aspect of the transverse process at the level of the thoracic disc

herniation. An incision of approximately 2 cm was made 3–4 cm lateral to the
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midline, depending on the size of the patient, through which a series of tubular

muscle dilators was placed (fig. 1b, c). A tubular retractor was placed over the

final muscle dilator and then affixed to a flexible arm secured firmly to the

operative table (fig. 1d). The endoscopic assembly was then focused, white

balanced, and passed down the center of the tubular retractor (fig. 1e). Once the

endoscope was in place the orientation of the endoscopic image seen on the

monitor was adjusted so that medial anatomy was at the top of the monitor

screen, lateral anatomy at the bottom, and rostral and caudal anatomy was in the

same orientation as the patient on the operative table. This greatly facilitated the

procedure and aided in orienting the surgeon throughout the procedure.

Surgical orientation throughout the case is of upmost importance to prevent

inadvertent entrance into the spinal canal and this is facilitated by lateral and

AP fluoroscopic images to help confirm the location of dissection. The proper

level was then reconfirmed using lateral fluoroscopy and the TMED procedure

was performed under endoscopic visualization. The muscle and soft tissue over-

lying the proximal portion of the transverse process and lateral facet complex

were removed using an insulated Bovey cautery. Careful probing with a ball-

ended probe helps in defining the bone margins and liberal use of fluoroscope

imaging also helps to orient the surgeon thoroughout the procedure. The

approach is similar to that of a transforaminal approach and adequate laterality

of the approach reduces any manipulation of the spinal cord during disc

removal. Access to the disc space required removal of a small amount of bone.

This is facilitated by the use of a long tapered high-speed drill. Once the bone

architecture is defined a small portion of the proximal rib head and transverse

process and a portion of the lateral aspect of the facet complex are removed. This

procedure facilitated widening of the neural foramen. The thoracic pedicle of the

more caudal vertebral body was identified and followed to the appropriate disc

level. The disc annulus was identified and the epidural veins coagulated with

a bipolar cautery. The annulus was cut with a thin anulotomy knife and the

discectomy was performed. The lateral projectory of the tubular retractor

through a transforaminal type approach allowed for extensive disc removal under

the thoracic spinal cord and dura enabling even midline placed thoracic disc

herniations to be removed (fig. 2a, b). Following complete discectomy further

inspection underneath the dura and spinal cord using a Woodson elevator or

similar instrument assured complete decompression (fig. 1f). The tubular retrac-

tor was removed and a suture was placed in the thoracodorsal fascia. Interrupted

subcuticular sutures were placed and the skin closed with Dermabond. 

This technique has a number of advantages over other traditional tech-

niques used to perform thoracic discectomy and includes the following: avoid-

ance of traversing through the thoracic cavity, maintaining the integrity of the

disc, avoidance of the need for thoracic fusion, and avoidance of extensive
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c d

a b

e f

Fig. 1. a Positioning of the patient in the prone position on a radiolucent frame with

lateral fluoroscopy for performing TMED procedure. After placing a K wire on the trans-

verse process (b, c) a series of muscle dilators are used over which a tubular retractor is

placed (d). e The operation is then performed under endoscopic visualization. f A Woodson

elevator instrument is useful in removing a central disc herniation.
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Fig. 2. Pre (a, c, e)- and respective post (b, d, f )-operative images showing decom-

pression of the spinal cord following a three-level (T6, 7; T8, 9, and T9, 10) TMED.
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posterior muscle dissection. As a result, patient stays are brief with the major-

ity of patients being discharge the following morning.

Illustrative Case
A 45-year-old female presented with polyradiculopathy and myelopathy

from three thoracic disc herniations one at T6, 7, another at T8, 9 and another

at T9, 10. The patient underwent a right-sided T6, 7 TMED and a left-sided T8, 9

and T9, 10 TMED. Pre- and postoperative sagittal and axial MRI images show

the extent of disc removal (fig. 2c–f) with final decompression of the spinal

cord. The patient went on to make a full recovery with minimal postoperative

wound scar (fig. 3) and returned to work. In a series of 5 patients treated in this

manner, aged 23–54 years, operative times averaged 1.8 h per level and blood

loss was approximately 113 ml per level. No cases required conversion to an

open procedure and all patients showed improvement in functional outcome as

measured by visual pain analog, Oswestry scores, and SF-36. 

Discussion

The natural history of thoracic disc herniation is not well delineated.

Currently, the only absolute indication for surgery is myelopathy. Surgery for

thoracic disc herniation for controlling radicular thoracic pain is controversial

as is the role of fusion. A number of approaches currently exist for the treatment
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Fig. 3. Postoperative scar after three-level TMED procedure. Of note, no fusion was

required nor entry into the thoracic cavity for performing a multilevel thoracic discectomy.
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of this condition including the posterior (laminectomy, transpedicular, trans-

facet pedicle-sparing), anterolateral (transthroacic, thoracoscopic), anterior

(transsternal), and lateral (costotransversectomy, lateral rachiotomy, lateral

extracavitary). Though many of these approaches are effective, they require

significant dissection and retraction of normal anatomic structures, which can

increase patient morbidity. The novel approach described above which uses a

series of muscle dilators, tubular retractor, and endoscopic visualization can

reduce much of the morbidity associated with this procedure and avoids the

need for fusion and entrance into the thoracic cavity. By using a tubular retrac-

tor and endoscope, less muscle, rib and transverse process resection is required.

The 30� angle endoscope allows for visualization under the dural sack to reduce

any spinal cord manipulation during the procedure and facilitate removal of the

herniated thoracic disc. Since the majority of the functioning disc is left in

place, no iatrogenic instability is created from extensive disc removal that

would require bone fusion. Although the series presented is small, the technique

is promising as a new minimally invasive approach to thoracic spine pathology

that can lead to reduced operative times, less blood loss, and quicker patient

recoveries.
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Laparoscopic versus ‘Mini-Open’
Anterior Lumbar Interbody Fusion

Michael G. Kaiser, Regis W. Haid, Jr., Brian R. Subach,
Gerald E. Rodts, Jr.

Department of Neurosurgery, Emory Clinic, Atlanta, Ga., USA

The anterior approach for a lumbar interbody fusion was originally designed

to treat Pott’s disease [1]. Since that time, the anterior lumbar interbody fusion

(ALIF) has evolved into an effective and popular alternative in the treatment of

a variety of lumbar degenerative disorders, including degenerative disc disease,

low-grade spondylolisthesis, and posterior pseudoarthrosis. Compared to tradi-

tional posterior fusion techniques, the ALIF operation is associated with shorter

operative times, decreased blood loss, less postoperative pain, reduced hospital

stay, and shorter recovery periods [2–5].

Supporters of the ALIF argue that reconstruction of the anterior column is

biomechanically superior, avoids paraspinal muscle trauma and denervation,

indirectly decompresses the intervertebral foramen, improves sagittal balance,

and allows a more efficient restoration of disc interspace height compared to

posterior fusion techniques [6–8]. The anterior position of the interbody graft

increases the likelihood of fusion by exposing the graft to fusion-promoting

forces in accordance with Wolff’s law [9]. The interbody space also provides an

increased surface area for fusion formation and robust blood supply following

decortication of the vertebral endplates [10].

Early in the development of the ALIF technique, open approaches, such as

the transperitoneal or retroperitoneal approach, were utilized to expose the ante-

rior lumbar spine. Although providing adequate visualization, these more exten-

sive exposures were associated with increased postoperative morbidity. As the

ALIF technique evolved, emphasis was placed on exposing the spine through

less invasive approaches. These minimally invasive techniques are intended to

decrease postoperative morbidity, reduce hospitalization time, and shorten the
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recovery period with comparable or superior treatment outcomes compared to

more traditional techniques.

Laparoscopic ALIF

Today’s spine surgeon has two such options for approaching an ALIF: the

laparoscopic approach and the ‘mini-open’ laparotomy. Zucherman et al. [11]

were the first to report the use of the laparoscopic approach for an anterior

interbody fusion. This technique is considered by many as the least invasive

approach to the ventral lumbar spine and in many centers has become the stan-

dard technique when performing an ALIF, particularly at the L5/S1 disc inter-

space. The safety and efficacy of an anterior laparoscopic fusion have been

reported in numerous reports [2, 3, 12–16].

The small incisions required for insertion of the laparoscopic working

channels reduce the extent of abdominal wall muscle dissection and blood loss,

both contributing to a decrease in postoperative pain. The laparoscopic

approach is also associated with less direct manipulation of the abdominal con-

tents, resulting in a decreased incidence of postoperative ileus. These charac-

teristics are thought to reduce postoperative morbidity and contribute to a

shorter length of hospitalization.

Mini-Open ALIF

More recently the traditional open transperitoneal approach has been

modified into a mini-open technique that incorporates similar principles as the

anterior cervical exposure. Originally reported by Mayer [17] in 1997, the mini-

open technique reduces the degree of postoperative morbidity associated with

the traditional open laparotomy by utilizing a smaller incision combined with a

muscle splitting exposure, dividing the abdominal muscles in the direction of

the fiber orientation. In this initial report, a total of 25 patients underwent an

ALIF across various lumbar levels utilizing the mini-open laparotomy. It was

the authors’ belief that this technique was associated with negligible surgical

trauma, decreased operative time and blood loss, decreased postoperative mor-

bidity, and a shorter recovery time. The authors concluded that this approach

could be employed for a variety of lumbar spinal disorders and fusion tech-

niques. The mini-open approach has been described with both a transperitoneal

and retroperitoneal route to the anterior lumbar spine [6, 17, 18]. Recently there

has been evidence to suggest that the laparoscopic approach does not offer a
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significant advantage over the mini-open approach when performing an ALIF

at the L4/5 interspace [5].

The mini-open approach provides direct access to the disc interspace

and allows easier identification of the anatomical midline. The open technique

allows complete disc removal, resection of any herniated fragments, and

increased endplate exposure, improving the preparation of the disc interspace

for fusion formation compared to the trephine technique used with the laparo-

scopic approach. The mini-open laparotomy is less technically demanding,

contributing to a shorter preparation and operative time. The reduced inci-

dence of retrograde ejaculation has also been observed with the mini-open

laparotomy [4].

Surgical Technique

Patient Positioning
There are a number of previously published reports describing the details

of both the laparoscopic and mini-open techniques [3, 6, 14, 18]. For both

approaches the assistance of either a general or vascular surgeon, familiar with

laparoscopic techniques when indicated, is advised. This team approach will

optimize the speed and safety of the procedure, providing the patient with

maximal benefit.

Patient positioning is essentially identical for each approach, however

accommodations for the video monitor are required with the laparoscopic

exposure. The patient is positioned supine on a radiolucent operative table

with a pillow or bolster placed under the patient’s hips to accentuate the

natural lumbar lordosis and under the knees to avoid hyperextension. The

patient is securely strapped to the operative table. This is particularly neces-

sary for the laparoscopic approach due to the steep Trendelenburg position

required to allow the abdominal viscera to move rostrally out of the pelvis.

Fluoroscopic imaging is used with both techniques during positioning of the

implants.

Laparoscopic Technique
The patient is prepared and draped under sterile conditions in the usual

fashion. The fluoroscopic equipment is brought into the operative field to con-

firm the midline prior to any incisions. For the laparoscopic approach, intra-

abdominal access is obtained through four small incisions in the anterior

abdominal wall (fig. 1). The viewing camera is inserted through a curvilinear

umbilical incision and two lower paramedian incisions provide portals for the
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working instruments. The channel for interbody implant insertion is passed

through a midline suprapubic incision and measures approximately 2–4 cm in

length (fig. 2).

Harvesting of the bone graft is performed at the beginning of the proce-

dure. During this period the laparoscopic surgeon obtains access and insufflates

the abdominal cavity. At this point the operative table is placed in a steep

Trendelenburg position to assist in mobilizing the abdominal viscera out of the

pelvis inlet.

Adequate exposure of the disc is critical. It is essential to identify the

appropriate anatomical landmarks and midline (fig. 3). The sacral promontory

is identified by palpation and the midline determined with fluoroscopic imag-

ing. The posterior peritoneum is opened sharply. In an attempt to avoid retro-

grade ejaculation in male patients the presacral sympathetic plexus is mobilized

through blunt dissection and the use of monopolar cautery avoided at the disc

interspace. More liberal use of the monopolar cautery is allowed with female

patients. The middle sacral artery and vein are then identified, ligated, and

divided.

The insertion of interbody implants is performed only after confirmation

of the midline is repeated. The implants are inserted through a trephine
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5- or 10-mm
trocar

5- or 10-mm
trocar

L4/L5 or
L5/S1  

suprapubic

18-mm trocar
(working port)

10-mm trocar
(laparoscope)

Fig. 1. Diagram demonstrating the trocar placement for laparoscopic ALIF. The chan-

nels for working instruments are provided through two paramedian incisions. The laparo-

scope is inserted through an umbilical incision and the instrumentation portal through a

suprapubic incision.
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Fig. 3. Anterior view of the lumbosacral spine prior to retroperitoneal exposure. The

dotted line indicates a possible peritoneal incision to access the retroperitoneum and anterior

disc space.

Fig. 4. Lateral view of the instrumentation port positioned within the disc interspace

for trephination of the disc material and insertion of implant.

technique according to the guidelines specific for the implant chosen (fig. 4).

Following radiographic confirmation of implant position, the posterior

peritoneum is closed using clip ligation. The abdominal incisions are closed

with interrupted absorbable sutures and Steri-Strips.

4

Fig. 2. Final placement of abdominal

trocars following insufflation of the

abdomen. The instrumentation trocar is

positioned toward the top and the laparo-

scope toward the bottom of the photograph.

3
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Mini-Open Technique
Excluding the equipment required for a laparoscopic approach, the opera-

tive setup is identical. The level of incision is determined with fluoroscopic

imaging, with a bias toward the caudal border of the level of arthrodesis. This

bias will provide a more tangent approach into the disc space and avoid exces-

sive reaming into the inferior vertebral body. A longitudinal or transverse

incision approximately 4–6 cm in length is made in the suprapubic region.

A longitudinal incision is reserved for two-level ALIF procedures or for obese

patients (fig. 5). After the skin incision is made, monopolar cautery is used to

dissect down to the rectus abdominus muscle that is split in a longitudinal fash-

ion parallel to the muscle fiber plane. The posterior rectus sheath and transver-

salis fascia are divided to expose the underlying peritoneum. The peritoneum is

incised and the abdominal contents packed superiorly held in position with a

table-mounted retractor (fig. 6). Although the anterior lumbar spine can be

approached through either a transperitoneal or retroperitoneal exposure, our

preference has been the transperitoneal route since a more direct anterior

trajectory is obtained.

The posterior peritoneum overlying the disc interspace is identified and

sharply divided. Exposure of the L5/S1 interspace is usually easier due to the

more rostral bifurcation of the great vessels. In order to expose L4/5 interspace

the left iliac artery and vein are mobilized. It is imperative that the iliolumbar vein

be identified and ligated. Transection of this vein without adequate control can
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Fig. 5. Typically a transverse incision is used for single level exposure for cosmesis, how-

ever a longitudinal incision can be used for obese patients, history of prior abdominal surgery,

or if more than one level is addressed. The incision is usually 4–6 cm in length.
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Fig. 6. A table-mounted retractor system is placed to optimize exposure and retract the

abdominal contents rostrally.

lead to catastrophic blood loss. Mobilizing the presacral sympathetic plexus in

male patients is performed with blunt dissection, avoiding the use of monopolar

cautery. In females monopolar cautery may be used more liberally to expose the

anterior surface of the vertebral bodies and disc space (fig. 7). Midline identifi-

cation is made through direct visualization and fluoroscopic imaging.

Fig. 7. Once the retractor blades are positioned and the posterior peritoneum opened

the anterior surface of the disc is easily identified.
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Fig. 8. Intraoperative photograph

demonstrated the generous discectomy, with

preservation of the lateral annulus, required

for adequate endplate exposure prior to

implant insertion.

Fig. 9. Intraoperative view of the double-barrel channel in position for implant insertion.

A complete removal of the disc is performed and the entire endplate prepared

for graft insertion (fig. 8). The interbody implant is then inserted according to

manufacturers’guidelines along with additional autologous bone (fig. 9). Once the

appropriate implant position is verified with intraoperative fluoroscopic images,

the posterior peritoneum is primarily closed with a running absorbable suture.

The anterior peritoneum, transversalis fascia, and rectus sheath are closed with

interrupted absorbable sutures and the skin closed with staples.
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Postoperative Care
The postoperative course for both the laparoscopic and mini-open groups

is essentially identical. Mobilization occurs early, typically on the first postop-

erative day, and their diet advanced with the initiation of bowel sounds. Patients

are generally discharged once they are able to tolerate an oral diet, able to

ambulate, and voiding without difficulty. Occasionally this may be as early as

the 2nd day following surgery. Radiographic images, to determine implant

position, are obtained prior to discharge and during scheduled follow-up visits,

at approximately 6 weeks, 3, 6, 9, 12 and 24 months postoperatively.

Laparoscopic versus Mini-Open ALIF

There have been few studies that directly compared the mini-open laparot-

omy to the laparoscopic ALIF. Regan et al. [19] compared their experience of 65

laparoscopic fusions to a large number of both anterior and posterior open

interbody fusions. The mean operative time was significantly shorter for the mini-

open ALIF compared to the laparoscopic approach, 149 compared to 207 min.

The average blood loss during the mini-open procedure was 224 ml (range

20–2,000 ml) and for the laparoscopic approach 176 ml (range 10–2,200 ml). The

trend for decreased blood loss with the laparoscopic approach did not prove sta-

tistically significant. The mean length of hospitalization was essentially the same

for both groups, approximately 3.9 days for the laparoscopic group and 4.0 days

following the mini-open approach. There were several technical complications

associated with the laparoscopic approach that occurred early in the surgeon’s

operative experience. Nine attempts at a laparoscopic fusion were aborted and

converted to an open approach, 3 secondary to laceration of the iliac vein. 

In 2 cases a herniated disc was noted to impinge upon a nerve root requiring a

second operation for removal of the herniated fragment.

More recently Zdeblick and David [5] presented their experience with both

the mini-open and laparoscopic approaches. Over a 3-year period data was

prospectively collected on 50 patients who underwent an ALIF involving the

L4/5 disc interspace, with an equal number of laparoscopic and mini-open

laparotomy procedures. The authors found no statistical difference in operating

time, intraoperative blood loss, or length of hospital stay between the two

groups. When two-level procedures were considered separately, a significant

increase in the mean operative time was noted with the laparoscopic approach,

185 versus 160 min. The laparoscopic group demonstrated a significantly

higher complication rate, 20 versus 4%. Based on these observations, the

authors concluded that the laparoscopic approach offered no advantage over the

mini-open laparotomy when performing an ALIF involving the L4/5 level.
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Complications associated with an ALIF approach can be categorized as

either major or minor and divided into visceral, vascular, neural, and fusion-

related complications. Rajaraman et al. [20] recently reported the complications

recorded in their series of 60 patients undergoing open anterior lumbar surgery.

A total of 24 complications were noted in 23 patients (38.3%), including

sympathetic dysfunction in 6, vascular injury in 4, somatic nerve injury in 3,

sexual dysfunction in 3, prolonged ileus in 3, wound incompetence in 2, and

bowel injury, deep venous thrombosis, and acute pancreatitis in 1 patient. The

majority of complications were only transient in nature.

In a study focusing on the complications associated with endoscopic spinal

surgery, McAfee et al. [16] included 22 patients that underwent a laparoscopic

ALIF at either L4/5 or L5/S1. One approach-related complication was noted, a

tear in the left common iliac vein that required conversion to an open proce-

dure. The authors concluded that a laparoscopic fusion was a safe and effective

procedure compared to traditional open techniques.

Over the past 5 years our group has gained extensive experience with

both the laparoscopic and mini-open ALIF procedures [3, 6, 14, 18].

Between 1996 and 2001 a total of 98 ALIF procedures were performed at our

institution, equally distributed between a laparoscopic and mini-open

approach. Recently we performed a retrospective review of our ALIF expe-

rience, comparing data regarding operative parameters, length of hospital
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Table 1. Comparison of operative variables for all

ALIF procedures

Laparoscopic Mini-open

Preparation time, min 50.8 26.2

Surgical time, min 185.0 171.9

Operative blood loss, ml 188.2 231.3

Hospitalization, days 2.9 3.7

Table 2. Comparison of operative variables for L5/S1

ALIF

Laparoscopic Mini-open

Preparation time, min 50.2 24.8

Surgical time, min 173.6 145.1

Operative blood loss, ml 178.3 160.1

Hospitalization, days 2.8 3.5

dramroo



Laparoscopic versus ‘Mini-Open’ ALIF 287

Table 3. Intraoperative complications

Laparoscopic

Bladder perforation

Iliac vein laceration

Conversion to open procedure (n � 2)

Mini-open

Iliac vein laceration (n � 2)

Table 4. Postoperative complications

Laparoscopic

UTI

New onset radiculopathy

Mini-open

Transient ileus (n � 5)

Retroperitoneal hematoma

UTI

Wound infection

Worsened radiculopathy

UTI � Urinary tract infection.

stay, and approach-associated complications (tables 1–4). Comparisons

were made for the entire series as well as for patients undergoing an L5/S1

ALIF [21].

One of the more striking differences observed between the two

approaches was the time required to organize the operating room. This inter-

val was estimated from the time of anesthesia induction to the point of

surgical incision. The operative preparation time was significantly shorter

for the mini-open laparotomy. For the entire patient series as well as patients

undergoing an L5/S1 ALIF the operative organization time was reduced by

approximately 50% during a mini-open approach. Although this time inter-

val is an arbitrary measurement, the increased preparation time is directly

related to the technically demanding equipment required for the laparoscopic

approach.

The procedure time was also reduced following a mini-open laparotomy,

although the decrease only proved statistically significant for patients undergo-

ing an L5/S1 ALIF. The lack of significance observed for the entire series is

likely the result of a selection bias for two-level and L4/5 interspace procedures

performed with the mini-open approach. As with the operative preparation

interval, we concluded that the increased procedure time was related to the

equipment required for the laparoscopic approach.

No significant differences, for the entire series or the L5/S1 cohort, were

observed regarding the degree of intraoperative blood loss or intraoperative

complications. Vascular and visceral injuries occurred following both

approaches. A clear advantage of the mini-open approach is the immediate and

direct access provided in the event of such an injury.

An increased incidence of immediate postoperative complications was noted

with the mini-open laparotomy. The majority of these complications consisted

of a transient ileus that resolved by the 5th postoperative day. A retroperitoneal
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hematoma was the only additional complication directly related to the mini-

open approach and required observation only.

Retrograde ejaculation resulting from injury to the superior hypogastric

plexus has a reported incidence of up to 22% in men undergoing an open

anterior lumbar fusion [4, 5, 20, 22] and up to 20% following a laparoscopic

fusion [3–5, 12]. Up to one third to half of these patients will return to nor-

mal function within 2 years [22]. In our entire series of male patients a

significantly higher incidence of retrograde ejaculation occurred following

the laparoscopic ALIF, 45.4 versus 6.0%. The percent of men suffering an

episode of retrograde ejaculation following a laparoscopic L5/S1 ALIF was

unchanged, however following a mini-open laparotomy the incidence

decreased to 0%. Although an exact explanation for the increased incidence

observed in the laparoscopic group is lacking, we speculate that sweeping

the neural plexus off the midline using the laparoscope instead of a cotton

sponge is more difficult and damaging. It is unclear why our observed inci-

dence was so high; however, as with previous reports the majority of these

cases were transient in nature.

Conclusions

Based on the theoretical considerations described, previous published

series, and our own operative experience, we have developed a bias toward the

mini-open laparotomy when performing an ALIF at either the L4/5 or L5/S1

level. It is our contention that the mini-open ALIF is technically less demand-

ing, allows for a shorter operative time, provides the access necessary for com-

plete disc removal, allows for resection of a herniated fragment, and provides

direct visualization of the disc interspace for optimal interbody graft insertion.

In addition the incidence of retrograde ejaculation is significantly reduced with

the mini-open laparotomy. Both the mini-open and laparoscopic techniques,

however, are effective and safe and ultimately surgeon preference will dictate

the choice of approach utilized when performing an ALIF.
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Epidemiology and Variations in 
Care of Spine Disease
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Spine disease, with associated neck, back, and radicular pain, is common

and costly. In the current American health care environment, many types of

practitioners (primary care physicians, spine surgeons, physical therapists,

chiropractors, and others) are involved in managing patients with spine disease,

often with very different approaches. The varied nature and economic costs of

spine disease are driving a growing interest in research. The coming years may

reveal the fundamental aspects of this problem, as well as standardized treat-

ment regimens, in more detail.

Epidemiology of Spine Disease

Degenerative spine disease is extremely common in our society. It is well

accepted that the vast majority of the population will develop degenerative spinal

abnormalities; some form of spondylosis is present radiographically in more than

80% of males and females older than 55 years [1]. In the more mobile cervical

and lumbar spinal segments, the development of bony and ligamentous hyper-

trophy, along with facet arthropathy, is expected. While spinal degeneration may

develop at an earlier age in some patients, these asymptomatic degenerative

changes are almost universal in the elderly, active individual. The patient with a

congenitally narrow spinal canal may present at a young age with symptomatic

spinal stenosis [2].

Age-related spinal disease typically presents in the 6th through 8th

decades. Patients may complain of nonspecific neck pain, low back pain (LBP),

or both. Radicular complaints in the upper extremities or symptoms suggestive
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of neurogenic claudication are common. Typical age-related changes may be

expected on plain radiographs of the spine. These degenerative changes include

some minimal interspace collapse, moderate osteophyte formation with associ-

ated foraminal encroachment, small ventral traction spurs, minimal vertebral

body compression or collapse in the osteoporotic patient, and moderate spinal

canal stenosis, without evidence of fracture, instability, or subluxation [2].

The true incidence of symptomatic cervical spondylosis is difficult to

assess because minor cervical discomfort or neck stiffness often goes unre-

ported. Teresi et al. [3] reviewed cases in which cervical MRIs had been

obtained from patients with no subjective complaint or objective physical find-

ing of degenerative spinal disease. They noted disc space narrowing in 67% of

patients older than 64 years, compared with a 24% occurrence rate for those

aged 45–64 years. Patients with degenerative spinal disease in the cervical

region may present with a myriad of signs and symptoms. The mean age of

onset of symptoms ranges from 60 to 69 years, with men affected slightly more

than women [4]. The natural history of myelopathy has been well described,

with progression usually during a prolonged period. Spontaneous improvement

is uncommon [4, 5]. The natural history of radiculopathy and discogenic neck

pain is less well defined. It is believed that many patients with radiculopathy

improve with time; however, some patients will fail to improve, particularly

those with a soft disc herniation [6]. Up to 80% of patients with neck pain will

improve with time.

While the thoracic spine is much less mobile than either the cervical or the

lumbar spine and degenerative disease is less common, the thoracic spine is not

exempt from the effects of aging and degeneration. Kyphosis occurs commonly

among elderly women. Although symptomatic degeneration in the thoracic

spine is uncommon, relatively less compromise of the thoracic spine may result

in neurological deficits for two reasons. First, the spinal cord occupies a rela-

tively larger percentage of the canal throughout the thoracic spine, and com-

pression may occur from relatively smaller osteophytes. Second, the vascular

supply to the thoracic spinal cord comes primarily from segmental or radicular

arteries. This supply places the thoracic cord at an even greater risk of ischemia

from compression.

Symptomatic herniation of thoracic discs is uncommon. While early studies

reported that surgery for thoracic disc herniation accounted for only 3–5 of every

1,000 disc operations [7], the true incidence of symptomatic thoracic disc herni-

ation probably is higher. MRI of the spine has allowed diagnosis of the problem

in many patients before neurological signs develop. Thoracic disc herniations

occur most commonly in adults aged 30–60 years, although these lesions may

occur in children [8], and are equally common in men and women.

Approximately two thirds of thoracic disc herniations occur below the level of
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T8, presumably because of the greater forces acting on the lower thoracic spine.

Midline herniations are several times more common than those that are laterally

placed [7, 9].

In general, degenerative disease of the lumbar spine is clinically stable,

with relatively few minor symptoms and signs. The progression of symptoms is

often slow, and the patient usually describes a history of steady worsening of

symptoms and signs over years or even decades. Given the varied descriptions

and definitions of lumbar spondylosis, it is not surprising that the prevalence

varies widely depending upon the reporting authority. In one series of 850

myelograms, researchers noted a 6% occurrence of ‘stenosis of the thecal sac’

[10]; however, there was no mention as to why the myelograms were performed

nor how many of these patients were symptomatic. On the other hand, Roberson

et al. [11] reported a 1.7% occurrence of lumbar stenosis in a series of 2,000

lumbar myelograms. Because a certain percentage of patients have lumbar

stenosis secondary to degenerative disease, the absolute prevalence of stenosis

varies according to the age and sex of the population studied. The prevalence in

the general population remains unknown.

The patient’s age at the onset of symptoms also varies with the criteria used

to define lumbar spondylosis. In a study by Paine [12] that included conditions

with or without disc herniation, the mean age of onset was 30 years in patients

with preexisting stenosis. The age of onset in patients with congenital or devel-

opmental stenosis (such as achondroplasia) is similar. Most studies evaluating

acquired lumbar stenosis place the average age of onset of symptoms in the late

5th to early 7th decades [13]. Symptomatic degenerative spondylolisthesis is

infrequent in patients younger than 50 years of age [14].

Currently, there is some controversy in the literature regarding the sexual

preponderance of lumbar spondylosis. Both the developmental and acquired

forms of lumbar stenosis have shown a male preponderance in most early

studies [12, 15]. However, in more recent studies noting the increased recogni-

tion of this disease process, the ratio appears to favor women over men by as

much as 5 to 1 [16, 17]. Symptomatic degenerative spondylolisthesis has

been reported to occur 4–6 times as frequently in women as in men, perhaps

because of hormonal factors leading to ligamentous laxity of the motion

segment [18].

In contrast to degenerative spine disease, there are approximately 11,000

new cases of acute spinal cord injuries per year or 4 per 100,000 persons. The

estimated prevalence of persons living with spinal cord injuries is between

300,000 and 500,000 cases. An increased prevalence during the past decade has

been mainly attributed to enhanced longevity of spine-injured patients.

Increased survivorship, as well as improvements in neurological outcome, has

been attributed to enhanced medical, surgical, and prehospital care. Spinal cord
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injury is most common in young adult men. It is estimated that 63% of new

traumatic injuries occur in individuals between the ages of 16 and 30 years,

with a 4:1 male:female ratio [19].

Epidemiology of LBP

LBP is a very common health problem in western industrialized countries.

Up to 80% of Americans report having LBP at some point in their lives, most

often between the ages of 30 and 50 years. To put this in perspective, table 1 lists

the incidence of LBP compared to a variety of other neurosurgical disease states.

In addition, clinically significant sciatica is seen in 5% of the US population.

Recurrent episodes of LBP occur very frequently, and a considerable number of

people have permanent discomfort from LBP. Chronic LBP is present in 3–7%

of the population in western industrialized countries [20–22]. In the USA, back

pain is the most common cause of activity limitation in people younger than 45

years [23], the second most frequent reason for visits to the physician, the fifth-

ranking cause of admission to the hospital, and the third most common cause of

surgical procedures [21]. About 2% of the US workforce are compensated for

back injuries each year [21]. In 1988, the annual combined cost of back pain-

related medical care and disability compensation in the United States was

estimated to be between USD 26 and USD 56 billion [24].

LBP affects men and women equally, with onset most often between the

ages of 30 and 50 years. It is the most expensive cause of work-related disabil-

ity in terms of workers’ compensation and medical expenses. Risk factors for

chronic LBP include heavy lifting and twisting, bodily vibration, obesity, and

poor conditioning, although LBP is common even in people without these risk

factors [21, 22].

Table 1. Incidence of several neurosurgical disease states

Diagnosis Incidence per 100,000 persons

LBP 30,000

Carpal tunnel syndrome 2,800

Traumatic brain injury 150

Occlusive cerebral vascular disease 96

Intracerebral/intracranial hemorrhage 30

Malignant neoplasm of the brain 12

Subarachnoid hemorrhage (nontraumatic) 8

Traumatic spinal cord injury 4
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Recovery from nonspecific LBP is generally rapid. One study reported

that 90% of patients seen within 3 days of LBP onset recovered within 20 weeks

[25]. However, in cross-sectional studies, which oversample patients with

multiple visits, the prognosis is less favorable. These studies may best reflect

the experience of primary care physicians, and suggest that one third of patients

are substantially improved at 1 week, with two thirds improved at 7 weeks [26,

27]. Recurrences are common, affecting 40% of patients within 6 months. Most

recurrences are not disabling, but the emerging picture is that of a chronic

problem with intermittent exacerbations, analogous to asthma, rather than an

acute disease that can be cured [22].

LBP is second only to upper respiratory problems as a symptom-related

reason for visits to a physician [20, 21]. Unfortunately, there are wide variations

in care, a fact that suggests there is uncertainty about the optimal approach to

management. In addition, there is evidence of excessive imaging and surgery

for LBP in the United States, and many experts believe the problem has been

‘overmedicalized’ [22].

The association between clinical symptoms and radiographic imaging

shows little correlation. Most diagnostic evaluations focus on exclusion of

herniated discs, stenosis, infection, neoplasms, and trauma. However, up to

85% of patients with isolated LBP cannot be given a precise pathoanatomical

diagnosis, with nonspecific terms, such as ‘strain’, ‘sprain’, or ‘degenerative

process’, commonly used [20]. Strain and sprain have never been anatomically

or histologically characterized, and patients given these diagnoses might accu-

rately be said to have ‘idiopathic LBP’ [22].

Patients with chronic LBP (i.e., pain duration more than 3 months) use

health services more often than most other patient groups [20]. Spontaneous

recovery in these patients is slow and unpredictable, and the return-to-work rate

after 2 years absence from work due to LBP has been shown to be exceedingly

low. At any given time, about 1% of the work force is chronically disabled

because of back problems [28].

In contrast, the natural history of herniated discs is more favorable.

Improvement is the norm, although it is often slower than improvement in LBP

alone. Only about 10% of patients have sufficient pain after 6 weeks that

surgical intervention is considered. Sequential MRI studies reveal that the

herniated portion of the disk tends to regress with time, with partial or complete

resolution in two thirds of cases after 6 months [29]. Patients with herniated

discs who undergo surgery do not return to work earlier than those who receive

nonsurgical therapy, although they have better symptomatic and functional

outcomes [30].

A paradox exists in that the American economy has become increasingly

postindustrial, with less heavy labor and more automation and more robotics,
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while medical advances in spine treatment with diagnostic imaging and new

forms of surgical and nonsurgical therapy have developed. At the same time,

however, work disability caused by back pain has steadily risen! The positive

aspect is that most back pain patients will substantially and rapidly recover,

even when their pain is severe. This prognosis holds true regardless of treatment

method or even without treatment. Only a minority of patients with back pain

will miss work because of it. Most patients who do leave work return within

6 weeks, and only a small percentage never return to their jobs.

Variations in Treatment for Spinal Disorders

Patients with neck and back pain seek care from general practitioners,

chiropractors, orthopedists, neurosurgeons, rheumatologists, and others. There

is a wide variation in how doctors care for patients with neck and back pain,

with evidence of excessive imaging and surgery for the problem. In most cases

of LBP, patients recover within a few weeks of the onset of symptoms. The fact

that LBP often resolves spontaneously may partially explain the proliferation of

unproven treatments that may seem to be effective. When patient descriptions

are standardized, physician recommendations for neck and back pain evalua-

tions vary enormously. Rheumatologists are twice as likely to order blood work

to rule-out arthritic conditions. Neurosurgeons are twice as likely to order

imaging studies. Neurologists are 3 times more likely to order EMGs [28].

Surgical procedures for herniated discs and spinal stenosis accounted for

83% of the more than 188,000 spine surgeries done in Medicare patients in

1996–1997. There were approximately 39,000 discectomies, 90,000 lumbar

decompressions, and 27,000 cervical spine procedures. The remaining 32,000

procedures were for other spinal conditions. Overall, spine surgery rates

increased by 57% over the 10-year period from 1988 to 1996, from 2.1 to 3.4 per

1,000 Medicare enrollees (fig. 1) [31].

There remains significant variation within the United States in the use of

surgery for many spine-related problems. Rates of spine surgery vary more than

any other common inpatient procedure. In 1996–1997, rates of spine surgery

varied by a factor of 6, from 1.4 per 1,000 Medicare enrollees in the Bronx,

N.Y. hospital referral region to 8.6 per 1,000 Medicare residents in Bend, Oreg.

Cervical spine procedures accounted for 14% of the spine surgery performed in

the Medicare population in 1996–1997; rates of cervical spine surgery varied

by a factor of more than 10, ranging from 0.16 to 1.72 per 1,000 Medicare

enrollees in the different hospital referral regions [31].

The use of spinal fusion displays a wide variation among geographic

areas, as well as varying from 0.3 to 3.0 per 1,000 Medicare enrollees (fig. 2).
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The proportion of patients undergoing spine surgery who received a spinal fusion

increased from 23% in 1993 to 29% in 1997. During the same period, the

proportion of patients undergoing fusion who received hardware fixation devices

rose from 50 to 60%. Among Medicare patients undergoing laminectomy for
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Fig. 1. Increase in rates of spine surgery among Medicare enrollees (1988–1997).

Overall surgery rates increased by 57% between 1988 and 1997 [from 31, p. 29].

3.2

2.7

2.2

1.7

1.2

S
p

in
al

 fu
si

on
 p

ro
ce

d
ur

es
 p

er
1,

00
0 

M
ed

ic
ar

e 
en

ro
lle

es

0.7

0.2

Fig. 2. Rates of spinal fusion varied by a factor of almost 10, from 0.3 to 3.0 per 1,000

Medicare enrollees, after adjustment for differences in population age, sex and race

(1996–1997). Each point represents 1 of 306 hospital referral regions in the United States
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lumbar spinal stenosis, the use of fusion varied from 4% of the operations to 56%.

Figure 3 shows the variation across the United States in the use of fusion with

surgery for lumbar spinal stenosis [31].

It is unlikely that the large degree of regional variation in the use of spine

surgery reflects regional differences in the incidence of disease. Instead,

regional variation in surgery reflects differences in physician practice style –

physicians in some regions of the United States are simply more inclined to rec-

ommend surgery in patients with surgically treatable conditions of the spine.

The likelihood that patients will undergo particular surgical procedures of the

spine is remarkably variable. This is apparent on a local level, as well as with

‘surgical signatures’ reflecting the practice patterns of individual physicians

and the local medical culture. Neighboring regions with similar demographics

Percent of decompression
procedures for lumbar
stenosis that included fusion
by hospital referral region (1996–1997)

40 or more (12)
30 to �40 (45)
20 to �30 (114)
10 to �20 (97)
Less than 10 (10)
Not populated
Suppressed for confidentiality

Fig. 3. Use of fusion with surgery for lumbar spinal stenosis (1996–1997). Fusion was

used in at least 40% of lumbar decompression procedures in 12 hospital referral regions.

In 10 regions, fusion was used in less than 10% of operations [from 31, p. 41].
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and about the same per capita numbers of spine surgeons can have very differ-

ent signatures for spine surgery. Figure 4 shows the variation in spine surgery

in eight different hospital referral regions. The rate of lumbar discectomy was

41% higher than the national average in the Stockton, Calif. hospital referral

region, but the rate of decompression for lumbar stenosis was 7% lower than

the average. By contrast, the rate of lumbar discectomy in Fresno, Calif. was

39% below the average, but the rate of cervical spine surgery was 9% higher

than the national average. In San Jose, Calif. the rate of decompression was

54% below the average, but the rate of lumbar discectomy was only 2% below

the average [31].

Among the surgeons who performed spine surgery in Medicare enrollees in

1996, 3,011 were orthopedic surgeons and 2,934 were neurosurgeons. Overall,

neurosurgeons performed 64% of all spine surgery among Medicare enrollees,

compared to 36% by orthopedists. The proportion of spine surgery performed by

either neurosurgeons varied markedly among hospital referral regions, from 19%

in Akron, Ohio to 99% in Rapid City, S.D. The relative contributions of orthope-

dists and neurosurgeons also varied widely according to the kind of procedure.

While neurosurgeons performed 85% of surgical procedures on the cervical spine,

they performed only 59% of decompressions for lumbar stenosis. Neurosurgeons

and orthopedic surgeons were quite different in their use of fusion for some types

of spine surgery. While both performed noninstrumented fusions in about one

third of cervical procedures, orthopedic surgeons were much more likely to
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perform a fusion during lumbar procedures and were much more likely to perform

an instrumented fusion during both cervical and lumbar procedures (fig. 5) [31].

The Cost of Spine Disease

It has been said that next to the common cold, no condition afflicts the

American population with greater incidence and prevalence than LBP. Back pain

affects about 31 million people annually, and over 10 million people are disabled

because of back pain, with upwards of 250 million workdays lost per year. Over

USD 50 billion is expended on the management of back pain each year, with

approximately USD 11 billion of that in the worker’s compensation system. Two

thirds of Americans suffer an incapacitating episode of back pain at least once

in their lives, one third are suffering at any one time, and over one tenth are

seeking medical care [19]. An estimated 25% of American workers will experi-

ence some back pain each year, with 50–60% experiencing some disabling pain

during their working career [32]. While the annual rate for compensable back

pain is approximately 2%, this varies with occupation: less than 1% for admin-

istrative and clerical personnel, and 1–15% for industrial workers [19].

Of the total money spent annually for the management of back pain, the

distribution of total direct costs is 45% for permanent disability payments,
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22% for temporary disability payments, and 33% for medical expenses. The

medical expenses are distributed with 33% to physicians, 33% for hospital

bills, 7% for medication, 5% for appliances, 9% for physical therapy, and 12%

for diagnostic tests [32]. Surgical intervention represents only a small fraction

of the total socioeconomic impact of this disease process, with less than 0.5%

of patients with back pain undergoing surgery [33].

Spinal cord injuries also represent a significant cost to our society. There are

very few accurate data on the total cost of spinal cord injuries. The estimated

annual cost to support and treat all patients with a spinal cord injury is over USD

4 billion [34]. As expected, the initial hospitalization costs (including acute care

and rehabilitation) and the annual follow-up expenses vary tremendously depend-

ing on the level of the injury. In one study, researchers found that costs of acute

and rehabilitation care vary from USD 67,950 in the low-level paraplegic patient

to USD 426,592 in the respirator-dependent, high-quadriplegic patient. Similarly,

these researchers noted that annual follow-up expenses for the low-level paraplegic

patient were USD 10,109 compared with USD 141,238 for the respirator-

dependent, high quadriplegic patient [32]. Regarding economic opportunities lost,

foregone lifetime earnings vary from USD 141,253 in the patient who is incom-

pletely paraplegic to USD 308,054 in the completely quadriplegic patient [35].

Swift diagnosis and treatment that result in a rapid return to a premorbid level of

activity would greatly reduce costs to the patient and to society.
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The Changing Economics of 
Spine Surgery

Gregory J. Przybylski

Seton Hall University, Orange, N.J., USA

Advances in minimally invasive as well as complex spinal surgery during

the past decade have been revolutionary. The practical application of molecular,

biomechanical and computer engineering have enabled the spinal surgeon to

have more options available in treating patients with a variety of simple and

complex spinal disorders. However, the contraction of health care dollars avail-

able to pay for this wonderful growth of technology has begun to limit the

choices available to the physician that hospitals are willing to purchase and

maintain. This chapter will examine the separate issues facing spinal surgeons

in their personal practice as well as the problems that hospitals face in manag-

ing the ever-changing and concurrently more expensive technological innova-

tions brought to us.

The complexity of managing the spinal physician’s practice has faced sim-

ilar dramatic change, requiring increasing direct physician involvement to

reduce the risk of fraud and abuse accusations and even prosecution. Accurate

use of current procedural terminology (CPT) coding and application of a

resource-based relative value system (RBRVS) methodology for physician

payment and practice expense accounting have been the hallmarks of this change.

In order to better adapt to these changes, it is important for the spinal practitioner

to understand the methodology behind CPT coding as it applies to spinal

surgery, as well as the use of RBRVS to the fee schedule and cost accounting

of a practice.

CPT remains the standard method by which physicians communicate to

the payer the services that were provided to their patients. This method for com-

piling and communicating physician procedural services was standardized and

developed by the American Medical Association (AMA) in 1966 as current

procedural terminology (CPT) [1]. Although initially reflecting predominantly
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surgical procedures, the second version 4 years later expanded the description

of medical services using a five-digit coding system. The current fourth edition

was completed in 1977 and contained substantial revisions to include improve-

ments in medical technology. Each year, the book is updated to reflect the elim-

ination of older procedures that are no longer performed as well as the addition

of new procedures that reflect improvements in technology. The Health Care

Finance Administration (HCFA, now renamed CMS for the Centers for

Medicare and Medicaid Services) did not adopt CPT as part of their Common

Procedure Coding System (HCPCS) until 1983, after which it mandated use of

this system to report services for payment under Part B of the Medicare

program. Three years later, HCFA also required Medicaid agencies to use the

method.

The CPT system undergoes annual revision under the direction of the CPT

Editorial Panel. This 16-member panel meets quarterly and is comprised of 11

AMA-appointed physicians that serve 4-year terms. Four of these seats rotate

among specialists to allow a multidisciplinary influence. The other members of

the panel include the co-chairman of the Health Care Professionals Advisory

Committee (HCPAC), a representative from CMS, and appointees from the

Blue Cross and Blue Shield Association, the Health Insurance Association of

America, and the American Hospital Association. The panel is assisted by

AMA staff as well as the CPT Advisory Committee, which is comprised

predominantly of physicians selected by national medical specialty societies.

The largest change in CPT affecting the spine practitioner has been in the

reporting of anterior thoracolumbar spinal surgery performed by more than one

physician. With improvements in anesthetic technique and available instrumen-

tation, greater attention had been drawn to anterior surgical approaches to spinal

diseases. Although some spinal surgeons perform their own thoracolumbar expo-

sures, many utilize the expertise of other surgeons to perform the initial approach

to the anterolateral spinal column. Over several years, the American College of

Surgeons and Society of Thoracic Surgeons in cooperation with orthopedists and

neurosurgeons from 5 additional specialty societies worked to develop a consen-

sus proposal to describe the approach component of anterior thoracolumbar spine

surgery. Using the model of skull base surgery that separated the approach from

the definitive procedure, emphasis was placed upon creating a scheme that would

allow separate coding of the surgical exposure and closure from the spinal

decompression or reconstruction. After several years of committee and work-

group discussions and multiple presentations before the CPT Editorial Panel, the

surgical representatives concluded that the substantial variability in physician

practice made such a proposed system excessively complicated. Consequently, a

consensus proposal was presented to the CPT Editorial Panel in February of 2001

requesting an expanded application of the –62 co-surgery modifier.
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For several years previously, the –62 co-surgery modifier could only be

used once per operative session. Since the approach has been considered

included in the work value of the decompression and arthrodesis codes by the

Relative Value Update Committee (RUC) and by CMS, it was proposed that the

additional level codes describing adjacent segment decompression and/or

arthrodesis must also contain a component representing the additional work of

exposing the additional level(s). Concerned about the potential financial impact

of expanding the use of the –62 co-surgery modifier, representatives from CMS

presented data regarding the current usage of –62 as well as a summary of

actual claims data in which anterior thoracolumbar surgery was performed by

more than one surgeon. Several interesting observations made included less

frequent usage of –62 to describe this work than was expected, but more impor-

tantly, serious concerns were raised about actual payments made on claims. For

example, the correct method for reporting co-surgery requires both the

approach surgeon and the spinal surgeon to submit the same code (though not

necessarily the same charge) appended with the –62 modifier. However, CMS

identified claims in which one surgeon used the modifier, whereas the other did

not. Rather than paying both surgeons 62.5% of the Medicare allowable, only

the surgeon coding correctly with the modifier was paid 62.5% of the allow-

able. In contrast, the other surgeon was paid 100% of the allowable, raising the

vigilance of CMS in scrutinizing past and future claims regarding anterior

thoracolumbar spine surgery. The CPT Editorial Panel accepted the consensus

proposal to expand the use of the –62 modifier to allow reporting of the addi-

tional physician work involved in approaching adjacent segments for decom-

pression or arthrodesis. The modifier will not be applicable to instrumentation

or bone graft harvest codes, as specific language will be provided listing codes

excluded from use of the modifier. These changes were implemented for

January 2002.

With changes in the structure and management of CMS, an effort has been

made to improve the transparency of certain activities, one of which is the

correct coding initiative (CCI). Despite the large number of codes available to

describe spinal procedures, the work included in many of these codes overlaps.

The process of unbundling, which involves description of a larger procedure

with several codes that contain overlapping work, resulted in significant

increases in health care expenditures. On January 1, 1996, Medicare initiated

the CCI to reduce unbundling and inappropriate reporting of CPT codes. At that

time, HCFA contracted with Administar Federal, an Indiana Medicare carrier,

to create and maintain a nationally used computer software program to preclude

payment of otherwise bundled services. Despite the USD 700,000 development

cost, Medicare reported savings in excess of USD 700 million since the

program’s inception. Most of the edits represented payment policies in which
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a comprehensive code would be paid while the component code would be

disallowed, whereas a small percentage of edits identified mutually exclusive

codes which would not be performed concurrently.

An example of the limitations of CCI placed on spinal surgery can be found

in posterior lumbar interbody fusion (PLIF, CPT code 22630). The service

description of posterior interbody fusion includes laminectomy, facetectomy,

and discectomy to approach and prepare the endplates for the interbody

arthrodesis. Consequently, CCI includes edits that preclude coding PLIF with

many decompression procedures. However, this does not account for circum-

stances in which decompression is performed beyond the typically bony removal

required to perform a PLIF. An editorial revision to 22630 was instituted in 2001

that included only the laminar, facet and disk removal required for performance

of the PLIF, thereby allowing for coding of additional decompressive work if

performed and medically indicated. The CCI process prevents payment for these

additional physician services for the most part, unless a –59 modifier is also

appended to identify the code as a distinct procedural service from the PLIF.

This example distinguishes the differences between coding rules (developed and

maintained by the AMA) and reimbursement rules (developed individually by

CMS and third party payers).

However, the development of RBRVS has had the greatest impact upon the

billing practices of physicians this past decade after its full implementation on

January 1, 1996. The impetus to revise the Medicare payment system arose

from the rapidly increasing expenditures for payment of physician and hospital

services by Medicare. Since hospital services accounted for more than two

thirds of Medicare expenditures, cost containment efforts were naturally

directed at hospitals first. In 1983, a prospective pricing system (PPS) for hos-

pital services using a diagnosis-related group (DRG) payment was developed

for approximately 500 diseases. Using the national average cost of hospital care

for that particular illness, it was assumed that the average cost for providing

care for patients with a range of illness severity would equal the calculated

DRG payment. Additional payments were also authorized to account for unusu-

ally severe illnesses requiring prolonged hospital stays. Since the payment was

identical regardless of the hospital cost, the PPS provided a strong incentive for

hospitals to improve cost-efficiency. Not surprisingly, the annual growth of

Medicare expenditures was reduced by more than half between 1975 and 1990.

In 1994, physician payments on behalf of Medicare beneficiaries repre-

sented more than three quarters of the expenditures from Medicare Part B [2].

The original method for determining the physician payment schedule was based

on customary, prevailing and reasonable (CPR) charges. This resembled the

usual, customary, and reasonable (UCR) charge system utilized by private insur-

ers to pay for physician’s services based upon their actual fees, but included
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some adjustments to keep government costs predictable. However, the wide

variation in the amount Medicare paid for physician services both among physi-

cian specialties as well as among geographical regions caused dissatisfaction

within the medical profession [3]. Although costs were initially controlled by

reducing payments from the 90th to the 75th percentile prevailing charge,

Medicare later introduced a temporary price freeze on physician’s services. In

1976, this was replaced by linking increases in prevailing charges to the

Medicare Economic Index (MEI). As a result, Medicare payments were based

upon prevailing charges in 1971 and remained nearly unchanged until 1992.

After a second freeze on payment levels in the 1980s and reduced pay-

ments for ‘overpriced’ surgical procedures, several payment reform proposals

were suggested by the government. Although additional modifications to CPR

were considered, it seemed that this method evolved into a complex system that

no longer reflected physician fee schedules. Consideration was given toward

developing a DRG system similar to that developed for hospital payments

under Medicare Part A [4]. Another option was to create a managed care or

capitation model of payment. Finally, a proposal was offered for replacing the

CPR method with a payment schedule based on a relative value scale.

The concept of a relative value system (RVS) was not new. In fact, the

California Medical Association developed an RVS in 1956, with regular updates

for nearly two decades. Although this method still represented a CPR charge sys-

tem, physicians used the RVS to determine fee schedules, whereas government

and private insurers used the system to establish payment rates. However, the

Federal Trade Commission raised concerns regarding the possible antitrust

violations from price fixing, prompting the California Medical Association to

discontinue updating the charge data collected.

Rather than using a charge-based RVS, a resource-based RVS was adopted

in which physician services were valued based upon the relative costs incurred

in providing them. Since antitrust concerns precluded direct physician involve-

ment in the development of RBRVS, the AMA accepted a proposal submitted

by the Harvard University School of Public Health to perform a national study

of resource-based relative value scales (RBRVS) for physician services.

On July 1, 1986, the Consolidated Omnibus Budget Reconciliation Act

mandated that the department of Health and Human Services develop an RBRVS

to be submitted to Congress. In addition, the law created the Physician Payment

Review Commission (PPRC) to study a variety of additional options for

Medicare payment reform including changing CPR, capitation, and physician

DRG [5]. The PPRC recommended development of a payment schedule linked

to an RBRVS [6].

Six months earlier, the Harvard study, under the direction of William

Hsiao, PhD and Peter Braun, MD, began with funding from HCFA. The first
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phase of the national study supported development of an RBRVS for 12 physi-

cian specialties. In addition, independent funding was obtained for the study of

6 additional specialties. Not only were specialty-specific scales developed, but

also a method for creating cross-specialty links allowed integration of a single

cross-specialty RBRVS. The Omnibus Budget Reconciliation Act of 1986

provided a 2-year extension for submission of RBRVS to Congress as well as

mandated inclusion of 15 additional specialties during the second phase of the

study [7–10]. Although the AMA adopted in principle the results of the Harvard

study, they also recommended that the new Medicare payment system include

geographical differences in practice costs and professional liability as well as a

transition period to prevent disruptive changes between the CPR and RBRVS

systems. The PPRC likewise endorsed the study and supported these AMA

recommendations.

In December of 1989, Congress enacted the Omnibus Budget

Reconciliation Act (OBRA 89) that mandated a Medicare payment schedule

based on RBRVS from the Harvard study with inclusion of physician work,

practice expense, and professional liability costs. Geographical adjustments to

all three components were included. Calculation of a relative value unit (RVU)

of a physician’s service under RBRVS is as follows:

MFS � [(RVUw � GPCIw) � (RVUpe � GPCIpe) � (RVUm � GPCIm)] � CF

where MFS � Medicare fee schedule, GPCI � geographical practice cost

index, w � work, pe � practice expense, m � malpractice and CF � conversion

factor.

The conversion factor for the calculated RVU was based on keeping the

overall Medicare expenditure the same as the cost using the CPR system.

A process was created to annually adjust the conversion factor, maintaining a

‘budget-neutral’ value, which limited increases in expenditures to USD 20

million annually. The final comprehensive RBRVS for physician services was

published in the November 25, 1992 Federal Register.

After implementation of the RBRVS fee schedule by Medicare, additional

health insurers have gradually implemented an RVS as well. Although RBRVS

is the method most commonly used, an alternative RVS called St. Anthony’s is

also used in certain regions. This privately maintained system, formerly known

as McGraw-Hill, utilizes RVUs based upon the time, risk, and complexity of the

physician service. In contrast, the RBRVS uses physician work, practice

expense, and malpractice expense as the components for determining the rela-

tive value of a particular physician service. The physician work component com-

prises approximately 55% of the total relative value of the service, whereas

practice expense comprises 42%. In addition, a geographic practice cost index is
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incorporated to adjust for geographical differences. Consequently, conversion

factors between RBRVS and St. Anthony’s RVS are different. Based upon the

congressional mandate to maintain budget neutrality, CMS adjusts the conver-

sion factor annually to assure budgetary control of expenditures for physician

services (fig. 1). The recent 5.4% reduction in the conversion factor has

prompted multitudes of physician organizations to petition Congress for legisla-

tion to reform the method for tying Medicare expenses to the gross domestic

product. Growing evidence of reduced access for Medicare patients, including

an American Academy of Family Physicians survey finding 17% of the respon-

dents are no longer accepting new Medicare patients and a similar survey by the

North American Spine Society showing a greater proportion of spine practition-

ers limiting access to Medicare patients, may prompt change in the continued

contraction of reimbursement.

In order to coordinate changes in CPT with assignment of RVU by CMS,

the AMA/Specialty Relative Value Update Committee (RUC) was created in

1991. Twenty-three of the twenty-eight members are appointed by major

national medical specialty societies. The other five panelists include the RUC

chair, the co-chair of HCPAC, and members of the AMA, American Osteopathic

Association, and CPT Editorial Panel. A RUC Advisory Committee composed

of members appointed by 94 specialty societies develop and suggest RVU for

new codes to the RUC. Specialty society representatives are responsible for

compiling physician survey data to determine the time spent in performing the

medical service and ranking the service relative to existing services.

Subsequently, consensus recommendations are forwarded to HCFA for annual

consideration. During the 5-year period ending in 1998, nearly 2,300 relative
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Fig. 1. Change in Medicare’s surgical conversion factor over the past decade.
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value recommendations were made to HCFA with a recent acceptance rate of

more than 90%.

The spine practitioner can take advantage of the RBRVS system in deter-

mining the cost required to provide physician services and thereby in developing

a fee schedule that reflects these costs. Although practice costs are not linearly

related to physician work, the RVU can serve as a surrogate. Consequently, a fee

schedule can be constructed based on a ‘conversion’ factor determined by the

practice and applied to the RVU assigned by Medicare to procedural codes.

However, the appropriate conversion factor is influenced by many factors includ-

ing personnel, equipment, and insurance (disability, health, malpractice) costs

among others. The practice manager should determine the average annual RVU

performed for the entire practice as well as stratified by individual physician.

As a result, simply dividing the total practice (or individual physician) costs by

the RVU performed during the same period provides a cost/RVU figure that

reflects the expense to provide physician services.

Determination of cost/RVU is essential in negotiating contracts with third-

party payers. Since many third-party payers have adopted fee schedules based

on RBRVS, it is to your advantage to determine your costs on a similar scale.

First of all, your analysis of the payment schedule is much more meaningful

once you have determined your practice cost to provide the service. Secondly,

the cost analysis allows the physician to focus on elements of the practice in

which costs can be reduced. Finally, one can assess the time required to perform

particular services. Certain services may be more economical than others,

thereby allowing the physicians to focus efforts on their most efficient services.

Although work values are resource-based, practice expense was based

upon the AMA’s Socioeconomic Monitoring System 1989 Core Survey (SMS).

While overall practice costs including office rent, wages of nonphysician per-

sonnel, equipment and supplies were measured, costs specific to a given single

procedural service were unknown. Moreover, practice expenses varied among

specialties. For example, these expenses represented 52.2% of family physi-

cians’ practice costs but only 38.9% of neurosurgeons’ costs. In contrast, the

average neurosurgical professional liability component of practice cost was

7.6%, compared with a 3.9% proportion for the family physician. The method

enacted by OBRA 89 involved multiplying the specialty-specific practice

expense factor by the average Medicare payment of the service in 1991.

Similarly, professional liability was calculated based upon the proportion of

cost multiplied by the Medicare payment.

The Omnibus Budget Reconciliation Act of 1993 mandated reductions in

the practice expense of ‘overvalued’ services. Over a 3-year period, the practice

expense was reduced annually by 25% of the amount that the value exceeded the

physician work RVU until it was no greater than 128% of the work component.
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However, concerns over the non-resource-based OBRA 89 method of calculat-

ing practice expense as well as a 1994 Social Security Act amendment mandat-

ing resource-based practice expense calculations prompted HCFA to contract

with Abt Associates, to perform a national study of physician’s practice expense.

Fifteen Clinical Practice Expert Panels (CPEPs) were formed from nominations

by medical associations to develop a list of direct cost components of a selected

group of reference codes. In addition, a national mail survey of 5,000 practices

was performed to obtain a sample of practice costs and service mix to validate

the CPEP estimates. However, poor response rates from physicians led HCFA to

abandon efforts at obtaining actual survey data. In order to meet the deadline of

January 1998 set by Congress, HCFA planned to implement new practice

expense values based on CPEP data. Lack of validation of the CPEP data with

actual practice expense information as well as failures to account for actual

differences in practice cost among all specialties prompted the AMA to urge

Congress to extend the deadline for implementation of new practice expense

values. As a result, Congress not only delayed implementation until 1999, but

also directed the General Accounting Office (GAO) to review HCFA’s method-

ology and make recommendations for a valid resource-based model. The GAO

report supported the concerns raised by the AMA.

Beginning in January 1999, HCFA initiated a transition to a resource-based

practice expense valuation that differs based on the site of the service. If a med-

ical service can be performed either in an office or a hospital, then both a non-

facility and facility practice expense value will be assigned. Whereas locations

assigned nonfacility practice expense include physician offices and independent

imaging or laboratory centers, facility practice expense is attributed to hospitals,

surgical centers, and nursing homes. The method for estimating practice costs is

based upon the AMA’s SMS data. Since the SMS data came from small sample

sizes with sufficient variability to introduce sampling bias, there continues to be

concern regarding this methodology. The transition to a resource-based method

for calculating practice expense has been largely responsible for gradual decline

in RVU assigned to spinal and other surgical codes.

More recently, rapidly escalating professional liability costs have had a

substantial impact on the spinal surgeon’s practice. A combination of a decade

of underestimating the underwriting costs of these policies by insurers and

increasingly frequent large judgments has resulted in a national professional

liability crisis. For example, it has been estimated that USD 1 in premiums have

been collected for every USD 1.36 in claims paid [11]. At the same time, the

average medical liability award increased from USD 1.95 million to USD 3.5

million between 1993 and 1999 [12]. The Pennsylvania Medical Society has

found that liability insurance charges were hiked 21–91% in 2001 alone.

Similarly, a recent survey presented at the Council of State Neurosurgical
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Societies meeting in 2001 revealed substantial increases in insurance costs in

the past year, which have led some physicians to curb practice or move to more

favorable geographical regions. For example, Indiana and California have

adopted tort reform legislation that includes caps on noneconomic damages that

have helped in reducing the unreasonable judgments awarded by some juries.

Unfortunately, CMS does not update the professional liability component of the

RVU on an annual basis, leading to a significant underestimation of these costs

for certain specialties including orthopedic and neurological surgery.

The AMA estimates that 12 states are currently experiencing a medical

liability crisis, whereas 30 additional states are on the verge of similar problems.

For example, the closure of a level 1 University Trauma Center in Las Vegas,

Nev. prompted the state legislature to temporarily give the physicians ‘state

employee status’, thereby limiting their liability to USD 50,000. The growing

liability crisis has prompted a bipartisan bill termed the ‘Health Act’ that seeks

to institute national tort reform and includes limits on noneconomic damages

modeled after California and Indiana.

Finally, the increasing influence of governmental regulation on the practice

of medicine will continue to have a significant influence upon the manner in

which spinal surgeons provide health care. For example, the Kennedy-

Kassebaum Health Insurance Portability and Accountability Act 1996 (HIPAA)

changed the US Government’s Fraud and Abuse regulations by increasing civil

monetary damages from USD 2,000 to USD 10,000 and by applying fraud and

abuse laws to the private as well as the public sector, by permitting confiscation

of personal property for health care fraud convictions, and by changing health

care frauds from misdemeanors to federal felonies with mandatory prison sen-

tences. Surgeons are liable for fraud and abuse violations in the documentation,

coding and billing tasks of their practice. Compliance plans and programs are

aimed at satisfying the Office of the Inspector General’s requirements for the

constant surveillance of these responsibilities. The requirement to comply with

the complex regulations that have evolved from the law begins next year and

poses a significant economic burden for smaller practices in developing and

maintaining compliance programs.

Similarly, the regulations that have arisen from the Emergency Medical

Treatment and Labor Act (EMTALA) of 1986 apply to physicians providing on-

call services to emergency departments. The requirements that have evolved

from the expanded interpretation of EMTALA include the need for the on-call

physician to arrive to the emergency department within 30 min of notification

of a true emergency. Possible violations of the act include inability to see a

patient at a second hospital if call is simultaneously taken at two hospitals and

both require concurrent patient evaluation and inability to leave an elective

procedure if a patient arrives in the emergency room requiring attention by
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the operating surgeon. Both hospitals and physicians can be fined up to

USD 50,000 for each violation, in addition to the damages allowed by state law

for injury sustained by the patient from an EMTALA violation.

Although the changing economic environment for the physician has been

quite dramatic over the past decade, hospitals have faced similar issues that

have resulted in more frequent closures secondary to bankruptcy. With increas-

ing granularity of actual hospital costs to provide patient services, administra-

tors have identified areas that are being targeted for cost containment. For

example, the cost of spinal implants has had a significant impact upon the

hospitals’ expense in treating spine patients. In the absence of ‘carve-outs’ that

exclude implant cost from the DRG, much if not all of the hospital reimburse-

ment for a patient’s particular diagnosis is needed for purchase of the implants,

thereby creating a shortfall in accounting for the nursing, medication, imaging,

and facility costs of the procedure.

As a result, hospital administrators are becoming increasingly influential

in determining the types and source of implants available for the spinal surgeon

to use. With many manufacturers vying for an opportunity to provide implants

and services, increasing price competitiveness may result in single-source

purchase of equipment and implants that may be different from the physician’s

preference. Efforts at proactive cost containment by the physicians may help the

hospital while simultaneously allowing the physician to participate in the

decision-making process. For example, the Lahey Clinic implemented a system

by which the equipment vendors supplied all of the implants as well as the

disposable and nondisposable instruments to perform a particular procedure

(termed single price/single case purchasing). As a result, costs were reduced by

23–45% [13]. Although some savings required a change of vendors, some of

the equipment savings were achieved with maintenance of the same provider.

Another area of increasing scrutiny involves outpatient surgery. Although

there have been efforts in place for some time now to reduce length of hospital

stay (and therefore cost) for patients recovering after spinal procedures, some

procedures like lumbar discectomy are now performed on an outpatient basis.

However, CMS has suggested that the costs to provide an outpatient procedure are

typically less than the cost to provide the service to an inpatient. Consequently,

CMS has identified a group of ‘outpatient’ procedures with a different payment

schedule. As a result, the hospital may not receive sufficient payment for proce-

dures performed on an outpatient basis that are identified as inpatient procedures.

This policy may curtail efforts at cost containment, as procedures are not

approved by the hospital unless the patient is kept overnight.

In conclusion, the dramatic improvements in technology that have allowed

the spinal surgeon a vastly greater armamentarium for the management of

spinal disorders have been mirrored by an increasingly complex socioeconomic
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environment that has both directly and indirectly affected the daily practice of

the spinal surgeon. An awareness of and adaptation to this changing environ-

ment should help the spinal surgeon in meeting both the clinical demands of

treating patients with the economic constraints that may limit options going

forward. Increasing individual as well as professional societal involvement in

the legislative process is imperative to shaping a more favorable landscape for

practicing spinal surgery.
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