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Preface 
 

In 1986, I graduated from the University of Iowa College of Medicine.   On the day, I 

entered Medical School, the Dean told us that 90% of what we would be taught was 

wrong, he  simply did not know what  that  90% was. He  encouraged us  to  strive  to 

determine what was wrong and what was right, allowing us to take better care of our 

patients.  To  do  that  would  require  a  lifetime  commitment  to  research,  education, 

reading  and building upon  our  clinical  experiences.   For  that  reason, we  can never 

stop learning, growing or questioning what we know or think we know.  When I was a 

Medical Student, Color Flow Doppler echocardiography had not even hit the clinical 

setting  and when  I was  first  introduced  to  it  as  a Cardiology  Fellow,  it made  little 

sense to me as the “doppler shift” phenomena, something I knew well from my days 

as a physics student, meant, “red  is moving away”  from you, while “blue  is moving 

toward  you.”    (Actually,  I  knew  this  in  Junior High.)   Unfortunately,  for Doppler 

echocardiography, this is the opposite as “red” is toward and “blue” is away from the 

transducer.  This presents the classic example of mistakes in the field and the need to 

learn  the  terminology.    Medicine  does  not  stand  still;  however,    improvements, 

corrections in misunderstandings and breakthroughs are constantly fighting their way 

to the surface of science where they can be discussed at meetings, conferences, journals 

and eventually books, such as this one.  To that end, we present this book to the reader 

as  s/he  continues  to  learn  and  acquire  new  knowledge  on  this  lifelong  quest  for 

improvement.   

Recent  changes  in  the  fields of Doppler Echocardiography, Computed Tomography 

and  Nuclear  Cardiology  have  improved  the  detection  and  treatment  of  countless 

individuals over  the  last decade.   This book  introduces  the  reader  to  some of  those 

improvements and provides an  informative and useful framework, upon which both 

clinician  and  researcher  alike  can  use  to  improve  the  quality  of  care  provided  to 

patients  and  their  work.    Hence,  it  establishes  better  standards  of  care  and 

understanding in these non‐invasive areas of Cardiology.   We have broken this book 

into  six  main  sections,  with  the  first  four  sections  looking  at  Doppler 

Echocardiography  including  (1)  the right heart and  its special considerations,  (2)  the 

influence  of  pulmonary  factors  which  will  influence  doppler  evaluations,  (3) 

evaluation of  left heart  function,  and  (4)  a  special  considerations  section which will 

address  the  use  of  contrast  agents  in  addition  to  factors which  influence  Doppler 
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studies,  the  effects of  timing and aging as  seen with Doppler,  evaluation of hepatic 

transplants and even the effects of rheumatoid arthritis.   The remaining two sections 

include  (5)  Nuclear  Cardiology,  where  dramatic  shifts  in  understanding  have 

significantly improved the detection of ischemic heart disease, including the detection 

of  Vulnerable  Inflammatory  Plaques  (VIPs),  building  upon  the  “Inflammation  and 

Heart Disease”  theory proposed by  the Editor  in 1995 and  finally  (6)  the  impact  that 

Coronary CT may play in the detection of coronary artery disease.  After reading this 

book, we believe  the  reader will not only have a better understanding of how  to go 

about utilizing these unique tools  in the treatment and diagnosis of  individuals with 

heart  disease;  but,  also  be  encouraged  to  participate  in  the  process  of  constantly 

striving  to  improve  patient  care  and management  and  to  actively  seek  answers  to 

questions yet unanswered.  

The development of diagnostic methods used to Non‐Invasively diagnose and aid  in 

the  treatment of Heart Disease has evolved  the  three separate yet equally  important 

fields;  viz.  echocardiography,  computed  tomography  and  nuclear  cardiology.    The 

pioneers  of  these  fields  Inge  Edler  (Echocardiography),  Godfrey  Hounsfield 

(Computed  Tomography)  and  Hermann  Blumgart  (Nuclear  Cardiology)  presented 

ideas, which in their day were considered controversial; yet they became the basis of 

today’s Non‐Invasive Cardiology  and  this  book.   Each  breakthrough  in  history  has 

been received with  less  than enthusiastic response as  it questioned  the“Traditions of 

the Day”. Galileo Galilei’s efforts to explain that the solar system was heliocentric and 

not  geocentric  was  received  with  indignation  and  house  arrest,  particularly  after 

emphasizing that an intelligent individual could determine this by themselves without 

depending upon others.  Ignaz Semmelweis was reprimanded when he proposed that 

“germs” not “humours” were the primary cause of infant mortality.  Joseph Lister was 

less  than warmly  received when he questioned  the belief  that Miasma  (bad air) was 

responsible  for  infections  in  wounds  and  Archie  Cochran  showed  that  failure  to 

question  what  we  have  been  taught  can  result  in  the  repetition  of  the  same  old 

mistakes.  Insanity, it has been said, is repeating the same action over and over again 

and  expecting  a different  result.   As Max Planck once  said,  “A new  scientific  truth 

does  not  triumph  by  convincing  its  opponents  and making  them  see  the  light,  but 

rather because  its opponents eventually die, and a new generation grows up  that  is 

familiar with  it.”     This book presents  those concepts, not  just  for  future generations 

but  also  for  ours.    Science,  like mankind  keeps moving  forward.   When we  first 

proposed  the  theory  of  “Inflammation  and Heart Disease”  in  1995,  it  too met with 

great  resistance.    At  that  time,  cholesterol  alone was  viewed  as  the  sole  cause  of 

coronary  artery  disease;  yet  with  time,  “The  Fleming  Unified  Theory  of  Vascular 

Disease” not only stood the test of time; but, become the explanation for much of what 

we see today.  We find this encouraging, because, it shows that todayʹs physicians are 

capable  of  embracing  paradigm  shifts  that  they  once would  have  resisted  allowing 

medicine to improve at unprecedented rates.  
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This book is dedicated to all of those men and women before us who encouraged us to 

question what we  think and strive  to  leave  the world a better place as well as  those 

who  read  this  book  in  an  effort  to  improve  the  care  of  their  patients  through  the 

utilization of the use of Doppler echocardiography, Coronary Computed Tomography 

and Nuclear  Cardiology.    I  dedicate  the  book  to  Gallileo,  Edler,  Blumgart,  Lister, 

Hounsfeld,  Semmelweis,  Cochran  and  Planck.    Lastly,  I  would  like  to  thank  and 

dedicate  this book  to  the  following  individuals who have directly  influenced my  life 

and encouraged me  to continue my scientific endeavors.   To President  J.F. Kennedy, 

whose scientific programs placed me on an accelerated science pathway beginning in 

7th  grade  and who  understood  the  importance  of  training  future  scientists.   To my 

parents, Joseph and Margaret who encouraged me to become whatever I wanted to be; 

but, to be the best at whatever I chose to be.  They never doubted me.  To my children 

(Stephanie,  Christian  and Matthew), who  have watched  their  father work  endless 

hours  taking  care  of  patients,  teaching  students,  residents  and  fellows,  all  the  time 

working on multiple research projects over the years in an effort to improve Medicine 

and  the  treatment of patients; but, who remind me daily  that  the greatest gift  in  the 

world is to be a father, to my wife Susan and last but certainly never least to Gordon 

M. Harrington, who  apart  from  any  other  individuals  has  persevered  our  endless 

struggles  to change  the paradigms  that weigh down science and humanity.   Gordon 

unlike any other has encouraged and supported me on  this  journey and  to Dorothy 

Forsberg‐Harrington for her loving support of Gordon and myself.   To all those who 

have supported and believed, this book is dedicated to you. 

 

 Richard M. Fleming 

Critical Care and Cardiology, Department of Internal Medicine,  

Sierra Nevada Veterans Affairs Health Care System, Reno, Nevada,  

USA 
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Superior Vena Cava Doppler Flow Changes in 
Superior Vena Cava Syndrome 

Yun You Duan and Li Jun Yuan 
Fourth Military Medical University 

China 

1. Introduction 
Two major topics were covered in this chapter. The first was to explore a method of 
establishing a rabbit model of SVCS by injecting VX2 tumor cell suspension 
transcutaneously under ultrasound guidance, and to observe the radiotherapeutic effects by 
SVC Doppler flow changes. The establishment of this model would offer an experimental 
evidence for better diagnosis, treatment and follow-up observation of SVCS. The second was 
to investigate the evolution of the SVC Doppler flow changes in patients with SVCS and its 
value in assessing clinical therapeutic effects in these patients.  
An animal SVC obstruction model would be of use in further studies directed at optimizing 
the therapeutic strategies for original tumors causing SVC syndrome in patients, yet no 
detailed information about the establishment of an animal SVC obstruction (SVCO) model 
can be found in the literature. It has been reported that VX2 tumor cell could be successfully 
inoculated into multiple organs to induce malignant tumors in rabbits (De Crespigny et al, 
1999; Goldberg et al, 1999; Ishida et al, 2000), and various imaging modalities has been 
adopted to assess the effect of this inoculation (Kim et al, 2000; Liu et al, 2001). We 
hypothesize that a rabbit model with SVCO could be established by inoculating VX2 tumors 
cells into the areas around the SVC.  
Superior vena cava syndrome (SVCS) is a clinical expression of obstruction of blood flow 
through the SVC, and more than 80% cases are caused by malignant tumors. Though 
contrast-enhanced spiral or multi-slice CT is now able to identify accurately the site of 
occlusion or stenosis, it has been greatly limited by its high cost and radiation and thus is 
not appropriate for follow-up observations. In contrast, ultrasound is safe, reproducible, and 
relatively inexpensive. Doppler ultrasonography has been successfully used to assess the 
rabbit SVC obstruction model. We hypothesize that Doppler flow patterns of SVC could be 
applied for assessing the severity of SVCS and its therapeutic effects. 

2. Objective 
There are three objectives for the animal study. The first is to study the feasibility of 
establishing a model of SVCO in rabbits by infusing VX2 tumor cell suspension 
transcutaneously with ultrasound guidance, and to evaluate the applications of this animal 
model. The second is to study morphologic and hemodynamic changes of superior vena 
cava (SVC) in rabbits with SVCO using two-dimensional and Doppler ultrasound and to 
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explore the relationship between the tumor size in specimen and the two-dimensional and 
Doppler ultrasonographic characteristics. The third is to analyze the ultrasonographic 
characteristics and histopathological changes after radiotherapy in rabbits with SVCO, and 
to provide useful information for assessing the SVC syndrome therapeutic effect in clinic.   
The objective of the human study was to evaluate the Doppler SVC’s flow patterns and their 
value in assessing SVCS. 

3. Materials and methods 
3.1 Animals model establishment 
Fifteen adult healthy New Zealand White rabbits were enrolled in this study. Anesthesia 
was performed by injecting Ketamine Hydrochloride into the posterior leg muscles of 
rabbits at a dose of 30mg/kg. The VX2 tumor cell suspension was prepared under the sterile 
condition. About 0.1ml tumor cell suspension was infused transcutaneously in front of SVC 
and close to its anterior wall guided by ultrasound. The SVC morphology and 
hemodynamics as well as the tissues around SVC were examined with two-dimensional and 
Doppler ultrasonography once every 3 days from the 9th day after the injection of tumor cell 
suspension till the natural death of the rabbits. These findings were compared with those by 
CT and digital subtraction angiography (DSA).  

3.2 Ultrasonographic examinations 
One rabbit did not develop tumor after the injection of VX2 tumor cell suspension and thus 
excluded. The rest of the fourteen rabbit models of SVCO were examined by two-
dimensional and Doppler ultrasonography using Sequoia 512 computed ultrasonograph 
with the probe of 7v3c.  
The sizes of the tumor and the SVC morphology and hemodynamics were observed with 
the transducer placed in the right supraclavicular region view using Sequoia 512 computed 
ultrasonograph once every 3 days from the 12th day after the injection, and compared with 
the ultrasonographic findings before injection. The ultrasonographic findings were also 
compared with those of CT and autopsy findings, respectively. 

3.3 Radiotherapy for rabbits with SVCO due to VX2 tumor injection 
Thirteen survived rabbits with SVCO due to VX2 tumor were enrolled in this study. The 
tumors in mediastina were exposed one minute with 2gy everyday by SIEMNS 
MEVATRON 6745, which was 10 times in all. Before the radiotherapy and On the 10, 17 and 
24 day after radiotherapy, the sizes of the tumor and SVC, SVC velocities and echo 
characteristics in the 13 rabbits were detected with the transducer placed in the right 
supraclavicular region using Sequoia 512 computed ultrasonograph. The mediastina 
neoplasm tissue before and after radiotherapy were sampled for HE staining and TUNEL 
for analysis of the number of the apoptotic cells. 

3.4 Patients 
Forty-two patients (26 females and 16 males) with SVCS caused by neoplasm (34 with right 
upper lung cancer and 8 with mediastinal tumor), aged from 22 to 56 years old were 
included in this study when they were scheduled for radiotherapy and/or chemotherapy 
treatment from January 2000 to June 2005. All the patients had upper extremity and facial 
swelling at initial diagnosis. Twenty volunteers (15 males and 5 females) aged 23–52 years 
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with no history of cardiac and pulmonary diseases were recruited as controls. All informed 
consents of the patients were acquired. 

3.5 Methods of human study 
Acuson Sequoia 512 ultrasonograph equipped with7V3C transducer was used. 
Electrocardiogram and respiratory curve were recorded simultaneously. The following 
procedures were in accordance with the ethical standards of the committee on human 
experimentation of the institution and approved by Tangdu Hospital committee.  
Right supraclavicular approach. Patients took a supine position. With the transducer placed in 
the fossa between the sterna and clavicular heads of the sternomastoid muscle, the upper 
part of the SVC and its adjacent structures were fully displayed.  
Subcostal approach. Patients took a supine position. With the transducer placed in the 
subcostal region, the lower part of SVC was displayed.  
The SVC spectra were recorded. The flow velocities of the two forward waves, systolic wave 
(S) and diastolic wave (D) and the two reversed waves during ventricular and atrial 
contraction (VR and AR), were measured. The variation of these flow velocities with cardiac 
cycle and respiration was analyzed with SPSS software. All the patients were followed up 
for more than 11 months. 

4. Results 
4.1 The success rate of establishing SVCO rabbit models 
Fourteen rabbits were found to have the tumors para-SVC and/or in the SVC cavity by 
ultrasonography. One rabbit dropped off because no tumor grew until 42nd day after the 
infusion. The success rate of developing rabbit SVCO model was about 93.33%.  

4.2 Two-dimensional ultrasonographic findings of SVCO 
The diameters of the tumors were (80.70±4.28) mm. With the tumor growing, the lumen of 
SVC was deformed and narrowed, and the wall of SVC was disrupted shown by two-
dimensional ultrasonography (Figure 1 and 2). The tumor size growth was linearly 
correlated with time, and the correlation coefficient was 0.9855 (Figure 3). The tumor 
diameter by ultrasound was similar to the diameter by autopsy ((80.70±4.28mm vs. 
82.16±3.41mm, t=0.998, P=0.327405).  
 

 
Fig. 1. Two-dimensional ultrasonography of normal SVC 
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Fig. 2. Two-dimensional ultrasonography of a rabbit with SVCO 

 

 
Fig. 3. Tumor growing with time  

4.3 SVCO development 
All the 14 rabbits developed SVCO. In eight rabbits, SVC was found to be oppressed by two-
dimensional ultrasonography on the 15th day after infusion, Aliasing mosaic flow signals 
and high flow velocity spectra in SVC were demonstrated by Doppler ultrasonography. In 
another 4 rabbits, the stenotic blood flow velocities were displayed on the 18th day after 
infusion. In the last 2 rabbits, the abnormal blood flow was seen on the 21st and the 24th 

day, respectively.  

4.4 The different stages of SVCO 
The development of SVCO could be divided into three stages. Early stage: About 1 week 
after. The tumor area was 0.5 cm2~3cm2. The echotexture was hpyoechoic and evenly 
distributed, the shape of the tumor was regular with pseudocapsule. SVC was compressed, 
but the SVC wall was relatively intact (Figure 4). Mid stage: the tumor area was 3.1 cm2~6.0 
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cm2. Most of the tumors still were hypoechoic echotexture. Hyperechoic textures could be 
seen within some tumors. T shape of the tumor was not regular. At this stage, the SVC was 
oppressed and its course became abnormal; the lumen of SVC was narrowed, and the wall 
was infiltrated by tumors (Figure 5). Late stage: The tumor area reached more than 6.1 cm2, 
and the shape was dramatically irregular. Mixing echotexture was seen, but was mainly 
hypoechoic. SVC was severely oppressed and correlated well with the size of the tumor 
(Figure 6). The ultrasonographic findings of SVCO at the late stage correlated well with 
those findings by CT and the autopsy.  
 

 
Fig. 4. SVC being compressed by a mass (M) in a rabbit with SVCO. The wall of SVC is intact 

 

 
Fig. 5. SVC being compressed in a rabbit with SVCO. The wall of SVC is infiltrated by the 
mass (M) 
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Fig. 6. Relationship between the tumor size and the SVC diameter 

4.5 Doppler ultrasonographic findings of SVCO 
In SVCO, the color Doppler ultrasound showed mosaic or weak or even no flow signals 
within SVC (Figure 7). In normal rabbits, the pulsed Doppler ultrasound showed laminar 
flow in SVC (Figure 8); while in rabbits with SVCO, the SVC flow was turbulent and the 
spectral window was disappeared (Figure 9). The peak flow velocities of SVC waves were 
less influenced by respiratory cycle in SVCO compared to normal (Figure 10). SVC flow 
velocities significantly increased during early and mid stages of SVCO (Table 1).  
 

 S D VR AR 

Early and middle stages 78.25±14.97 59.68±13.16 19.22±4.99 17.44±2.67 

Late stage 33.71±18.90 33.55±20.03 10.53±3.27 9.33±1.58 

T 6.912 4.079 5.450 9.781 

P ＜0.0001 0.0004 ＜0.0001 ＜0.0001 

Table 1. SVC flow velocities changes at different stages of SVCO（ x ± s, cm/s） 
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Fig. 7. Mosaic and thread-like color Doppler flow signals were seen in SVC in a rabbit with 
SVCO by color Doppler ultrasonography. T: tumor 

 

 
Fig. 8. Normal SVC Doppler flow  
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Fig. 9. Increased SVC Flow velocities in the same rabbit as shown in figure 7 

 

 
Fig. 10. Peak velocities of SVC waves were less influenced by respiratory cycle than normal 

4.6 Evaluation of radiotherapeutic effect in SVCO rabbits  
The tumor showed a tendency to get smaller after radiotherapy. The echotexture of the 
tumor partly turned to be hyperechoic. The diameter of SVC become bigger and the flow 
velocities decreased at the site of tumor compared with that before the radiotherapy (Figure 
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11 and 12). The tumor diameter, SVC diameter and velocity changes after radiotherapy were 
shown in table 2.  
 

 
Fig. 11. SVC Doppler flow waveforms before the radiotherapy 

 

 
Fig. 12. SVC Doppler flow velocities decreased after radiotherapy from the same patient 
shown in figure 11 
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 D1 (mm) D2(mm) SysVmax（cm/s） 
Before radiotherapy 17.86±1.12 2.65±0.32 87.38±12.94 
10d after radiotherapy 17.64±1.08 2.78±0.37 84.65±11.46 
17d after radiotherapy 17.13±1.18 2.94±0.93 81.37±11.50 
24d after radiotherapy 16.38±1.60 3.23±0.28 77.55±12.34 

Table 2. Tumor diameter (D1), SVC diameter (D2) and systolic maximal flow velocity 
(SysVmax) changes after radiotherapy  

HE staining and TUNEL assay showed that the number of apoptotic cells in the tumor was 
much more than that before the radiotherapy (Figure 13& 14) (P<0.01). 
 

 
Fig. 13. HE staining showing that the apoptotic cells increased after radiotherapy (Right) 
compared to those before (Left) 
 

 
Fig. 14. TUNEL assay showing that the apoptotic cells increased after radiotherapy (Right) 
compared to those before (Left) 

4.7 SVC Doppler flow in patients with SVCS  
Different from healthy subjects, where laminar flow was demonstrated (Figure 15), the SVC 
flow spectra in patients with mild SVCS showed turbulent flow (Figure 16) and the spectral 
window was disappeared. In patients with moderate degree of SVCS, the distinct biphasic 
forward waves (S- and D-waves) of SVC were lost (Figure 17). In addition, we found that 
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the smaller of the VR- and AR-waves were, the farther the oppressed segment of SVC was 
away from the right atrium. 
 

 
Fig. 15. SVC Doppler flow spectra in healthy subjects. Doppler interrogation of the SVC 
shows systolic and diastolic phases of flow (S- and D-waves) toward the heart and late 
ventricular systolic and atrial systolic phases of backward flow (VR- and AR-waves) 
 

 
Fig. 16. SVC Doppler flow spectra in mild SVCS. The forward waves showed high velocity 
and no distinct spectral window 
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Fig. 17. SVC Doppler flow spectra in severe SVCS. The S, D AR, and VR waves could not be 
identified 

The RVI in SVCS group were much lower than those in the control group (S-wave: 1.9±3.6 % 
vs.16.34±8.96%, P = 0.0003; D-wave: 2.80±1.23% vs. 26.32±42%, P =0.0087). After treatment, 
the flow velocities of SVC decreased significantly with each month and the RVI was 
significantly increased compared to those before the treatment.  

5. Comments 
The animal study demonstrated that SVCO rabbit model could be easily established 
transcutaneously with the guidance of ultrasound. With VX2 tumor growing, SVC was 
oppressed and/or infiltrated by the tumor tissues and ultimately resulted in the blockage of 
the SVC, and developed SVCO. The pathogenesis of SVCO in rabbits was similar to that of 
SVCO in humans, indicating that this rabbit model of SVCO caused by VX2 tumor could be 
an ideal model of SVCO.   
Two-dimensional ultrasonography could be used to demonstrate the morphologic changes 
of the tumor and SVC. Color Doppler could sensitively detect the abnormal blood flow of 
SVC in rabbits with SVCO. It could be mosaic, weak or even no flow signals depending on 
the different stages and severity of SVCO. Doppler flow spectra of SVC showed less 
respiratory influences on the flow velocities in rabbits with SVCO.  
Linear accelerator radiotherapy could lead to cell apoptosis of the VX2 tumor transplanted 
besides SVC. HE staining and TUNEL assay showed increased number of apoptotic cells of 
the tumor tissue compared to that before radiotherapy. With the apoptosis of the tumor 
cells, the echotexture of the tumor partly turned to be hyperechoic and the tumor itself was 
getting smaller. Thereby the oppression severity of the SVC was decreased, the diameter of 
SVC was getting bigger, and finally the obstruction was getting resolved. 
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With the release of the obstruction after radiotherapy, the respiratory variation of the SVC 
Doppler flow velocities could be recovered and the peak flow velocities of SVC decreased 
gradually after the treatment shown by Doppler ultrasonography. However, the tumor size, 
SVC diameter and the flow velocity could not completely get back to normal after treatment. 
This suggests that Linear accelerator radiotherapy could not inactivate VX2 tumor 
completely, which might be related to the high grade of malignancy, poor proliferation of 
the VX2 tumors. 
The human study demonstrates that respiratory variations of SVC Doppler flow velocities 
are significantly decreased in patients with SVCS, but could be recovered gradually after 
treatment, indicating that respiratory variations of Doppler flow changes of SVC correlate 
well with the severity of SVCS, and may be used to assess the therapeutic effects of SVCS.  
The SVC Doppler flow patterns in patients with SVCS were characterized with fill-in and 
broaden spectra, nondistinct outlines. The D-wave was unable to return to the baseline at 
end diastole, which was consistent with previous studies (Yano&Shimada, 1997). When the 
patients’ condition improved after treatment, , the pressure gradient at the stenotic segment 
of SVC also decreased, indicating that SVC hemodynamic changes was in accordance with 
the clinical courses of SVCS (Behar et al., 2001; Tighe et al., 2000).   
It has been well known that, respiration had significant influence on SVC flow velocities in 
healthy subjects. The S- and D-wave peak velocities are much greater on inspiration 
compared with those on expiration because the decreased intrathoracic pressures during 
inspiration causes increased venous return (Jellinek et al., 2000; Vieillard et al., 2001). In 
patients with SVCS, However, the obstruction prevents the conduction of the intrathoracic 
pressure changes into the right atrium and to SVC, resulting in decreased or even 
diminished respiratory variations of S- and D-wave flow velocities. Once this obstruction is 
released after treatment, the SVC Doppler flow velocities would decrease and the 
respiratory variations of these flow velocities would be back. 

6. Conclusions 
Rabbit model of SVCO caused by VX2 tumor could be an ideal model of SVCO for clinical 
study. Doppler ultrasound is the first method of choice for assessing the hemodynamics of 
SVCO.  
Normally, respiration had significant influence on SVC morphology and dynamics in 
healthy subjects. This influence would become less in the patients with SVCS, suggesting 
that SVC Doppler spectra could reflect the severity of SVCS. 
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1. Introduction 
Right ventricular (RV) function can be seriously compromised due to either left ventricular 
(LV) failure or severe pulmonary hypertension (PH) and pulmonary vascular dysfunction of 
extra-cardiac origin, especially in critically ill patients, and can be associated with worse 
prognosis. Echocardiography in the Intensive Care Unit (ICU) can provide significant 
information to the caregivers, when confronted with a patient with unexplained 
hemodynamic instability. However, right ventricular echocardiographic assessment can be a 
challenge in day-to-day clinical practice in the ICU, mostly because of complex interactions 
between mechanical ventilation, fluid balance and critical illness per se, whereas right-to-left 
interdependence can lead to significant hemodynamic collapse in patients with severe 
respiratory diseases, septic cardiomyopathy or pulmonary embolism. Finally, the complex 
geometry of the chamber in association with lack of optimal visualization may limit the 
accuracy of conventional variables, which have bee proven to be reliable in other clinical 
settings. For the above reasons, novel indices have been adopted for easier, highly 
reproducible and less variable evaluation of RV function, such as the tricuspid annular 
plane systolic excursion (TAPSE) and the Tissue Doppler Imaging (TDI) velocities of 
tricuspid valve. Their accuracy has already been tested in patients with cardiovascular 
diseases. Nevertheless, their adoption as monitoring tools in critically ill patients under 
mechanical ventilation remains to be established. In this chapter we will review the different 
areas of application of TAPSE and TDI velocities and try to discuss their possible potential 
as accurate and reproducible diagnostic and prognostic techniques in adult critical care.  

2. Conventional hemodynamic measurements in ICU 
The pulmonary circulation is a high-flow and low-resistance system. Contrary to the left 
ventricle (LV) the thin-walled right ventricle (RV) cannot easily tolerate acute increase in 
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afterload, leading to acute distention, paradoxic intra-ventricular septal movement and 
consequently, reduced LV filling and cardiac output (CO) (Pinsky, 2002, 2007; Sibbald & 
Driedger, 1983). Due to ventricular interdependence superficial myocardial fibers enrich 
both LV and RV. As a result, the two ventricles share the septum and are contained within 
the same pericardial cavity, explaining the decrease in LV output during positive pressure 
ventilation and application of different levels of positive end-expiratory pressure (PEEP) 
(Taylor et al., 1967; Fellahi et al., 1998).  
Right ventricular dysfunction is common in critically ill patients. Any cause of RV 
pressure overload such as pulmonary hypertension (PH) or reduced RV contractility, such 
as RV infarction, sepsis, cardiomyopathy, myocarditis and pericardial disease may lead to 
RV failure in patients during their stay in Intensive Care Unit (Bunnell & Parrillo, 1996; 
Parker et al., 1990). Furthermore, pulmonary vascular dysfunction is associated with 
many disease processes in the ICU setting, whereas pulmonary embolism (PE) and acute 
respiratory distress syndrome (ARDS) are considered the two main causes of acute cor 
pulmonale (ACP) in adults (Jardin et al., 1985; Vieillard-Barron et al., 2002). The elevation 
in pulmonary vascular resistance (PVR) can increase the transpulmonary gradient and 
lead to RV failure. For these reasons, adequate assessment of RV function is very 
important, especially in hemodynamic unstable patients, since the presence of RV 
dysfunction may alter treatment and has severe impact upon final outcome (Beaulieu & 
Marik, 2005).  
Pulmonary hypertension is defined at right heart catheterization with resting pulmonary 
artery systolic pressure (PASP) exceeding 35 mmHg, whereas absence of echocardiographic 
evidence of increased left atrial pressure or pulmonary artery occlusion pressure (PAOP) < 
15 mmHg, obtained through a pulmonary artery catheter (PAC), describes PH associated 
with primary pulmonary disease (Rubin, 1997; Berger et al., 1985). The gold standard for the 
diagnosis of pulmonary hypertension and RV dysfunction in ICU is considered to be the 
pulmonary artery catheterization (Price et al., 2010). However, different studies have shown 
that assessment of PASP, LV and RV with PAC seems to be inaccurate in patients under 
mechanical ventilatory support, whereas overall outcomes are not improved when the PAC 
is used in general in critically ill patients (Vieillard-Barron et al., 2002; Price et al., 2010; 
Hadian & Pinsky, 2006). 
For the above reasons, the role of both transthoracic and transesophageal echocardiography 
is increasingly recognized in assessing both RV and LV function in critically ill patients, 
providing significant information regarding RV geometry in different clinical scenarios. 
Normally, RV systolic function can be quantified using the right ventricular function area 
change (RVFAC) and ejection fraction (RVEF), whereas RV dilatation can be estimated by 
measuring RV end-diastolic area (RVEDA) in the long axis, from an apical four-chamber 
view. The ratio between RVEDA and LVEDA is one of the best ways to assess RV distention 
and quantify pressure and volume overload. A ratio ≥ 0.6 corresponds to moderate 
dilatation whereas a ratio ≥ 1 reflects a severe RV dysfunction (Jurcut et al., 2010). Moreover, 
in cases of severe RV overload, the septum becomes flat (in diastole indicating volume 
overload and in systole when there is pressure overload) and the LV takes the ‘D’ shape, 
limiting LV preload. In addition, the pulmonary pressures can be calculated using the 
modified Bernoulli equation by estimating the systolic-pressure gradient across the 
tricuspid valve and after measuring right atrial pressure (RAP) (Jurcut et al., 2010; Kaul et 
al., 1984).  
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2.1 Common limitations of traditional echo-derived measurements in ICU 
However, the presence of tricuspid regurgitation (TR) varies among studies, based on 
different levels of severity of pulmonary hypertension. Furthermore, narrow acoustic 
windows due to lung hyperinflation or marked respiratory variations in intrathoracic 
pressure, particularly in patients with severe lung disease, may limit the ability to detect an 
adequate TR jet (Berger et al., 1985; Arcasoy et al., 2003). In a cohort study of 374 lung 
transplant candidates with a prevalence of pulmonary hypertension around 25%, it was 
found that estimation of pulmonary artery systolic pressure by echocardiography was 
frequently inaccurate, compared with data derived from right heart catheterization, leading 
to considerable overdiagnosis of pulmonary hypertension (Arcasoy et al., 2003).   
Another possible limitation for PASP estimation with pulse wave (PW) Doppler is 
associated with the method used for RAP assessment. Right atrial pressure depends not 
only on RV preload but also on pleural pressures transmitted to the right atrium, leading to 
differences between intravascular and transmural pressures under mechanical ventilation. 
Only a few studies have evaluated different echo-derived measures for the assessment of 
RAP in mechanically ventilated patients (Lichtenstein & Jardin, 1994; Yock & Popp, 1984). 
Different techniques for calculating inferior vena cava (IVC) diameter have been proposed 
to impact on accuracy of RAP estimation (Bendjelid et al., 2003). The method that seems 
more accurate was developed by Lichtenstein, and calculates IVC diameter longitudinally at 
end-expiration and end-diastole and during the R wave on electrocardiogram (ECG), 2 cm 
before the right atrium and with the M-mode on short axis view (Lichtenstein & Jardin, 
1994). The estimation of RAP using IVC diameter and its respiratory collapse has been 
shown to correlate better with central venous pressure (CVP) in patients with RV 
dysfunction and PH (Mintz et al., 1981). It seems that since the normal respiratory 
augmentation in venous return is limited by RV enlargement, normal IVC diameter 
variations are reduced, increasing diagnostic accuracy of this technique. Furthermore, 
measurement of distensibility index of IVC has been proposed for RAP calculation in 
mechanically ventilated patients (Barbier et al., 2004). Finally, traditional echocardiographic 
indices, such as RVFAC, are time-consuming and not always easy to perform because of 
difficulties to well delineate the RV endocardial border.  

3. Estimation of TAPSE and RV TDI velocities in different clinical studies 
For the above reasons, different methods have been suggested for echo-Doppler derived 
diagnosis of pulmonary hypertension and assessment of RV function in patients under 
mechanical ventilatory support, such as Tricuspid Annular Plane Systolic Excursion 
(TAPSE) calculation (Kaul et al., 1984; Hammarstrom et al., 1991) and recently, the ratio of 
peak tricuspid regurgitant velocity (TRV, ms) to the right ventricular outflow tract time-
velocity integral (TVIRVOT, cm) that seems to accurately determines pulmonary vascular 
resistance (Abbas et al., 2003). 
Moreover, tissue Doppler imaging (TDI) techniques that measure velocities of cardiac tissue 
have been studied for the assessment of left ventricular diastolic function in the ICU 
(Combes et al., 2004; Vignon et al., 2008), whereas only a limited number of researchers have 
investigated their diagnostic accuracy on right ventricular (RV) dysfunction, in different 
clinical settings (Meluzin et al., 2001; Sundereswaran et al., 1998; Moustapha et al., 2001). 
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Finally, an increased ratio of RV diameter to tissue Doppler velocity of tricuspid annular 
motion has been suggested by others as useful predictor of pulmonary hypertension 
(McLean et al., 2007) 

3.1 Calculation of TAPSE in cardiovascular patients 
Since RV muscle fiber orientation results in a contraction that occurs predominantly along 
the longitudinal plane, systolic displacement of the tricuspid annulus toward the RV apex 
closely correlates with right ventricular fractional area change. TAPSE as a measure of RV 
base-to-apex shortening during systole is recorded on M-mode using the 2D four-chamber 
view. The cursor is placed to the junction of tricuspid valve plan with the free wall of the 
RV, whereas data are averaged over five beats (Figures 1 & 2). Normal values for TAPSE are 
15-20 mm (Price et al., 2010; Meluzin et al., 2001; Lang et al., 2005).   
 

 
Fig. 1. Measurement of tricuspid annular plane systolic excursion (TAPSE) 

TAPSE calculation in a patient under spontaneous respiration by M-mode, using the 2D 
four-chamber view. The cursor was placed to the junction of tricuspid valve (TV) plan with 
the free wall of the right ventricle (RV), whereas data were averaged over five beats. In this 
case, TAPSE value is normal (22.5 mm).  
Samad assessed TAPSE in patients after a first myocardial infarction and showed that values 
≤ 15 mm were associated with increased mortality (45% at 2 years) compared with patients 
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having TAPSE > 20 mm (4%) (Samad et al., 2002). Kaul and coworkers found that TAPSE 
was more closely related with the RV area change during systole compared with 
radionuclide estimation of RV ejection fraction (Kaul et al., 1984). Both of these studies have 
shown that TAPSE is decreased in patients with depressed right ventricular function 
(RVFAC< 25%), whereas low TAPSE values have been found to predict a poor outcome in 
patients with dilated cardiomyopathy and pulmonary hypertension (Ghio et al., 2000; Forfia 
et al., 2006). In 63 patients with PH, Forfia and colleagues found that a TAPSE ≤ 18 mm was 
associated with greater RV systolic dysfunction (RVFAC 24 vs 33%), right heart remodeling 
and RV-LV disproportion (RVEDA / LVEDA: 1.7 vs 1.2). In addition, for every 1-mm 
decrease in TAPSE, the unadjusted risk of death increased by 17%, which persisted after 
adjusting for other hemodynamic and echocardiographic measurements and treatment 
regimens. Finally, one year survival in patients with TAPSE of 18 mm or greater was 94% 
versus 60% in subjects with TAPSE less than 18 mm, respectively.  
 

 
Fig. 2. TAPSE calculation. in a mechanically ventilated patient with severe pulmonary 
hypertension and RV failure due to acute respiratory distress syndrome (ARDS). TAPSE 
values were 9.8 mm 

In conclusion, patients with normal LV function and depressed TAPSE have increased 
pulmonary vascular resistance, reflecting afterload at the level of proximal pulmonary 
arteries. The increase in RV filling pressure and a trend toward a reduction in TAPSE can 
also be signs of right ventricular function deterioration in cases of preload increase and a 
reduction in contractility. We have observed a decrease in TAPSE during a trial of 
separation from mechanical ventilation (weaning trial) in a cohort of medical critically ill 
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patients with different diagnoses of admission, associated with increase in RV preload that 
was estimated with RVEDA, probably due to augmented venous return during spontaneous 
negative pressure ventilation (unpublished data).  

3.2 Use of Tricuspid annular tissue Doppler imaging in cardiovascular patients 
Tissue Doppler is superior to blood flow Doppler as it reflects directly myocardial function 
and is less subject to preload changes. TDI imaging has been used for differentiating 
different levels of PASP and for assessing left and right ventricular systolic and diastolic 
functions (Isaaz, 2000, 2002). Low values of systolic (Sm) and diastolic [Em (early) & Am 
(late atrial)] velocities have been proposed to reflect systolic and diastolic RV dysfunction, 
respectively (Waggoner & Bierig, 2001). Figures 3 & 4 demonstrate TDI measurements at the 
level of tricuspid valve in two patients with normal PASP and RV function and pulmonary 
hypertension with RV failure, respectively. 
 

 
Fig. 3. Tissue Doppler Imaging (TDI) velocities of tricuspid valve.  
After placing the cursor at the junction of the RV free wall and the anterior leaflet of the 
tricuspid valve, using the 2D four-chamber view. The systolic phase consists of two waves: 
1. the first peak represents isovolumic contraction (IC) and 2. the second peak represents 
systole (Sm).  Sm (1): Peak systolic velocity at the anterior leaflet of TV (15 cm/sec), Em (2): 
peak early diastolic velocity at the anterior leaflet of TV (18 cm/sec), Am (3): peak late 
diastolic (atrial) velocity at the anterior leaflet of tricuspid valve (6 cm/sec) 
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Meluzin J has shown that RV TDI systolic annular velocity correlated with RVFAC, assessed 
using radionuclide angiography and with prognosis, in 44 patients with LV heart failure 
(Meluzin, 2001, 2005). Moreover, a systolic annular velocity of less than 11.5 cm/sec 
predicted right ventricular dysfunction (RVEF < 45%) with a sensitivity of 90% and 
specificity of 85%. Dokainish has found that RV TDI systolic annular velocity detected mild 
degrees of RV dysfunction not yet apparent from visual assessment and concluded that Sm 
was an independent predictor of cardiac death or rehospitalization (Dokainish et al., 2007). 
Saxena demonstrated that the peak systolic tricuspid annular velocity (Sm) obtained from 
TDI measurements was able to determine RV systolic function, regardless of pulmonary 
artery pressures and was strongly correlated with both RVFAC and TAPSE, in 52 patients 
with varying degrees of pulmonary hypertension (Saxena et al., 2006). Similar results were 
found in a cohort of 22 heart transplant recipients, supporting that both Sm and TAPSE 
might be clinically useful for RV function determination (Doutreleau et al., 2007). 
 

 
Fig. 4. Pulsed-wave tissue Doppler imaging (TDI) velocities of tricuspid valve in a patient 
with pulmonary hypertension and severe RV failure. 
In this case, there is significant decrease in both systolic [Sm (1,2): 8-9 cm/sec] and diastolic 
velocities (Em, Am), indicating severe systolic and diastolic right ventricular dysfunction 

3.3 Use of TAPSE and Tricuspid annular tissue Doppler imaging in the ICU 
Recently, Sade showed that in ICU patients (35% under mechanical ventilation) the E (from 
the trans-tricuspid flow) /Em ratio was strongly correlated with right atrial pressure (Sade 
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et al., 2007), whereas Denault  proposed an algorithm for the diagnosis and classification of 
RV diastolic function during weaning from cardio-pulmonary bypass, based on a 
combination of indices derived from pulsed-wave Doppler of the tricuspid valve, hepatic 
vein flow and tricuspid annulus TDI velocities(Denault et al., 2005). 
In a recent study we demonstrated that TAPSE and RV TDI velocities obtained by 2D 
echocardiography were significantly correlated with Ε/e΄ (transmitral early wave and mitral 
annulus motion ratio at its lateral aspect), left ventricular ejection fraction (LVEF), RVFAC, 
PASP and length of ventilatory support in a cohort of 32 mechanically ventilated patients 
with acute pulmonary edema (Papaioannou et al., 2010). Furthermore, these indices were 
proven to discriminate successfully patients with different duration of weaning. Liberation 
from mechanical ventilation can impose a significant load upon the cardiovascular system, 
especially in patients with heart disease. The shift from positive to negative intrathoracic 
pressure can augment venous return and central blood volume, increasing left ventricular 
preload and afterload. Moreover, high levels of catecholamines may reduce supply of 
oxygen to the heart due to tachycardia and decrease cardiac output due to increased 
pulmonary and vascular resistance (Lemaire et al., 1988).  
Different studies in mechanically ventilated patients have confirmed that increased 
pulmonary artery systolic and occlusion pressures during weaning trials are associated with 
weaning failure (Schmidt et al., 1997 & Delooz, 1976) whereas only one study using 
echocardiography investigated the relation between the echo-derived index E/e΄ and PAOP 
during liberation from the ventilator, in patients without pre-existing heart diseases (Lamia 
et al., 2009). However, baseline filling pressures have not been proven to successfully predict 
weaning outcome (Lemaire et al., 1988 & Jubran et al., 1998), whereas early assessment of 
weaning readiness with echocardiography during the course of mechanical ventilation had 
not been studied previously. The direct correlations that were found in our study between 
low TAPSE and RV TDI velocities with LVEF reflect systolic ventricular interdependence, 
while the inverse correlations between the RV function parameters and E/e΄ indicate that 
LV filling pressures comprise an important part of RV afterload in the context of acute 
pulmonary edema.  
In a similar study, Lamia and colleagues tested the hypothesis that TAPSE is related to RV 
function at baseline and increases in parallel with RVFAC following positive inotropic 
therapy, in 86 mechanically ventilated patients with varying diagnoses. Contrary to these 
initial hypotheses, they found that TAPSE was either weakly related or totally unrelated to 
RV systolic function, whereas a more significant correlation was found between TAPSE and 
left ventricular ejection fraction in comparison with RVFAC, especially after performing a 
set of dynamic maneuvers, such as fluid challenge, passive leg raising and dobutamine 
infusion (Lamia et al., 2007).  
Although simple to use, highly reproducible and fast, especially in the ICU setting where it 
can be performed by less experienced practitioners, TAPSE has some inherent limitations as 
a measure of RV function. It may be difficult to obtain a clear visualization of the tricuspid 
annulus, particularly in obese patients and in those suffering from chronic obstructive 
pulmonary disease (COPD). LV failure may induces changes in TAPSE independently of RV 
dysfunction, whereas Lamia’s finding of a cut-off value of 22 mm that identified patients 
with LVEF < 45% with 85% sensitivity and 62% specificity, makes this measure unsuitable 
for the assessment of LV function, at least in heterogeneous populations of critically ill 
patients (Lamia et al., 2007). In addition, RV assessment is restricted to the longitudinal 
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movement of the RV free wall and does not measure the contribution of the intraventricular 
septum and RV outflow tract (RVOT) (Lopez-Candales et al., 2006). Finally, apical akinesis 
may preserve normal TAPSE values with impairment of RV function whereas severe 
tricuspid regurgitation can also underestimate RV dysfunction and correlation with RV 
ejection fraction (Lopez-Candales et al., 2006 & Hsiao et al., 2006).  

4. Conclusions   
The echocardiographic assessment of left ventricle in the ICU has gained increased interest 
in the last years. However, the estimation of both systolic and diastolic right ventricular 
function is much more difficult to perform in mechanically ventilated patients and is mainly 
based on hemodynamic data derived from right heart catheterization. Heterogeneous 
pathologic processes that may lead to pulmonary hypertension and ARDS, application of 
different levels of PEEP and models of mechanical ventilation and a continuous dynamic 
change in fluid balance may have profound implications in heart-lung interactions and 
finally, the estimation of cardiac output. Severe sepsis and septic shock can also impair both 
the left and right ventricle, through changes in contractility, venous return and dramatic 
decrease in systemic vascular resistance. Finally, the development of ARDS due to either 
pulmonary or extra-pulmonary causes (i.e., severe sepsis) can be associated with acute cor 
pulmonale, pulmonary hypertension, RV and subsequently LV failure and hemodynamic 
collapse.  
For these reasons early and accurate assessment of cardiac function is urgently 
recommended in the ICU setting. Different Intensive Care Medicine Societies have already 
published guidelines concerning theoretical and practical education of intensivists in 
performing daily echocardiography (Cholley et al., 2006). The development of novel indices 
for the estimation of RV, such as TAPSE and TDI velocities seems very promising, since they 
are easily obtained at the bedside, they need less computational load and optimal 
visualization in comparison with conventional indices, such as RVFAC or RVEF and finally, 
can be performed by less experienced personnel, especially in the acute care setting (Salem 
et al., 2008). Moreover, intra- and inter-observer variability seems to be limited with the 
adoption of these techniques (Forfia et al., 2006).  
Their value in the ICU needs to be further investigated for their future use as basic 
echocardiographic assessment tools, since there are only two studies in the literature 
exploring significance of TAPSE and RV TDI velocities, as diagnostic or prognostic methods 
in mechanically ventilated patients with different diagnoses of admission. Although their 
application for LV assessment seems scientifically ground, evaluation of RV function and 
primary PH using these tools can be biased by the presence of LV failure, excluding their 
possible adoption in patients with biventricular dysfunction. However, in cases with normal 
LV, TAPSE and RV TDI velocities could be of significant value for continuous and indirect 
evaluation of pulmonary hypertension and RV function, in patients with severe 
respiratory failure. New studies must be undertaken for assessing their accuracy for 
predicting successful or failed liberation from the ventilator and for evaluation of possible 
impact of high levels of PEEP upon RV contractility during ARDS. Finally, daily and 
sequential estimations can be adopted as an alternative method for therapeutic 
monitoring of positive inotropic treatment upon cardiac performance, during shock states 
of different origin. 
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1. Introduction 
In the recent year, transcatheter endomyocardial biopsy is a procedure relatively simple that 
has been increasingly utilized in cardiomyopathy diagnosis. It is estimated that over 50,000 
biopsies are performed annually in the United States in general to control rejection episodes 
after heart transplantation.  
Endomyocardial biopsy plays important role in the diagnosis and treatment of adult and 
pediatric cardiovascular disease due to many specific myocardial disorders the etiology is 
seldom discovery by noninvasive testing. The indication this procedure may be especially 
challenging for many nonspecialists because the method is invasive and always must weigh 
the risks and benefits. The percutaneous transvenous endomyocardial biopsy has become 
the procedure safe and more convenient for rejection control after heart transplantation, 
histopathological diagnosis of cardiomyopathies or tumors1,2,3. The endomyocardial biopsy 
technique is safe in experienced hands however the method may lead to several 
complications, the most serious them is the right ventricle perforation with cardiac 
tamponade4,5.  
Heart biopsy already experimented investigation with different methods such as: open 
thoracotomy6; partial extrapleural thoracotomy with resection of a rib to facilitate the 
exposition7; percutaneous introduction of Vim-Silverman and Menghini needle8,9,10; 
introduction of a modified Ross transseptal needle through the superior vena cava or 
carotid artery11; and the use of cutting blades introduced through a catheter for 
endomyocardial biopsy12. Unfortunately, the heart biopsy history was marked by severe 
complications, which included pericardial tamponade, cardiac perforation, pneumothorax 
and hemothorax, and eventually death. Since 1980, the technique has become routinely 
used. 
Weinberg et al., in 1958, reported their experience with five patients who were undergone 
pericardial and myocardial biopsy13. The procedure was performed percutaneously under 
local anesthesia and the thorax was opened by resection of the fourth cartilage on the left. 
This invasive method did not gain ample acceptance due to high risk. The cardiac biopsy 
with needle through a limited thoracotomy was associated with pulmonary injuries, cardiac 
tamponade, coronary vessels laceration, arrhythmia, and sometimes with death. Despite 
these risks, direct needle biopsy was carried out in some centers. 



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

32 

In 1960, Sutton and Sutton reported the use of the myocardial biopsy in 150 patients whose 
specimens was obtained with needle introduced percutaneously at the left ventricular apex14. 
The guidance was done by fluoroscopy or electrocardiography but surgical risk maintained 
high. Ventricular premature beats or pulsation felt through needle indicated contact with left 
ventricle surface. This technique was repeated experimentally with few variations by Timmis 
et al., in 1972, using either Vim-Silverman or Menghini needle15. An electrocardiogram 
electrode extension was attached at needle to help in recognition of the epicardium through 
the lesion current; however without risk significative reduction.  
In 1962, Sakakibara and Konno became responsible for the introduction of the 
endomyocardial biopsy modern era with use of a flexible bioptome with sharpened cusps 
through transvascular approach to obtain endomyocardial tissue by a bite as opposed to 
cutting technique16. A long catheter was introduced into a peripheral vein or artery by 
dissection technique and advances to the right or left ventricle and small movable cutting 
jaws obtaining pieces of myocardial about 3 mm in diameter.  
In 1965, Bulloch et al. improved the safety of cardiac biopsy proposing the use of vascular 
access through the right external or internal jugular vein by introduction of a capable needle 
of withdrawing specimens from the right interventricular septum17. 
In 1972, Caves et al. at Stanford University developed another bioptome model that is in use 
until today for assessment of cardiac allograft rejection. The bioptome contains a moving 
jaw so that the longer and thinner is used for left ventricular biopsy and the shorter and 
thicker for right ventricular biopsy18. In the same year, Shirey et al., presented experience 
with left ventricle biopsy19. 
In 1973, Ali et al., publishing experience with the technique of Sakakibara and Konno for 
right ventricular endomyocardial biopsy by transvenous access employed in 28 patients 
with a variety of myocardial diseases of known and unknown etiology20. 
In 1974, Richardson reported another transvascular technique that gained wide acceptance 
with use of a modified Olympus bronchoscope biopsy forceps, called the King's College 
endomyocardial bioptome, introduced through a long sheath for either left or right 
ventricular biopsy21. 
In 1980, Kawai proposed the use of a new flexible model catheter to able of monitoring 
simultaneously the intraventricular electrocardiogram22.  
Table 1 shows the main diagnostic finding in endomyocardial biopsy and the main 
indications to endomyocardial biopsy at Heart Institute of Sao Paulo University include: 
1. Assessment and management of graft rejection after heart transplantation;  
2. Remission control of Chagas' disease reactivation after specific therapy administration, 

in general after heart transplantation; 
3. Evaluation and  diagnosis of the cardiomyopathies with unknown etiology; 
4. Diagnostic and orientation of the infectious myocarditis, inflammatory, drug induced, 

and others; 
5. Evaluation and management of malignant ventricular arrhythmias with unknown 

etiology; 
6. Evaluation and orientation of restrictive cardiomyopathies with unknown etiology; 
7. Etiologic diagnosis of the intracardiac tumor mass; 
8. Cardiomyopathy evaluation after use of immunosuppressive therapy; 
9. Controlled research protocols approved by the ethics committee and research of the 

institution. 
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Inflammatory or Immunology  Infiltrative 
• Heart allograft rejection  • Amyloidosis 
• Chagas ’disease reactivation  • Hemochromatosis 
• Myocarditis  • Glycogen deposit disease 
• Cytomegalovirus infection  • Fabry’ disease 
• Toxoplasmosis  • Gaucher’ disease 
• Sarcoidosis  Degenerative 
• Rheumatic  myocarditis  • Idiopathic cardiomyopathy 
• Eosinophilic myocarditis  • Drug-induced cardiomyopathy 
• Kawasaki’ disease  • Actinic cardiomyopathy 
• Differentiation between restrictive 

cardiomyopathy and pericarditis   

Ischemic  Tumor 
• Acute or chronic ischemic 

cardiomyopathy • Primary cardiac neoplasm 

• Shönlen-Henoch purpura 
 

• Metastatic cardiac neoplasm 

Table 1. Principal findings of the endomyocardial biopsy 

2. Technique of the endomyocardial biopsy 
2.1 Special care 
All biopsies must be performed with cardiac rhythm control, blood pressure, and 
continuous oxygen saturation. Patients with coagulopathies, thrombocytopenia, or under 
use of anticoagulant agents or antiplatelet should be well analyzed before biopsy to avoid 
hematoma formation and bleeding. The patients must be informed about all procedure 
stages and that during the withdrawal of myocardial fragment they may have a temporary 
pulling painful sensation. 
No premeditation is given for routine biopsy either child as adult patient. To adult patient is 
not necessary the venous access temporary maintenance or sedation and the biopsies are 
usually performed with local anesthesia. Eventually in adolescent patients may be necessary 
a small sedation to comfort. 
To patients with venipuncture fear may be utilized anesthetic cream existing market and 
which contains lidocaine and prilocaine under the trade name EMLA cream™ (an 
abbreviation for Eutectic Mixture of Local Anesthetics). To be effective EMLA cream™ must be 
applied topically in puncture site two hours before to reduce the procedure discomfort.  
Patient is encouraged usually to have a regular meal and if possible increase oral fluid 
amount up to 6 or 8 hours prior to biopsy. This maneuver is not mandatory but may 
facilitate the puncture. To infants and children this fasting period is minor and they should 
receive parenteral hydration by dehydration possibility and hypoglycemia. 
However, in children or pediatric patients require sedation and general anesthesia which 
must be accomplished with all cares that cover this procedure. In these cases the patient 
oxygenation must be ensured by mechanical ventilation through endotracheal intubation or 
laryngeal mask airway. The pediatric patients with low ejection fraction have an increased 
surgical risk and care must be redoubled. 
It is recommended that the endomyocardial biopsy should not be performed without a prior 
echocardiographic analysis, especially in pediatric patients or in diagnostic investigation of 
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dilated cardiomyopathies. Echocardiography that will be utilized as guide at 
endomyocardial biopsy cannot be the first echocardiographic exam accomplished in the 
patient because it is very important to procedure planning the prior knowledge of anatomy 
and heart function.  
It should be taken great care with the air inadvertent entry through sheath to the right heart 
chambers by air embolization possibility to pulmonary trunk with consequent decrease of 
the cardiac output, or to systemic circulation in cases with intracardiac shunts.  
Endomyocardial biopsies can be performed through the following venous access or arterial: 
subclavian, jugular or femoral however these two last approaches are more frequently 
utilized. Subclavian access rarely is employed because the possibility of severe vascular 
injuries is greater. The procedure is more frequently performed at cardiac catheterization 
laboratory and uses the fluoroscopic to guide endomyocardial biopsy. But 2 two-
dimensional echocardiography almost always offers additional resource, either alone or 
combined with fluoroscopy. 
In patients with multiples previous biopsies the passage of dilators with caliber gradually 
increased will facilitate the placement of the sheath. Venacavography realized prior in 
patients with antecedents of the venous thrombosis, presence of intravenous catheters or 
venous puncture attempts without success should be seen before biopsy to avoid accidents 
(Figure 1).  
All the recommendations above are strongly emphasized mainly to critical patients with 
decompensated heart failure or pediatric patients. The cares must also be extended to the 
place where the biopsy will be performed as well as necessary material and equipment 
(Table 2). This procedure is only a diagnostic exam easily executable; however it is an 
invasive method of risk. Nevertheless, once when the preconized classic principles are 
rigorously respected, the endomyocardial biopsy evolves low values of morbidity and 
mortality.  
 

Emergence Material and Cardiovascular Control 

• Cardiac rhythm control, noninvasive blood pressure and O2 Saturation. 
• Portable Cardiac Defibrillator. 
• Fluoroscopy or Disposable Two-dimensional Echocardiography. 
• Temporary Pacemaker Generator and Electrode. 
• Material to Pericardiocentesis and Pericardial Drainage. 
• Drugs and Equipments to Cardiovascular Reanimation. 

Material to Endomyocardial Biopsy Realization 

• Sterile Surgical Drapes and Gowns. 
• Antiseptic, Lidocaine 2% without vasoconstrictor, Saline Solution, and Heparin. 
• 10mL and 20mL Syringes, Gauze, Bandages and Hypodermic Needles. 
• Material to Vascular Puncture: Surgical knife, Needle punctures 5Fr, 7Fr, 8Fr or 9Fr,

Guidewire, Dilator, Sheath and Bioptome. 
• Surgical instruments: Anatomical forceps, Scissors, Needle holder, Forceps type

Halstead and Backaus. 

Table 2. Material and Equipment utilized during Endomyocardial Biopsy  
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Fig. 1. A - Attempted passage of guidewire through the right internal jugular vein. B- 
Guidewire deviated to the right subclavian vein. C - Contrast injection showing the venous 
anatomy. D - Passing of the guidewire after needle to be gently sloping. E - Introduction of 
the bioptome with two jaw. F - Superior vena cava with obstruction. G - Superior vena cava 
anastomosis with stenosis after cardiac transplantation by bicaval technique. H - Sheath 
positioned into right ventricle with the aid of the guidewire. I - Upper venous system with 
obstruction 

2.2 Bioptomes 
Currently, there are disposable bioptomes and sheaths available for percutaneous 
insertions and biopsy either left ventricle as right. Over the years the development of 
modern devices became the cardiac biopsy of a high risk technique to an insurance 
procedure and simple. 
Two basic types of bioptomes are available concerning the format with pre-shaped distal 
end (stiff shape – Konno, and Caves-Shultz bioptome) and unshaped maintained straight 
(floppy shaft – King, Cordis, Cook bioptome). The pre-shaped bioptome does not require long 
sheath or pre-shaped it can be short and straight because the bioptome curvature allows 
easily the entry into intraventricular chamber. Pre-shaped bioptomes have greater 
stiffness and offer better control to operator during biopsy. The forceps curvature angle 
can be modified to facilitate the passage of the instrument across tricuspid valve guiding 
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the forceps against interventricular septum. Table 3 shows main bioptomes commercially 
available. 
On the other hand, the straight bioptome necessitates pre-shaped long sheath to locate the 
forceps tip against interventricular septum. The pre-shaped long sheath can be located in 
intraventricular cavity by long guidewire or fluid filled catheter with or without balloon-
tipped. The sheath maintenance into ventricular cavity has as advantage main the quick 
positioning of the forceps; however this attitude may facilitates the development of 
arrhythmias and the ventricular perforation. In general the pre-shaped bioptomes are used 
in jugular approach or subclavian and straight bioptomes in femoral approach. 
It is possible to find in the market either disposable bioptome as reusable to be utilized for 
any conventional access approach and ventricular chambers being that the femoral vein 
requires a long sheath. Right ventricular endomyocardial biopsy can be performed 
percutaneously from one of the following approaches: internal jugular, subclavian or 
femoral veins. Left ventricular endomyocardial biopsy is normally performed retrograde 
access from one of the femoral veins. 
Both fluoroscopy as echocardiography can be used to guidance during endomyocardial 
biopsy for any approach differing only bioptome kind and sheath. The bioptome can have 
one or two articulated jaws (Figure 2). 
 

 
A 

 
B C D 

Fig. 2. A – Caves-Shultz bioptome is pre-shaped and has only one articulated jaw while the 
other is fixed and the introduction into cardiac chamber is done through a sheath. Jaw open. 
B – Kawai-model® flexible bioptome is straight and has a stainless steel shaft. It has two 
articulated jaws and need of a long sheath-guiding catheter introduced into ventricular 
chamber. C – Cook® straight bioptome. D – Straight bioptome with two articulated jaw 
requires a pre-shaped sheath. Jaws open 
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Jaw 

Model 

size (Fr) Articulated 

Flexible 
Shaft 

Length (cm) 
Reusable 

Scholten 
Bioptome® 

5.0, 6.5, 8.0 
and 9.0 1 50 and 100 yes 

Novatome™ 
6.0, 7.0, 8.0 

and 9.0 1 50 and 100 no 

Cordis® 
5.4, 7.0 and 

7.5 2 50 and 104 no 

SparrowHawk® 6.0 2 50 no 

Cook® 3.0 and 5.2 2 60 and 120 no 

Table 3. Characteristics of some bioptomes commercially available 

2.3 Internal jugular vein approach 
The right internal jugular vein is the most common percutaneous access site for right 
ventricular endomyocardial biopsy. Patient is placed on supine position with the neck 
extended and the head should be turned to the left about 45 degree to facilitate venous 
puncture site. The skin of the surgical region receives conventional asepsis and surgical 
drapes are positioned comfortably.  
It is very important careful identification of the triangle formed by the medial heads and 
lateral of the sternocleidomastoid muscle and the clavicle because the puncture is performed 
at upper vertex this triangle in direction to the ipsilateral nipple. During the needle 
introduction is performed anesthesia with lidocaine and the intermittent aspiration confirms 
vein localization. Excessive use of the lidocaine may infiltrate the recurrent nervous or the 
carotid sheath and lead transitorily to vocal cords paralysis or Horner's syndrome 
respectively. 
Use of ultrasound should be considered if there is any difficulty in locating the vein or 
artery because it facilitates the location of the blood vessel and demonstrates adjacent 
structures (Figure 3). Although ultrasonography is not absolutely necessary for the 
procedure it is a very valuable tool, mainly for patients undergo the procedure repeatedly. 
Valsalva maneuver or elevation of the legs may be very useful because it help to dilate the 
vessel and makes it more evident. Sometimes if the vein is collapsed or scarred, the use of 
the great gauge needle may compress the vein and make cannulation difficult and the use of 
thin gauge needle help to locate the vessel. 
The guidewire is inserted into right internal jugular vein by standard Seldinger technique as 
usually is performed in all punctures to introduce intravascular catheters23. Either 
fluoroscopy (Figure 4E) or two-dimensional echocardiography (Figure 5) can be used to 
confirm appropriate wire-guide position before sheath introduction, because occasionally 
the wire-guide is deflected toward the arm instead of advancing toward the right atrium. 
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Fig. 3. The ultrasonography is a powerful resource to help the vascular puncture in difficult 
situations. The images above were obtained by ultrasound of the right cervical region and 
show the anatomical relationship between the carotid artery (A) and internal jugular vein 
(B) and can be observed that the vein is much more compressible. The images to left side 
show venous distention with (A1B1) and without (A2B2) use of the Valsalva maneuver, 
respectively. C – During percutaneous venous puncture the image echogenic represents the 
correct position of the needle into internal jugular vein (arrow) 

Saline solution injection through sheath produces diluted microbubbles that serve as a 
contrast-enhanced and facilitates intracardiac anatomy identification and the wire-guide by 
echocardiography. Microbubbles have a high degree of echogenicity which are able of 
reflect the ultrasound waves and help to differentiate the anatomical structures. Wire-guide 
is a metallic object and has higher echogenicity in relation to other cardiac structures being 
easily identified. 
In Figure 4A is represented the main cervical anatomical structures for orientation of the 
right intern jugular vein. The triangle vertex formed by sternal head muscles bundles and 
clavicular of the sternocleidomastoid muscle serve as orientation anatomic point to internal 
jugular vein puncture (Figure 4A). The needle should be oriented in direction to ipsilateral 
nipple forming an angle of the 45 degree with skin (Figure 4B). 
An 18-gauge needle is located into right internal jugular vein through of a small incision in 
the skin is made with a scalpel to facilitate subsequent passage of the dilator and sheath. The 
needle must not be inserted in same plane of the carotid artery on the contrary should be 
move away from it as much as possible. If occur an inadvertent arterial puncture, the needle 
must be removed and an external compression is applied for 8 to 10 minutes to avoid 
bleeding and hematoma formation with serious consequences. Other arterial complication 
reported refers to carotid artery dissection or occlusion, and stroke related to emboli from 
thrombus or atheroma secondary to inadvertent carotid puncture. 
The sheath gauge should be chosen adequately to each bioptome, for example Caves-
Schultz bioptome requires a 9F or 8.5F sheath. The sheath only should be introduced into 
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vein after confirm by fluoroscopy or echocardiography that the guidewire is adequately into 
vein. Once finished biopsy, the sheath is removed and should be apply an external 
compression on the puncture site for half to one hour or more because the venous orifice left 
by puncture is big.  
We prefer the right jugular approach to pediatric patient or infants with pre-shaped 5Fr-
bioptome. 
 

 
A B C 

 
D E F 

Fig. 4. Endomyocardial biopsy performed through right internal jugular vein. A - Depiction 
of the main cervical anatomical structures that serves to help in the right venous puncture. 
(A) Sternal head lateral border of the sternocleidomastoid muscle; (B) Clavicular head 
medial border of the sternocleidomastoid muscle; (C) Clavicule; (D) Right external jugular 
vein; (E) Right internal jugular vein; (F) Manubrium; and (G) Right carotid artery. B – Right 
internal jugular vein punctured com needle and guidewire. C - Schematic diagram showing 
bioptome position during withdrawal of myocardial fragment. D – Pre-shaped bioptome 
passing through the sheath. E - Routine endomyocardial biopsy to monitoring of acute 
rejection after heart transplantation guided by fluoroscopy on patient with dual chamber 
pacemaker. (A) – Atrial electrode; (B) – Bioptome; and (C) – Ventricular electrode. F – 
Myocardial fragment at pre-shaped bioptome 

The left internal jugular vein approach is similar to above description done to the right with 
mirror image. Despite these considerations, the left internal jugular vein approach offers 
more difficulties because the trajectory since puncture site until right ventricle is more 
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sinuous with critical angles in relation to right approach. Left jugular puncture allows also 
the deviation of the guidewire to left through subclavian vein because this latter vein 
receives that first perpendicularly. 
 

 
Fig. 5. Two-dimensional echocardiography images in apical four chambers used to guide the 
bioptome during endomyocardial biopsy. Transient echogenic image created from of saline 
solution infusion through sheath lateral access that facilitates the anatomical structures 
identification. The bioptome is adequately positioned with the tip directed to 
interventricular septum only in situations A and B. A - Tip of the bioptome is removing a 
fragment of the interventricular septum apical portion (arrow). B - Forceps open at middle 
portion of the interventricular septum (arrow). C - Image showing the bioptome tip in 
direction to right ventricle free wall (arrow). This position is not adequate for perforation 
risk high and in same plane can be seen also the bioptome inside the right atrium (arrow). 
LV – Left ventricle; RV – Right ventricle; and RA – Right atrium 

2.4 Subclavian vein approach 
Subclavian vein approach is not preferential access to perform the endomyocardial biopsy 
and should be used in special situations. Eventually, the internal jugular vein approach 
must be prevented for venous obstruction, infection, hematoma or for any other reason. So, 
the subclavian vein may be an alternative access to accomplish the endomyocardial biopsy. 
Either the left subclavian vein as right may be utilized as access approach to biopsy. The left 
subclavian vein generally offers less resistance to bioptome advance when compared to 
right due to path curvature to have major radius and without acute angle. 
The subclavian vein puncture site should be more lateral than that utilized usually in 
venous catheters insertions to increase the puncture angle. If the right subclavian vein entry 
angle into superior vena cava was very acute, it may difficult the bioptome progression and 
with venous perforation possibility.  
Before venous insertion of the dilator and sheath should be confirmed the guidewire correct 
position to avoid vascular injuries or put the catheter at inadequate place. The guidewire is 
easily detected by dimensional echocardiography as an echogenic image into superior vena 
cava toward right atrium. As in any vascular puncture the insertion elements must glide 
smoothly without offer endurance. 
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In local puncture should be maintained compression for an hour or more after the sheath 
removal to prevent bleeding and hematoma, however this period must be further if the 
patient has coagulation disturbance or the puncture was difficult and complicated. 

2.5 Femoral vein approach 
Femoral vein puncture offers less technical difficulty compared to other venous access to 
endomyocardial biopsy (Figure 6). This approach is extremely disseminated among 
interventional cardiologists and it represents the preferred access them. The femoral vein 
approach has as main advantages the lower risk hematoma and arterial injuries24. If occur 
an inadvertent arterial puncture, the external compression is more efficient and less 
uncomfortable. Many patients prefer femoral access for aesthetic reasons because multiples 
prior biopsies can lead to keloid formation that is visible at cervical region. 
 

 
Fig. 6. Endomyocardial biopsy performed through left femoral vein. The bioptome advances 
by inside of the long sheath that runs along the inferior vena cava, passes through the 
tricuspid valve until the right side of the interventricular septum 

It should be emphasized that inguinal region is potentially contaminated and this way the 
care with asepsis must be redoubled. Inguinal region should be widely shaved and washed 
with antiseptic solution before the usual surgical preparation. This considerations have 
more relevance to patients underwent to heart transplantation for increased susceptibility to 
infections. 
As disadvantage the femoral access should be noted the need for a pre-shaped long sheath 
with curvature angle of 135-degree or catheter guidance to facilitate the direction of 
bioptome across the tricuspid valve. This approach may offer more difficulty to withdraw of 
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myocardial specimens of an appropriate region of septum as well as fragments of larger size 
because the device is thinner. Moreover this long sheath increases the risk of lead to clots 
and deep venous thrombosis. 
The operator may have the sensibility reduced by femoral approach because the trajectory of 
bioptome is long and may increase the ventricular perforation risk. Therefore, it is very 
important that the patients remain supine for approximately 2 to 4 hours after sheath 
removal to prevent bleeding. 
In 2008, Holzmann et al., reported experience with 3048 biopsy only for femoral approach 
and had the following complications: pericardial tamponade with pericardiocentesis in 
0.08%; permanent complete AV block with permanent pacemaker required in 0.04%; AV 
block III temporary requiring atropine and temporary pacemaker in 1.47%; small 
pericardial effusions in 0.74%; and persistent atrial fibrillation with cardioversion in 
0.18%25. 

2.6 Femoral arterial approach 
The left ventricular biopsy is indicated only in specials situations because the right 
ventricular biopsy is sufficient to study of most cardiomyopathies. Left ventricle biopsy has 
more importance in the diagnosis of intracardiac masses than in cardiomyopathies 
assessment.  
The guidewire used is long and advances through abdominal aorta retrogradely until into 
left ventricular cavity. After, this guide helps a pigtail catheter or pre-shaped sheath to be 
positioned into ventricular cavity too. In left ventricular biopsy is sufficient guide the 
bioptome away from mitral valvular apparatus because all walls are equally thick. 
It must be dispensed much attention to inadvertent entry of air into the system for arterial 
embolism risk. During the procedure the sheath is washed continuously with heparin 
diluted into saline solution to avoid thrombus formations and embolism.  

2.7 Heterotopic heart approach 
For heterotopic heart transplantation, the donor right atrium is located into right 
hemithorax. Heterotopic heart approach requires a special strategy to achieve the donor 
right ventricle. The connection of the hearts may be performed between the anastomosis 
combinations of flowing donor-recipient structures vena cava and right atria. Metallic clips 
are put above and below that anastomosis to identification the bioptome entry site into 
donor heart. Right internal jugular vein remains the preferential route of approach. The 
other venous access may be used with the following order of increasing difficulty: left 
subclavian, left internal jugular, right subclavian, and finally femoral vein with much more 
difficulty.  
Two-dimensional echocardiography offers good guidance in expert hands however with the 
fluoroscopy seems be easier. Figure 7 shows different stages in endomyocardial biopsy 
performing on heterotopic heart transplantation. 

3. Guidance for endomyocardial biopsy 
Endomyocardial biopsy usually is performed safely under fluoroscopic guidance because it 
provides information to the operator about the course of the bioptome and site of biopsy. 
Fluoroscopy presents several advantages because is widely known; easy handling, safe 
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method, allows complete visualization of the procedure, and does not require an 
additional operator to biopsy achievement. It is the most accepted method and universally 
widespread.  
 

 
A B 

C D 

Fig. 7. A - Illustration showing bioptome trajectory during the performing of the 
endomyocardial biopsy on heterotopic heart transplantation. B - Contrast injection into graft 
superior vena cava. In superior vena cava anastomosis was placed metallic clips for easy 
identification of the bioptome entry site into cardiac graft. C – Inside the right atrium the 
bioptome tip tends to move away from the tricuspid valve. D – After rotating 180 degree the 
bioptome reaches the interventricular septum. Sometimes the forceps opening may offer 
resistance by trajectory tortuosity of bioptome 

Other noninvasive methods may offer additional information about anatomic aspects and 
improved guidance of the bioptome26. For example, computed tomography may be used to 
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assess the angle of the intraventricular septum relative to the superior vena cava or 
inferior vena cava, and cardiac magnetic resonance imaging may be of value to detection 
of a focal disease process may identify the area of the left or right ventricle that would be 
most likely to demonstrate the underlying pathological process. These methods have 
more application to guide biopsy with needle on investigation of the extracardiac thoracic 
mass. 

3.1 Endomyocardial biopsy guidance by echocardiography 
In this chapter we give more emphasis to two-dimensional echocardiography as guidance 
method for endomyocardial biopsy realization as well as hybrid method i.e. association of 
both methods for special situations. 
In 1983, Hanley et al., published the use of echocardiography to guide endomyocardial 
biopsy in diagnosis of the left ventricle melanoma27. 
In 1984, Piérard et al. reported the use of two-dimensional echocardiography as bioptome 
guidance method during the endomyocardial biopsy28. In the same year, Copeland et al., 
extended this procedure to investigation of intracardiac mass29.  
In 1985 Williams et al., described the use of the two-echocardiography as guide to 
endomyocardial biopsy with successful in 83 patients being that in 96% of the cases was 
possible visualize the bioptome entering into right atrium, crossing the tricuspid valve, and 
advancing to the right ventricular apex and free wall30. 
The echocardiographic technique without fluoroscopy has been used primarily to critical 
patients that cannot go to catheterization room, present contraindication for radiation or to 
biopsy intracardiac masses. In contrast to fluoroscopy and angiography, echocardiography 
is able to provide direct assessment of soft tissues and heart anatomy, and can assess the 
relationship between catheters or devices and adjacent structures. 
Some operators use fluoroscopy and echocardiography in combination, also called hybrid 
method, to enhance entry into the right ventricle and direction of the bioptome. Three-
dimensional echocardiography may enhance visualization and reduce the reliance on 
radiographic imaging in the future. 
Endomyocardial biopsy technique employs routinely the fluoroscopy to guide the bioptome 
very easily and with few adverse effects. In most cases, when there is high risk to transfer 
the patient at catheterization room or contraindication to use of fluoroscopy as in the 
pregnancy the echocardiography is very practical. Sometimes the transthoracic or 
transesophageal echocardiography are useful to confirm the position of intracardiac tumors 
but also to guide the bioptome for providing two or three-dimensional images. 
Two-dimensional echocardiography advantages over other imaging modalities are 
equipment mobility, X-ray elimination, and offer in real time image during all procedure. It 
can be recorded at the bedside, into cardiac catheterization laboratory, cardiovascular 
intensive care unit, emergency room-indeed, any place that can accommodate a wheeled 
cart. It provide in real time images with adequate spatial orientation and anatomic 
definition. It is helpful in the cardiomyopathy diagnosis, intracardiac masses visualization, 
intracardiac catheters detection, and in the catheter placement and localization mainly in a 
pediatric population. However, it has as main disadvantage the necessity of a specialist 
operator becoming the process more expensive. 
The most advantage with use of the two-dimensional echocardiography to guide 
endomyocardial biopsy is the possibility of realize the procedure to bedside and perhaps to 
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may reduce the risk of perforation by a better anatomic definition of the myocardial 
sampling site. It permits sampling from different ventricular sites giving preference to the 
septum. Table 4 resumes advantages and disadvantages of endomyocardial biopsy guided 
by two-dimensional echocardiography. 
 

Advantages 

• It does not require the use of hemodynamic laboratory. 

• Both patient and operator are not exposed to radiation. 
• As two-dimensional echocardiography apparatus is portable the 

exam can be realized in intensive care unit, surgical room or even 
in the hemodynamic laboratory.  

• It allows the realization of hybrid exam. 
• Biopsy samples can be obtained from different site such as upper 

interventricular septum or middle, apex, and free wall, which 
increase the diagnostic yield.   

• More accuracy to achieve the bioptome on intracavitary tumor 
mass. 

Disadvantages 

• It requires an operator specialized in echocardiography. 

• Lack of window for viewing. 

Table 4. Advantages and disadvantages two-dimensional echocardiography to guide 
endomyocardial biopsy 

In our institution endomyocardial biopsy and Gallium-scintigraphy are the main methods to 
rejection control and Chagas’ disease reactivation after heart transplantation, and research 
too31-39. The two-dimensional echocardiography has been used in last 25 years to guide 
endomyocardial biopsy examination with emphasis in critical patients with cardiomyopathy 
or after heart transplantation; to help in the visualization of the intracardiac tumors’ position 
and in patients that cannot go at catheterization room40,41. 
The patient is putting in supine position and the transducer is placed at the point of 
maximal impulse of the heart this way is possible obtain cardiac image in four chamber. 
This position offers the best view to follow the bioptome into cardiac chambers until 
interventricular septum. The transducer may be then moved medially in the same plane 
until it lay over the right ventricular apex.  
After the heart global echocardiographic evaluation with propose of studied cardiac 
chambers and ejection fraction, the transducer was placed at the subcostal area apex and 
kept the image with apical four-chamber view. This position provides better image to 
guidance and accompaniment of the exam, and allows observing very well the movements 
of the bioptome extremity inside of the heart. It is possible identify the passage of bioptome 
within the superior vena cava, right atrium, crossing the tricuspid valve to reach the 
interventricular septum right side. 
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An echocardiographic-dense image identifies the bioptome and the forceps removing the 
fragments of the interventricular septum. Contrast saline solution injection into venous 
system by jugular vein improves the cardiac chambers identification. 
Once contact with the endocardium is confirmed by two-dimensional echocardiography, the 
bioptome is withdrawn 1 to 2 cm and its jaws were opened. After, the bioptome is advanced 
slowly to engage the endocardium. Gentle forward pressure is maintained while the jaws 
are closed. 
In each exam was removing between 5 to 7 myocardial specimens for histopathological 
analysis. The bioptome containing the specimen is removed by gentle traction on the 
shaft. 
Recently, we published our experience with the use of two-dimensional echocardiography 
as a guidance method to performance of endomyocardial biopsies. We avoided the 
withdrawal from myocardial samples of right ventricle free wall by higher risk of 
perforation40,41. The preferred route of access for bioptome percutaneous introduction was 
the right internal jugular vein with 8.5 Fr introducer in 62(81.6%) biopsies, left internal 
jugular in 11(14.5%) and femoral vein in 3(3.9%). The guide catheter was useful in lots of 
situations mainly when femoral vein was the access route.  
 

  
Fig. 8. Sequential images of the endomyocardial biopsy guided by two-dimensional 
echocardiography. A - Apical four-chamber view.  B - Contrasted image obtained by saline 
solution injection. C - Bioptome tip on the tricuspid valve. D - Bioptome passing across 
tricuspid valve. E - Bioptome advancing against middle of the interventricular septum. F - 
Bioptome withdrawing myocardial fragment. G - Bioptome withdrawing myocardial 
fragment at apex. H - Bioptome coming out the right ventricle 

In patients who needed of the continuous invasive cardiac monitoring the Swan-Ganz 
catheter is easily installed after biopsy by echocardiography too. Hybrid guidance with 
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fluoroscopy and two-dimensional echocardiography was very useful to carry out the 
bioptome with more safety during the learning period and in patients with cardiac tumor. 
Heart transplantation operative technique, biatrial or bicaval, was not impeditive factor to 
realize the endomyocardial biopsy two-dimensional echocardiography guidance; however 
may have difficulty if the vena cava anastomosis had stenosis. The Figure 7 shows details of 
an endomyocardial biopsy image guided by two-dimensional echocardiographic in patient 
after heart transplantation by bicaval technique. 
Two-dimensional echocardiography advantages over other imaging modalities are 
equipment mobility, X-ray elimination, and offer in real time image during all procedure. It 
can be recorded at the bedside, into cardiac catheterization laboratory, cardiovascular 
intensive care unit, emergency room-indeed, any place that can accommodate a wheeled 
cart. It provides in real time images with adequate spatial orientation and anatomic 
definition. It is helpful in the cardiomyopathy diagnosis, intracardiac masses visualization, 
intracardiac catheters detection, and in the catheter placement and localization mainly in a 
pediatric population. However, it has as main disadvantage the necessity of a specialist 
operator becoming the process more expensive.  
In 2004, Bedanova et al. reported experience with 1,262 biopsies collected under 
echocardiography guidance in 156 patients and only in 11 patients there was conversion to 
X-ray guidance and no case of significant tricuspid regurgitation was related due to 
biopsy42.  
After our learning period, the procedure duration time with echocardiographic guidance 
was comparable with fluoroscopy, between 10 and 15 minutes. The percutaneous right 
jugular vein approach was more employed due to its facility in offer few curves during the 
bioptome advance and both models can be used with guide catheter or sheath. In patients 
with artificial cardiac pacing the puncture was performed on an opposite side. 
In our series, the surgical technique of the heart transplantation did not offer additional 
difficulties to endomyocardial biopsy by two-dimensional echocardiography guidance 
agreement with other investigations. Difficulties to progression of the bioptome  
occur frequently when there is severe stenosis at the site of the superior vena cava 
anastomosis. 
Recently the use of real-time transthoracic three-dimensional echocardiography in 
endomyocardial right ventricular biopsies has been investigated both in children as in 
adults with easiness and safe perhaps until with more benefits43. 
In experienced hands to accomplish endomyocardial biopsy by fluoroscopy the learning 
will be easier with two-dimensional echocardiography as orientation guide. The view by 
fluoroscopy is in the frontal plane (or coronal plane) being possible following the bioptome 
advance until there occurs transition of superior or inferior vena cava to right atrium, and 
the entry into right ventricle across tricuspid valve. The view by two-dimensional 
echocardiographic is in the transverse plane and the transducer is then located in the 
subcostal position, and a short-axis plane is visualized, showing the junction between the 
inferior vena cava and the right atrium. If the femoral vein approach is used, the bioptome 
can be seen entering the right atrium from the inferior vena cava. 
When the forceps enters the right atrium, the transducer is rotated to obtain at frontal plane 
the subcostal four-chamber view that is the more appropriate (Figure 1). The tricuspid 
leaflets are easily visible by two-dimensional echocardiography and helps the operator pass 
the bioptome across valve with minimal trauma. The bioptome advances under 
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echocardiographic control and is seen crossing the tricuspid valve and entering the right 
ventricular cavity.  
Into the right atrium, an anterior counterclockwise rotation helps guide the bioptome 
overcome the tricuspid valve. This maneuver must be performed delicately by atrium 
perforation risk or injuries on valvar apparatus. Generally, the primary positioning is not 
satisfactory, and the catheter must be manipulated using two-dimensional 
echocardiography to position the tip optimally, in front of the interventricular septum. 
Further counterclockwise rotations straighten the curve and orient the bioptome to central 
ventricular septum. 
Under two-echocardiography is possible withdraw myocardial fragments of all septum 
region and avoiding the ventricle free wall.  
The most appalling during the endomyocardial biopsy accomplishment is the perforation 
of the right or left ventricle with cardiac tamponade by its high morbidity with death risk, 
especially if an inexperienced team does the manipulation. Sometimes it has been 
observed by fluoroscopy dislocation of the tip of the bioptome until the cardiac apex and 
is very difficult differentiating between apical portion septum and the free wall. These are 
the situations of more risk of the ventricular perforation mainly in dilated 
cardiomyopathies. 
It is probably that the endomyocardial biopsy guidance by two-dimensional 
echocardiographic may reduce the complications incidence by providing a better anatomic 
view of the adequate site where the specimens must to be withdrawn, from the septum and 
not from the right ventricular free wall. 
On the other hand, by two-dimensional echocardiography is possible adequately 
distinguishes the septum from the right ventricular free wall. It also permits patient follow-
up after the procedure and immediate detection of complications such as pericardial 
effusion or the appearance of thrombus. Sometimes it is possible to identify the opening and 
closing of the bioptome jaw (Figure 5). 
The local pain, hematoma and other minor complications may be more frequents and are 
related with the puncture difficulties. 

3.2 Risks of the endomyocardial biopsy 
The most potential complications due to endomyocardial biopsy occur during the procedure 
and the diagnosis or the suspect diagnostic is done also during the intervention period. 
Occasionally, the injuries due to endomyocardial biopsy have clinical manifestations late 
and during the intervention there was not any lesion suspect. 
Main complications are ventricular perforation and tamponade cardiac; pneumothorax, 
hemothorax or both; cervical hematoma or mediastinal; ventricular arrhythmias or 
supraventricular; transitory cardiac block; carotid puncture or femoral; transitory phrenic 
nerve paralysis; pain; and unsuccessful puncture or guidewire progression. Except 
ventricular perforation the others may be more frequent however are considered benign 
complications and rarely put the patient in life risk. 
Endomyocardial biopsy is a simple procedure but non-free of risk and the ventricular 
perforation followed of tamponade is the most terrible of them because the mortality is 
related with this severe complication. Patients with coagulopathies, increased right 
ventricular systolic pressures, recent receipt of heparin, or right ventricular enlargement 
seem to be at higher risk.  
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Every center that performs endomyocardial biopsy must have available echocardiography 
because is useful to confirm pericardial effusion and should be performed whenever the 
operator suspects of ventricle perforation even before the patient leaves the catheterization 
room. This terrible complication may manifest initially with lightweight chest discomfort 
and without cardiovascular shock evident and that is getting worse due to the injury degree 
and the pericardial effusion intensity. 
Immediate pericardiocentesis and the capability to surgically evacuate the pericardial 
space should be available at centers that perform endomyocardial biopsy. The right 
ventricle is more susceptible because the wall has about of 1 to 2 mm thickness. In patient 
with dilated cardiomyopathy this complication is more severe because right ventricular 
wall is thinner. 
To reduce the chance of perforation, the operator must always open the bioptome jaws 
before touching the ventricle wall to increase contact area and after few seconds close the 
forceps slowly. This maneuver allows the bioptome accommodate among the trabecular and 
withdraw a myocardial fragment gently. The procedure must be repeated to removal of 5 to 
7 fragments. 
The bleeding risk after perforation increases in patients with pulmonary hypertension or 
coagulopathies. Small perforations may have spontaneous resolution because right ventricle 
pressure is low. 
The contact of the bioptome with ventricular wall or during withdraw myocardial fragment 
may generate temporary ventricular arrhythmias. Malign arrhythmias rarely occur and are 
related with cardiomyopathy gravity. In our experience with more of 10,000 biopsies there is 
only related one case which needed of the cardiac defibrillation for ventricular fibrillation as 
primary event. Same in cardiomyopathies severe risk of malignant arrhythmias sustained is 
very rare.  
The risks of endomyocardial biopsy are related with clinical picture of the patient and the 
operator experience. Patients with cardiogenic collapse or unstable ventricular arrhythmias 
require most care and carry to catheterization room is not recommendable. In these cases 
endomyocardial biopsy guidance by echocardiography is highly suitable. 
 

Major complications Minor complications 

Haemopericardium / Tamponade Chest pain (transient) 

Mediastinitis Nerve palsy 

Pneumothorax / Air embolism Rupture of chordae tendineae (small) 

Pericardial fibrosis/thickening Deep vein thrombosis 

Thromboembolism Haematoma 

Myocardial infarction Hypotension 

Infectious transmission (hepatitis B/C) Vascular fistulae 
Tricuspid or mitral valve damage with 
possible severe regurgitation 

Electrocardiographic abnormalities 
(transient) 

Table 5. Complications of endomyocardial biopsies 
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Complications average rate is variable in different centers due to service experience and of 
adopted criteria in the database construction. Rate complications will be greater the more 
extensive and detailed is the database. Complications incidence varies since values inferior 
to 1% until 7%, being that the more severe injuries as well as the mortality do not exceed to 
0.5%. Table 6 shows the main complications at experience for different authors.  
 

Author Olsen
Fowles 

and 
Mason 

Deckers Han Fiorelli Fiorelli 

Year  1982 1992 2006* 2010 2011* 

Biopsy number 3097 n>4000 546 90 1228** 76 

Possible ventricular 
perforation (pain)   0.7%  0.0% 0.0% 

Tamponade  0.14% 0.5%*** 3.3% 0.8% 0.0% 

Hemo/Pneumothorax  3 cases   1.1% 0.0% 

Atrial fibrillation  3 cases   0.1% 0.0% 

Ventricular arrhythmia  1 case 1.1% 1.1% 0.5% 0.8% 

AV block permanent     0.0% 0.0% 
Neurological 
complications  1 case   0.0% 0.0% 

Vasovagal reaction   0.4% 2.2% 0.0% 0.0% 
Prolonged venous 
oozing after sheath 
removal 

  0.2%  0.0% 0.0% 

Local pain    6.7% 8.3% 5.6% 

Puncture failure     5.8% 6.6% 

Tricuspid injury     0.8% 0.0% 
Arterial puncture 
during local anesthesia   2.0%  3.1% 2.8% 

Local hematoma     3.7% 5.3% 

Arteriovenous fistula     0.1% 0.0% 
Superior vena cava 
injuries     0.1% 0.0% 

Mortality   0.4% 0.0% 0.0% 0.0% 

Total of complications 1.55% <1% 6.0% 5.6% 9.2% 4.5% 

* - only guided by echocardiography; ** - only patients with heart transplantation,  
*** - 2 deaths.  

Table 6. Complications after endomyocardial biopsy for different authors 
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Fig. 9. A - Rupture of chordae tendineae due endomyocardial biopsy. B - Bioptome in 
normal position toward the interventricular septum. C - Bioptome inside coronary sinus. D - 
Bioptome in normal position inside right atrium and left intraventricular thrombus finding 
echocardiographic 
Courtesy of Dr. Arnaldo Rabischoffsky 

3.3 Conclusion 
Although there have been numerous studies comparing non-invasive imaging techniques to 
endomyocardial biopsy for the diagnosis of graft rejection, infiltrative disorders, and even 
intracardiac masses, there are still considerable limitations to these techniques. The 
endomyocardial biopsy remains the gold standard to assess and diagnose myocardial 
disease in the living patient. 
The endomyocardial biopsy procedure is a safe, simple, and effective interventional 
procedure with a very low rate of morbidity and mortality. Fluoroscopy is the guide method 
to endomyocardial biopsy more used and safe; however in many times presents serious 
restrictions or same it cannot be utilized. Critical patients and pregnancy are good examples 
these situations. 
Two-echocardiography is a fantastic recourse by information reliability, practicality and 
portable. Two-dimensional echocardiography is a special feature to guidance 



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

52 

endomyocardial biopsies mainly in critically ill patients because it can be realized to bedside 
and without offers additional risk, and presents still advantages on the fluoroscopy. In 
special situations, the hybrid combination can be very useful mainly in intra-cardiac tumor 
cases. 
 
 

. 

Fig. 10. A - Patient with tumor into right atrium confirmed by two-echocardiography. B – 
Bioptome withdrawing myocardial fragment and anatomic pathological exam confirmed 
the presence of angiosarcoma 

 
 

 
Fig. 11. A - Patient with tumor into right atrium confirmed by two-echocardiography. B – 
Bioptome withdrawing myocardial fragment and the anatomic pathological exam 
confirmed the angiosarcoma diagnosis 



 
Endomyocardial Biopsy Guided by Echocardiography 

 

53 

4. Acknowledgements 
We thank to  
To all members of the Echocardiography Department of Heart Institute of Sao Paulo 
University/Brazil for excellent care to patients and by working together that we have 
developed over the years which resulted in this publication.  
To Dr. Arnaldo Rabischoffsky - Director of the Echocardiography Unit of the Pro-Cardiac 
Hospital, Rio de Janeiro / Brazil - for gently in provides images of his personal collection. 
To Marcelo Fiorelli Alexandrino da Silva – Medical student of Sao Paulo University – for 
data collection. 

5. References 
[1] Elliott P, Arbustini E. The role of endomyocardial biopsy in the management of 

cardiovascular disease: a commentary on joint AHA/ACC/ESC guidelines. Heart. 
2009;95:759-60. 

[2] Pytlewski G, Georgeson S, Burke J et al. Endomyocardial biopsy under transesophageal 
echocardiographic guidance can be safely performed in the critically ill cardiac 
transplant recipient. Am J Cardiol 1994;73:1019-20. 

[3] Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup M, Kuhl U, Levine GN, 
Narula J, Starling RC, Towbin J, Virmani R. The role of endomyocardial biopsy in 
the management of cardiovascular disease: a scientific statement from the 
American Heart Association, the American College of Cardiology, and the 
European Society of Cardiology. Endorsed by the Heart Failure Society of America 
and the Heart Failure Association of the European Society of Cardiology. European 
Heart Journal 2007;28,3076–3093. 

[4] Jackson CE, Gardner RS, Connelly DT. A novel approach for a novel combination: a 
trans-septal biopsy of left atrial mass in recurrent phyllodes tumour. Eur J 
Echocardiogr 2009;10:171-2. 

[5] Abramowitz Y, Hiller N, Perlman G et al. – The diagnosis of primary cardiac lymphoma 
by right heart catheterization and biopsy using fluoroscopic and transthoracic 
echocardiographic guidance. Int J Cardiol 2007;118:e39-40. 

[6] Raffensperger J, Driscoll J, Sutton G, et al: Myocardial biopsy. Arch Surg (Chicago) 
1964;89:1021. 

[7] Weinberg M, Egbert HF, Lydield J: Diagnostic biopsy of the pericardium and 
myocardium. Arch Surg (Chicago) 1958;76:825. 

[8] Price KC, Weiss JM, Hata JM, et al: Experimental needle biopsy of myocardium of dogs 
with particular reference to histological study by electron microscopy. J Exper Med 
1955;101:687. 

[9] Bercu B, Heinz J, Chaudhry AS, et al: Myocardial biopsy -A new technique utilizing the 
ventricular septum. Am J Cardiol 1964;14:675. 

[10] Timmis CG, Gordon S, Baron RH, et al: Percutaneous myocardial biopsy. Am Heart J 
1965;70: 499.  

[11] Leighton RF, Hamlin RL, Scarpelli DG, et al: Drill biopsy of the canine interventricular 
septum: A new cardiac catheterization technique. Am J Cardiol 1967;19:365. 

[12] Bulloch RT, Murphy LM, Pearce BM: Intracardiac needle biopsy of the ventricular 
septum. Am J Cardiol 1965;16:227,. 



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

54 

[13. Weinberg M, Fell Eh, Lynfield J. Diagnostic biopsy of the pericardium and myocardium. 
AMA Arch Surg. 1958;76:825-9. 

[14] Sutton Dc, Sutton Gc. Needle biopsy of the human ventricular myocardium: review of 
54 consecutive cases. Am Heart J. 1960;60:364-70. 

[15] Timmis GC, Gordon S, Baron RH, Brough AJ. Percutaneous myocardial biopsy. Am 
Heart J. 1965;70:499-504. 

[16] Sakakibara S, Konno S.  Endomyocardial biopsy. Jpn Heart J. 1962;3:537-43. 
[17] Bulloch Rt, Murphy Ml, Pearce Mb. Intracardiac needle biopsy of the ventricular 

septum. Am J Cardiol. 1965;16:227-33. 
[18] Caves PK, Stinson EB, Graham AF, Billingham ME, Grehl TM, Shumway NE. 

Percutaneous transvenous endomyocardial biopsy. JAMA. 1973;225:288-91. 
[19] Shirey EK, Hawk WA, Mukerji D, Effler DB. Percutaneous myocardial biopsy of the left 

ventricle. Experience in 198 patients. Circulation. 1972;46:112-22. 
[20] Ali N, Ferrans VI, Roberts WC, Maswmi RA. Clinical evaluation of transvenous catheter 

technique for endomyocardial biopsy.  Chest 1973;63;399-402. 
[21] Richardson PJ. King's endomyocardial bioptome. Lancet. 1974;7859:660-1. 
[22] Kawai C, Matsumori A, Kawamura K. Myocardial biopsy. Annu Rev Med. 1980;31:139-

57. 
[23] Seldinger SI. Catheter replacement of the needle in percutaneous artenography: a new 

technique. Acta Radiol (Stockh) 1953; 36: 368-76. 
[24] Anderson JL, Marshall HW. The femoral venous approach to endomyocardial biopsy: 

comparison with internal jugular and transarterial approaches.Am J Cardiol. 
1984;53:833-7. 

[25] Holzmann M, Nicko A, Kühl U, Noutsias M, Poller W, Hoffmann W, Morguet A, 
Witzenbichler B, Tschöpe C, Schultheiss HP, Pauschinger M. Complication rate of 
right ventricular endomyocardial biopsy via the femoral approach: a retrospective 
and prospective study analyzing 3048 diagnostic procedures over an 11-year 
period. Circulation. 2008;118:1722-8. 

[26]  Borchert B, Lawrenz T, Bartelsmeier M, Röthemeyer S, Kuhn H, Stellbrink C. Utility of 
endomyocardial biopsy guided by delayed enhancement areas on magnetic 
resonance imaging in the diagnosis of cardiac sarcoidosis. Clin Res Cardiol. 
2007;96:759-62. 

[27] Hanley PC, Shub C, SeWard JB, Wold LE. Intracavitary cardiac melanoma diagnosed by 
endomyocardial left ventricular biopsy. Chest 1983; 54:195-8 

[28] Piérard L, El Allaf D, D'Orio V, Demoulin JC, Carlier J. Two-dimensional 
echocardiographic guiding of endomyocardial biopsy. Chest. 1984 Jun;85(6):759-62. 

[29] Copeland JG, Valdes-Cruz L, Sahn DJ. Endomyocardial biopsy with fluoroscopic and 
two-dimensional echocardiographic guidance: case report of a patient suspected of 
having multiple cardiac tumors. Clin Cardiol. 1984;7:449-52. 

[30] Williams GA, Kaintz RP, Habermehl KK, Nelson JG, Kennedy HL. Clinical experience 
with two-dimensional echocardiography to guide endomyocardial biopsy. Clin 
Cardiol. 1985;8:137-40. 

[31] Higuchi ML, de Assis RV, Sambiase NV, Reis MM, Kalil J, Bocchi E, Fiorelli A, Stolf N, 
Bellotti G, Pileggi F, et al. Usefulness of T-cell phenotype characterization in 
endomyocardial biopsy fragments from human cardiac allografts. J Heart Lung 
Transplant. 1991;10:235-42. 



 
Endomyocardial Biopsy Guided by Echocardiography 

 

55 

[32] Coelho V, Moliterno R, Higuchi ML, Guilherme L, Cunha-Neto E, Fiorelli AI, Kalil J. 
Gamma delta T cells play no major role in human heart allograft rejection. 
Transplantation. 1995;60:980-4. 

[33] Bacal F, Veiga VC, Fiorelli AI, Bellotti G, Bocchi EA, Stolf NA, Ramires JA. Treatment of 
persistent rejection with methotrexate in stable patients submitted to heart 
transplantation. Arq Bras Cardiol. 2000;74:141-8. 

[34] Benvenuti LA, Roggério A, Sambiase NV, Fiorelli A, Higuchi Mde L. Polymerase chain 
reaction in endomyocardial biopsies for monitoring reactivation of Chagas' disease 
in heart transplantation: a case report and review of the literature. Cardiovasc Pathol. 
2005;14:265-8. 

[35] Benvenuti LA, Roggério A, Freitas HF, Mansur AJ, Fiorelli A, Higuchi ML. Chronic 
American trypanosomiasis: parasite persistence in endomyocardial biopsies is 
associated with high-grade myocarditis. Ann Trop Med Parasitol. 2008;102:481-7. 

[36] Fiorelli AI, Coelho GH, Lima JL, Lourenço DD, Gutierres P, Bacal F, Bocchi E, Dias RR, 
Stolf NA. Massive degeneration and atrophy of the native heart after heterotopic 
transplantation: a case report. Transplant Proc. 2009;41:965-6. 

[37] Bacal F, de Freitas AF Jr, Moreira LF, F orelli AI, Mangini S, Abuhab A, de Lima 
Oliveira J Jr, Santos RH, Stolf NA, Bocchi EA. Validation of a cutoff value on echo 
Doppler analysis to replace right heart catheterization during pulmonary 
hypertension evaluation in heart transplant candidates. Transplant Proc. 
2010;42:535-8. 

[38] Benvenuti LA, Roggério A, Coelho G, Fiorelli AI. Usefulness of qualitative polymerase 
chain reaction for Trypanosoma cruzi DNA in endomyocardial biopsy specimens 
of chagasic heart transplant patients. J Heart Lung Transplant. 2011; [Epub ahead of 
print]. 

[39] Fiorelli AI, Santos RH, Oliveira JL Jr, Lourenço-Filho DD, Dias RR, Oliveira AS, da Silva 
MF, Ayoub FL, Bacal F, Souza GE, Bocchi EA, Stolf NA. Heart transplantation in 
107 cases of Chagas' disease. Transplant Proc. 2011;43:220-4. 

[40] Fiorelli AI, Coelho GH, Oliveira JL Jr, Aiello VD, Benvenuti LA, Santos A, Chi A, 
Tallans A, Igushi ML, Bacal F, Bocchi EA, Stolf NA. Endomyocardial biopsy as risk 
factor in the development of tricuspid insufficiency after heart transplantation. 
Transplant Proc. 2009;41:935-7. 

[41] Fiorelli AI, Coelho GB, Santos RH, Oliveira JL Jr, Aielo V, Benvenuti L, Oliveira AS, Da 
Silva MA, Chizzola PR, Costa R, Mathias W Jr, Bacal F, Bocchi EA, Stolf NA. 
Successful endomyocardial biopsy guided by transthoracic two-dimensional 
echocardiography. Transplant Proc. 2011;43:225-8. 

[42] Bedanova H, Necas J, Petrikovits E, Pokorny P, Kovalova S, Malik P, Ondrasek J, Cerny 
J. Echo-guided endomyocardial biopsy in heart transplant recipients. Transpl Int. 
2004;17:622-5.  

[43] Platts D, Brown M, Javorsky G, West C, Kelly N, Burstow D. Comparison of 
fluoroscopic versus real-time three-dimensional transthoracic echocardiographic 
guidance of endomyocardial biopsies. Eur J Echocardiogr. 2010;11:637-43. 

[44] Olsen EG. The value of endomyocardial biopsies in myocarditis and dilated 
cardiomyopathy. Eur Heart J. 1991;12 Suppl D:10-2. 

[45] Rabischoffsky A. Echo-guided endomyocardial biopsy. Rev Bras Ecocardiogr 2008;21:27-
30.  



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

56 

[46] Han J, Park Y, Lee H, Kang H, Kim H, Yang DH, Park HS, Cho Y, Chae SC, Jun JE, Park 
WH. Complications of 2-D echocardiography guided transfemoral right ventricular 
endomyocardial biopsy. J Korean Med Sci. 2006;21:989-94. 

[47] Fowles RE, Mason JW. Myocardial biopsy. Mayo Clin Proc. 1982;57:459-61. 
[48] Deckers JW, Hare JM, Baughman KL. Complications of transvenous right ventricular 

endomyocardial biopsy in adult patients with cardiomyopathy: a seven-year 
survey of 546 consecutive diagnostic procedures in a tertiary referral center. J Am 
Coll Cardiol. 1992;19:43-7. 

[49] Han J, Park Y, Lee H, Kang H, Kim H, Yang DH, Park HS, Cho Y, Chae SC, Jun JE, Park 
WH. Complications of 2-D echocardiography guided transfemoral right ventricular 
endomyocardial biopsy. . J Korean Med Sci. 2006;21:989-94. 



Part 2 

Pulmonary Factors Influencing Doppler 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4 

Doppler Echocardiographic Changes in 
Respiratory Diseases 

Mohammed Al-Biltagi1  and Adel Salah Bediwy2 
1Pediatric Department, Cardiology Unit, Faculty of Medicine, Tanta University, 

2Chest Department, Faculty of Medicine, Tanta University 
Egypt  

1. Introduction 
The heart is one of the most important organs which can be affected by several systems 
including respiratory system. The in common function of both heart and lung is to provide 
tissues with oxygen and to get rid of the Carbon dioxide. So; they work in harmony and 
interact in a proper way with each other. This interaction may be neural, mechanical and/or 
humeral. The neural effects are either central through the brain stem centres in medulla 
oblongata or peripheral through baro-reflexes or lung-stretch reflexes. Being together inside 
the thoracic cavity; the heart can be affected by lung inflation and deflation. This is called 
mechanical heart–lung interactions (Figure 1).  
 

 
Fig. 1. The heart-lung interaction; neural, mechanical and humoral 
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The lung may act as an endocrine gland secreting certain hormones or substances that can 
affect heart functions forming what is known as humoral heart–lung interaction. The lung 
helps in deactivation of 5-hydroxytryptmine, acetylcholine, norepinephrine, bradykinin and 
prostaglandins E1, E2 and F2. It produces angiotensin converting enzyme that helps in 
activation of angiotensin I to angiotensin II and helps in synthesis of prostaglandins E1, E2. 
All these humoral products can affect the heart in a way or another. Atrial natriuretic 
peptide (ANP) and brain natriuretic peptide (BNP) are two polypeptide hormones secreted 
by the atrial cardiocytes. The ANP is well known to have a bronchodilating effect more 
prominent in the larger central airways than in the peripheral airways. The lung also 
supplies the cardiac muscle with the needed oxygen and the heart supplies the respiratory 
muscles with oxygenated blood. So; respiratory pump failure may occur if the heart cannot 
supply the needed requirement. These heart-lung interactions occur all the time with every 
breath and every cardiac cycle. However; their effects are subtle under normal 
circumstances but become significant in certain pathological situations (Said  2001).  

2. Respiration induced changes in echocardiography 
Respiration can bring on physiological changes of cardiovascular haemodynamics. These 
changes are mostly related to changes in intra-thoracic and intra-abdominal pressure which 
can affect both systemic and pulmonary venous return. Respiration can also affect the intra-
pericardial pressure which in turn affects the filling of the four cardiac chambers. 
Respiration can affect all the modalities of the echocardiographic examination. It can affect 
the image quality as well as the measurements in Two-Dimensional echocardiography, M-
mode and Doppler studies.  

2.1 The image quality 
The respiration may affect the image quality of the echocardiographic study especially when 
visualizing the posterior wall of the left ventricle (LV). Even normal respiration may have 
undulating, distorting, and blocking effect during echocardiographic examination of the 
heart; particularly the posterior wall of LV to the extent that the patient may need to hold 
his breath in order to obtain clear echoes (Fenichel et al 1976).  
These effects are due to both physiological and anatomical changes that occur with 
respiration. The physiological changes are due to pressure variations (intra-thoracic, 
intrapericardial and intra-abdominal), changes in systemic and pulmonary venous return, 
diminished LV filling pressure during inspiration, pericardial constraint, ventricular 
interdependence and variation in the angle of incidence of the transducer beam. The 
anatomical changes are due to the diaphragmatic movements, lung inflation and with 
interference and dropping out of the lateral shadows together with longitudinal rotation 
and posterior motion of heart. Inspiration increases the antero-posterior diameter of the 
chest, and the lungs expand particularly anteriorly, and fill the space previously occupied 
by the heart. However; sub-costal view is an exception where the heart images become 
clearer with inspiration. However with deep inspiration; the abdomen becomes too tense to 
allow the transducer to be placed under the sternum. So; half a breath is preferred during 
sucostal examination of the heart. Lung deflation by expiration (particularly in steep left 
lateral position with left arm up to spread the ribs) can improve the image quality especially 
with the parasternal and often apical view of the heart. Left lateral rotation of the patient 
will deflate the left lung and avoid the pulmonary interference and improve the clarity of 
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echocardiograms. Improving the quality of image can be done by using device-driven 
systems, which can acquire signal averaging of echocardiographic frames over multiple 
cardiac cycles (Ginghina et al 2009, Lang 2005, Klingler 1989) 

2.2 Two-D and M-mode measurements 
The respiration does not only affect the image quality but also can alter the measurement 
taken during 2-D and M-mode study. There is an inspiratory decrease in LV end diastolic 
dimensions as measured by M-mode due to reduction of the LV filling during inspiration. 
Respiration also can change the position of the heart relative to the location of the echo 
transducer which can cause measurement error due to anatomical translation and rotation 
of the heart, which may change with respiratory phases. There may be a significant 
inspiratory decrease of LV diastolic dimension while the inspiratory decrease of LV mean 
systolic dimension is usually insignificant. The echocardiography-derived inspiratory 
decrease in stroke volume is about 16% (Brenner et al 1978). This reduction in the LV 
dimensions during inspiration may be due actual reduction of LV stroke volume as a result 
of decrease preload due to decrease diastolic filling, increased after load (due to increased 
impedance to LV emptying) or due to the anatomical medial rotation of the short axis of the 
heart during inspiration. There is an existed consistent relation between the respiratory 
excursion and the resultant displacement of the recorded echoes (Fenichel et al 1976).  
 
 Findings in deep Inspiration 

Anterior echoes Increased especially with deep inspiration 
Posterior echoes Displaced posteriorly (about 2 cm). The echogenicity may 

decreased or even eliminated. 
Septum  Can be seen displaced posteriorly just before and after the 

appearance of dense mass tissue  
Posterior wall of LV There is blunting of its systolic anterior motion and 

decreased its pulsation but still can be identified. 
RV end-diastolic volume Increased  
LV end-diastolic volume Decreased 
Total end-diastolic heart volume Unchanged  
Mitral leaflets Echos are displaced posteriorly but the opening and 

closing slopes remain the same 
Aortic root and semilunar valves Posterior deviation up to 1 cm 
Posterior wall of the left atrium Posterior deviation parallel to the aortic root. 
Tricuspid valve Displaced posteriorly  

Table 1. The changes in M-mode and 2-D measurements observed during deep inspiration 

In a Study done in 1992, the effects of the quiet respiration and body position on RV size and 
function using 2-D and M-mode echocardiography were observed in 15 healthy children. 
All the end-diastolic and end-systolic echocardiographic dimensions, areas, and volumes 
increased slightly but significantly with inspiration. RV ejection fractions were found to be 
significantly higher during inspiration, as were stroke volume indices. The study also found 
that RV dimensions increased from supine to left lateral decubitus position (Norgård and Vik-
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Mo 1992). On the other hand a previous study done in 1979 found that the changes observed 
in RV and LV diemensions during respiration were opposite in direction and approximately 
equal in magnitude, so that total internal diastolic cardiac dimension remained essentially 
constant (Lendrum et al 1979).  
These respiration-related changes in the cardiac measurements should be considered while 
doing serial follow up measurements of LV functions during various hemodynamic 
interventions. These changes should also be considered in doing any correlation between 
echocardiographic dimensions and other methods of assessing LV function. To obtain more 
accurate measurement during two-dimensional quantitation; the American Society of 
Echocardiography recommended to obtain the image during quiet or suspended respiration 
(at end-expiration). However, many patients may not be able to follow even careful 
instructions. If the images are to be obtained during held end-expiration; the patient is 
advised to avoid Valsalva manoeuvre, as it can degrade image quality and produces 
undesired physiologic changes that disrupt the basic measurements. Table 1 showed the 2-D 
and M-mode findings observed in deep inspiration  

2.3 Doppler measurements 
During inspiration; the blood flow increases in the right side of the heart and decreases in 
the left side because of the decreased flow out of the pulmonary veins into the left atrium 
and left ventricle. The reverse occurs during expiration. These respiratory-induced changes 
in the intra-cardiac blood flow were reflected in the Doppler estimated trans-mitral and 
trans-tricuspid blood inflow as well as the trans-pulmonary and trans-aortic blood outflow. 
Respiration does not only affect the intracardiac blood inflow and outflow; but also affecting 
the intracardiac pressures. The right atrial pressure which is needed to estimate the systolic 
right ventricular, pulmonary artery pressures and left atrial pressure; can be expected by the 
changes in the diameter of the IVC during inspiration. Respiratory variation in SVC systolic 
forward flow may be a useful Doppler flow index for expecting the systolic pulmonary 
pressure and to assess the severity of pulmonary hypertension. During inspiration the E/A 
ratio of transmitral flow may be reduced but of no significance in healthy subjects. However 
this effect may become significant in certain cardiac diseases as in coronary artery diseases 
and abnormal LV relaxation pattern (Ginghina et al 2009). 

2.3.1 Mitral and tricuspid inflow 
The normal changes in the intra-thoracic pressure occurring during normal breathing have 
insignificant effects on the trans-mitral and trans-tricuspid flow. However these changes 
become significant with strained breathing. Uiterwaal et al 1989 found that the maximum 
velocity during early diastole of right ventricle (VmaxE) and during atrial contraction 
(VmaxA) were significantly higher during inspiration than during expiration. They found 
the reverse on the mitral side; as the VmaxE and VmaxA were significantly lower during 
inspiration than during expiration. Tsai et al 1998 found that early diastolic peak flow 
velocity and flow velocity integral, the ratio of early/late diastolic peak flow velocity, and 
the ratio of early/late diastolic flow velocity integral at end-inspiration were significantly 
lower than those at end-expiration. The mitral peak E velocity decreased by 4-9% while the 
A wave remains unchanged. On the other hand the Tricuspid peak E velocity increased 15% 
while the A wave increased by 10% which maintain E/A ratio to be unchanged.  
Riggs and Snider 1989 found reduction of early diastolic LV filling parameters in normal 
children (decreased E wave by 8 %) while active atrial emptying (peak A velocity and 



 
Doppler Echocardiographic Changes in Respiratory Diseases 

 

63 

A/total area ratio) may remain unchanged with respiration. This led to marked reduction of 
transmitral E/A ratio (by 14%). The effect was marked on the right side of the heart. The 
tricuspid peak E increased by 26% while peak A velocities increased by 18%. The E/A ratio 
remained unchanged. Yuan et al 2004 quantitatively investigated the effect of the different 
intra-thoracic pressure on the blood flow velocities across the four cardiac valves. They 
found significant difference from the transvalvular velocities recorded during spontaneous 
respiration with the velocities recorded during various intrathoracic pressures. They 
concluded that the respiratory intrathoracic pressure changes may cause change in the 
velocity across the valves. However Riggs et al 1989 showed that the inspiratory changes in 
Tricuspid valve Doppler indexes had less marked changes in neonates. This could be due to 
the faster heart and respiratory rates plus the reduced right ventricular compliance. To 
minimize the effect of respiration on the trans-mitral and trans-tricuspid flow velocities, the 
patient is advised to hold breathing in shallow end-expiration.  

2.3.2 Aortic and pulmonary outflow 
Ferreira T et al 1990 found significant higher peak early velocity in the inflow tract and in the 
maximal velocity in the outflow tract of the LV during expiration. There were also no 
significant changes in the time intervals observed in their study. Buda et al 1979 studied the 
effects of Valsalva and Müller manoeuvres on LV functions. They observed that the negative 
intra-thoracic pressure may affect LV functions by increasing LV transmural pressures and 
consequently after load. The same observation was documented by Buda et al 1981 who 
showed that deep inspiration decreased the LV outflow tract (LVOT) gradient and 
decreased the LV ejection time in patients with muscular subaortic stenosis. They linked this 
decrease in the pressure gradient across LVOT to the increasing LV afterload through an 
increase in LV transmural pressure as a result of the negative intra-thoracic pressure caused 
by the deep inspiration. Weyrnan et a1 1973 studied the specific effects of respiratory 
movements on the recorded echocardiogram. They found an influence of respiratory 
changes on the pulmonary arterial pressure and its pulmonary valvular echoes.  

2.3.3 Inferior vena cava and hepatic veins 
The inferior vena cava and the hepatic veins flows are best recorded from the subcostal 
sagittal view; where the forward flow is away from the transducer (below the baseline) and 
the retrograde flow is towards the transducer. This flow is continuous with one large peak 
in systole (S wave) which coincides with relaxation of the right atrium and the descent of 
tricuspid annulus during RV systole. There is another large peak during diastole (D wave) 
which occurs during the rapid filling phase of ventricular diastole. A third wave (A wave) 
occurs in some normal subjects due to reversed flow secondary to right atrial contraction. 
There is a fourth wave in the hepatic flow called V wave which is due to reverse flow in late 
systole (Reynolds et al 1991; Lee et al 2007). The respiration induces marked changes in 
Doppler velocity curves of hepatic veins. During inspiration there is a significant increase in 
both normal forward systolic (S) and diastolic (D) flow velocities as well as retrograde A 
velocity (Ginghina et al 2009). During expiration, there is decreased diastolic flow and 
increased reversals. The RA pressure can be determined by the respiratory variation in 
inferior vena cava diameter observed through the subcostal window; where the diameter of 
the IVC decreases in response to inspiration with minimal size observed at end inspiration 
(Kircher et al 1990). However, the position of the patient must be considered, as the largest 
diameter is measured in the right lateral position, becomes intermediate in the supine 
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position, and the smallest diameter is measured in the left lateral position. For an adult; the 
normal IVC diameter is less than 1.7 cm and there is a 50% decrease in the diameter when 
the RA pressure is normal (0–5 mm Hg). When the IVC diameter is dilated (>1.7 cm) with 
normal inspiratory collapse (>50%), the RA pressure is suggestive to be mildly elevated (6–
10 mm Hg). However when the inspiratory collapse is less than 50%, the RA pressure is 
usually between 10 and 15 mm Hg. If the IVC is dilated without any collapse; this suggests 
markedly elevation of RA pressure (greater than 15 mm Hg). With intravascular volume 
depletion, the IVC is small (usually < 1.2 cm) with spontaneous collapse (Ginghina et al 
2009).  

2.3.4 Superior vena cava  
The superior vena cava flow can be best recorded from the suprasternal notch or subcostal 
view. The flow has the same wave like the IVC flow. It lacks the A wave of hepatic flow. 
However; the effect of respiration on SVC flow waves is less marked than in the hepatic 
flow; perhaps because of the pressure differences in the abdominal and thoracic cavities 
with respiration (Reynolds et al 1991, Lee et al 2007). Respiration makes appropriate fixed 
pulsed wave Doppler trace sampling to be difficult due the continuous movement of pulsed 
Doppler sample volume as a result of the change in heart position and diaphragmatic 
movement. Errors due to respiratory movement during Doppler estimation must be 
considered and manoeuvres that minimize the effect of respiration should be tried (Kircher et 
al 1990). The following measures may help to minimize the effect of respiration on Doppler 
studies: 
1. Holding breathing at end expiration. Even patients with heart failure can do multiple 

holding of their breathing for 6 seconds.  
2. Avoidance of angle of incidence by parallel positioning.  
3. Taking the average velocities during multiple consecutive 3-5 quality tracing.   

3. Respiratory maneuvers that may help in diagnosis of cardiac diseases 
3.1 Valsalva maneuver     
It is performed by attempting forceful expiration against a closed airway when the mouth is 
closed and the nose is pinched. There are 4 phases occurring during this maneuver. In the 
first phase; there is rise of the blood pressure coincide with onset of straining and increase 
the intra-thoracic pressure. The second phase coincides with the decrease in venous return 
and consequent reduction of stroke volume and pulse pressure and increase in heart rate. In 
the third phase, there is a release of straining; allowing re-expansion of the pulmonary 
vessels and the aorta causing increase of the pulmonary blood flow and cardiac output 
starts to increase. The last phase; there is marked increase of venous return which increase 
the cardiac output and leads to blood pressure overshoot (in normal heart) and return of the 
heart rate to the baseline. Performing Valsalva maneuver during echocardiography can help 
in diagnosis and evaluation of certain cardiac disorders e.g. aortic and pulmonic stenosis as 
well as tricuspid regurgitation (Stoddard et al 1993). It is also helpful in diagnosis of 
hypertrophic cardiomyopathy, and mitral valve prolapse (MVP). In patients with 
obstructive hypertrophic cardiomyopathy and mild or dynamic LV outflow tract 
obstruction; Valsalva maneuver can unmask latent gradients/to increase LVOT gradient 
specially during the straining phase of Valsalva maneuver. During this phase, the preload, 
end-diastolic LV volume and after load decreased. So the systolic anterior motion (SAM) 
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occurs earlier in systole, and mitral-septal contact lasts longer and LV outflow tract gradient 
increases (Ginghina et al 2009).  
Valsalva maneuver helps also to augment the diagnosis of mitral valve prolapse, as it 
increases the intensity of mitral regurgitation associated with MVP and it makes 
regurgitation to start earlier in systole due to reduction of left ventricular volume. Patent 
foramen ovale is another cardiac disease in which Valsalva maneuver can help diagnosis. It 
can be reliably detected with contrast echocardiography or by using agitated saline through 
either trans-thoracic or trans-esophageal echocardiography. During Valsalva maneuver, the 
atrial shunting from right to left will be enhanced and begin during the third (release) phase. 
However, Stoddard et al 1993 found that cough test is superior to the Valsalva maneuver in 
delineating a patent foramen ovale during contrast trans-esophageal echocardiography. 
Valsalva maneuver can be used for better assessment of the cardiac functions. The 
transmitral Doppler flow can be used to assess the diastolic functions of LV. There are small 
changes (<15%) in transmitral peak flow velocities that occur with spontaneous respiration.  
Valsalva maneuver was found to be effectively unloading the heart and unmask an 
impaired relaxation pattern and high filling pressures in patients with a baseline 
pseudonormal flow pattern (Yuan et al 2007). 

3.2 Műller maneuver    
The Mûller maneuver is used to augment tricuspid regurgitation and is rarely used during 
echocardiographic examination. It is performed by holding the breathing in inspiration 
while the nose is closed and the mouth is sealed for 10 seconds. This exaggerated inspiratory 
effort, will increase the negative pressure in the chest and lungs is made very 
subatmospheric. This will augment the right-sided filling and hence augment the tricuspid 
regurgitation (Buda et al 1981). 

4. Echocardiography in various respiratory conditions 
Table 2 summarizes the indications of echocardiography in respiratory diseases. 
 
a. Congenital diseases: 
1. Choanal atresia 
2. Congenital mal-development of the lung: Agenesis, hypoplasia, and dysplasia of lung 
3. Congenital hiatus hernia or diaphragmatic hernia 
4. Chest wall deformity as in Pectus excavatum; Pectus carinatum; Kyphoscoliotic heart 

disease  
5. Situs inversus e.g. kartagener syndrome 
6. Total anomalous pulmonary venous connection 
7. Partial anomalous pulmonary venous connection 
b. Acquired:  
1. Traumatic chest conditions: Pulmonary insufficiency following trauma and surgery; 

Unspecified injury of heart with open wound into thorax; Contusion of heart with open 
wound into thorax; other trauma). 

2. Obstructive sleep apnea (adult) (pediatric) 
3. Reactive airway diseases (Asthma & COPD) 
4. Pulmonary Vascular disorders (Aneurysm of pulmonary artery; arteriovenous fistula of 

pulmonary vessels (Contrast Echocardiography)). 
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5. Pulmonary embolism 
6. Primary pulmonary hypertension, follow-up of pulmonary artery pressures in patients 

with pulmonary hypertension to evaluate response to treatment,  
7. Swelling, mass, or lump in chest, malignancy. 
8. Patients being considered for lung transplantation or other surgical procedure for 

advanced lung disease to exclude possible cardiac disease. 
9. Acute respiratory infections: pneumonia especially if associated with empyema or 

septic shock 
10. Chronic pulmonary infection: tuberculosis, fungal disease 
11. ICU patient: Respiratory failure, mechanically ventilated patient, exacerbated reactive 

airway disease; Acute cor pulmonale and for routine re-evaluation of right ventricular 
function in patients with cor pulmonale, Iatrogenic pulmonary embolism and 
infarction, acute pulmonary edema; and chest pain: if associated with: hemodynamic 
instability, unexplained hypotension in Intensive Care or emergency settings;  

Table 2. The indications of Echocardiography in respiratory conditions 

4.1 Congenital respiratory diseases 
4.1.1 Choanal atresia 
Choanal atresia results from the persistence of the bucconasal membrane, which separates 
the nasal cavity and the nasopharynx in the early embryological development period. It may 
be unilateral or bilateral. Unilateral cases are often diagnosed later in life with unilateral 
nasal obstruction and discharge, while bilateral atresia almost always present with 
respiratory emergency. It may be found as isolated anomaly or associated with other defects 
as seen in CHARGE association. The most common cardiac lesions associated with choanal 
atresia are PDA and/or VSD, singly or in combination. Over half of the patients with 
choanal atresia may have multiple cardiac anomalies e.g. Endocardial cushion defect, 
conotruncal anomalies, or fallot’s tetralogy. (Zagnoev et al 1981) 

4.1.2 Congenital mal-development of the lung  
Lung agenesis is defined as complete absence of lung tissue, carina, main bronchus and 
pulmonary vasculature while in lung aplasia there are a carina and main bronchus without 
lung tissue. In pulmonary hypoplasia there is bronchial underdevelopment associated with 
reduced amount of lung tissue. About 50% of patients with lung agenesis have other 
congenital anomalies especially cardiac anomalies. The incidence is being greater in those 
with right-sided agenesis. The congenital heart anomalies that may be associated with lung 
agenesis have a broad range, from simple isolated congeital cardiac defects like atrial septal 
defcts to extreme dextroversion and displacement of the heart. Tricuspid atresia; pulmonary 
artery sling; and total anomalous pulmonary venous drainage are among the recorded 
congnital heart diseases associated with lung agenesis. Some cardiac malformations (eg, 
tetralogy of Fallot, and scimitar syndrome) may lead to pulmonary hypoplasia. 
Echocardiography alone may be not enough for detailed diagnosis. Cross-sectional imaging 
modalities such as magnetic resonance imaging (MRI) and computed tomography (CT) and 
pulmonary angiography may be needed for accurate determination of anomalous 
vasculature, particularly in the presence of coexisting lung agenesis (rzykowski et al 2007).  
Bridging bronchus is a malformation in which an aberrant bronchus arising from the left 
main stem bronchus to supply the right middle and /or lower lung lobes. Bridging 
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bronchus may be associated with many malformations like cardiovascular (a sling-like left 
pulmonary artery and left-sided obstructive lesions including coarctation of the aorta), 
skeletal, genitourinary and abdominal malformations. 

4.1.3 Congenital hiatus hernia or diaphragmatic hernia 
Congenital diaphragmatic hernia (CDH) is protrusion of the abdominal viscera into the 
thoracic cavity due to absence of the diaphragm, or through a hole in it. This can occur on 
the left or right side, but is most common on the left. Hiatus hernia occurs when part of the 
stomach is present the thoracic cavity through the esophageal hiatus of the diaphragm. 
Cardiovascular malformations are common in cases with congenital diaphragmatic hernia (25-
50%). Ventricular septal defect (VSD), atrial septal defect (ASD), conotruncal defects such as 
tetralogy of Fallot, transposition of great vessels, or aortic coarctation are among the cardiac 
anomalies seen in such cases. Hypoplastic left heart syndrome, is sometimes seen in cases with 
left-sided CDH. Dextroposition of the heart (e.g., the heart is shifted into the right chest) is also 
seen in left-sided CDH. Pulmonary hypertension and pulmonary hypoplasia are common 
complications of CDH. (Tonks et al 2008) 
Echocardiography is needed immediately after diagnosis of CDH. It is helpful to exclude 
any associated congenital heart defect. It also helps in assessing cardiac functions and 
determining any reduction of the LV mass. Increased pulmonary vascular resistance is an 
almost universal finding in CDH. Determination of pulmonary artery pressures is essential 
as many surgeons prefer to operate when echocardiography has shown normal pulmonary 
artery pressures which are maintained for at least 24 to 48 hours (Bosenberg et al 2008). 
Echocardiographic findings of increased pulmonary artery pressure are flattening of the 
intraventricular septum, presence of tricuspid regurgitation, and/or right-to-left or 
bidirectional shunting at the ductal level. Estimation of RV pressure can be done by 
estimation of tricuspid regurgitation jet. Patency of the ductus allows RV to decompress and 
prevents right heart failure when the pressure becomes suprasystemic (Bohn 2000). 

4.1.4 Chest wall deformity  
There is a wide range of congenital chest wall deformities. The most frequent ones are 
pectus excavatum (more than 90% of congenital chest wall deformities), pectus carinatum 
and kyphoscoliosis. Pectus excavatum (Funnel chest) is caused by an abnormality of 
connective tissue, which results in depression of the sternum. It is sometimes associated 
with Marfan and Ehlers Danlos syndromes. Pectus carinatum (Pigeon chest) is thought to be 
associated with rickets, severe childhood asthma; congenital heart diseases as in ventricular 
septal defect (VSD) or with scoliosis. Kyphoscoliosis may be due to neuromuscular, 
congenital vertebral deformity or may be idiopathic. The usual cardiac manifestations 
presented in chest wall deformity are pain, dyspnea, and palpitation. ECG may show 
incomplete right bundle block, right anterior fascicular block, right axis deviation, or LV 
hypertrophy (Kara et al 2009).  
Echocardiography may be indicated in patients with chest wall deformity to evaluate 
cardiac compression and to exclude associated cardiac abnormalities. In pectus excavatum, 
the sternum depressed the right atrium and right ventricle, interfering with diastolic filling 
of these structures. Mitral valve prolapse is a common finding and usually presented with 
chest pain and palpitations. Evaluation of the aortic root is specially needed if there is 
suspicion of Marfan syndrome as aortic root dilatation is a common finding. Evaluation of 
the cardiac function particularly in the sitting, or upright, position is of utmost importance. 
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No significant impairment to cardiac function could be observed when the patient with 
pectus excavatum is lying flat especially in mild to moderate cases (Colombani 2009). 
However, unless the patient is symptomatic, echocardiography is not mandatory in the 
workup of patients with pectus excavatum. 
Echocardiography may be considered if congenital heart disease is suspected in cases with 
pectus carinatum. In a study performed by Iakovlev et al 1990, it was found  that 97% out of 70 
children with pectus carinatum had echocardiographically documented MVP. Some of those 
patients had hemodynamic and cardiodynamic changes as well as decreased myocardial 
contractility. These abnormalities were more frequently observed in the patients with 
pigeon chest. 
In Kyphoscoliosis, there is increased incidence of dilatation of the ascending aorta, dilatation 
of the pulmonary artery, bicuspid aortic valve, subaortic septal hypertrophy, and MVP with 
or without mitral regurgitation. Kyphoscoliosis complicated with chronic hypoxemia, may 
induce both functional and anatomic changes in the pulmonary vascular bed. Chronic 
hypoxemia and reduction in the pulmonary vascular bed due to small lungs in 
kyphoscoliotic patient may cause cor pulmonale as an end result. Myocardial 
noncompaction of the ventricular myocardium which is a rare congenital cardiomyopathy 
characterized by excessively protrusive trabeculae and deep trabecular recesses in one or 
more segments of the ventricle was observed in some cases. Echocardiography shows 
trabeculations and deep intratrabecular recesses along the ventricular cavity in the apical 
and lateral segments of LV. Colour Doppler imaging shows blood flow in these recesses. 
Dilatation of LV and LA may be noted with LV global hypokinesia. Eustachian valve may 
be thikened in some cases which may appear as mass in RA and need transesophageal 
echocardiography for better evaluation. There is an increased incidence of MVP in patients 
with skeletal abnormalities (Velibey et al 2010). 

4.1.5 Situs inversus e.g. kartagener syndrome 
Kartagener's syndrome is a very rare congenital malformation due to abnormal ciliary 
motility or immotile cilia with impaired mucociliary transport. So; the ciliated epithelium 
situated in the airways, brain ventricles, oviducts, and vasa efferentia of the testes all may 
be affected. The classic syndrome is a triad of situs inversus, bronchiectasis, and sinusitis 
which was first described by Kartagener 1904 (Leigh et al 2009). Situs inversus is present 
only in 47.7% of cases so some authors prefer to name this syndrome as the immotile cilia 
syndrome or the dyskinetic cilia syndrome. Heterotaxy (situs ambiguous) is present in about 
6% of cases with Kartagener syndrome. However, the prevalence of CHD with heterotaxy 
was noted to be 200-fold higher in primary ciliary dyskinesia than in the general 
population. 
Diagnosis is usually confirmed by studies of ciliary function and ultrastructure, and by 
immunohistochemistry of cilia and by measurements of nasal nitric oxide. Isolated 
dextrocardia is almost always associated with other cardiac anomalies, which are often 
serious. When accompanied by situs inversus, serious cardiac malformations are less 
common, but described. Echocardiography allows identification of the cardiac 
malformations that may be associated with Kartagner syndrome. Among these cardiac 
malformations are: tetralogy of Fallot, L-transposition of the great arteries, aortic 
coarctation, subpulmonic stenosis, right or left atrial isomerism, atrial septal defect, common 
atrium, atrioventricular septal defect; ventricular septal defect, double outlet right ventricle, 
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left ventricular outflow tract obstruction, bilateral superior vena cava, inferior vena cava 
drainage via azygous or via hemiazygous. (Kennedy et al 2007) 

4.2 Acquired respiratory diseases 
4.2.1 Traumatic chest conditions  
Pulmonary insufficiency may occur following cardiac trauma and surgery. Unspecified 
injury of heart may occur with open wound into thorax. Contusion of heart may present 
with open thoracic wound. Though traumatic myocardial contusion or traumatic pericardial 
lesions are usually well tolerated and the clinical findings are transient; the sequelae of the 
cardiac trauma may be serious and difficult to be recognized.  Blunt chest trauma might lead 
to cardiac injury ranging from simple arrhythmias to lethal conditions such as cardiac rupture. 
Therefore, a careful evaluation of every traumatized individual for cardiovascular injury is 
essential so that the more serious complications will be recognized and treated effectively. 
Parmley et al 1958; found that the most commonly encountered cardiac lesion at necropsy was 
myocardial rupture of a septum or a chamber wall. Bjørnstad et al 2009 described a case with 
coronary artery dissection and acute myocardial infarction following blunt chest trauma.  
Blunt trauma is uncommonly followed by intracardiac valve injuries but it does occur 
specially with car accidents. The valve most commonly affected is the tricuspid. Hasdemir et 
al 2010 described occurrence of severe tricuspid regurgitation and second-degree Mobitz II 
atrioventricular block in a 68 years old woman due to blunt cardiac trauma secondary to car 
accident. Echocardiography could demonstrate rupture of tricuspid chordae tendinae or 
papillary muscles with prolapse of the valve cusps into the right atrium during systole and 
remarkable tricuspid regurgitation. Close follow-up may suffice in some patients with stable 
hemodynamic conditions, and regression of tricuspid regurgitation can be expected during 
follow-up. Mutilating mitral valve lesion secondary to cardiac trauma can induce mitral 
incompetence. The most common site of lesion is the papillary muscles (PM), followed by 
the chordae and then the mitral valve leaflets. The clinical course can be indolent or 
devastating, and most often requires urgent or delayed surgical treatment, either with mitral 
valve repair or replacement (Pasquier et al 2010). When the aortic valve is traumatically 
injured, it usually has a tear or avulsion on the cusp or on a commissure as well. The injury 
is often combined with trauma to the ascending aorta (Kan & Yang 2005). 

4.2.2 Obstructive sleep apnea (adult & pediatric) 
Obstructive sleep apnea (OSA) is a common but under-diagnosed condition that increases 
the risk of cardiovascular morbidity and mortality. Repetitive episodes of upper airway 
narrowing and/or occlusion; characteristic of OSA may lead to significant hypoxemia and 
cyclical alterations of arterial oxygen saturation. These episodes cause oxygen desaturation 
in response to apnoea, followed by the resumption of oxygen saturation during 
hyperventilation leading to a phenomenon called hypoxia/reoxygenation injury due to 
alteration of the oxidative balance through the induction of excess oxygen-free radicals, 
quite like in the sequelae of ischemia/reperfusion injury. These acute cardiovascular (CV) 
stressors together with swings in intrathoracic pressure, and central nervous system (CNS) 
arousals are potentially forming the basis for heightened CV risk in individuals with OSA 
(Marrone et al 1998). The development of pulmonary hypertension (PHT) and right heart 
dysfunction are well-known complications of OSA. Hypoxemia and hypercarbia-induced 
respiratory acidosis, which results from the apnoea episodes, are potent mediators of 
pulmonary vasoconstriction that can lead to reversible and irreversible chronic changes in 
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the pulmonary vasculature. It is likely that production of various neurohumoral factors in 
response to hypoxemia and respiratory distress may further promote PHT, right ventricular 
(RV) dysfunction and consequent impairment of systemic cardiac output (Blum & McGowan 
2004). 
Adenotonsillar hypertrophy is being the most common cause for upper airway obstruction 
and sleep apnoea in paediatric patients. Many studies showed the cardiac changes in 
children with OSA. Kirk et al 2010 showed that all the Caucasian children with OSA 
included in their study had nocturnal systolic systemic hypertension and half of them had 
diurnal systolic systemic hypertension as well. However, they found no echocardiographic 
findings of LVH and/or RV hypertrophy. On the other hand; Weber et al 2007 found 
dilatation of the RV systolic and diastolic diameters with significant reduction of RV 
functions in children with OSA. They also found reduction of the LV functions but without 
significance. The same finding was also documented by Biltagi et al 2008 who found that 
there was significant reduction of both systolic and diastolic function of both RV and LV in 
the children with OSA and higher clinical score than in control children and children with 
OSA and lower clinical score. There was also a positive correlation between the 
echocardiographic finding of impairment of the cardiac functions with the level of the 
inflammatory breath markers and also with the clinical score of OSA. They also found that 
the Tissue Doppler is more sensitive to discover the impairment of the cardiac function than 
the conventional Doppler. The pulmonary pressure in the children with OSA and higher 
clinical score was significantly more than the control and children with OSA and lower 
clinical score. These findings were also confirmed by Attia et al 2010 who found that the 
Tissue Doppler imaging can detect the subtle, subclinical changes in cardiac performance 
that occur in OSA due to adenotonsillar hypertrophy. They also found that these changes 
were reversible after surgical treatment. 
Cardiac affection is well documented in adults with OSA. Atherosclerosis, secondary 
hypertension, atrial fibrillation, conduction disorders, coronary artery disease, congestive 
heart failure (CHF), pulmonary hypertension, stroke, and cardiac death; all are documented 
to occur in adults with OSA. Romero-Corral et al 2007 found that echocardiographic 
examination documented impaired RV and LV functions and increased left atrial volume in 
cases with moderate to severe OSA. Koshino et al 2010 explain these cardiac changes by the 
occurrence of negative intrathoracic pressure during apnea. They found that RV and LV 
longitudinal deformation was significantly reduced during the Müller maneuver. Cioffi et al 
2010 also documented occurrence of high prevalence of concentric LV hypertrophy in 
Moderate to severe OSA. They related these changes to the increase in myocardial end-
systolic stress, venous return and sympathetic activity. Early recognition of RV dysfunction 
before development of pulmonary arterial (PA) hypertension is important for preventing 
further progression to heart failure and even death. Shanoudy et al 1998 found by contrast 
transesophgeal echocardiography; an increased prevalence of PFO in adults with OSA 
which indicates that the pathophysiology of OSA may predispose to the maintenance of 
patency of a foramen ovale. 

4.2.3 Bronchial asthma & COPD 
Bronchial asthma (BA) is a common chronic inflammatory condition affecting the airways. 
Bronchial asthma does not affect only the lung but affects other organs including the heart. 
Even with mild cases, subclinical cardiac dysfunction can be documented and the severity of 
cardiac affection is parallel to the severity of the disease. Diastolic dysfunction of the RV was 
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the earliest hemodynamic change in BA. RV hypertrophy and dilation and LV diastolic 
dysfunction were observed in severe BA. Echocardiography detected RV systolic and 
diastolic dysfunction in a considerable percent of asthmatic children even with mild cases. 
Left ventricular dysfunction is usually detected in severe asthmatic cases. Tissue Doppler 
Echocardiography was found to be more sensitive in detecting cardiac dysfunction than 
conventional Doppler. However, these cardiac dysfunctions may be reversible especially in 
acute cases (Peng et al 2006, Zeybek et al 2007). The occurrence of supraventricular 
tachycardia in BA is related to presence of interventricular septal hypertrophy, LV 
dysfunction, and increased PAP (Chicherina et al 2007). Asthmatic medications can also affect 
the echocardiographic findings. Chronic administration of theophylline may cause a slight 
increase in percent fractional shortening, outflow peak velocity and atrial contribution to 
ventricular filling in the asthmatic children as compared to normal though these findings 
were found to be insignificant (Aoki et al 1994).  
The cardiac manifestations of chronic obstructive pulmonary disease (COPD) are numerous. 
RV dysfunction and pulmonary vascular disease are well known to complicate the clinical 
course of COPD and correlate inversely with survival. Although RV dysfunction and PH are 
common in COPD; the increase in mean pulmonary artery pressures tends to be mild to 
moderate. The manifestations of pulmonary hypertension in patients with COPD are 
usually subtle and are often obscured by the manifestations of the lung disease. However, 
there is a dramatic increase in pulmonary pressure observed during exercise, nocturnal 
desaturations and acute exacerbations. Despite that the cardiac catheterization remains the 
"gold standard" for the measurement of pulmonary arterial pressures, but recent studies 
showed that continuous wave Doppler echocardiography is able to detect the increase in 
pulmonary pressure and is sufficiently sensitive to detect changes in pulmonary arterial 
pressure. Presence of progressive worsening of diastolic and systolic function of the LV is an 
additional factor aggravating hemodynamic compromise in patients with COPD which 
should be kept in mind when choosing the appropriate therapy (Falk et al 2008, Higham et al 
2001, Fisher et al 2009, Strutynskiĭ et al 2010). 

4.2.4 Pulmonary vascular disorders  
Pulmonary artery (PA) aneurysm is a rare clinical condition, either congenital or acquired. It 
is defined as PA dilation greater than 4 cm. Large PA aneurysm can cause airway 
obstruction and compromise. Two-D echocardiography appears to be a useful non-invasive 
technique in the recognition of PA aneurysms. It can localize the site; the type; single or 
multiple; and the size of PA aneurysm. The fusiform aneurysms may reach a huge size, 
which may make it impossible to be imaged completely by a single 2-D sector plane and can 
cause displacement of the left atrium (Bhandari & Nanda 1984).  
However; accurate diagnosis and evaluation of PA aneurysms may be difficult without 
angiography, computed tomography (CT) and MRIs. Associated cardiac lesions may be 
detected by echocardiography. Pulmonary hypertension is rarely found in some patients 
with aneurysm of the main pulmonary artery. However, severe pulmonary hypertension 
may be the cause of the aneurysm. Thrombus may be found inside the aneurysm with its 
characteristic echocardiographic features of having a laminated appearance, variably 
increased echodensity compared with surrounding tissues, stagnation caused by low blood 
flow state in the aneurysm and lack of obvious tumor features, such as narrow stalk and 
origin from PA wall. Echocardiography may detect associated lesions like atrial septal 
defects, mitral stenosis, aortic coarctation etc (Güler et al 2003).  
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Pulmonary arterio-venous fistula (PAVF) is a rare vascular anomaly. In PAVF, there is a 
direct communication between the PA branches and the pulmonary vein, without 
intervening pulmonary capillary bed. PAVFs are found in approximately 15–20% of patients 
with Rendu-Osler-Weber (ROW) disease. The M- mode and Two-D echocardiography may 
be normal and show normal intracardiac anatomy with no evidence of atrial or ventricular 
septal defect. However, if PAVF is suspected a contrast echocardiography showed be 
performed. After the injection of the contrast rapidly into the right antecubital vein; the right 
atrium and ventricle will be opacified but the left heart chambers will remain free of contrast 
until three cardiac cycles (3 s) after that the contrast will be seen in the left heart side. These 
findings are compatible with a right-to-left shunt at the pulmonary vasculature level and not 
intracardiac. (Roolvink 2004) 

4.2.5 Pulmonary embolism 
Pulmonary embolism (PE) is a common and serious disease. The prognosis depends on the 
speed of diagnosis and initiation of therapy. Since 1990; a large number of diagnostic tests 
and strategies have been evaluated for PE. Echocardiography has certain criteria to improve 
the diagnosis of acute PE. Presence of RV hypokinesis and dilation (without RV wall 
hypertrophy, and RV diameter becomes equal to or larger than the diameter of LV), 
tricuspid regurgitation velocity >2.7 m/sec without inspiratory collapse of the inferior vena 
cava, paradoxical septal movements and widening of pulmonary artery diameter together 
with the clinical suspicion of PE will increase the sensitivity of echocardiography to 
diagnose PE. Transesophageal echocardiography can show the central pulmonary arteries 
and may show a thrombus in the dilated segment of pulmonary artery. However, the 
echocardiography may fail to diagnose PE in about half of the cases. Despite that, 
echocardiography is one of the preferred first diagnostic tool to diagnose a patient with 
suspected PE (Miniati et al 2001). 

4.2.6 Primary pulmonary hypertension (PPH) 
Primary pulmonary hypertension (PPH) is a disease of unknown origin. It is characterised 
by a progressive increase in PA pressures. Despite that the invasive measurement of 
pulmonary vascular resistance (PVR) by right heart catheterisation remains the gold 
standard method to evaluate PVR, but echocardiography is still a good screening tool of 
patients with PH. It can estimate PVR using the ratio of peak tricuspid regurgitant velocity 
(TRV) to the RV outflow tract time-velocity integral (TVI rvot) or to the LV outflow tract 
time-velocity integral (TVI lvot). TRV/TVI rvot and TRV/TVI lvot was reported to be 
correlated significantly with invasively-determined PVR. Echocardiography can also be 
used to follow-up of PA pressures in patients with pulmonary hypertension to evaluate 
response to treatment. (Roule et al 2010)  

4.2.7 Mass in chest  
A wide variety of intra-thoracic masses can simulate primary intrinsic cardiac diseases. They 
can present with various cardiovascular manifestations; an abnormal heart shadow in the X-
ray or unusual echoes in close proximity to the heart. Echocardiography can show unusual 
anterior wall echo which can be misinterpreted to be aneurysmal dilatation of either the RV 
outflow tract or pulmonary artery. M-mode echocardiography can differentiate between 
solid and cystic masses by their "sonolucency,” which reflects the changes in gain settings. 
At high gain, the solid masses will "fill-in" with echoes, whereas a cystic structure will not. 
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An example of cystic masses in the anterior mediastinum is the thymic cyst which may 
appear as a cystic structure displaced by the great vessels during systole. Contrast 
echocardiography can help to know whether the cyst originates from the RV or from extra 
cardiac mediastinal structures (Child et al 1975).  
In posterior mediastinal mass a wide strong echo, posterior to the posterior LV wall can be 
seen especially with tumours. An example of posterior mediastinal mass which presents 
with acute cardiovascular events is hiatus hernia. Hiatus hernia can hinder the sonographic 
configuration of the cardiac anatomy and can simulate the appearance of a left intra-atrial 
mass or a posterior mediastinal structure on transthoracic echocardiography. Contrast and 
transesophageal echocardiography are very helpful for better evaluation and to exclude the 
intracardiac nature of the mass. Other posterior mediastinal masses are esophageal 
carcinomas and hematomas, or dissecting aneurysms of the ascending aorta (Koskinas et al 
2008). Some mediastinal masses can restrict the cardiac filling due to myocardial or 
pericardial infiltration. Decreased LV compliance impairs left atrial emptying and 
diminishes anterior mitral valve diastolic closure rate. Diminished ventricular filling may be 
observed due to decreased venous return as a consequence to compression of vena cava by 
the mass.  So; when the prominent echo in front or behind the heart is seen and no primary 
cardiac disease can be detected; a mediastinal mass should be suspected and further studies 
are needed (Child et al 1975). 

4.2.8 Patients being considered for lung transplantation or other surgical procedure 
for advanced lung disease to exclude possible cardiac disease 
Patients with advanced lung disease need a detailed preoperative echocardiographic 
examination especially in patient with end stage lung disease (ESLD) who is in need for 
lung transplantation. Pulmonary hypertension is often detected in those patients. 
Echocardiography can detect abnormal left atrial filling, abnormal LV relaxation and 
geometry, RV enlargement, ventricular septal displacement and LV diastolic dysfunction 
(Jastrzebski et al 2007). Increased systolic pulmonary artery pressure, is a significant risk 
factors for death of patient with ESLD while being on the waiting list. A decrease of ejection 
fraction below 50% may indicate lower survival (Jastrzebski et al 2005).  

4.2.9 Acute respiratory infections 
There are a number of cardiac complications that occur in cases with pneumonia. Purulent 
pericarditis, Cardiac tamponade, pulmonary embolism and endocarditis are rare 
complications but reported specially with Streptococcus pneumonia. Congenital heart disease 
is the predisposing factor in about 22% of cases with recurrent pneumonia in children (Al-
Sabbagh et al 2008, Owayed et al 2000).  

4.2.10 Chronic pulmonary infection/inflammation  
Tuberculous pericarditis continues to be a problem in both developed and developing 
countries. The echocardiography has certain characteristic features of tuberculous 
pericarditis. There may be pericardial thickening and calcification, intrapericardial fibrin 
strands, exudative coating with a tendency to form adhesions and in some instances 
constriction. There may be patchy deposits with ‘‘fibrinous’’ strands criss crossing the 
pericardial space. Echocardiographic evidence of cardiac tamponade is more common in 
tuberculous pericardial effusion. Organization of the pericardial tissue may form large 
pericardial mass or abscess which may obstruct RV free wall (George et al 2004).  
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Sarcoidosis is a granulomatous disease which may affect lungs and may be complicated 
with pulmonary hypertension. It may develop secondary to granulomatous involvement of 
pulmonary veins manifesting clinically as pulmonary veno-occlusive disease, extrinsic 
compression by mediastinal or hilar adenopathy, cardiac involvement including systolic or 
diastolic dysfunction, increased production of vasoactive endothelin-1 and downstream 
effects of hypoxemia. Presence of PH is an important risk factor affecting survival. Doppler 
echocardiography appears to be useful screening tool in the context of sarcoidosis with PH 
(Alhamad et al 2010). Fungal endocarditis has increased in incidence during the last 2 decades 
and may complicate fungal pulmonary disease especially in presence of prothetic valve or 
congenital heart disease. Echocardiography is extremely useful to diagnose Candida 
endocarditis because fungal endocarditis is frequently associated with large vegetations that 
are easily observed on standard echocardiograms. However, transthoracic 
echocardiography is less sensitive than transesophageal echocardiography but less invasive. 
Echocardiography can detect vegetations and intracardiac thrombi which are the most 
common types but are still rare. It may also demonstrate pericardial effusion, myocardial 
abscesses, associated myocarditis or pericarditis (Ellis et al 2001). 

4.2.11 Pulmonary ICU patient 
In the chest intensive care setting; echocardiography is a valuable and indispensable bedside 
diagnostic tool which has the advantage of providing very useful hemodynamic 
information in a matter of minutes. It is used to establish rapid diagnoses and assessment, to 
serially monitor the therapeutic interventions and to expect the prognosis in 
pulmonary/critical care patients with cardiopulmonary dysfunction. It can be used together 
with clinical assessment and other tools to assess the patient's hemodynamic. It is inevitable 
and appropriate that the pulmonary intensive care physician should know and have the 
skills to perform ICU echocardiography. Echocardiography is a useful diagnostic tool in 
cases with profound hypotension or shock or in whom hypotension or shock fails to 
respond to the standard treatment. It can confirm the cardiac cause of shock. Global 
biventricular function, LV myocardial kienetic status (Hypokinetic, hyperkinetic or 
normokinetic; regional and global) and valve status can be evaluated with standard 
methods keeping into consideration the amount of inotropic and vasoactive medications 
givin, the degree of LV filling (by assessement of IVC size); pulmonary vascular resistance 
and presence of extrinsic compression e.g. cardiac tamponade or effect of mechanical 
ventilation (Kaplan & Mayo 2009).  
In septicemia, echocardiography can play a crucial role in the management of the septic ICU 
patient both by excluding cardiac causes for sepsis, and by monitoring and guiding 
management of the patient hemodynamics. Despite that septic shock is classically 
considered as hyperdynamic state, but sepsis can reduce myocardial contractility and 
ventricular functions and can decrease cardiac output. So, global evaluation of the cardiac 
functions is of paramount importance. The sepsis-induced cardiomyopathy is classically 
observed in children and adult patients with meningococcemia. Echocardiography can 
determine the cardiac source of sepsis e.g. infective endocarditis. It is to be noted that TEE is 
more sensitive than TTE to detect of small vegetations. However; echocardiography alone 
cannot be used to make diagnosis of endocarditis and must be used with the other 
diagnostic criteria. (Price et al 2008)  
Echocardiography can detect pleural effusion and can differentiate left pleual effusion from 
the pericardial effusion. With subcostal 2-D echocardiography, right pleural effusion 
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appears as echo-free mass that is contiguous to the RA but not to any other cardiac chamber. 
It is also bounded inferiorly by the smooth round surface of the liver. The location of the 
descending thoracic aorta on 2-D echocardiography serves as a valuable landmark in 
localizing the pericardial-pleural interface, thereby differentiating pericardial from pleural 
effusions (D'Cruz 1984). However, the right-sided pleural effusion is more difficult to be 
detected than the left because there is no acoustic window. TEE can detect the echo-free 
space created by pleural fluid, as well as the appearance of adjacent atelectatic lung. TEE 
also could be used to quantify the size of effusions. Howard et al 2011; could estimate the 
volume of the pericardial effusion using TEE by applying the following formula:  

V = 4.5·CSA(max)(3/2)  

Where V is the expected pleural effusion volume in milliliters while the CSA(max) is the 
maximum cross-sectional area in centimeters squared of the pleural effusion recorded by 
transesophageal echocardiography. Pleural effusion in ICU patient can cause 
echocardiographic artefacts (called cardiac-mass lung' artefact,) which may give the 
impression of an intracardiac mass and could be mistaken with mobile components. In 
presence of hemodynamically unstable patient with significant pleural effusions; 
echocardiography must be performed to evaluate the cardiac function and to exclude 
presence of associated pericardial effusion (Karabinis et al 2008).  
Echocardiography in pulmonary ICU allows immediate evaluation of patients with 
cardiopulmonary failure, to establish initial diagnosis and serial examinations may be 
performed to guide ongoing management. It also can evaluate the cardiac function both 
systolic and diastolic that can be compromised. Echocardiography may not be needed 
routinely in all patients with respiratory failure, but it is particularly useful when a cardiac 
cause of acute respiratory failure is suspected. Presence of LV dilation, regional or global 
myocardial wall motion abnormalities, and/or severe mitral regurgitation are present in 
cases with cardiogenic pulmonary oedema. On the other hand; a normal heart size and 
normal systolic and diastolic function in a patient with pulmonary oedema would suggest 
Adult Respiratory Distress Syndrome (ARDS). Estimation of PA pressure and evaluation of 
RV function are needed in chronic respiratory failure (Vieillard-Baron et al 1999) 
Mechanical ventilation may cause potentially detrimental consequences for systemic venous 
return produced by an increase in pleural pressure. It also decreases RV after-load due to 
increased positive end expiratory presurre (PEEP), incresed lung volume or both. It also 
decreases radius of interventricular septum in diastole leading to its leftward shift with 
impeding filling of the LV and decreased LV cardiac output. However, the effect on the LV 
is insignificant. On the other hand, continuous positive airway pressure (CPAP) can 
improve LV afterload by reducing transmural LV pressure (Huemer et al 1994). TTE appears 
as a sensitive noninvasive method which accurately detects changes in central 
haemodynamics induced by changes in breathing pattern. It is a powerful tool to assess RV 
function, especially if acute cor pulmonale is a concern, as well as to estimate LV function 
(Vieillard-Baron et al 1999). 
Weaning patients from the ventilator remains a crucial issue. TTE helps to identify patients 
at high risk of weaning failure. TTE findings which expect difficult weaning include: 
increase of LA pressure, appearance/worsening of mitral regurgitation new/worsening 
regional wall motion abnormalities, decreased LVEF, shortened deceleration time of mitral 
Doppler E wave, and increased E/E' ratio (E' is the the maximal velocity of its displacement 
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of the lateral portion of the mitral annulus during early diastole) and reduced tricuspid 
annular TDI systolic and diastolic velocities. (Caille et al 2010) 

5. Conclusion 
Echocardiography plays a crucial role in diagnosis, monitoring and follow up of many 
respiratory disorders. 
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1. Introduction 
Tissue Doppler Echocardiography was introduced in the 1960s (Yoshida et al., 1961), and 
enabled the quantitative assessment of myocardial motion and deformation. The wide use 
of tissue Doppler as a research tool halted, however, until the early 1990s (Hatle & 
Sutherland, 2000). Tissue Doppler is now available for high frame rates, wide sector angles 
and in combination with 2-dimiensional data acquisition. Although widely used in 
cardiovascular research, the clinical use is limited, probably due to the time consumption 
associated with special imaging protocols and tedious post processing. Nevertheless, tissue 
Doppler echocardiography has contributed to most of the available knowledge on the 
pathophysiology involved in myocardial contraction deficiency.  
The experienced cardiologist can easily identify large myocardial infarcts by visual analysis 
of echocardiograms, but identification of a small MI may be challenging due to the modest 
changes in tissue properties. In ischemic tissue, the contractility is reduced and reduced 
deformation and deformation rate is observed. Due to differences in contractility among 
ischemic and adjacent healthy myocardium, the ischemic myocardium has a characteristic 
deformation pattern with stretch in early systole, reduced systolic shortening, and a delayed 
(postsystolic) shortening when the ventricular pressure decays. This early stretch and post 
systolic shortening pattern has been described both experimentally (Edvardsen, T. et al., 
2002; Skulstad et al., 2002) and clinically (Gjesdal et al., 2008; Jamal et al., 1999; Voigt et al., 
2004).  

2. Deformation indices 
Myocardial function was traditionally assessed by tissue Doppler by the measurement of 
myocardial velocity and displacement indices in directions parallel to the ultrasound beam 
direction. These indices allowed quantitative assessment of myocardial function in the 
longitudinal direction, but could not differentiate velocities caused by deformation in the 
myocardium from velocities caused by displacement and tethering from adjacent 
structures.    
The deforming heart can be assessed by evaluation of tissue velocities or displacement, 
deformation (strain) or rate of deformation (strain rate).  
The Doppler shift utilized for deformational assessment in tissue Doppler echocardiography 
is a measure directly correlated to tissue velocity, and strain or strain rate measurements are 
automatically derived by integration or derivation of the spatial velocity distribution (Figure 
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1). During contraction, the apex is relatively stationary and the strain is relatively equally 
distributed in the different left ventricular compartments. There is therefore a natural 
gradient of velocity and displacement in the heart, with higher values observed towards 
the basal part of the heart. Tethering (pulling) by healthy adjacent myocardium, and 
translational cardiac motion can thus influence the velocities and displacements of 
diseased myocardium. When these indices are assessed, the position of the region of 
interest must therefore be evaluated together with the velocity information (Skulstad et 
al., 2004). 
 

 
Fig. 1. Mathematical relation between deformation indices 

In an attempt to establish a measure that was more specific for myocardial properties the 
principle of calculating myocardial strain rate from echocardiographic data was introduced 
(Quinones et al., 1974). This is analogous to the earlier approach to calculate strain rate or 
”normalized velocities” from apex cardiographic tracings, and the concept of myocardial 
strain was defined as fractional tissue deformation in response to applied force or stress 
(Mirsky et al., 1972). In that context, strain represents fractional change of tissue length and 
is expressed in a dimensionless unit as percent shortening or lengthening (Lagrangian 
formula). In an effort to improve the ability of TDI to measure regional function, TDI-
derived real time strain rate was introduced (Heimdal et al., 1998). Strains are more 
uniformly distributed within the LV myocardium than tissue velocities, and the assessment 
of myocardial strain by TDI thus simplifies the analysis of regional contractile function by 
providing an objective parameter of myocardial deformation. Strain is a relatively new 
index of myocardial function that describes myocardial deformation as the relative change 
in myocardial segment length over time (D'hooge, J. et al., 2002), and provides information 
on segmental or global myocardial deformation (Gjesdal et al., 2007). Strain (deformation) or 
strain rate (rate of deformation) can be assessed in patients by echocardiography using 
tissue Doppler or speckle tracking echocardiography (Dandel & Hetzer, 2009) or with 
tagged MRI (Edvardsen & Rosen, 2005), and in experimental studies by sonomicrometry 
(Urheim et al., 2000). The indices have proven superior to established indices of myocardial 
function to assess myocardial infarct size (Becker et al., 2006; Chan et al., 2006; Gjesdal et al., 
2008; Vartdal et al., 2007), hypertrophic cardiomyopathy (Serri et al., 2006), and in metabolic 
syndrome (Gong et al., 2009), ads incremental value in predicting outcome in cardiovascular 



 
Tissue Doppler in Ischemic Heart Disease 

 

85 

disease (Ingul, C. B. et al., 2007), and predicts arrhythmic events after myocardial infarct 
(Haugaa et al., 2009). 
Strain and strain rate (SR) were developed as clinical indices of regional myocardial 
deformation (Edvardsen et al., 2001; Gotte et al., 2001; Mirsky & Parmley, 1973; Rademakers 
et al., 1994; Zhang et al., 2005) and have been introduced and validated using tagged MRI 
and sonomicrometry (Derumeaux et al., 2001; Edvardsen, T. et al., 2002; Urheim et al., 2000). 
Strain is defined as tissue elongation relative to length; usually the length at end diastole 
(Lagrangian strain) but instantaneous length is also used (Eulerian strain). A positive strain 
value refers to elongation, whereas a negative strain value describes shortening. Strain and 
strain rate are related through temporal derivation or integration, respectively. Therefore, 
negative systolic strain and strain rate values describe a normal contracting myocardial 
segment. Three main systolic deformation patterns form perpendicular axes in the heart's 
internal coordinate system (D'hooge et al., 2000); longitudinal shortening, circumferential 
shortening and radial thickening (Figure 2). In a direct comparison between strain, 
displacement and ejection velocity, strain by tissue Doppler was found to be superior to 
describe regional myocardial function, both in an animal model, and in humans(Skulstad et 
al., 2006). 
 

 
Fig. 2. The heart’s coordinate system. Longitudinal shortening (LS), Circumferential 
shortening (CS) and Radial Thickening (RT) is displayed 

Doppler derived measures are angle dependent, and the assessment of global function is 
limited by angulations of apical segmental myocardium relative to the ultrasound beam 
direction. To overcome this problem, assessment of mitral plane velocities or displacement 
has been proposed as an index of global LV function (Alam et al., 1990; Alam, M. et al., 1992; 
Hoglund et al., 1989; Simonson & Schiller, 1989). Due to tethering from the mid-ventricular 
and apical segments, the displacement at the base of the left ventricle reflects the average 
deformation of the LV walls. When opposing walls are evaluated during the same heartbeat, 
the potential misjudgment caused by apical rocking is reduced to a minimum. Mitral 
annulus displacement and velocity analyses by TDI has been validated in the clinical setting, 
is well established and widely available. The method requires dedicated imaging protocols 
and is angle dependant, but might be more robust compared to speckle tracking imaging 
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when the acoustic window is poor. Mitral annulus displacement has proven to be robust 
and reproducible (Hayashi et al., 2006), and has demonstrated good  ability to predict 
prognosis following myocardial infarct (Brand et al., 2002). Mitral annulus displacement can 
also be normalized for end diastolic LV length (normalized Mitral annulus Displacement), 
an index which corresponds to global strain (Gjesdal et al., 2009). 
To eliminate the problem of angle-dependency in Doppler-derived deformation analyses, 
strain measurement based on two-dimensional speckle-tracking echocardiography (2D-STE) 
has recently been developed (Amundsen et al., 2006; Cho et al., 2006; D'hooge, J. et al., 2002; 
Helle-Valle et al., 2005; Leitman et al., 2004). Natural acoustic markers (speckles) visualized 
by gray scale imaging form patterns within myocardial tissue. Dedicated software identifies 
the speckle patterns, and myocardial deformation assessed based on deformational changes 
on a frame-to-frame basis. Strain is calculated for each LV-segment as the average relative 
deformation in circumferential, longitudinal or radial directions (Becker et al., 2006; Chan et 
al., 2006; Vartdal et al., 2007) and the method furthermore enables assessment of LV-rotation 
and twist (Helle-Valle et al., 2005). The method is semi-automatic and relatively 
independent of angle. Spatial resolution is nearly constant with depth in the direction of the 
ultrasound beam, while the spatial resolution orthogonal to the beam direction is constant 
with depth with a linear array transducer, and decreases slightly with depth when a sector 
or phased array transducer is used. Since speckle tracking echocardiography is a developing 
methodology for assessment of the same indices that are assessed by tissue Doppler 
echocardiography, this will also be covered briefly. The implementation of TDI in daily 
clinical work has been relatively slow and most echocardiographic laboratories do not apply 
TDI as a routine diagnostic method. 

3. Infarct assessment 
Direct assessment of myocardial infarct by histopathology is the gold standard for infarct 
sizing, and is an option in post-mortem studies, in animal studies, and in studies on the 
explanted heart (Kim et al., 1999; Medrano et al., 1996). Biochemical infarct sizing is based 
on the correlation between the amount of damaged myocardium and release to the blood 
pool of specific markers of cardiac necrosis. Peak values correlate to infarct size, but the 
accuracy of the methods depends on correct timing of the blood sampling in relation to the 
ischemic event (Gibbons et al., 2004). Visualization of MI by imaging techniques is based on 
differences in tissue properties among normal and infarcted tissue. In CE-MRI, the infarcted 
myocardium is highlighted due to retention of contrast medium in the infarcted tissue, 
while positron emission tomography (PET) and single photon emission computed 
tomography (SPECT), are based on visualization of viable non-infarcted myocardium due to 
preserved glucose metabolism and retention of radioactive tracers in viable myocytes, 
respectively (Gibbons et al., 2004). In echocardiography and in cine- and tagged MRI 
imaging, changes in cardiac motion pattern, deformation, or changes in LV pumping 
performance form the basis of infarct sizing.  
Myocardial contraction is severely reduced within scars, and systolic deformation of the left 
ventricle therefore decreases with increasing myocardial scar load (Chan et al., 2006; 
Hoglund et al., 1989; Skulstad et al., 2006; Vartdal et al., 2007). Assessment of myocardial 
deformation at a global or segmental level thus represents alternatives to the direct 
assessment of myocardial scar load by CE-MRI (Figure 3). Echocardiographic scanners are 
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less expensive, widely distributed, and are mastered by most cardiologists, and enables 
myocardial deformation assessment by a variety of methods. Evaluation of LV-deformation 
has traditionally been performed by assessment of the relative volume reduction during 
systole (Left ventricular ejection fraction, LVEF), by visual assessment of the wall thickening 
in individual LV-segments during systole (Wall motion score, WMS) (Lang et al., 2005), or 
by assessment of the longitudinal LV-shortening or rate of shortening (mitral annulus 
displacement or velocity) (Simonson & Schiller, 1989). 
Echocardiographic assessment of LVEF is easily available and feasible, but does not provide 
information on segmental LV-function. Evaluation of regional function by analyses of 
endocardial motion or local wall thinning and thickening characteristics is user dependent 
and requires well-trained personnel. Measurement of longitudinal LV-deformation by 
mitral annulus (MA) displacement or velocity can be performed by tissue Doppler imaging 
(TDI), pulsed TDI or M-mode echocardiography (Hayashi et al., 2006). Assessment is 
relatively easy, but the reference values differ among the methods. Furthermore, the 
methods do not provide information on segmental deformation, and regional deformation 
may be influenced by tethering or apical rocking. MA-displacement, however, predicts 
future events in patients with myocardial infarction, heart failure or hypertensive heart 
disease (Ballo et al., 2008; Hillenbrand et al., 2000; Willenheimer, R. et al., 1997). 
 

 
Fig. 3. Bulls eye plot of peak systolic longitudinal strain by speckle tracking 
echocardiography (left) and gadolinium contrast MRI (right). The center of the plot 
represents apex, and the rim represents the basal LV segments 

Low systolic myocardial velocities in ventricles with myocardial damage, hypertrophy and 
cardiomyopathy have been demonstrated by several authors (Bach et al., 1996; Gorcsan, III 
et al., 1996; Miyatake et al., 1995; Uematsu et al., 1995). Mitral annular and myocardial 
longitudinal velocity measurements have been used in several studies to characterize systole 
in normal individuals and in different heart diseases (Fukuda et al., 1998; Gulati et al., 1996; 
Oki et al., 1999; Pai & Gill, 1998; Wilkenshoff et al., 1998). Generally, systolic longitudinal 
velocity was reduced in most heart diseases. This longitudinal approach has also been 
useful to describe the diastolic function in normal subjects and patients with LV 
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hypertrophy showing a decrease in VE with age and in LV hypertrophy (Rodriguez et al., 
1996). Several conditions are thus responsible for decreased myocardial systolic and 
diastolic velocities and myocardial single finding of reduced velocity. Based on the 
available literature, it is likely that focus on the highest systolic velocity or deformation is 
not sufficient to characterize ischemia from other diseases affecting the contraction of the 
heart.  

4. Validation studies 
Tissue Doppler derived strain and strain rate have been validated using tagged MRI and 
sonomicrometry in humans and in animal studies (Derumeaux et al., 2001; Edvardsen et 
al., 2002; Urheim et al., 2000). Myocardial longitudinal strain was assessed as the time 
integral of regional Doppler velocity gradients in a dog model, and compared with strain 
derived from sonomicrometry crystals placed near the LV apex and base, respectively 
(Derumeaux et al., 2001; Edvardsen, T. et al., 2002; Urheim et al., 2000).Comparisons 
during baseline, apical ischemia and preload alterations demonstrated good correlations 
(r =0.92, p<0.01).  
In human studies longitudinal myocardial Doppler velocities have been shown to decrease 
progressively from base to apex, while myocardial strain rates and strains are uniformly 
distributed among all segments (Edvardsen, T. et al., 2002). Comparisons between 
myocardial longitudinal strains by SDE and tagged-MRI showed excellent correlations 
(r=0.89 and r=0.96, for longitudinal and radial strains respectively (p<0.001), in healthy 
individuals, infarct patients, and during stress echocardiography. 

5. Acute ischemic heart disease 
5.1 Deformation characteristics 
During acute ischemia, the contractility of the ischemic myocardium is reduced. Postsystolic 
shortening was identified as a sign of viability in  a dog model of ischemic heart disease 
(Takayama et al., 1996), and tissue Doppler enabled the characterization of regional wall 
motion disturbances during ischemia and reperfusion (Derumeaux et al., 1998). Also in 
humans, abnormal postsystolic contraction was observed during ischemia (Jamal et al., 
1999). Deformation assessment by strain and strain rate demonstrated better ability to 
evaluate ischemic myocardium compared to velocity based indices in animal models 
(Hashimoto et al., 2003) and human studies (Edvardsen, T. et al., 2002; Jamal et al., 2002; 
Zhang et al., 2005), and provide information on small changes in function over time (Ingul et 
al., 2005), 
In a study during and after angioplasty in humans, three major characteristics were 
identified for the systolic velocity pattern of ischemic myocardium (Edvardsen et al., 2000; 
Edvardsen et al., 2001). When comparing the ischemic regions of LV with the non-
ischemic regions, the ischemic region was recognized by early systolic stretch and 
reduced peak systolic shortening, followed by a postsystolic shortening when the LV 
pressure decays during isovolumetric relaxation and early diastole (Figure 4). When the 
ischemia becomes more severe, the segment gradually becomes passive, and the 
deformation depends on the passive elastic properties of the myocardial tissue (Skulstad 
et al., 2002). 



 
Tissue Doppler in Ischemic Heart Disease 

 

89 

 
Fig. 4. Strain rate and strain from typical normal (grey) and ischemic (black) myocardium. 
Ischemic myocardium is characterized by an early peak positive strain (PPS), and peak 
systolic strain (PSS) is typically lower than end systolic strain (ESS). A post systolic 
shortening is often seen, and peak strain (PS) therefore occurs after end systole 

During ischemia, adjacent myocardium also display altered deformation characteristics. 
This might be caused by stunning or transient ischemia, but also by alterations in local 
loading conditions. Remote myocardium generally has been thought to increase the 
contraction in a compensatory manner to accomplish the demands to cardiac output. This 
mechanism could be caused by neuro-hormonal activation, but also but the Frank-Starling 
mechanism secondary to the increased preload of the ischemic heart.  
Recently, strain by Doppler and speckle tracking was demonstrated to display similar 
ability to separate among levels of transmurality in acute ST elevation myocardial infarction, 
but that reproducibility was somewhat better for speckle tracking derived strain (Sjoli et al., 
2009). Postsystolic shortening has also been demonstrated in approximately one third of 
segments in healthy individuals, and indexation of postsystolic shortening relative to peak 
systolic shortening has therefore been suggested (Voigt, J. U. et al., 2003). Systolic strain by 
vector velocity imaging is also found to correlate with infarct in the acute phase, and peak 
systolic strain was a better predictor of infarct than the post systolic shortening index (Jurcut 
et al., 2008). 

5.2 Identification of area at risk 
Strain imaging by tissue Doppler echocardiography shortly after PCI for acute myocardial 
infarct correlated strongly with global infarct size assessed by delayed enhancement MRI 9 
months later (Vartdal et al., 2007). Similar results were also found for speckle tracking 
echocardiography (Sjoli et al., 2009). Moreover, the strain value correlated with infarct 
transmurality level, suggesting that this index might be useful for prognostication.  
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5.3 Non ST elevation infarction 
 Global strain by speckle tracking deteriorates in non ST-elevation patients while waiting 
for angiography, and the patients with occlusion did not recover by revascularization, 
thus suggesting a potential benefit from a more aggressive strategy in these patients 
(Grenne et al., 2010). Strain measured immediately before revascularization was found to 
correlate significantly with infarct size assessed by delayed enhancement MRI also in non 
ST-elevation infarcts (Eek et al., 2010), and presence of reduced function in 4 or more 
adjacent segments was shown to predict coronary occlusion with high accuracy (Eek et 
al., 2010). 

6. Chronic ischemic heart disease 
6.1 Deformation characteristics 
In chronic ischemic heart disease, the infarcted area has transformed to scar tissue with 
increased resistance to passive stretch. As a consequence, early systolic stretch is a less 
common finding. There is often, however, ischemic areas and areas with subendocardial 
infarct present adjacent to the infarcted areas, and early stretch can be identified in these 
areas. In the MESA study, reduced myocardial deformation was found in healthy 
individuals with increased coronary artery calcification (Edvardsen et al., 2006). 

6.2 Estimation of infarct size and level of transmurality 
In chronic myocardial infarct, strain values assessed by tissue Doppler or speckle tracking 
echocardiography are reduced with increasing level of transmural infarct distribution 
(Becker et al., 2006; Chan et al., 2006; Gjesdal et al., 2007; Sachdev et al., 2006; Weidemann et 
al., 2003), both at the segmental, at the global, and at a territorial level (Gjesdal et al., 2008). 
This is interesting, since segments with transmural infarct defined as more than 50% of the 
segment mass is less likely to benefit from revascularization.  
Also the MA-displacement have demonstrated to be reduced both in patients with 
acute(Hoglund et al., 1989; Skulstad et al., 2006; Stoylen & Skjaerpe, 2003) or chronic infarct 
(Alam, M. et al., 1992) when compared to controls, and the reduction  was greater in infarct-
related LV-walls when compared to remote LV-walls. Normalized mitral annulus 
displacement has also demonstrated good correlation with myocardial infarct size in chronic 
ischemic heart disease (Gjesdal et al., 2009). 

6.3 Risk stratification for arrhythmias  
Recently, post myocardial infarct patients with indication for implantable cardioverter-
defibrillator (ICD) were followed for arrhythmias requiring appropriate ICD therapy 
(Haugaa et al., 2009). In the patients with arrhythmia the dispersion of peak strain, 
calculated as standard deviation of time to maximal strain for all segments, was increased 
compared to patients who did not require therapy. Moreover, the global strain value was 
better in the patients without arrhythmia compared to the ones who received ICD therapy. 

6.4 Stress testing 
Tissue Doppler echocardiography has been used to quantify segmental function during 
exercise testing by velocity imaging (Pasquet et al., 1999), and has been demonstrated to 
predict functional recovery from revascularization (Schneider et al., 2005). When comparing 
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deformation imaging and velocity imaging for the detection of regional inducible ischemia 
during dobutamine stress echocardiography, deformation indices demonstrated superior 
ability to detect ischemia compared to velocity based indices (Voigt et al., 2004). Moreover, 
in another study, postsystolic shortening demonstrated the best ability to identify stress 
induced ischemia after normalization to peak deformation, since postsystolic shortening 
also occurred to some extent in healthy segments (Voigt, J. U. et al., 2003). Strain and strain 
rate had been found superior to wall motion score to identify angiographic significant 
stenoses (Ingul, C. B. et al., 2007), and also to predict outcomes in patients admitted to stress 
echocardiography for suspected coronary heart disease (Ingul, C. B. et al., 2007). 

7. Prognosis 
Assessment of strain early following myocardial infarction predicts remodeling defined as 
more than 15% increase in end diastolic volume (Park et al., 2008). Global LV function 
assessed by tissue Doppler measurements of the mitral annulus displacement predicts 
events in chronic infarction (Brand et al., 2002) and congestive heart failure (Willenheimer, 
R. B. et al., 1997). The addition of strain rate during stress echocardiography added 
prognostic value over traditional risk factors and echocardiographic parameters (Stanton, T. 
et al., 2009), and an association between resting deformation indices and events was also 
demonstrated in people referred to echocardiography (Stanton, T. et al., 2009). Global strain 
by speckle tracking echocardiography was assessed within 48 hours of myocardial infarct in 
659 patients, and found to be superior to LVEF and WMSI to predict mortality and clinical 
Events (Antoni et al., 2010). 

8. Conclusions 
All indices of myocardial function demonstrate reduced systolic deformation in infarcted 
myocardium. The deformation gradually reduces with increasing infarct size and 
transmural distribution. Ischemic tissue is characterized not only by reduced peak 
deformation, but also by an altered deformation pattern characterized by early systolic 
stretch and post systolic shortening.  
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Evaluation of Left Ventricular Diastolic Function 
by Echocardiography 
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1. Introduction 
The normal cardiac cycle consists of two phases, systole and diastole, which are repeated 
over time to maintain an adequate cardiac output. The systole has been traditionally 
regarded as the main capital phase, leaving at diastole as a secondary process and almost 
forgotten. However, today we know that diastole is a crucial stage in the functioning of the 
heart. Its dysfunction can lead even in cases with preserved systolic function in heart failure. 
About half of patients with new diagnoses of heart failure have normal or near normal 
global ejection fractions. These patients are diagnosed with “diastolic heart failure” or “heart 
failure with preserved ejection fraction” (Zipes et al., 2011). 
 

 
Fig. 1. Normal diastolic Doppler patterns: A) Mitral inflow. B) Mitral annular tissue 
Doppler. C) Pulmonary venous flow 
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Echocardiography has played a central role in the evaluation of left ventricular diastolic 
function over the past two decades. Alterations in diastolic function may be transient (eg 
acute ischemia) or persistent (myocardial necrosis, left ventricular hypertrophy or 
myocardial infiltration). The indices of diastolic function can be organized into three groups: 
measures of isovolumetric relaxation, indices of passive left ventricular (LV) characteristics 
derived from the diastolic LV pressure-volume relations, and measurements of the pattern 
of LV diastolic filling obtained from Doppler echocardiography (figure 1) or radionuclide 
angiography. Nowdays, echocardiography is the technique of choice for the estimation of 
diastolic function. 

1.1 Normal heart cycle 
The ventricle has two alternating functions: systolic ejection and diastolic filling. The 
optimal performance of the LV depends on its ability to cycle between two states: first a 
compliant chamber in diastole that allows the LV to fill from low left atrium pressure and 
second a stiff chamber (rapidly rising pressure) in systole that ejects the stroke volume at 
arterial pressures. Diastole can be divided into four phases: isovolumetric diastolic 
relaxation period, the rapid filling phase, slow filling phase and atrial systole. Ventricular 
relaxation energy consumed primarily in the first two phases, while in the latter two 
processes have more influence the ventricular-compliance.    
The Valsalva maneuver can be used to decrease preload and unmask the seemingly normal 
pattern of pseudonormal filling to reveal a pattern characteristic of relaxation abnormality. The 
pulmonary venous flow pattern, the tissue Doppler mitral annular velocity profile, left atrial 
(LA) size, and color M-mode, all contribute to the assessment of diastolic function and filling 
pressures, allowing classification of diastolic function and left ventricular filling pressures. 
The first pressure crossover corresponds to the end of isovolumic relaxation and mitral 
valve opening. In the first phase, LA pressure exceeds LV pressure, accelerating mitral flow. 
Peak mitral E roughly corresponds to the second crossover. Thereafter, LV pressure exceeds 
LA pressure, decelerating mitral flow. These two phases correspond to rapid filling. Slow 
filling, with almost no pressure differences, follows this. During atrial contraction, LA 
pressure again exceeds LV pressure. 
At baseline, the majority of filling occurs in early diastole ventricular after mitral valve 
opening, giving rise to the E wave mitral Doppler signal (figure 1). The filling rate is high turn. 
In meso and diastolic signal originates small and anterograde diastasis, followed by a wave in 
diastole. The peak velocity ratio E / A is usually greater than 1. There are situations such as 
tachycardia or arrhythmias such as atrial fibrillation which may affect ventricular filling. 

1.2 Mechanisms of diastolic dysfunction   
Although diastolic dysfunction is not uncommon in patients with normal wall thickness, left 
ventricular hypertrophy (LVH) is among the important reasons for it. In patients with 
diastolic heart failure, concentric hypertrophy (increased mass and relative wall thickness), 
or remodeling (normal mass but increased relative wall thickness), can be observed. In 
contrast, eccentric LVH is usually present in patients with depressed ejection fractions. 
Because of the high prevalence of hypertension, especially in the older population, LVH is 
common, and hypertensive heart disease is the most common abnormality leading to 
diastolic heart failure. Left ventricular mass may be best measured using 3-dimensional 
echocardiography. Nevertheless, it is possible to measure it in most patients using 2-
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dimensional (2D) echocardiography, with the recently published guidelines of the American 
Society of Echocardiography (Oh et al., 2006). 
The measurement of LA volume is highly feasible and reliable in most echocardiographic 
studies, with the most accurate measurements obtained using the apical 4-chamber and 2-
chamber views, but it is important to consider left atrium volume measurements in 
conjunction with a patient’s clinical status, other chambers’ volumes, and Doppler 
parameters of left ventricular relaxation (Oh et al., 2006). 
Symptomatic patients with diastolic dysfunction usually have increased pulmonary artery 
pressures. Therefore, in the absence of pulmonary disease, increased pulmonary artery 
pressures may be used to infer the presence of elevated LV filling pressures. Indeed, a 
significant correlation was noted between pulmonary artery systolic pressure and 
noninvasively derived LV filling pressures (Rodríguez-Padial et al., 2002). 
The assessment of LV diastolic function and filling pressures is of paramount clinical 
importance to distinguish this syndrome from other diseases such as pulmonary disease 
resulting in dyspnoea, to assess prognosis, and to identify underlying cardiac disease and its 
best treatment. The criterion standard for demonstrating LV diastolic dysfunction is cardiac 
catheterization to obtain pressure-volume curves to measure the rate of pressure decay 
during isovolumic relaxation (Murphy et al., 2006). However, this measurement is imperfect 
because of the additional effect of transmyocardial pressure on the LV; routine invasive 
cardiac catheterization is also not feasible. Noninvasive modalities should thus include 
routine measurements of diastolic function. Echocardiography has played a central role in 
the evaluation of LV diastolic function over the past two decades. 

2. Mitral inflow  
2.1 Recording technique 
Doppler mitral inflow velocity-derived variables remain the cornerstone of the evaluation of 
diastolic function. To evaluate the early and late filling phases, mitral inflow velocities are 
obtained by placing the pulsed-wave Doppler at the tips of the mitral valve leaflets in the 
apical 4-chamber view. This is the point at which the mitral inflow velocities are maximal 
and maximal accuracy and reproducibility of measurement are obtained. Normal mitral 
inflow consists of biphasic flow from the LA into the LV: rapid filling wave at the beginning 
of diastole, after mitral valve opening, when the transmitral gradient is higher (E-wave), 
followed by A-wave corresponding to a further increase in mitral flow velocity after atrial 
contraction (figure 1 A).  
The ultrasound beam needs to be in parallel with the direction of blood flow to obtain an 
optimal flow signal and can be used to place the color Doppler sample volume in the 
predominant direction of mitral filling flow. With left ventricular dilatation, as in patients 
with dilated cardiomyopathy, the heart becomes more spherical, which causes the mitral 
inflow is directed progressively more lateral and beyond. Therefore, the optimal position of 
the transducer is approximately 20 degrees lateral to the apex in normal subjects and more 
lateral in those with growth of the left ventricle. The sample volume should be small (1-2 
mm), resulting in a more contrasted flow record (Appleton et al, 1997). 

2.2 Mitral inflow velocities 
Primary measurements of mitral inflow include the peak early filling (E-wave) and late 
diastolic filling (A-wave) velocities, the E/A ratio, deceleration time (DT) of early filling 
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velocity, and the isovolumetric relaxation time (IVRT) (figure 1). Secondary measurements 
include mitral A-wave duration, diastolic filling time, the A-wave velocity-time integral, 
and the total mitral inflow velocity-time integral (and thus the atrial filling fraction) with the 
sample volume at the level of the mitral annulus. 
It is well established that the mitral E-wave velocity primarily reflects the LA- LV pressure 
gradient during early diastole and is therefore affected by preload and alterations in left 
ventricle relaxation (Appleton et al, 1988). The mitral A-wave velocity reflects the LA- LV 
ventricle pressure gradient during late diastole, which is affected by LV compliance and LA 
contractile function. E-wave DT is influenced by left ventricle relaxation, left ventricle 
diastolic pressures following mitral valve opening, and left ventricle compliance (i.e., the 
relationship between left ventricle pressure and volume). Patients with conditions 
associated with increased left ventricle stiffness have more rapid rates of deceleration of 
early left ventricle filling and shorter deceleration times (Ohno et al, 1994). In summary, 
mitral deceleration time is an important parameter that should be considered in drawing 
conclusions about operative left ventricle stiffness, particularly in patients without marked 
slowing of left ventricle relaxation. 
Factors that affect mitral inflow include heart rate, rhythm, PR interval, cardiac output, 
mitral annular size, left atrium function, left ventricle end-systolic or end-diastolic volumes, 
and left ventricle elastic recoil.  

2.3 Diastolic filling patterns 
The initial classification of diastolic filling is based on the measurement of E-wave and A-
wave velocities and E/A ratio (figure 2). Mitral valve inflow patterns, which have been 
attributed in varying degree to diastolic dysfunction, include normal pattern, impaired LV 
relaxation pattern, restrictive LV filling pattern and pseudonormal LV filling pattern.  

2.3.1 Normal pattern  
In healthy, young, disease-free individuals the E-wave exceeds the A-wave, and therefore 
the E/A ratio is more than 1 (Figure 1-A). In adolescents and young adults, there may be a 
disproportionate contribution of active ventricular relaxation to ventricular filling, which 
results in a markedly accentuated E-wave velocity. In this instance, E/A ratio can exceed a 
value of 2 in a normal, disease-free individual. With advancing age, there is natural 
stiffening of the ventricle, which results in delayed relaxation and therefore a progressive 
decrease in E-wave velocity and an increase in A-wave velocity with age so that the E/A 
ratio in a disease-free individual older than 60 years is often less than 1 (Klein et al, 1994).        

2.3.2 Impaired left ventricle relaxation pattern  
In almost every type of heart disease, the initial alteration of diastolic filling is impaired or 
slowed myocardial relaxation (figure 2 A). When myocardial relaxation is markedly 
delayed, patients have a mitral filling pattern with prolonged isovolumetric relaxation time 
(> 200 ms) and deceleration time (> 220 ms), decreased E-wave velocity and increased A-
wave, since more of the ventricular filling happens to occur at the beginning of diastole to 
do at the end of it, with atrial contraction. This produces an E/A ratio <1 (figure 2). In 
addition, in the presence of bradycardia, a characteristic low meso-diastolic (after early 
filling) mitral inflow velocity may be seen, due to a progressive fall in LV diastolic pressure 
related to slow LV relaxation. However, increased filling pressure can mask these changes in 
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mitral velocities. Therefore, an E/A ratio < 1 and deceleration time > 240 ms have high 
specificity for abnormal LV relaxation, but can be seen with either normal or increased 
filling pressures, depending on how delayed LV relaxation is (Oh et al, 1997).  
 

 
Fig. 2. Pulsed Doppler mitral filling flow showing: A) Impaired relaxation pattern, B) 
Pseudonormal pattern C) Restrictive pattern 

2.3.3 Restrictive left ventricle filling pattern  
This pattern (figure 2C) represents a combination of a stiff, noncompliant ventricle and 
elevated LV end-diastolic pressure. Increased left atrial pressure produces an earlier 
opening of the mitral valve, a shortening of IVRT and increased initial transmitral gradient 
(high E-wave velocity). Early diastolic filling in a non-distensible ventricle cause a rapid 
increase in LV early diastolic pressure with a rapid equalization of LV and LA pressures 
which produce a shortening of the deceleration time. Atrial contraction increases the 
pressure of the LA, but the speed and duration are shortened because LV pressure is 
increases even faster. Therefore, the restrictive physiology is characterized by increased E-
wave velocity, decreased A-wave velocity, E/A ratio >2, shortened deceleration time (<160 
ms) and isovolumetric relaxation time (<70 ms) (figure 2). A restrictive physiology pattern 
identifies advanced, usually symptomatic disease, with a poor prognosis (figure 2).     

2.3.4 Pseudonormal left ventricular filling pattern  
Pseudonormalization is a transitional phase between abnormal relaxation and restrictive 
physiology (figure 2 A). During this transition, the incoming mitral flow pattern is going 
through a phase that resembles the normal diastolic filling pattern, ie, E /A ratio of 1-1.5 and 
a normal deceleration time (160-200 ms). This is the result of a moderate increase of filling 
pressure superimposed on a decreased compliance. This pattern represents a moderate 
stage of diastolic dysfunction .The determination of pseudonormal filling may be difficult 
by mitral inflow velocities alone. Monitoring mitral inflow patterns during the Valsalva 
maneuver, wich reduces LV preload, may change the “normal” E/A ratio and unmask 
evidence of delayed relaxation. Changes of mitral inflow during Valsalva maneuver have a 
moderate diagnostic value for the differentiation of normal and pseudonormal pattern. 
Increased duration of atrial phase but not increase in atrial velocity allowed the diagnosis of 
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pseudonormalization (Wierzbowska-Drabik et al, 2007). Reflex tachycardia during the 
Valsalva maneuver and subsequent fusion of the E velocity and A velocity waves on the 
mitral velocity curves is a sign of normal left ventricular filling pressures (Maniu et al, 2004). 
There are several other techniques for separating the pseudonormal from a truly normal 
pattern, which are discussed subsequently. 

2.4 Variations in mitral inflow patterns 
Not all patterns of mitral flow velocity fit into one of these three patterns (figure 2). The 
spectrum is broad as a result of different contributions and degree of underlying pathology, 
abnormal relaxation, and changes in compliance and volume status. The same degree of 
decreased compliance will result in different curves of mitral flow velocity depending on 
whether there is impaired relaxation. In the presence of significant LVH, deceleration time 
can be elongated even with increased pressure in the LA, while a similar increase in 
pressure in other patients leads to a shortening of the deceleration time. In severe LVH, it 
can see a pattern of meso-tele-diastolic prominent triphasic mitral flow as a result of 
markedly prolonged relaxation that continues in the meso-diastole. Even though the initial 
slope present a short deceleration time, continued filling indicate that the main problem is 
an abnormal relaxation and not a decrease in distensibility. A counter example is the 
constrictive pericarditis, in which a normal relaxation and a decrease in compliance may 
result in a markedly shortened mitral deceleration time without a significant increase in 
filling pressures (Oh et al, 1994).  
In patients with dilated cardiomyopathies, Doppler mitral flow velocity variables and 
filling patterns correlate better with cardiac filling pressures, functional class, and 
prognosis than left ventricle ejection fraction (Vanoverschelde et al, 1990). A restrictive 
filling pattern is associated with a poor prognosis, especially if it persists after preload 
reduction.  
In patients with coronary artery disease (Yamamoto et al, 1997) or hypertrophic 
cardiomyopathy (Nishimura et al, 1996) in whom left ventricle ejection fractions are ≥ 50%, 
mitral variables correlate poorly with hemodynamics. This may be related to the marked 
variation in the extent of delayed LV relaxation seen in these patients, which may produce 
variable transmitral pressure gradients for similar LA pressures. A restrictive filling pattern 
and LA enlargement in a patient with a normal ejection fraction are associated with a poor 
prognosis similar to that of a restrictive pattern in dilated cardiomyopathy. This is most 
commonly seen in restrictive cardiomyopathies, especially amyloidosis (Klein, 1990, 1991) 
and in heart transplant recipients (Valantine et al, 1989). 

3. Pulmonary Venous Flow 
3.1 Pulmonary flow assessment 
The pulmonary venous flow (PVF) is a very useful tool in the study of LV function (figure 1 
C). The arrival of blood to the atrium occurs throughout the cardiac cycle and is highly 
dependent on the filling conditions. For this reason PVF a useful tool in studying diastolic  
function and is closely related to the LA pressure and pulmonary capillary pressure 
(Skagseth et al, 1976). The positive components of pulmonary flow are generated during 
ventricular systole and early diastole, while the negative cash flow are generated by the 
contraction of the LA (Rajagopalan et al, 1979). This flow can be obtained by transthoracic 
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echocardiography, though the records are more accurate by Transesophageal study 
(Bartzokis et al, 1991). 
There are many applications for which the study has found utility of PVF: differentiation 
between constrictive prericarditis and restrictive cardiomyopathy (Schiavone et al, 1989), the 
estimation of filling pressures of LV (Kuecherer et al, 1990), the assessment of diastolic 
function (Klein et al, 1989), the function of the LA  and the assessment of mitral insufficiency 
and stenosis (Castello et al, 1991). 

3.1.1 Recording technique  
The clearest record of flows is achieved by transesophageal study. Generally, from an angle 
of 45 to 60 degrees and rotating the probe to the left. From this point appears below the right 
pulmonary veins and superior. To get the left venous flow probe must be rotated 110 
degrees. Transthoracic echo also allows in most cases (90%) the obtaining of PVF  (Klein et 
al, 1994). To achieve an adequate flow, must be placed the sample volume or two 
centimeters into the vein. Usually, achieved in this way flow pattern consistent in: a first 
positive wave called S1 wave, which coincides with early ventricular systole, a second 
systolic wave S2 and diastolic wave D. Then, there is a reverse wave corresponding to atrial 
contraction wave A (figure 3). In relation to the wave pressure in the left atrium records S1 
corresponds to the waves a, c and the decrease x. S2 wave is from the peak decrease x to v. 
(Klein et al, 1991).   

3.1.2 Factors affecting the pulmonary flow  
There are numerous physiological circumstances that may affect the PVF. These include: the 
age, conditions of preload, left ventricular contractility or conduction disturbances and 
frequency. All these circumstances should be taken into account when assessing appropriate 
paths. In any case seems to be a direct relationship between the S2 wave and atrial pressure 
(Hoit et al, 1992). Changes in LV filling and compliance affect D velocity. Ar velocity, and 
duration are impacted by LV late diastolic pressures, atrial preload, and LA contractility. 
The S/D ratio and Ar velocities increase with older age, but Ar velocities higher than 35 
cm/s suggest increased LV end-diastolic pressure. (Hoit et al, 1992). Volume overload 
influence LA pressure and is in the ratio S2/D in the presence of a normal live systolic 
function of the LA. Therefore there is a relationship between atrial contractile reserve and 
the ratio S2/D. So that, in the absence of left ventricular dysfunction mean atrial pressure 
can be estimated by the PVF (Hoit et al, 1992). 

3.2 Diastolic dysfunction  
The PVF is an excellent models proper instrument for differentiating normal filling patterns 
and pseudo normal (Kuecherer et al, 1990; Appleton et al, 1997) (figure 3). The subjects with 
diastolic dysfunction slows early ventricular filling while the wave is increased, in these 
cases increases the ratio S2/D, while extending the deceleration speed of the wave D 
(Hofmann et al, 1995).  
Increased LA pressure normalizes the mitral flow pattern of filling. This phenomenon 
known as pseudo normalization can be differentiated using the PVF. S2 wave D wave 
decreases and increases with decreasing the ratio S2/D. At the same time there is an 
increase in the flow rate back to more than 35 cm /sec (Rakowski et al, 1996). The main 
difficulty of this method consists in obtaining an adequate record atrial reverse flow. 
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The restrictive pattern is characterized by increased early filling velocity with rapid 
deceleration and poor filling late contribution. The PVF in this situation shows a small wave 
S2 and a D wave, however, very high. Similarly increases atrial reverse flow velocity (Klein 
et al, 1989). 

3.3 Estimation of ventricular filling pressure 
PVF can be used to estimate LA pressure (Castello et al., 1995). The mean atrial pressure has 
a negative correlation with S2 systolic wave, in patients with ventricular dysfunction to 
reduce the displacement of the ring (Hoit et al., 1992). On the other hand the duration of the 
reverse wave is correlated with increased LV end-diastolic pressure (Dini et al., 2000). At 
duration of greater than 30 ms has a high sensitivity and specificity for the detection of atrial 
pressure greater than 20 mm Hg. (Dini et al., 2000). 
 

 
Fig. 3. Pulsed Doppler pulmonary blood flow showing: A) Impaired relaxation pattern, B) 
Pseudonormal pattern C) Restrictive pattern 

4. Color M-mode flow propagation velocity 
4.1 Introduction 
One of the most important physiologic parameters that allows LV  filling at relatively low 
pressure is the rate of relaxation. This is best defined by the time constant of isovolumic 
pressure decay (τ, tau). LV relaxation is an important determinant of early transmitral 
pressure gradients which in turn determine transmitral Doppler filling patterns. The 
propagation velocity of early flow into the LV cavity measured by color M-mode Doppler 
was first proposed by Brun (Brun et al., 1992) as an index of LV relaxation (Garcia et al., 
1997). 
Flow propagation velocity evaluation and interpretation of LV filling in clinical practice is 
complicated by the multitude of variables that determine intraventricular flow: preload, 
stroke volume, cardiac output, driving pressure, inertial forces, and viscous friction, but 
geometry, systolic function, and contractile dyssynchrony play major roles (Nagueh et al., 
2009). Taking advantage of this property, color M-mode Doppler indexes have been used for 
solving the problem of differentiating normal from pseudonormal pulsed Doppler patterns. 
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4.2 Recording technique  
Doppler recordings are obtained in apical four chambers view. We must display the color 
Doppler sector map of the mitral inflow and make some adjustments to obtain the longest 
column of color flow from the mitral annulus to the apex. The M-mode scan line is placed 
through the center of the left ventricular inflow blood column, aligning the cursor in the 
same direction, from the mitral valve to the left ventricular to the apex. Then the color flow 
baseline is shifted to lower the Nyquist limit so that the central highest velocity jet is blue. 
Flow propagation velocity is determined by the slope of the first aliasing line during early 
filling, from the mitral plane to 4 cm distally into the left ventricle cavity (figure 4). The 
velocity of the M-mode spectra must be 100 mm/s. Flow propagation velocity (Vp) > 50 
cm/s is considered normal (Garcia et al., 1997 ; Nagueh et al., 2009). 
 

 
Fig. 4. Color M-mode flow propagation velocity from a patient with depressed ejection 
fraction and impaired LV relaxation 

4.3 Clinical settings  
Noninvasive estimation of LV filling pressures is currently utilized using Doppler 
echocardiography. Flow propagation velocity has been used to solve the problem of 
differentiating normal from pseudonormal pulsed Doppler patterns and to determine mean 
pulsed capillary wedge pressure.  
It´s known that flow propagation velocity, as assessed by color M-mode Doppler, has a 
good correlation with the time constant of isovolumic relaxation (τ, tau) and, along with 
isovolumetric relaxation time, is a key parameter for the prediction of pulmonary wedge 
pressure and such methods are useful for the estimation of left ventricular filling pressure, 
both in patients with depressed and preserved systolic function (Gonzalez-Vilchez et al., 
1999). In the same way, García (Garcia et al.,1997), based on the relation among peak E wave 
velocity, tau and LA pressure, have reported a strong correlation between dimensionless, 
have been confirmed too in patients with atrial fibrillation (Nagueh et al., 1997).  
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Flow propagation velocity correlates with the rate of myocardial relaxation. However, 
caution should be with patients with high filling pressures and normal ejection fraction 
because flow propagation velocity can be increased in these patients, despite impaired 
relaxation. Flow propagation velocity is inversely related to end systolic volume but directly 
to ejection fraction, stroke volume, and cardiac output (Rivas-Gotz et al., 2003). Accordingly, 
it is possible for the flow propagation velocity to fall in the normal range in patients with 
normal ejection fraction despite the presence of impaired relaxation. In most of patients with 
depressed ejection fractions exists a lot of signs of impaired diastolic function and measure 
flow propagation velocity it could be redundant. However, if other Doppler indices appear 
inconclusive, flow propagation velocity can provide useful information for the prediction of 
LV filling pressures. Thus E/Vp ≥ 2,5 predicts pulsed capillary wedge pressure >15 mm Hg, 
with reasonable accuracy in patients with low ejection fraction (Rivas-Gotz et al., 2003).  
Then, flow propagation velocity is most reliable as an index of LV relaxation in patients with 
depressed ejection fractions and dilated left ventricles. In the other patient groups, it is 
preferable to use other indices.  

5. Tissue Doppler annular early and late diastolic velocities 
5.1 Introduction 
Tissue Doppler imaging (TDI) is a ultrasound modality which has become an essential part 
of the echocardiography evaluation of diastolic function. This technique allows the 
assessment of the movement and the velocities within the myocardium and the mitral 
annulus. The velocity of annular motion reflects shortening and lengthening of the 
myocardial fibers along the longitudinal plane and provides information about segmental 
and global cardiac function. These data, when coupled with more traditional mitral inflow 
velocity data can be used to predict diastolic function and LV filling pressures. Normally, 
three different annular velocities can be recognized as a mirror image of the transmitral 
inflow pattern: the systolic (S), early diastolic (e´) and late diastolic (a´) velocities (figure 1 
B). 

5.2 Recording technique  
These velocities are obtained from the apical four-chamber view by placing a 2 to 5-mm 
pulsed Doppler sample volume at the lateral and medial (septal) borders of the mitral 
annulus, ensuring the coverage of the longitudinal excursion of the mitral annulus in both 
systole and diastole (Waggoner et al., 2001 ). For a correct acquisition, angulation between 
the ultrasound beam and the annular plane of motion should be minimized, and gain and 
filter settings must be optimized to allow for a clear tissue signal with minimal background 
noise. Although annular velocities can also be obtained by color-coded tissue Doppler image 
(TDI), this method is not recommended, because there is a paucity of studies and the 
validation studies were performed using pulsed wave Doppler. 
Occasionally, an additional mid-diastolic flow velocity can be recorded by tissue Doppler 
imaging demonstrating a mid-diastolic component (L´), resulting in triphasic mitral inflow 
filling pattern, it suggests advanced diastolic dysfunction (Jong-Won Ha et al., 2006).  
For the assessment of global LV diastolic function, it is recommended to acquire and 
measure tissue Doppler signals at the septal and lateral sides of the mitral annulus and their 
average, given the influence of regional function on these velocities and time intervals 
(Rivas-Gotz et al., 2003).  



 
Evaluation of Left Ventricular Diastolic Function by Echocardiography 

 

109 

5.3 Clinical settings  
Several studies in animals and humans have demonstrated significant correlation between 
e´ and the LV relaxation so its value is a good indicator of the cardiac function. Usually, e´ 
from the lateral annulus is higher than a´ so different cut off values, should be applied. A 
value ≥ 10 cm/s (septal) or ≥ 15 cm/s (lateral) are consistent with normal function. The e´ 
velocity is determined by LV relaxation, preload, systolic function and LV pressure 
whereas the main hemodynamic determinants of the a´ velocity are left atrial systolic 
function and LV end-diastolic pressure. The early diastolic velocity (e´) decreases 
progressively with age and also is reduced in patients with other conditions leading to an 
impaired relaxation such as LVH or restrictive cardiomyopathy, where e´ decreases as LV 
filling pressure increases (Ommen et al., 2000). This velocity is essential for classifying the 
diastolic filling pattern (Figure 5) and estimating filling pressures and furthermore, it is 
useful to distinguish between constrictive pericarditis and other forms of diastolic 
dysfunction. In constrictive pericarditis, the impairment in ventricular filling occurs as a 
result of an external constriction, whereas in restrictive cardiomyopathy there is an 
inherent abnormality in ventricular relaxation. Therefore, e´ will be normal or even above 
normal in patients with pure constrictive pericarditis as compared to those with restriction 
where e´ will be lower.  
 

 
Fig. 5. Doppler tissue imaging of mitral annular motion: A) Impaired relaxation pattern, B) 
Pseudonormal pattern C) Restrictive pattern 

In addition and interestingly, it should be noted that TDI  mitral annular velocities are 
considered less load-dependent than other conventional Doppler parameters (Dae-Won 
Sohn et al., 1997). For this reason, its assessment appears to be useful to correct the effect of 
LV relaxation on mitral inflow E velocity in patients with cardiac disease,  especially in the 
detecting a pseudonormalization pattern of mitral inflow. In these cases, the annular e´/a´ 
ratio and the mitral E velocity to TDI Doppler e´ (E/e´ ratio) can predict LV filling pressures 
and correlates well with pulmonary capillary wedge pressure (Rivas-Gotzet al., 2003; 
Ommen et al., 2000) (figure 5 B). For the diagnosis of diastolic dysfunction, the E/e´ ratio 
has been identified as the best parameter for diagnosis when compared to other Doppler 
measures (Nagueh et al., 2009; Kasner et al., 2007). This ratio is also clinically very useful in 
patients with atrial fibrillation where a´ is not present.  
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An E/e´ ratio < 8 is associated with normal filling pressures and a ratio > 15 is associated 
with increased filling pressures (Ommen et al., 2000). When values are between 8 and 15, 
other echocardiography indices should be used and it is recommended that e´ and the E/e´ 
ratio should not be used as the sole data in drawing conclusions about LV diastolic function. 
TDI derived velocities also have some limitations. There are some conditions where this 
E/e´ ratio is not accurate to estimate the LV filling pressures: in normal patients e´ is directly 
related to preload (Firstenberg et al., 2000), so this index may not provide a reliable 
information, patients with localized disease process, such as lateral myocardial infarction or 
patients with mitral valve disease and heavy lateral annular calcification can result in mitral 
annulus velocities being lower at the lateral annulus than at the septal annulus, patients 
with constrictive pericarditis have an inverse relationship between E/e´ and with 
pulmonary capillary wedge pressure (Garcia et al., 1997) additionally, e´ velocity can be 
increased in patients with moderate to severe mitral regurgitation due to increased flow. 
To summarize, Tissue Doppler imaging provides accurate and valuable information and 
should be included as part of an echocardiography study when studying myocardial 
diastolic function.  

6. Deformation measurements  
6.1 Deformation measurements assessment  
Doppler tissue (DT) and speckle tracking echocardiography (STE) has been introduced as 
quantitative method for measuring systolic and diastolic function. DT can measure 
myocardial functional parameters such as speed, acceleration, displacement, velocity of 
myocardial deformation and deformation. The STE can measure the twist of the LV.  
Strain means deformation and can be calculated using different formulas. In clinical 
cardiology, strain is most often expressed as a percentage or fractional strain (Lagrangian 
strain).  Systolic strain represents percentage shortening when measurements are done in 
the long axis and percentage radial thickening in the short axis. Systolic strain rate (SR) 
represents the rate or speed of myocardial shortening or thickening, respectively. 
Myocardial strain and SR are excellent parameters for the quantification of regional and 
global contractility and may also provide important information in the evaluation of 
diastolic function. Until recently, the only clinical method to measure myocardial strain has 
been magnetic resonance imaging with tissue tagging, but complexity and cost limit this 
methodology to research protocols.  
The longitudinal motion of the heart shows a descent of the base toward the apex during 
systole, with a reverse movement during the phases of early filling (E) and atrial systole (A), 
whereas the apex remains virtually stationary throughout the heart cycle. Both longitudinal 
M-mode and Doppler tissue imaging (DTI) of the mitral annulus have demonstrated this. 
(Rodriguez  et al., 1996). Thus the velocities increase from zero at the apex to a maximum at 
the base of the ventricle for all phases, with a longitudinal velocity gradient. It can be shown 
that the longitudinal velocity gradient is a measure of the rate of longitudinal deformation, 
or SR. (Støylen et al., 1999). The unit of SR is centimeters per second per centimeter, or s–1, 
and the values of SR can be displayed in the same manner as velocities: as color mapping or 
digital curves, as shown in figure 6. This method is termed strain rate imaging (SRI). In SRI, 
velocities are converted to regional velocity differences, showing regional systolic and 
diastolic dysfunction in coronary disease and also temporal distribution of deformation in 
normal ventricles. The velocities caused by contraction of more apical segments or by 
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translation of the whole heart are subtracted. SRI provides quantitative measurement of 
local deformation rates, whereas color mapping provides semiquantitative data and 
information about the spatial-temporal relations between events in the ventricle during the 
heart cycle.  
 

 
Fig. 6. Digital curves of strain rate (A), global function (B), regional function (C) 

Lengthening during isovolumic relaxation generally is seen first in the midwall, and at the 
same time, reciprocal shortening is seen in neighboring segments, whereas stretching starts 
later in the apex. M mode or DTI of the mitral ring can demonstrate a slight lengthening of 
the whole ventricle during this phase, mainly in the basal parts. In addition, SRI is subject to 
misinterpretation as a result of angle deviation (Støylen et al., 2000) and this effect is 
especially pronounced in the apex.  
The peak velocity of the mitral annulus is determined not only by the rate of deformation 
(the local strain rate), but also by the propagation of the stretch wave. DTI and tissue 
Doppler–derived measurements are sensitive measures of diastolic function. Strain rate 
imaging shows a complex pattern of deformation during diastole because of its high 
sampling frequency, compared with all other methods, including MR. The main 
deformations during early and late filling phases are the result of both local relaxation rate 
and the propagation of the stretching wave from base to apex. This provides new 
physiologic and pathophysiologic information. The present application, however, seems to 
overestimate true peak strain rate. In contrast to regional systolic function, the DTI 
measurements are quicker and may be more practical for clinical work, whereas the level of 
detail in SRI data enables deeper insight into diastolic physiology. (Courtois et al., 1990). 
SRI shows the ventricular deformation during early filling to be a dynamic event that is 
slowed in subjects with delayed relaxation. The strain rate propagation is the main 
determinant of the filling rate, and is consistent with filling time. 

6.2 Recording technique 
Tissue Doppler–based myocardial strain has been introduced as a bedside clinical method 
and has undergone comprehensive evaluation for the assessment of regional systolic 
function (Heimdal et al., 1998). Myocardial motion in DT (Figure 7) is shown as color-coded 
speeds along a series of ultrasound scan lines within a 2D sector. The frequency of pictures 
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for DT must be 80 to 200 frames per second, depending on the width of the ultrasound 
sector, and is usually set higher than for the simultaneous images in grayscale. Myocardial 
velocities are decoded into numerical values that can be stored digitally for "off-line" 
analysis. By convention, since the flat apical long-axis motion is dominated by red-coded 
velocities during systole and diastole in blue. Dysfunctional myocardium, however, may 
show abnormal movements with reversed velocities during systole. Myocardial function is 
rarely assessed 2D color but postprocessing can be done with mode M, but the usual 
method is the analysis of rates from multiple regions within a 2D image. Tissue velocities 
can be assessed, integrated tissue displacement or velocity, SR and 
myocardial SR integrated. Limitations are noise signal, angle dependence and the 
reverberations.  
 

 
Fig. 7. Myocardial motion in DT shown as color-coded speeds of ultrasound scan lines 
within a 2D sector 

Strain may also be measured by 2D STE, an emerging technology that measures strain by 
tracking speckles in grayscale echocardiography images of the LV, obtained in the apical 2, 
3-and 4-chamber views and short-axis basal, mid, apical-ventricular views. The LV radial 
and circumferential functions must be determined in the short-axis views (figure 8) and 
longitudinal function in the 3 apical views (figure 6) using grey-scale acquisition at a frame 
rate over 80 s-1 (Amundsen et al., 2006). The glare is created by interference of ultrasound 
beams in the myocardium and are observed in B-mode images in gray scale, functioning as 
natural acoustic markers can be tracked in their motion frame by frame, measuring the 
distance automatically between shine on a piece defined myocardial deformation, 
independently of myocardial insonation angle and translational heart. In contrast with 
strain DT-based, STE can measure the deformation of the LV short-axis circumferential, 
radial and longitudinal multiple segments in areas near the apex. Another promising feature 
is the ability to measure the rotation and twisting of the LV. This is in contrast to tissue 
Doppler–based strain, which is very sensitive to misalignment between the cardiac axis and 
the ultrasound beam. Problems with tissue Doppler–based strain include significant signal 
noise and signal drifting. STE is limited by relatively lower frame rates.  
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Fig. 8. Strain measured by 2D speckle-tracking echocardiography. The LV circumferential 
(A) and radial (B) functions shown as digital curves in the short-axis views 

Similarly, regional Recommendations for the Evaluation of Left Ventricular Diastolic 
Function by Echocardiography differences in the timing of transition from myocardial 
contraction to relaxation, with SRI can identify ischemic segments. (McMahon et al.,2004). 
Currently, Doppler flow velocity and myocardial velocity imaging are the preferred initial 
echocardiography methodologies for assessing LV diastolic function. 

6.3 Clinical settings 
Analysis of diastolic function for assessment of myocardial viability has been evaluated 
(Hoffmann et al., 2005). SR analysis allows quantitative segmental analysis of myocardial 
function and has been used during dobutamine stimulation for assessment of systolic 
functional reserve and related to F18-fluorodeoxyglucose positron emission tomography. 
Early and late diastolic function during dobutamine stimulation is impaired for nonviable 
segments compared with viable segments. Diastolic SR analysis during dobutamine 
stimulation may be added to systolic function analysis in the assessment of myocardial 
viability.  
STE may be helpful for the detection of early changes in LV diastolic function in patients 
with essential hypertension. Hypertensive patients had a lower mean relaxation based on 
SRE and SRE/A at the basal, mid, and apical regions, with the basal parts appearing more 
compromised and with higher segmental diastolic dysfunction compared with controls. 
Abnormal segmental relaxation might also be present in individuals with ‘normal’ mitral 
annular early diastolic velocities (Pavlopoulos & Nihoyannopoulos, 2009). 
Myocardial shortening after aortic valve closure, i.e. PSS (Post-systolic shortening), has been 
suggested as a sensitive marker of regional myocardial dysfunction (Voigt et al., 2003). 
However, PSS may also occur in healthy subjects. To discriminate between pathological and 
physiological PSS, Voigt et al. (Voigt et al., 2003) described that the timing and the 
magnitude are different between these two situations. In this study PSS was significantly 
larger and reduced in diabetic patients compared with control subjects. The precise 
mechanism is unknown, but not related to myocardial ischemia induced by epicardial 
coronary artery stenosis, thus they described the first signs of systolic dysfunction following 
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established diastolic dysfunction in diabetic patients. This study reinforces that LVEF is not 
a sensitive indicator for the detection of subclinical systolic dysfunction.  2D STE has the 
potential for detecting subclinical LV systolic dysfunction, and it might provide useful 
information for the risk stratification of an asymptomatic diabetic population. 
Diastolic dysfunction in diabetic patients can be also assessed with more novel 
echocardiography techniques such as STE. Despite a normal LV mass, LV volume, and 
LVEF, the diabetic population show impairment of LV longitudinal strain and SR but 
preserve circumferential and radial strain and SR. Using 2D STE to assess all myocardial 
segments it has been demonstrated a reduced longitudinal strain and SR (predominantly 
derived form epicardial/endocardial fiber contraction) but preserved circumferential and 
radial strain and SR (predominantly derived from mid-wall circumferential fibers 
contraction) in diabetic patients. This finding suggests that myocardial dysfunction in early 
diabetic cardiomyopathy might start in the subendocardium (Arnold et al., 2009). The novel 
aspect of the present study was the multidirectional strain and SR analysis using 2D STE in 
patients with uncomplicated type 2 diabetes mellitus.  
In other study  Shanks M and cols. examined the prognostic value of novel diastolic indexes 
in ST-elevation acute myocardial infarction (AMI), derived from strain and SR analysis 
using 2-dimensional STE and only mean SRIVR was an independent predictor of outcome in 
patients with AMI. This could be in part because SR measured during the isovolumic 
relaxation period (before mitral valve opens) reflects the rate of myocardial expansion that is 
least influenced by LV loading conditions (Shanks et al., 2010).   

7. Left ventricuar untwisting  
7.1 Introduction 
2-D  STE has been successfully applied to the relatively simple and accurate measurement 
of LV torsion during systole and untwisting at early diastole. In addition, LV untwisting 
is commonly seen at the LA contraction, whereas its determinants and clinical significance 
have not been clarified. Both parameters may provide an additional noninvasive insight 
into LV systolic and diastolic function (Buchalter et al., 1990). Given the angle 
independence of speckle tracking and its higher reproducibility, this technique is 
preferred for measuring rotation. LV twist is calculated as the difference between basal 
and apical rotation. 
LV twisting motion (torsion) is due to contraction of obliquely oriented fibers in the 
subepicardium, which course toward the apex in a counterclockwise spiral. The moments of 
the subepicardial fibers dominate over the subendocardial fibers, which form a spiral in 
opposite direction. Therefore, when viewed from apex toward the base, the LV apex shows 
systolic counterclockwise rotation and the LV base shows a net clockwise rotation. 
Untwisting starts in late systole but mostly occurs during the isovolumetric relaxation 
period and is largely finished at the time of mitral valve opening. Diastolic untwist 
represents elastic recoil due to the release of restoring forces that have been generated 
during the preceding systole. LV twist appears to play an important role for normal systolic 
function, and diastolic untwisting contributes to LV filling through suction generation. It 
has been assumed that the reduction in LV untwisting with attenuation or loss of diastolic 
suction contributes to diastolic dysfunction in diseased hearts. (Bell et al., 2000). Diastolic 
dysfunction associated with normal aging, however, does not appear to be due to a 
reduction in diastolic untwist. (Hees et al., 2004). 
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7.2 Recording technique 
With the recent introduction of STE, it is feasible to quantify LV rotation, twist, untwist 
clinically. Wang et al (Wang et al., 2007)  demonstrated that, in patients with diastolic 
dysfunction, the LV torsion and peak untwisting rate are preserved, as opposed to patients 
with systolic dysfunction in which the measurements are reduced. Thus, the assessment of 
torsional recoil, or untwisting, should provide an accurate estimate of LV relaxation.  Stuber 
et al (Stuber et al., 1999) found that early diastolic untwisting and untwisting rates were 
significantly reduced in parallel to the degree of LVH in hypertensive patients.   

7.3 Clinical settings 
In the present study (Appleton et al., 1988), was identified that the late diastolic LV 
untwisting rate is related to peak A velocity of the transmitral flow, E/e, and LA volume 
index in patients with cardiovascular risk factors and mild to moderate LV diastolic 
dysfunction (E/A <1). In addition, multivariate equation for predicting late diastolic 
untwisting was highest for LA volume index. This provide the correlation between LV 
untwisting during LA contraction and LA size, suggesting ‘‘disease history’’ in patients with 
LV diastolic dysfunction.  
Measurements of LV twist and untwisting rate, although not currently recommended for 
routine clinical use and although additional studies are needed to define their potential 
clinical application, may become an important element of diastolic function evaluation in 
the future.  

8. Future directions 
Diastolic strain rate 

Myocardial strain and SR are excellent parameters for the quantification of regional 
contractility and may also provide important information in the evaluation of diastolic 
function (Nagueh et al., 2009). Signal noise, signal drifting and angel dependency are 
included in the potential problems of tissue Doppler derived strain and SRI. 
The speckles function as natural acoustic markers that can be obtained simultaneously from 
multiple regions within an image plane (Nagueh et al., 2009). It has a number of advantages 
over established methods. It is acquired directly from LV myocardium, as opposed to 
indirect data of annulus and blood flow velocities. It is not affected by mitral annulus or 
valvular disease. It occurs during IVRT when valves are closed and therefore is not exposed 
to transmitral pressure gradient. It is derived from all myocardial segments and thus is a 
true global index. It is not affected by translation and tethering and takes into consideration 
the initial resting length (Wang & Nagueh, 2009). It is demonstrated that in patients with 
diastolic dysfunction, the LV torsion and peak untwisting rate are preserved, as opposed to 
patients with systolic dysfunction in which the measurements are reduced (Wang et al., 
2007). STE also allows for appreciation of accentuated regional myocardial rotation, torsion 
and twist during positive inotropic stimulation with dobutamine or during ischemia (Helle-
Valle et al., 2005). Assessment of post-systolic strain and early diastolic untwist by 
echocardiography provides important insights into mechanisms of diastolic function.  
Limitation of this technique include the dependence on 2D image quality and frame rates, 
difficulty of selection of image plane, and the reproducibility and variability of 
measurements from ventricles with different geometries. It also includes the longer time 
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needed for analysis and the lower frame rate (80 per second) which can lead to an 
underestimation of peak SR, although the concept itself is not affected by this limitation.  
The development of 3D speckle tracking may assist with these limitations. The newly 
developed 3D-STE imaging used with real-time 3D echocardiography data sets has the 
potential to avoid the limitations of 2D-STE imaging in the assessment of LV wall motion, 
because it tracks the motion of speckles within the scan volume, regardless of the direction 
of motion (Maffessanti et al., 2009). 3D-STE shows more homogenous color distribution in 
normal ventricles, consistent with the expected normal patterns of LV wall motion, 
compared to 2D-STE in the same subject. The regional time curves allow better quantitative 
discrimination between normal and abnormal segments. In segments with normal wall 
motion, 3D-STE demonstrates a larger magnitude of displacement, likely reflecting the 
ability to register all 3 components of the motion vector compared to the 2D-STE single-
plane analysis. The relatively smaller normal variability of measurements using 3D-STE 
compared with those using 2D-STE provide additional support to the superiority of 3D-STE 
in imaging the complexity of 3D wall motion. The limitations of the 3D-STE technique are 
the relatively low temporal and spatial resolution, both affecting the accuracy of endocardial 
tracking in a considerable proportion of the segments.  
Left ventricular twisting and untwisting  

The clinical value of assessing LV untwisting rate is not defined. When LV twist and 
untwisting rate were assessed in patients with diastolic dysfunction or diastolic heart 
failure, both twist and untwisting rate were preserved, and no significant relation was noted 
with the time constant of LV relaxation. The complex interplay between preload, afterload 
and contractility determines twist values in diastolic heart failure (DHF).  
In patients with LVH, Takeuchi et al (Takeuchi et al., 2007) showed a normal LV torsion, 
without intergroup differences based on its extent. In another study (Park et al., 2008), 
observed that LV twist was increase in patients with early diastolic dysfunction and normal 
in patients with advanced grades. The independent predictors of LVEF in DHF patients 
were circumferential strain and LV twist, and it is possible that normal twist is a 
compensatory mechanism in DHF that can help maintain a normal LVEF (Wang et al., 2008).  
The limitation of this technique is the selection of the image plane, and further clinical 
testing of STE in patients is needed to determine whether reproducible measurements can 
be obtained from ventricles with different geometries. STE can be suboptimal at the LV base, 
showed in the significant variability in the measurements.  
Left atrial volume measurements 

LA volume index is a more robust marker than LA area or LA diameter, in patients with 
suspected heart failure and normal LVEF. For these reasons, in a recent consensus document 
LA volume index >40 ml/m2 is considered to provide sufficient evidence of diastolic LV 
dysfunction when the E/e’ ration is non-conclusive or when plasma levels of natriuretic 
peptides are elevated (Paulus et al., 2007); and a LA volume index <29 ml/m2 is proposed 
as a prerequisite to exclude heart failure with normal LVEF. 
In another study (Park et al., 2011) evaluated the LA volume index (LAVi) over late diastolic 
mitral annulus velocity (A’) ratio (LAVi/A’) as a useful parameter to identify advance 
diastolic dysfunction and predict clinical outcomes in patients with dyspnea. They showed 
that LAVi/A’ is a useful new echo index to discriminate advanced diastolic dysfunction in 
dyspneic patients with a wide range of LVEF. They also added that this ratio has the 



 
Evaluation of Left Ventricular Diastolic Function by Echocardiography 

 

117 

additional benefit in the assessment of the gray zone diastolic dysfunction with 8≤ E/e’≤15, 
concluding that a LAVi/A’≥4.0 was an independent predictor of clinical outcomes. 
Diastolic stress test 

During exercise, to maintain adequate LV filling and stroke volume, the filling pressures 
raise provoking symptoms to patients with diastolic dysfunction. Therefore, it is useful to 
evaluate LV filling pressure with exercise. The E/e’ ratio has been applied for that objective. 
E and e’ velocities increase proportionally in subjects with normal myocardial relaxation, 
and the E/e’ ratio remains unchanged or is reduced (Ha et al., 2003). In patients with 
impaired myocardial relaxation, however, the increase in e’ with exercise is lower than that 
of mitral E velocity, such that the E/e’ ration increases (Ha et al., 2005). Furthermore, mitral 
DT decreases slightly in normal individuals with exercise, but shortens >50 ms in patients 
with a marked elevation of filling pressures.  Mitral E velocity increases with exertion and, 
after the termination of exercise, stays increased for a few minutes, in cardiac patients. In 
these patients, at baseline, exercise, and recovery, e’ velocity remains reduced. Therefore, E 
and e’ velocities can be recorded after exercise. Exercise is usually performed using a supine 
bicycle protocol or with dobutamine infusion (Duncan et al., 2005). 
This test is most useful in patients with unexplained exertional dyspnea who have mild 
diastolic dysfunction and normal filling pressures at rest. However, the potential limitations 
in patients with mitral valve disease, atrial fibrillation and regional LV dysfunction, and the 
lack of clinical data, diminish recommendations for its routine clinical use.  
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1. Introduction 
Today method of coronary angiography and ventriculography (CVG) is a “golden 
standard” in diagnosis of coronary arteries atherosclerosis (Masaki Y. et al., 2005). Besides, 
CVG is successfully used for left ventricle (LV) global contractility evaluation and LV 
aneurism diagnosis in the patients after acute myocardial infarction (AMI) before surgeon 
revascularization and decision about LV surgeon plastics. But being invasive, this method 
has certain limitations and cannot be suitable for dynamic medical supervision afterwards 

(Schuijf J.D. et al., 2004). It should be mentioned, that possibility of coronary atherosclerosis 
diagnosis is not necessarily connected with arterial lumen narrowing. Atherosclerotic 
plague prolapses into arterial lumen, causing its narrowing and relevant clinical symptoms. 
But early stages of atherosclerosis usually do not lead to hemodynamically significant 
patency decrease and may not be seen by means of CVG. That is why design of new 
methods of coronary pathology, especially non-invasive, is of great importance. Among the 
demands to up-to-date examination methods high specificity, sensitivity, accuracy and 
safety should be mentioned, as well as high repeatability and economical suitability. All 
these features are attributes of multislice spiral computed tomography (MSCT) (Laissy et al., 
2007; Masaki et al., 2005), what explains constantly growing interest to this method. Main 
advantage of Doppler echocardiography (EchoCG) is that it allows non-invasively and in 
real time to evaluate dimensions and behaviour of cardiac structures, to obtain 
characteristics of heart hemodynamics and indirect impression of chamber and main vessels 
pressures. Significant comparability of EchoCG results with chambers catheterization data 
has been long proven (Becher et al., 2004; Swedberg et al, 2005). Postinfarction LV aneurism 
promotes LV remodeling, worsens its systolic and diastolic function. LV myocardial 
function may improve in case of adequate vascularization revival due to surgeon procedure, 
for instance coronary arteries bypass graft (CABG) (Becher et al., 2004; Budoff, 2004; Dirksen 
et al., 2002; Dolzhenko et al.. 2007). Aneurism resection significantly influences LV 
remodelling, promotes chamber pressures decrease and slows down heart failure (HF) 
progression (Dolzhenko et al., 2008). That is why cardiologist and cardiac surgeon need 
maximum of objective information not only about coronary arteries patency, but also about 
LV structural and functional changes in order to adequately evaluate severity of operational 
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risk and long-term postoperational prognosis (Budoff, 2004; Dirksen et al., 2002; Dolzhenko 
et al., 2008). Up to now there were few attempts to compare informative diagnostic value of 
invasive and non-invasive methods of LV structural anomalies in the patients after AMI.  
Among those, there are promising data regarding high correlation (r=0.76) of non-invasive 
evaluation of left ventricle (LV) ejection fraction (EF) between resting echocardiographic EFs 
and single photon emission computed tomography (SPECT) resting gated sestamibi images 
in patients with single-vessel disease, and a moderate correlation (r=0.68 and r=0.68) in 
patients with 2- and 3-vessel disease, respectively, while patients with two and 3-vessel 
disease were statistically more likely to have RWMAs detected by gated SPECT sestamibi 
than by echo (Fleming, 2002).  
It has also been shown, that changes in resting LVEF and high-dose 
dipyridamole pharmacologically induced stress LVEF (SEF) provide a valuable diagnostic 
marker as to the number of significantly diseased coronary arteries and can be acquired 
from gated SPECT sestamibi images (Fleming&Boyd, 2002). 
The aim of this study was to compare the efficacy of modern methods of heart left chambers 
visualization in the patients after acute myocardial infarction (AMI) with LV aneurism 
before coronary arteries bypass graft (CABG) combined with LV aneurismectomy 
(CABG+AE) in LV global contractility evaluation and reliability in LV chronic aneurism and 
its thrombosis diagnosis.  

2. Methods 
The study was approved by local ethics committee. 
In the study we prospectively included 116 patients after AMI with LV postinfarction 
aneurism (LVA) without significant valvular dysfunction eligible for CABG combined with 
LVA resection. Exclusion criteria were a history of recent myocardial infarction (4 weeks 
before pre-operative angiography), atrial fibrillation, significant valvular heart disease or 
previous CABG. During and after the CABG, standard laboratory markers for myocardial 
infarction were obtained and none of the patients was diagnosed with perioperative 
myocardial infarction. Medication treatment in all the post-infarction patients included 
aspirin, statin, beta-blocker, ACE inhibitor and nitrates, if indicated. All patients underwent 
EchoCG and MSCT prior to the operation. Fourty age-matched subjects with CAD and 
without AMI history, who underwent CVG, EchoCG and contrast MSCT for coronary 
revascularization decision, served as controls. Program of the study included X-ray contrast 
CVG, MSCT with chambers contrast and Doppler EchoCG. 

2.1 Coronary angiography 
Coronary angiography with ventriculography was conducted and interpreted by trained 
physicians 1 week preceding CABG+AE. A 50% or more reduction of the luminal diameter 
in 2 orthogonal projections of a major coronary artery or one of its major branches or a 
bypass graft was considered to be significant for CAD. It is known, that LV postinfarction 
aneurism is a transmural scar with typical smooth inner surface without trabecular 
structures. LV wall is usually very thin in this place, causing  inner and outer wall surfaces 
bulging. During systole the involved LV segment are akynetic or dyskinetic (showing 
paradox bulging movement) (Fleisher et al., 2007). LV aneurism and its thrombosis 
diagnosis during CVG with further confirmation ad oculus during operation was used as 
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diagnostic “golden standard” (Fleisher et al., 2007). LV global contractility was evaluated by 
ejection fraction (EF) calculation by Simpson disc method in right anterior oblique 300 
projection (Fleisher et al., 2007; Scanlon et al., 1999). 

2.2 Echocardiography 
A standard clinical echocardiographer, equipped with pulsed-wave TDI option (Medison 
"SonoAce" 9900) was used. Recordings and calculations of different parameters, including 
LV chamber volumes and EF, were performed according to the recommendations of the 
American Society of Echocardiography(Scanlon et al., 1999). LV global contractility was 
evaluated by by Simpson disc method in 4- and 2-chamber apical positions by calculating 
end-diastolic (EDV, ml) and end-systolic (ESV, ml) volumes with their indices to body 
surface area (EDI and ESI, ml/m2) and LV EF, %. LV aneurism was defined as transmural a- 
or dyskinetic scar tissue with distinct smooth inner surface involving two or more LV 
segments (Dolzhenko et al., 2008; Fleisher et al., 2007). 

2.3 Multislice computed tomography 
MSCT was performed on tomographer «Light Speed-16» («General Electric Company», 
USA) using cardiological «Advantage Workstation 4.2» («General Electric Company», USA). 
Spiral mode of tomography with 2,5 mm thick slice and retrospective ECG synchronization 
was intravenous  ed with 6-8 seconds scanning time and 3600 rotation. Study was performed 
at breath held after infusomat “Omnipac” intravenous infusion. Exposure dose constituted 
2,2 mSv per one study at 16 slices per 200 frames. LV global contractility was evaluated by 
LV EF calculation by Simpson disc method in 4-chamber projection. LV aneurism was 
defined as transmural a- or dyskinetic fibrous scar tissue with distinct smooth inner surface 
without trabecular structures involving two or more LV segments (Dirksen et al., 2002; 
Swedberg  et al., 2005). 

2.4 Statistics 
Comparison of different methods was performed using multiple regression analysis with 
95% confidence interval and correlation analysis. In comparison of diagnostic value of the 
studied methods we evaluated the following characteristics: accuracy (diagnostic efficacy) – 
percentage of correct test results out of general quantity of both positive and negative 
results; sensitivity (Se) – percentage of subjects with positive test results in the population 
with the studied pathology; specificity (Sp) – percentage of subjects with negative test 
results in the population with the studied pathology; positive predictive value (+PV) – 
probability of symptom or disease in case of positive test result; negative predictive value (-
PV) – case of negative (normal) test result. 
The above numbered indices were calculated by formulas:  

Se=N(TP)/(N(TP)+N(FN))х100%; 

Sp=N(TN)/(N(TN)+N(FP)х100%; 

+PV=N(TP)/(N(TP)+N(FP) х 100%; 

- PV= (TN)/(N(TN)+N(FN)х100%;  
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where N is the quantity of studied patients; TP – truly positive diagnosis; FP – false positive 
diagnosis; TN – truly negative diagnosis; FN – false negative diagnosis12,13. 
The results are expressed as the mean and 1 standard deviation. The parameters of patients 
and healthy subjects were compared using an unpaired t-test. A paired t-test was used to 
compare results within the same group. A P-value of <0,05 was considered significant. 

3. Results 
The main clinical features of the study group patients are presented in Table 1. 
 

Index Abs. % 

LV EF (%) 37,1±12,4 - 

LV EDI (ml/m2) 112,4±28,2 - 

LV ESI (ml/m2) 73,8±27,6 - 

Diabetes mellitus (n) 14 12,1% 

Hypertension (n) 75 64,7% 

 Angina pectoris 107 92,3% 

Functional class I 15 12,9% 

Functional class II 23 19,8% 

Functional class III 64 55,2% 

Functional class IV 14 12,1% 

Heart failure (NYHA functional class) 

I (LV > 45%) 17 14,7% 

II (LV < 45%) 86 74,1% 

I (LV < 45%) 13 11,2% 

Lesions localization 

3-vessels disease and/or left main (n) 41 35,3% 

2-vessels disease (n) 43 37,1% 

1 -vessel disease (n) 32 27,6% 

Aneurism localization 

Predominantly anterior LV aneurism (n) 28 24,1% 

Anterior + apical aneurism + inferior (n) 38 32,8% 

Anterior + septal + apical aneurism (n) 50 43,1% 

*Data are presented as total (n) or M±SD (n=116) 

Table 1. Clinical features of the patients studied 
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As it is seen from the table, according to CVG data there were predominantly patients with 
2- and 3-vessels disease of left main coronary artery lesion. Aneurisms according to CVG, 
MSCT and EchoCG data were mainly located in the anterior LV segments with frequent 
propagation to interventricular septum (IVS) and LV apex (43,1% cases) and LV apex with 
propagation to inferior apical segments (32,8% cases). 
At comparison of results of LV global contractility (LV EF) data of different visualization 
methods significantly correlated between each other. EchoCG data highly correlated both 
with CVG (r=0,80) and MSCT (r=0,71, р<0,0001). Comparison of LV EF results according to 
CVG and MSCT also showed good correlation (r=0,73, р<0,0001 compared to EchoCG data) 
(Fig. 1, 2.). Thus, in LV global contractility evaluation all three methods were equally 
precise, while EchoCG is the method of preference, as having the least limitations, which 
corresponds to existing guidelines (Scanlon et al., 1999).  
 

 
Fig. 1. Correlation of LV EF calculation according to CVG and EchoCG 

At LV chronic aneurism diagnosis MSCT was the most sensitive method, which allowed 
diagnosis of aneurism in 100% cases. During EchoCG false negative result was obtained in 1 
(0,09%) case, but there were no false positive results. At CVG there were 7 false negative 
(6,0%) cases but no false positive cases (accuracy – 86,2%, р<0,0001 compared both to MSCT 
and EchoCG).  
MSCT sensitivity in aneurism diagnosis compared to CVG was 90,8%, while EchoCG 
sensitivity equaled 89,5% (р=0,74), while methods’ specificity constituted 60% and 65%, 
respectively (р=0,43). Positive predictive value of methods was 89,6% and 90,7% (р=0,78), 
while negative predictive value was 63,2% and 61,9% (р=0,84), respectively (Table 2).  
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Fig. 2. Correlation of LV EF calculation according to CVG and MSCT 

 

MSCT EchoCG р 

Se = 90,8% Se = 89,5% 0,74 

Sp = 60,0% Sp = 65,0% 0,43 

+PV = 89,6% +PV = 90,7% 0,78 

- PV = 63,2% - PV = 61,9% 0,84 

Table 2. Comparison of diagnostic value of the studied methods in LV chronic aneurism 
diagnosis compared to CVG and post operation results 

Frequency of aneurism diagnosis according to CVG data significantly correlated both with 
MSCT (r=0,62, р<0,0001) and EchoCG (r=0,63, р<0,0001).  
Aneurism thrombosis during operation was found in 37 (31,9%) cases. Before operation 
according to CVG there were 14 (12,1%) false negative and 8 (6,9%) false positive aneurism 
thrombosis cases (accuracy – 81,0% of post operation findings). According to EchoCG data 
there were 5 (4,3%) false negative and 2 (1,7%) false positive cases (accuracy – 94,0%, 
р=0,0031 compared to CVG). At MSCT exams there were no false negative or false positive 
results (accuracy – 100%, р<0,0001 compared to CVG). Frequency of simultaneous correct 
LV aneurism thrombosis diagnosis was 48,7% (18 cases). 
Data regarding diagnostic value of MSCT and EchoCG compared to CVG is presented in 
Table 3.  
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MSCT EchoCG р 

Se = 69,2% Se = 61,5% 0,22 

Sp = 79,7% Sp = 76,8% 0,59 

+ PV = 56,3% + PV = 50,0% 0,34 

- PV = 87,3% - PV = 84,1% 0,49 

Table 3. Comparison of diagnostic value of the studied methods in LV aneurism thrombosis 
diagnosis compared to CVG and post operation results 

Frequency of LV aneurism thrombosis diagnosis by CVG correlated both with MSCT 
(r=0,52, p<0,0001) and EchoCG (r=0,36, p<0,0001). Still, the highest correlation was found 
between LV aneurism thrombosis diagnosis provided by MSCT and EchoCG (r=0,86, 
p<0,0001 compared to CVG in both cases) (Fig. 3). 
 

 
Fig. 3. Correlation of LV aneurism thrombosis diagnosis according to MSCT and EchoCG 
data 

4. Discussion  
According to the results of our study, MSCT showed the highest accuracy in diagnosis of  
LV chronic aneurism, as well as its thrombosis, compared to CVG and EchoCG. MSCT and 
EchoCG also showed high sensitivity and positive predictive value in diagnosis of LV 
chronic aneurism and high specificity and negative predictive value in diagnosis of LV 
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aneurism thrombosis compared to CVG. On the other hand, results of CVG significantly 
correlated with both MSCT and EchoCG results data. Despite the fact that CVG is 
considered to be an invasive “golden standard” in diagnosing LV structural pathology, high 
accuracy of MSCT and EchoCG is explained due to visualization of the whole LV wall with 
characteristic myocardial signal. During CVG invasive cardiologist sees only endocardial 
contour outlined by contrast, which might be a cause of false positive or false negative 
diagnosis, especially in case of a small aneurism, which is shown by our study data by 
intraoperational findings of LV aneurism and its thrombosis and corresponds to reference 
data (Budoff, 2004; Dirksen et al., 2002; Dolzhenko et al., 2007; Masaki et al., 2005; Schuijf et 
al., 2004). Besides, during MSCT or EchoCG thrombotic tissue has certain structural texture, 
significantly visually different from one of myocardium, which explains higher accuracy of 
these methods in aneurism thrombosis diagnosis compared to CVG, especially in case of flat 
and thin parietal clot (Laissy et al., 2007), when CVG does not show significant contrast 
filling defect. These considerations are confirmed by results of our study and may explain 
high accuracy, sensitivity and positive predictive value of MSCT in LV aneurism 
thrombosis diagnosis. MSCT and EchoCG show identical positive and negative predictive 
value in LV aneurism thrombosis diagnosis, while EchoCG shows significantly higher 
specificity and positive predictive value in LV chronic aneurism diagnosis compared to 
MSCT.  

4.1 Study limitations 
In case of defining LV volumes and EF EchoCG is the method of preference being reliable, 
non-invasive and, thus, having minimum of limitations (Becher et al., 2004; Budoff, 2004; 
Dolzhenko et al., 2007; Swedberg et al., 2005). Despite good correlations between all 
methods of visualization, MSCT seemed to give seriously lower absolute values of LV EF 
compared to EchoCG. Higher accuracy in defining LV global contractility by EchoCG may 
be explained by the fact, that LV volumes quantification by EchoCG is performed in two 
perpendicular planes under visual and manual control of sonographist. On the other hand, 
in CVG or MSCT EDV and ESV quantification is performed automatically by installed 
software in one fixed projection, which may lead to inaccuracy, especially in case of marked 
LV eccentric remodeling and aneurism presence (Budoff, 2004; Dirksen et al., 2002; Fleisher 
et al., 2007; Scanlon et al., 1999).  

5. Conclusion 
In the patients with LV chronic postinfarction aneurism data of non-invasive methods 
highly correlate with CVG data. In LV chronic aneurism diagnosis transthoracic EchoCG 
and MSCT have high accuracy compared to CVG due to high sensitivity and positive 
predictive value of these methods. There was no significant difference between prognostic 
value of MSCT and transthoracic EchoCG in LV chronic aneurism and its thrombosis 
diagnosis, which allows to consider MSCT a reliable alternative to EchoCG in LV structural 
anomalies diagnosis in the patients after AMI prior to planned CABG+AE. Data provided 
by MSCT and transthoracic EchoCG in LV chronic aneurism and its thrombosis 
significantly highly correlate with “golden standard” CVG results, which allows to 
consider these non-invasive methods highly reliable in defining the discussed myocardial 
structural anomalies. 
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1. Introduction 
The advent and evolution of 2D echocardiography with Doppler gave a new dimension to 
the evaluation of valvular heart disease (VHD) and noninvasive cardiovascular 
hemodynamics. Extending from basic M-mode evaluation to the more sophisticated 
Doppler techniques, the way one looks at the valve anatomy and physiology has changed 
significantly. Doppler echocardiography has become the everyday tool for diagnosing valve 
pathology and for the serial evaluation of VHD (van de Brink et al, 1991). Despite significant 
technical advancements in image quality, spatial and temporal resolution, suboptimal image 
quality has not been entirely eliminated. Often due to body habitus (both obesity and 
markedly underweight individuals), chronic obstructive lung diseases or mechanically 
ventilated patients, 2D echocardiography suffers from poor signal to noise ratio (SNR). In 
these circumstances, the spectral Doppler signals are also weak due to high acoustic 
impedance. Harmonic imaging, power Doppler, low mechanical index pulsing and contrast 
echocardiography (CE) are some of the methods to improve image quality (Allen MR et al, 
1999; Kitzman DW et al, 2000).  
Gramiak and Shah, often considered pioneers in the use of contrast agents, demonstrated 
the use of indocyanine dye to improve visualization of cardiac chambers (Gramiak & Shah, 
1969). Several authors have compared the application of contrast use against second 
harmonic imaging in assessing endocardial definition and proven its superiority (Kornbluth 
M et al, 2000). The American Society of Echocardiography (ASE) has recommended the use 
of contrast for the purposes of improving endocardial visualization in all subjects with >2 
suboptimal contiguous wall segments, to reduce interpreter’s variability and augment 
accuracy (Mulvagh SL et al, 2008). They also recommend using contrast agents to diagnose 
pathologic conditions that occur predominantly in the left ventricular (LV) apex, since this 
near-field region is better visualized after CE. This would include diseases such as apical 
variant of hypertrophic cardiomyopathy, isolated left ventricular noncompaction, apical 
thrombus and left ventricular aneurysm or pseudoaneurysm.  
Contrast agents have also been used for enhancing the spectral Doppler signals required for 
evaluation of LV diastolic function, cardiovascular hemodynamic assessment, and 
comprehensive valvular analysis. Despite these standard national guidelines and 
recommendations, it has been estimated that <1% of warranted patients ever receive 
contrast. These authors believe that CE is underutilized across the globe. In this chapter, we 
focus our attention to one particular use of contrast agents-the augmentation of continuous 
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and pulse wave spectral Doppler to assist in the evaluation of valvular function and the 
estimation of cardiovascular hemodynamics. 
Evaluation of valve function rests on acquiring accurate spectral and color Doppler signals. 
Not infrequently, physicians are asked to interpret echo studies with inadequate Doppler 
signal jets which may result in either the underestimation( lack of signal) or overestimation  
(excess noise) of the true flow gradients. In such instances, one can effectively utilize 
contrast agents to better define the Doppler signal to increase SNR, translating into 
optimized assessment of VHD. Contrast agents have been used to increase the sensitivity of 
Doppler signals for the assessment of tricuspid regurgitation, pulmonary venous flow, 
aortic and mitral regurgitation and stenosis. 
Contrast agents have evolved tremendously from their initial use by Gramiak and Shah. 
Initial agents used by these authors were Indocyanine green, normal saline, and 5% dextrose 
in water (Gramiak & Shah, 1969). Currently, 2nd generation contrast agents are routinely 
available for use. Prior to understanding the role of contrast agents in Doppler 
echocardiography; the reader should have some insight into the properties, behavior and 
evolution to the current generation of contrast agents. In the United States (US), the Federal 
Drug and Administration (FDA) agency has approved two contrast agents for the 
indications of left ventricular opacification (LVO) and endocardial border delineation (EBD). 
Definity (Lantheus Medical Imaging, North Bellerica, MA) has a phospholipid shell and 
Optison (GE Healthcare, Princeton, NJ) has a human albumin shell. Both of these agents 
were designed to allow relative diffusion and permeability and ultimate dissolution of the 
encapsulated gas, which is perflouropropane (PFC). There are several other agents, 
(Levovist, SonoVue, CARDIOsphere and Imagify) used all across the globe but haven’t yet 
gained FDA approval. SonoVue has been approved and recommended by the European 
Society of Echocardiography (ESE) for similar LVO indications as recommended by the ASE.  
These agents are used primarily for LVO and EBD, but there is evidence to support their 
utility for other indications, including spectral Doppler augmentation. Unlike contrast for 
LVO, the use of contrast specifically for Doppler enhancement requires a smaller amount of 
contrast and care in decreasing the Doppler gain settings (sometimes to the zero baseline) to 
avoid excess noise (“blooming” effect). If one was to measure this noise, then the estimated 
velocity will be incorrect and the calculated pressure gradient inaccurate. To minimize this 
potential, these authors perform the Doppler analysis after the 2D LVO study so the contrast 
is less intense. Also, be certain to measure only along the normal Doppler spectral contour 
and avoid small irregularities or ‘spikes’ within the modal velocity display. 

2. Right heart 
Initial use of contrast agents was confined to right-sided pathology as the initial agents did 
not have the ability to cross the pulmonary circulation. The first attempt at using traditional 
contrast agents like agitated saline, dextrose and sonicated albumin was to improve 
tricuspid regurgitation (TR) spectral Doppler signals to establish the diagnosis of pulmonary 
hypertension (PH). Sonicated albumin (Albunex, Molecular Biosystems, Inc., San Diego, 
California) has the ability to traverse the pulmonary circulation. Noninvasive estimation of 
pulmonary arterial pressures is crucial to monitor patients with heart disease and to make 
screening diagnosis of PH. Besides, the relevance of exercise response to pulmonary 
pressures cannot be ignored as it adds prognostic importance. The ability to capture 
accurate tricuspid regurgitation Doppler signals in patients with or without pulmonary 
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hypertension, at rest or immediately after exercise, is highly variable even with optimum 
system gain, filters, compression and patient (multiple views, variable patient positions, 
breath holding) settings.  
 

 
Fig. 1. Color flow Doppler display of tricuspid regurgitation (TR). Left. Unenhanced systolic 
image with very weak color flow demonstrating minimal TR (arrow). Right. Contrast 
enhanced image with gains set at zero to minimize noise artifact. Note the enhanced systolic 
color flow Doppler signal (arrow) allowing for an increased likelihood to measure the 
conventional spectral Doppler tracing 

The idea to improve TR Doppler signal began with a simple experiment of intravenous 
injection of agitated normal saline. Beard and Byrd, analyzed 38 patients referred to their 
echocardiography laboratory (in addition to 7 normal subjects), looking for enhancement of 
the TR spectral Doppler signals (Beard and Byrd, 1988). They concluded that agitated saline 
significantly improved the TR jet if the jet was inadequately visualized before contrast 
enhancement. Importantly, it did not impact the results if there was no Doppler signal seen 
prior to saline enhancement. This is important, since in the absence of any TR, taking the 
time to perform a contrast-enhanced Doppler evaluation may not be warranted. However, it 
has been reported that TR is present in >50% of normal young individuals and this 
percentage is significantly greater in patients with cardiovascular pathology (Shah & Raney, 
2008). In this study, many of patients had pulmonary artery catheters in place and the 
enhanced spectral Doppler TR gradient estimated PA pressures was able to be corroborated 
with the invasive PA pressure measurements.  
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Fig. 2. Continuous wave spectral Doppler display of tricuspid regurgitation (TR). Left. 
Unenhanced systolic image with weak Doppler display demonstrating a maximal TR 
velocity of 2.5M/s or 25mmHg gradient (arrow). Right. Contrast enhanced image with 
increased signal to noise ratio able to confirm the maximal systolic velocity approaching 
3.0M/s or 36mmHg (arrow) 

Himelman et al reported similar findings in patients with chronic obstructive pulmonary 
disease and demonstrated similar results at rest and with exercise (Himelman et al, 1988). 
However, the criticism of agitated saline has been that the Doppler signal obtained tends to 
be noisy and rough (“fish bone like”) and only marginally better than unenhanced spectral 
or color flow Doppler. Terasawa et al compared agitated saline with sonicated albumin in 
patients with invasive hemodynamic data to assess the right ventricular systolic pressure 

(RVSP) (Terasawa et al, 1993). The authors observed that both contrast agents enhanced the 
spectral Doppler signals, but possibly due to cursor angle errors, they both underestimated 
the invasively determined RVSP. Several other investigators also noted that the sonicated 
albumin findings were significantly more accurate relative to the agitated saline findings 
(Beppu et al, 1991). Despite these results, owing to its universal availability and ease of 
administration, agitated saline remains the contrast agent primarily used for enhancement 
of right sided spectral Doppler signals such as the maximal TR velocity. Modern contrast 
agents (Definity and Optison) have not been extensively studied for the purposes of right 
sided conditions including TR spectral Doppler signal optimization. Investigators at Mayo 
clinic conducted retrospective analysis of a large number of patients who received Definity 
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for the purposes of RVSP estimation and suggested its utility for this indication 
(Abdelmoneim et al, 2010). However, the intention of the study was to demonstrate the 
safety of this contrast agent in patients with pulmonary hypertension undergoing stress 
echocardiography. Second generation contrast agents improve the spectral Doppler 
envelope of TR by increasing the SNR and increasing the likelihood that the actual peak TR 
velocity is identified.  
In addition to the estimation of the RVSP (as a surrogate of the pulmonary artery systolic 
pressure), Doppler echocardiography is also able to estimate the pulmonary artery diastolic 
pressure (PADP) using the spectral Doppler envelope of pulmonary regurgitation (PR). The 
pulmonary capillary wedge pressure (PCWP), also the PADP (a surrogate of the left atrial 
pressure), has shown to correlate well with the sum of PR end diastolic pressures gradients 
and the estimated right atrial (RA) pressure ,also known as the central venous pressure. RA 
pressure can be estimated using inferior vena cava dimensions and phasic respiratory 
changes. To determine the PR end diastolic gradient, the spectral Doppler velocity profile 
of the PR jet must be accurately measured, but is often suboptimal due to a weak signal. 
This has been shown to improve with use of sonicated albumin by several authors 
(Masuyama T et al, 1986). Analyzing the overall evidence, it appears that use of modern 
contrast is safe and useful as a screening tool for the diagnosis of PH in suspected 
patients, particularly when there is a hint that the spectral Doppler is weak and an 
underestimation of the true maximal velocity. Contrast enhanced Doppler 
echocardiography appears to be a promising option for the serial follow up of patients 
with PH, thus obviating the need for frequent invasive testing. Furthermore, exercise 
Doppler echocardiography with contrast may help unmask the diagnosis of PH in 
asymptomatic individuals. To date, the routine use of contrast agents for the purposes of 
enhancing the Doppler signals on the right side is not recommended and should be 
considered an option on an individual patient basis. 

3. Left heart 
Development of transpulmonary agents has expanded the horizon and potential for use of 
contrast agents. These agents tend to be stable, have an excellent acoustic profile, and tend 
to be biologically inert. 5% sonicated albumin was the first to be FDA approved for LVO 
and EBD. Due to concerns with pressure sensitivity, resulting in a very short effective half 
life, it was not been a widely used agent. Newer 2nd generation agents, like Definity and 
Optison, have properties of ideal transpulmonary agents and hence gained FDA approval 
in US.  
Left ventricular filling pressure, compliance and diastolic function is assessed by a 
composite of multiple measurements and each component has its own value. Contrast 
agents are very effective for augmenting the pulmonary venous (PV) Doppler flow pattern 
which adds value to the assessment of diastolic function of the heart. Due to the distance of 
left atrium and the PV from the transducer, the spectral Doppler display of the PV flow is 
often suboptimal. Even if one is able to acquire signals, these usually have low SNR causing 
challenges in accurate assessment. A normal PV inflow displays a systolic phase and 
diastolic phase. There is another short, low velocity reversal of flow coinciding with atrial 
contraction, called the AR-wave (atrial reversal). In normal individuals systolic phase 
dominates. In patients with abnormal diastolic function, as the left ventricle gets stiffer, 
majority of emptying of the PV occurs in diastole which results in blunting of the systolic 
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phase with relative augmentation of the diastolic phase. The width and the velocity of the 
AR wave is also exaggerated (Rossvoll O et al, 1993; Tabata T et al, 2003). The systolic and 
diastolic phases of the PV tend to be well displayed, using PV flows obtained with TEE as 
the reference standard (Castello R et al, 1991). However, the atrial reversal phase is the most 
often suboptimal, but importantly has the highest correlation with LA pressure. It has been 
demonstrated that with the use of contrast agents, the visualization of the PV flow Doppler 
spectrum can be improved, particularly, the atrial reversal phase, translating into improved 
diastolic performance assessment (William MJ et al, 1995). Contrast increases the likelihood 
of identifying the actual peak systolic, diastolic and the atrial velocities, although the ratios 
of the systolic/diastolic velocities may remain unchanged (Izumi C et al, 1996). There are 
other reported studies which suggest that the peak systolic and diastolic PV velocities are 
augmented, but the atrial reversal flow might not be as robust as expected (von Bibra H et 
al, 1994). However, majority of published reports do come to the agreement that contrast 
agents improve the overall sensitivity of accurately measuring the different phases of PV 
spectral Doppler flow pattern. Importantly, the PV flow pattern also aids in the assessment 
of the severity of mitral stenosis and regurgitation. 
 

 
Fig. 3. Pulsed wave spectral Doppler display of pulmonary venous flow. Left. Unenhanced 
image with adequate tracing of the systolic (S) and diastolic (D) waves, but difficult to 
discern the atrial reversal (AR) velocity (arrow). Right. Contrast enhanced image with 
optimal spectral Doppler tracing confirming the AR maximal velocity is abnormally 
increased at >40cm/s (arrow) 
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Fig. 4. This is a different patient demonstrating the ability to use contrast to improve 
pulmonary venous flow assessment. Pulsed wave spectral Doppler display of pulmonary 
venous flow. Left. Unenhanced image with adequate tracing of the systolic (S) and diastolic 
(D) waves, but difficulty in discerning the atrial reversal (AR) velocity (arrow). Right. 
Contrast enhanced image with optimal spectral Doppler tracing confirming the AR 
maximal velocity is normal and <20cm/s (arrow) 

Evaluation of severity of mitral regurgitation (MR) rests on obtaining adequate spectral and 
color flow Doppler across the mitral valve as well as observing the changes in pulmonary 
venous flow. In eccentric jets, where one can easily underestimate the severity of MR using 
the color flow Doppler pattern alone, additional parameters are vital. Contrast agents have 
previously been employed and have demonstrated their ability to assist in the evaluation of 
MR. Terasawa et al, demonstrated an improvement in the Doppler velocity profile in all 
study patients (N=17) with a good reproducibility (Terasawa A et al, 1993). These authors 
analyzed the velocity profile in detail to elucidate the mechanism for the noted 
augmentation of spectral Doppler display and suggested that the velocity in the centre of 
the jet remained unchanged before and after the contrast. However the marginal velocities 
along the edges of the spectral Doppler envelope were better seen due to improved signal-
to-noise ratio. Unlike the effect of contrast which increases the identified peak velocity of the 
maximal TR spectral Doppler profiles, the peak mitral regurgitation spectral Doppler 
velocity was not significantly altered in this report. This finding should have important 
ramifications in the accurate determination of the spectral profile trace, which is used in 
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quantitative evaluation of the MR regurgitant volume (Enriquez-Sarano M etal, 1995; Hall 
SA et al, 1997; Pu M et al, 2001) .This finding should add value and improve the ability to 
accurately measure other spectral Doppler parameters beyond the peak velocity. A 
number of spectral Doppler analyses have been reported as having significant clinical 
value and may benefit from contrast enhancement when the Doppler signal is weak (table 
1).   
 

 
Fig. 5. Continuous wave spectral Doppler display of a patient with aortic stenosis. Left. 
Unenhanced image with weak tracing unable to confirm maximal gradient >30mmHg 
(arrow). Right. Contrast enhanced image (same patient as shown on the left) with optimal 
Doppler tracing confirming a maximal gradient > 70mmHg 

Another interesting observation from this study, which these authors can confirm, was that 
the Doppler contrast augmentation effect lasted much longer than the LVO effect. This is a 
valuable property of contrast Doppler and by providing longer time window to capture the 
enhanced signals, the sonographer is able to complete the LVO portion of the 2D exam and 
then perform the enhanced Doppler exam afterwards. This phenomenon allows one to use a 
minimal amount of contrast for Doppler augmentation and does not require an additional 
contrast injection. In our experience, this latter spectral Doppler examination, performed 
after most of the contrast has ‘washed out’, retains the enhanced signal properties of the 
contrast agent while minimizing the potential for excess noise often created when the 
Doppler is used too soon.  
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Doppler parameter Pathologic value Clinical implication  

Aortic Regurgitation PHT < 200 ms Elevated LVEDP 
Aortic Stenosis >4.0m/sec Severe AS 
Mitral Regurgitation (dP/dt) <600mmHg/sec Severe Systolic Dysfunction 
PA Acceleration Time < 90ms Severely Elevated PASP 
TR vti trace > 25mmHg Elevated PAMP 
PHT, pressure half time; LVEDP,  left ventricular end diastolic pressure;  PASP,  pulmonary artery 
systolic pressure; TR, tricuspid regurgitation; VTI, velocity time integral; PAMP, pulmonary artery 
mean pressure 

Table 1. 

Von Bibra et al used a saccharide based contrast agent and found a close correlation 
between the enhanced mitral spectral Doppler and TEE, thereby hinting an underestimation 
by the unenhanced TTE Doppler images. Their results echoed with findings of other 
investigators, emphasizing the role and utility of contrast in situations where the 
determination of MR severity is crucial (von Bibra H et al, 1995). Other investigators have 
demonstrated the role of contrast agents in patients with prosthetic mitral valves. In clinical 
situations of ambiguity or when discrepancies exist between different diagnostic 
modalities, adding contrast may be a simple technique to offer greater insight and 
clarification of valve patholophysiology (Donovan & Armstrong, 1996). Summarizing the 
limited published evidence, combined with our experiences, there is reasonable data to 
suggest that the use of contrast in cases where the spectral Doppler signals are low in 
intensity is warranted. 
Aortic stenosis (AS) is a chronic progressive disease mainly affecting the elderly population. 
Assessment of the severity of AS is of crucial importance in the decision for timing of aortic 
valve replacement surgery. Evaluation of AS severity with TTE relies heavily on Doppler 
measurement of the transvalvular velocity, which in turn allows the estimation of the AV 
gradient and the calculation of aortic valve area (AVA) by use of the continuity equation 
(Otto CM, 2006). Alignment of the Doppler signal to the direction of blood flow is critical to 
obtain an accurate estimation of the jet velocity and gradients and hence the AVA. 
Underestimation is a valid concern when confronted with decision for surgery. Contrast has 
been shown to result in an improvement in the determination of the peak Doppler velocity 
AS profile, allowing a more accurate trans-aortic gradient estimation (Nakatani S et al, 1992). 
Importantly, in this study, the authors noted that patients with weak Doppler signals 
demonstrated improvements in their image profiles, but even those with adequate 
unenhanced Doppler signals were further improved by the use of contrast. As already 
demonstrated, contrast enhancement of the Doppler signal profile improves the ability to 
obtain the maximal velocity as well as the entire Doppler envelope trace. In AS, this 
portends to improvement in the estimation of the maximal and mean AV gradients. The 
normal protocol for obtaining maximal AS gradients requires the echo sonographer to 
utilize numerous ultrasound windows (usually > 3) in the hope of aligning the Doppler 
cursor with the actual AS flow. As the AV becomes diseased, the valve opening is altered 
and the blood flows in any number of directions from the LV to aorta. Therefore, it is 
uncommon that the optimal alignment can be predicted, as it is just as likely that the 
maximal velocity will be obtained in the right parasternal window as it will be in the apical 
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3, apical 5, subcostal, or suprasternal window. At times, there is a great variation in the 
maximal AS gradient from each of these windows. In our experience, the contrast enhanced 
Doppler signal is occasionally similar across multiple ultrasound windows. Whether this 
would portend to a quicker Doppler exam, by allowing the sonographer to limit the number 
of images acquired from multiple windows has yet to be proven. 

4. Conclusion 
Contrast agents have now been in use for more than five decades from their initial 
application by Gramiak and Shah in 1960s. The 2nd generation agents used today, are safe, 
have the ability to cross the pulmonary circulation, are inert and have higher acoustic 
properties to aid in the evaluation of a vast spectrum of clinical dilemmas. Because of 
recent post-marketing concerns raised by the FDA, there have been several important, 
large studies reported that demonstrate and confirm the safety of these agents (Borges AC 
et al, 2002; Piscaglia F et al, 2006; Raisinghani A et al, 2003). In this chapter, the role of 
these contrast agents in augmenting the spectral Doppler profile for both right and left 
sides of the heart and including both regurgitant and stenotic valve diseases was 
highlighted.  
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1. Introduction 
Doppler ultrasound has become one of the most important imaging modalities for 
measuring hemodynamic changes in various clinical settings. The accuracy of these 
measurements is the preconditioning to the appropriate interpreting of clinical observations 
and to the reasonable therapeutic strategy-makings. In this chapter, we studied two major 
factors that influence Doppler blood flow and its measurements. One is the intrathoracic 
pressure changes and the other is cardiac motion. 

2. Research done by other researchers and our contribution 
Respiration, including spontaneous and resistant respiration, can cause intrathoracic 
pressure changes, which would lead to Doppler flow alterations due to heart-lung 
interactions. Although spontaneous respiration on hemodynamics in humans has been 
studied and its regularity has been proved, quantitative evaluation of resistant respiration 
and forced maneuvers on hemodynamics and the underlying mechanisms has not been 
fully elucidated. We started to investigate comprehensively the factors that influence 
Doppler flow and its measurements fifteen years ago, and found that the introthoracic 
pressure changes have great impact on Doppler blood flow and its measurements both in 
healthy subjects and patients with cardiopulmonary diseases. We comprehensively and 
quantitatively assessed the influence of spontaneous respiration and resistant respiration on 
cardiac transvalvular blood flow, superior vana caval and pulmonary venous blood flow in 
both healthy subjects and patients with pericardial effusion and chronic obstructive 
pulmonary diseases.  
It is well known that blood flow velocity measured by Doppler ultrasound represents the 
net motion of the blood relative to the transducer. It is widely assumed that the measured 
velocity represents the actual flow. However, if the cardiac chamber or valvular annulus 
surrounding the blood has independent motion relative to the transducer, the flow we need 
to measure will be influenced by the motion of the heart and therefore will be the vector 
sum of the chamber or annulus velocity and blood flow velocity. For example, the pulsed 
Doppler flow velocity signal at the left ventricular outflow tract or through the aortic 
annulus is usually obtained from the apical five-chamber view. The blood moving away 
from the transducer during systole is ejected into the aortic root through the aortic annulus, 
while the annulus itself is moving towards the transducer at the same period of time. If we 
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need to measure the left ventricular stroke volume, we need the velocity of the blood 
relative to the aortic annulus, not to the transducer. While, the blood flow velocity 
“observed” by the transducer is only the velocity of the blood relative to the transducer. 
Therefore, cardiac output has been underestimated by the approach of Doppler 
echocardiography due to the aortic annulus motion opposite to the flow direction. On the 
other hand, Doppler echocardiography overestimates aortic flow routinely by measuring 
the outer edge of the spectrum. So, the routine Doppler method of stroke volume 
measurement seems to be accurate because the two errors are in the opposite direction and 
cancel each other. Similar situations will be encountered for right ventricular outflow or 
inflow tracts or the Doppler measurements of flow velocity of valvular stenosis or 
regurgitations. We think this problem of Doppler echocardiography should be stressed and 
the method of the correction of these errors should be explored as it has been either 
unrecognized or ignored in the clinical practice. 
We designed an in vitro model that allowed us to observe and independently control the 
motion of a chamber containing a liquid and the motion of the liquid itself. This model 
enabled to observe the effects of the movement of the chamber on the Doppler  
signal derived from the motion of the liquid. We tested the hypothesis that cardiac 
motion can alter the velocity of the Doppler signal generated by blood flow in the in 
vitro model. We measured cardiac motion with M-mode echocardiography in human 
subjects (in vivo model) and compared the data with the Doppler signal generated by 
cardiac motion. 
The in vitro and in vivo models were used in their study to demonstrate that cardiac 
motion can influence the measured Doppler signal generated by blood flow and to 
investigate the influence of the motion of the heart on measured velocity. In the in vitro 
model, the velocity of the cornstarch-water slurry and the motion of the apparatus were 
varied independently to simulate cardiac motion and blood flow. This procedure allowed 
us to separate the two components of the measured velocities. By stopping the motion of 
the piston, they could observe the pure flow profile, which could be kept constant. 
Similarly, the flow through the apparatus could be stopped, allowing us to measure the 
motion of the apparatus. They illustrated the potential alterations in peak velocities as 
well as changes in the slope of the velocity curve (acceleration) and were able to cause 
apparent changes in cycle length. Although some of the relations between the motion of 
tubing and the flow of the slurry do not appear naturally on a recurring basis, they 
illustrate the capacity of certain changes in timing to alter apparent flow patterns. 
Intermittent changes in cardiac motion relative to flow could be caused by atrial or 
ventricular ectopic activity or respirations, resulting in changes in cardiac motion. Because 
such changes might not be synchronized with flow alterations, changes in both the slope 
and the height of the Doppler signal might occur. The velocity of cardiac motion also 
varies throughout the cardiac cycle and therefore may not affect events at different parts 
of the cycle similarly. In measurements utilizing slopes, such as mitral valve half-time or 
pulmonary acceleration time, changes in cardiac motion might cause a significant change 
in a Doppler-derived measurement. 
Their experiments in vitro and in vivo provided important information about the interaction 
of cardiac motion and blood flow in the Doppler spectrum. The measured Doppler 
spectrum of blood flow velocity is modified by cardiac motion and could be corrected for 
more accurate measurement. 
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In reviewing the previous study, we noticed that it is important to find that the measured 
Doppler spectrum of blood flow velocity is modified by cardiac motion in the in vitro 
model. However, in the experiment of the in vitro model, the simulated blood, the 
cornstarch-water slurry, was carried by the simulated vessel and, thus, the velocity of the 
simulated blood would naturally be the vector sum of the two motions, the motion of the 
simulated blood itself and the motion of the vessel, i. e., there should be no difficult to 
understand that the transducer would record a modified velocity. In the echocardiographic 
laboratory examination, however, if we need, for example, to measure the left ventricular 
stroke volume, the transducer should be located at the apex of the heart and directed to the 
base to display the 5-chamber view. During systole, the aortic valve is open and therefore, 
the aortic root does not carry the blood to move in any direction, which is not like the in 
vitro model’s condition. Is the previous in vitro experiment still valid to provide the 
important information? To further confirm the previous conclusion and to find out if the 
conclusion is valid in the Doppler echocardiographic examination, we designed the 
following experiments. 

3. Methods 
3.1 Methods of studying the influence of intrathoracic pressure changes on Doppler 
flow 
3.1.1 Doppler Echocardiography 
Echocardiography was performed in all adult subjects with left decubitus position and 
spontaneous respiration by Siemens Sequoia 512 (Mountain View, CA, USA) with a 2.5–4.0 
MHz transducer. Electrocardiogram and respiratory tracing by a nasal thermo-sensitive 
transducer (E99H450, fittings to Sequoia 512) were recorded simultaneously with 
echocardiograms. The protocol was approved by the Human Subjects Ethics Committee of 
the Fourth Military Medical University, and each subject provided an informed written 
consent.  
The Doppler flow spectra across the four cardiac valves were recorded by pulsed Doppler 
echocardiography. The sample volume was put at the tips of mitral and tricuspid valves and 
1 cm above the aortic and pulmonary valve. The superior vena cave (SVC) blood flow 
spectra were recorded by placing the transducer in the right supraclavicular region. The 
right-upper pulmonary venous flow was studied by pulsed Doppler from the apical four-
chamber view, and the sample volume for Doppler examination was placed 0.5–1.0 cm into 
the right-upper pulmonary vein proximal to where it enters the left atrium and at an angle 
as parallel as possible to the direction of the blood flow.  

3.1.2 Quantification of intrathoracic pressure 
In order to quantify the influence of intrathoracic pressure on Doppler flow measurements, 
we developed an instrument that could quantify intrathoracic pressures. The device for 
quantification of intrathoracic pressure was refit by a watch sphygmomanometer, a mask 
and tubes. The examinees were told to press the mask tight against their nose and mouth, 
making the oral cavity and the thorax a closed system. Then, ask the examinees to inspire or 
expire through the mask of the device with their mouth open to generate negative or 
positive intrathoracic pressure changes. These pressure changes could be quantified and 
read directly from the attached watch sphygmomanometer. 
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3.2 Methods for studying the effect of cardiac motion on Doppler flow 
We designed an in vitro model that allowed us to observe if the motion of the simulated 
blood vessel or heart chamber may modulate the Doppler spectrum of the motion of the 
simulated blood in it to further confirm the previous study. To test the hypothesis that 
cardiac motion can alter the velocity of the Doppler signal generated by blood flow and 
that the motion of the vessel would also influence the resultant flow velocity 
measurement, we used combined motion of the simulated blood vessel and the simulated 
blood flow. Using the measurement of left ventricular stroke volume as an example, we 
analyzed the error generated in the routine Doppler echocardiographic examination and 
proposed some approaches to correct it. We, then, discussed the theoretical meaning of 
the study.  

3.2.1 Echocardiographic equipment 
An Acuson Sequoia 256 ultrasound system with a 5- or 3-MHz transducer was used for the 
in vitro model experiments. Images were recorded on the hard disc in the equipment. 
Machine factors were adjusted as shows in the screen. It reads as follows: the pulsed 
Doppler transmit power was set at <100; the log compress was set at 35 dB; the length of the 
gate was 6.0mm; the width of the gate or the focus was 3mm. For the in vitro apparatus, the 
depth of the pulsed Doppler gate was 55mm, and the gate was placed within the middle of 
the straight portion of the tubing, away from the walls. 

3.2.2 In vitro model  
The in vitro model was designed to independently control the flow of simulated blood 
through a chamber and the motion of the chamber relative to the Doppler beam (Figure 1 
and 2). A 220-cm length of silicon rubber tubing with an inner diameter of 6mm was 
connected to a variable pulse rate and flow velocity perfusion pump (Longer Pump 
YZ1515X). A 5% (5g Fiber/100ml tap water, equate Fiber Therapy, original texture.) fiber-
water slurry was driven by the pulsatile pump through the tubing to simulate the blood 
flow within the vessel or heart chamber. Both the velocity of flow and the frequency could 
be independently controlled along a continuum. The flow rate for pulsatile flow through the 
pump was varied from 100 to 300ml/min, corresponding to average linear velocities of 8 to 
25cm/s. A 6-cm section of the silicon tubing was fixed to a rigid plastic board (Figure 1b), 
and the board was cyclically moved by a specially designed machine (TD-4 cardiac motion 
simulator) to simulate the heart base motion. The tubing attached to the board was aligned 
with the echocardiographic transducer placed above it, and the motion of the board was 
parallel to the Doppler ultrasound beam as well. This eliminated possible artifacts from 
beam angulation. The pulsed Doppler gate was within the tubing, away from the wall and 
well above the curved portion of the tubing. The Doppler beam was parallel to the motion 
of the simulated blood and the tubing. The plastic board was coupled by means of gears, 
rubber bands and connectors to TD-4 cardiac motion simulator with a variable rate 
control. The board could be cyclically moved up and down to mimic the motion of cardiac 
base. Both the rate and the excursion of the board could be controlled and varied 
independently of the flow within the tubing. The motion of the board could be 
continuously varied over a range of velocities from 0.3 to 60cm/s, and its maximal 
excursion for these series of experiments was 1 to 2cm. This is comparable to the motion 
of cardiac base in humans (Strunk et al., 1976). The tubing and board were placed within a 
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water bath, with the echocardiographic transducer above the vertical portion of the 
tubing. 
 

 
Fig. 1a. Photo of the whole set of the in vitro model experiment. From the right to the left of 
the photo the whole set is displayed. Right: the perfusion pump which drives the simulated 
blood in the tubing; Middle (from top to the bottom): the top is the TD-4 cardiac motion 
simulator (specially designed and home-made) that moves the plastic board up and down; 
the middle is the gears and connectors that connects the plastic board below; the bottom is 
the water tank with the plastic board in it. The tubing with 5% fiber-water slurry, the 
simulated blood, is fixed on the plastic board that is connected with the connector above. 
The plastic board with the tubing may move up and down freely by the simulator.  
The echo transducer is separately fixed on the frame of the setup; Left: Ultrasound machine, 
Sequoia 256 

 

 
Fig. 1b. Photo of the plastic board. The board carries the tubing which should have a straight 
and vertical part outside the board 
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Fig. 2. Sketch of the in vitro model. A, the cardiac motion simulator; B, the connector with 
the gears; C, the connection of the connector with the plastic board; D, the plastic board that 
carries the tubing; E, the tubing with the fiber-water slurry in it; F, the water tank; G, the 
echocardiographic transducer 

4. Results 
4.1 Influence of the intrathoracic pressure changes on Doppler flow 
4.1.1 Influence of spontaneous respiration on Doppler flow measurements in healthy 
subjects 
4.1.1.1 Four cardiac valves 

The transmitral and aortic Doppler flow velocities increased significantly on expiration 
compared on inspiration, while the tricuspid and pulmonary Doppler flow velocities 
increased significantly on inspiration compared on expiration (Figure 3-6, Table 1). The 
averaged respiratory variation index (RVI), which was calculated as the [(average velocity 
on expiration-the average velocity on inspiration)/average velocity on expiration] for mitral 
valve, aortic valve and pulmonary vein, and [(average velocity on inspiration-the average 
velocity on expiration)/average velocity on inspiration] for the four cardiac valves were 
shown in table 1.  
 

 MV AV TV PV 
Inspiration 76.6±15.5 104.2±13.7 62.2±17.2 89.8±15.8 
Expiration 83.8±17.7 109.4±14.1 52.8±14.1 84.8±15.0 
RVI 8.4±3.7% 4. 7±2.0% 16.4±5.7% 5.7±2.6% 

Note: MV, mitral valve; AV, aortic valve; TV, tricuspid valve; PV, pulmonary valve. 

Table 1. Doppler flow velocities across the cardiac valves during expiration and inspiration 
and the respiratory variation index 
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Fig. 3. The velocity across the mitral valve is decreased during inspiration and increased 
during expiration with RVI 8.4%. From top to the bottom are: color Doppler imaging, 
Doppler wave, respiratory wave (upward, inspiration; downward, expiration), and 
electrocardiogram 
 

 
Fig. 4. The velocity across the aortic valve is decreased during inspiration and increased 
during expiration with RVI 4.7% 
 

 
Fig. 5. The velocity across the tricuspid valve is increased during inspiration and decreased 
during expiration with RVI 16.4% 
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Fig. 6. The velocity across the pulmonary valve is increased during inspiration and 
decreased during expiration with RVI 5.7% 

4.1.1.2 Pulmonary veins 

The systolic peak flow velocity (PVs) and its integral (PV VTIs) of the pulmonary vein did not 
vary dramatically between inspiration and expiration; however, the diastolic peak flow velocity 
(PVd) and its integral (PV VTId) increased remarkably from inspiration to expiration, resulting 
in significantly decreased PVs/PVd and PV VTIs/PV VTId from inspiration to expiration.  
4.1.1.3 Superior and inferior vena cava (SVC and IVC) 

Both the systolic and diastolic peak flow velocities of SVC and IVC significantly increased 
from inspiration to expiration, while the reversed flow velocity during systole and diastole 
showed no significant difference between inspiration and expiration.  

4.1.2 Influence of resistant respiration on cardiac valvular Doppler flow 
measurements in healthy subjects 
There was no significant difference in RVIs between the spontaneous respiration and with 
the intrathoracic pressure change of -4mmHg, while significant difference in RVIs were 
found between the spontaneous respiration and with the intrathoracic pressure change of -
8mmHg and -12mmHg, respectively (Figure 7-10, p<0.01).  
 

 
Fig. 7. Effects of spontaneous respiration on tricuspid flow. The velocity across the tricuspid 
valve is increased during inspiration and decreased during expiration with RVI 10.1%. From 
top to the bottom are: color Doppler imaging, Doppler wave, respiratory wave (upward, 
inspiration; downward, expiration), and electrocardiogram 



 
Factors Influencing Doppler Blood Flow and its Measurements 

 

155 

 
Fig. 8. Doppler spectra across the tricuspid valve with the intrathoracic pressure decrease of 
4mmHg in the same subject as in figure 1. RVI is 11.35 % 
 

 
Fig. 9. Doppler spectra across the tricuspid valve with the intrathoracic pressure decrease of 
8mmHg in the same subject as in figure 1. RVI is 19.0% 
 

 
Fig. 10. Doppler spectra across the tricuspid valve with the intrathoracic pressure decrease 
of 12mmHg in the same subject as in figure 1. RVI is 21.3% 
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4.1.3 Influence of spontaneous respiration on Doppler flow measurements in patients 
with pericardial effusion 
4.1.3.1 Four cardiac valves 

In patients with pericardial effusion (PE), The RVI of the velocities across the mitral and the 
aortic valves increased significantly in patients with PE compared with normal subjects 
(Figure 11-14, Table 2).  
 

Groups MV AV TV PV 
Control 9.71±3.39 4.67±1.79 14.82±3.70 5.86±2.55 
PE 14.57±7.89* 11.61±4.96** 24.97±6.19** 23.93±10.12** 

Notes: PE, Pericardial effusion. *Compared to normal, p<0.05; **Compared to normal, p<0.001.  

Table 2. Comparison of RVI between patients with PE and normal subjects 
 

 
Fig. 11. RVI of the Doppler flow velocity across the mitral valve is significantly increased in 
a patient with large amount of pericardial effusion compared to normal subject shown in 
figure 1 (29.8% vs. 8.4%) 
 

 
Fig. 12. RVI of the Doppler flow velocity across the aortic valve is significantly increased in a 
patient with large amount of pericardial effusion compared to normal subject shown in 
figure 2 (33.3% vs. 4.7%) 
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Fig. 13. RVI of the Doppler flow velocity across the tricuspid valve is significantly increased 
in a patient with large amount of pericardial effusion compared to normal subject shown in 
figure 3 (48.9% vs.16.4%) 

 

 
Fig. 14. RVI of the Doppler flow velocity across the pulmonary valve is significantly 
increased in a patient with large amount of pericardial effusion compared to normal subject 
shown in figure 4 (27.7% vs. 5.7%) 

4.1.3.2 Inferior vena cava (IVC) 

In patients with pericardial effusion, RVI of the systolic and diastolic peak flow velocities of 
IVC significantly increased compared to normal subjects (p<0.001).  

4.1.4 Influence of spontaneous respiration on Doppler flow measurements in patients 
with chronic obstructive pulmonary disease (COPD) 
RVI of the four cardiac valves in COPD patients were significantly higher than that in 
normal subjects (Figure 15-18; Table 3) 
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Fig. 15. RVI of the Doppler flow velocity across the mitral valve is significantly increased in 
a patient with obstructive pulmonary disease compared to normal subject shown in figure 1 
(14.27% vs. 8.4%) 
 

 
Fig. 16. RVI of the Doppler flow velocity across the aortic valve is significantly increased in a 
patient with obstructive pulmonary disease compared to normal subject shown in figure 1 
(11.6% vs. 4.7%) 
 

 
Fig. 17. RVI of the Doppler flow velocity across the tricuspid valve is significantly increased 
in a patient with obstructive pulmonary disease compared to normal subject shown in 
figure 1 (27.7% vs.16.4%) 
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Fig. 18. RVI of the Doppler flow velocity across the pulmonary valve is significantly 
increased in a patient with obstructive pulmonary disease compared to normal subject 
shown in figure 1 (16.8% vs.5.7%) 

 
Groups MV AV TV PV 
Control 10.5±8.7 4. 7±1.8 14.9±6.3 8.6±2.3 
COPD 16.3±8.7* 11.6±5.0** 27.7±8.4** 13.5±5.0** 

Notes: COPD, Chronic obstructive pulmonary disease.  *Compared to normal, p<0.05; **Compared to 
normal, p<0.001.  

Table 3. Comparison of RVI between patients with COPD and normal subjects 

With the whole set of the in vitro model devices, the Doppler spectra were recorded in 
series. Measurements of the velocity and amplitude of the tubing in the in vitro apparatus 
was either by the M-mode echocardiography or directly read from the Doppler blood flow 
velocity waveforms. The distance the tubing moved was determined by measuring the 
amplitude of the M-mode tracing of the tubing. It was compared with direct measurements 
of the distance that the apparatus moved. The sloped of the M-mode measurements 
represents the velocity of the tubing. We compared the M-mode measurements with the 
Doppler velocities obtained with the apparatus maintained at a constant speed. 

4.2 Effect of cardiac motion on Doppler flow 
Figures 19 to 21 demonstrate the Doppler signals derived from the motion of the silicon 
tubing, the motion of the fiber-water slurry within the tubing during peristaltic pumping 
and their combined motions. The motion of the tubing was parallel to the flow of the slurry 
within the tube. Figure 19 shows Doppler spectrum of the motion of the tubing being moved 
by TD-4 cardiac motion simulator while the fluid is not being pumped. The sample volume 
of the Doppler ultrasound is in the center of the tubing in figure 19. However, we noticed 
that we may record similar spectrum with the sample volume located anywhere outside the 
tubing, but close to it or to the plastic board. The apparent Doppler signal is a sinusoidal 
pattern with a maximal velocity of 15 cm/s and occurs regularly with a frequency of about 2 
Hz. Figure 20 demonstrates a typical pulsed Doppler recording generated by the pulsatile 
motion of the fluid alone while the tubing is stationary. The maximal velocity is 
approximately 45 cm/s and occurs regularly with a frequency of about 4 Hz. 
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Fig. 19. Doppler signal derived from only the motion of the tubing. The fiber-water slurry is 
within the tubing but is not being pumped. The Doppler signal is generated entirely by the 
motion of the tubing, reflected by the fiber-water slurry 

 

 
Fig. 20. Doppler signal derived from the pulsatile pumping of the simulated blood, the fiber-
water slurry, while the tubing remains stationary 

The complexity of the interaction between the motion of the tubing and the simulated blood 
is demonstrated in Figures 21, where the frequencies of the two motions are varied relative 
to each other. Flow of the simulated blood and motion of the tubing were controlled 
independently to create synchronized and desynchronized motion combination. We have 
recorded different combinations of the synchronized motions. But to make our description 
brief, we only use the desynchronized motion. The desynchronized motion actually covered 
the waveforms of all the motion combinations. In Figure 21, the frequency of the pulse rate 
of the peristaltic flow was slower than the motion of the tubing and is therefore slightly 
dissociated. This resulted in a continually varying alternant pattern of the peak amplitudes 
of the Doppler signals. The resultant waves change not only in amplitude (velocity), but also 
in apparent slope (acceleration and deceleration).  
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Fig. 21. Doppler signals generated by fluid and tubing motions. The frequency of the motion 
of the tubing and the frequency of the peristaltic pump were varied. The frequencies of two 
motions were very close, but desynchronized. The relative magnitude of the measured 
signals during the cycle varies even though the actual frequencies and velocities of motion 
and flow were constant. The two motions may have various phase combinations, yielding 
different modified Doppler flow velocity spectra 

The Doppler signals of Figure 21 demonstrate the combined effect of motion of the tubing 
and flow through it. Although the actual velocity of the fluid through the tubing has not 
changed, its measured velocity has been altered by the motion of the tubing.  
When the peak velocities are in phase (the ninth wave of the flow waveforms counted from 
the left side), the maximal velocities of both signals are additive, resulting in an increase in 
the measured velocity of the simulated blood. The maximal velocity of the wave is about 60 
cm/s that equals to the algebraic sum of the two maximal velocities, 45 cm/s + 15 cm/s. 
When the peak velocities are out of phase (the eighth wave of the flow waveforms counted 
from the left side in figure 21), they negate each other. The measured velocity is thus the 
vector sum of the two velocities. The maximal velocities of both signals are subtractive, 
resulting in a decrease in the measured velocity of the simulated blood. The maximal 
velocity of the wave is about 30 cm/s that equals to the subtraction of the two maximal 
velocities, 45 cm/s - 15 cm/s. Although flow through the tubing remains constant 
throughout, the desynchronized motion of the tubing (relative to the frequency of the 
pulsatile pump) results in an apparent twofold difference in velocity (30 to 60 cm/s) 
between adjacent peaks.  
The waves of 16th and 17th in figure 21 (counted from left side of the figure) demonstrates 
the Doppler flow pattern when the frequency of the motion of the tubing and the pulsatile 
flow are out of phase but are integral multiples of each other. When the flow and movement 
of the tubing are at similar frequency but out of phase, the observed relationship may have 
this pattern. Although the flow of the simulated blood is unchanged, the velocity patterns 
are quite different. These patterns were achieved merely by changing the degree of phase 
synchronization of the motion of the tubing relative to the simulated blood. The resultant 
Doppler spectrum of the combined motion is the algebraic sum of their Doppler signals, 
resulting in apparent changes in maximal velocity as well as slope of the velocity curve. 
There are different combinations of the two motions in figure 21. 
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5. Discussion 
The present study shows that both spontaneous and resistant respiration could have great 
impact on the Doppler flow velocity measurements, and this impact may be augmented in 
some diseased states, including pericardial effusion and chronic obstructive pulmonary 
diseases. The results of these experiments revealed the influence of intrathoracic pressure 
changes on Doppler blood flow and furthered the understanding of the mechanism of 
respiration-driven hemodynamics or heart-lung mechanical interactions that have remained 
controversial for over a century. 
Similar findings of spontaneous respiration effects on Doppler flow velocities across the 
mitral and tricuspid valves in adults were reported previously (Dabestani et al., 1988). Some 
other studies investigated the influence of respiration on Doppler flow velocities across the 
mitral and tricuspid valves in children aged from 3 to 12.5 and from 1.5 to 11, respectively, 
and found that the early peak flow velocity across the mitral valve decreased 7% and 8% 
(Alehan, et al., 1996; Riggs, et al., 1989), which are similar to those in the adults shown in the 
present study.  
The present study showed that the diastolic peak flow velocity and its integral increased 
remarkably from inspiration to expiration, resulting in significantly decreased PVs/PVd and 
PV VTIs/PV VTId from inspiration to expiration. The similar respiratory effects on the 
pulmonary venous flow were also demonstrated in one study using transesophageal pulsed 
Doppler echocardiography. In addition, this study showed that compared to the 
spontaneous respiration, Valsalva maneuver has greater impacts on the pulmonary venous 
flow (Meijburg et al., 1992). These effects should be considered when the pulmonary venous 
Doppler variables are applied for clinical purposes, and it would be of importance if 
considering the respiratory variation of the pulmonary venous flow when adopting 
PVs/PVd to identify pseudonormal left ventricular function. 
In the condition of resistant respiration in normal subjects or in patients with chronic 
obstructive pulmonary diseases, in which the intrathoracic pressure changes are increased 
as in the resistant respiration, the impacts of respiration on Doppler flow measurements are 
much greater than that in normal subjects. Thus, the respiratory variation index may be an 
alternative parameter for assessing the severity and the therapeutic effect of COPD in clinic. 
This should be also applied in patients with pericardial effusion and the respiratory 
variation index of these Doppler flow velocities may better reflect the severity of pericardial 
effusion combined with the quantity of the fluid collection. 
It has long been known that the interventricular septal shift that periodically occurs in the 
short-axis of the right ventricle and left ventricle is the key point of respiration-driven 
hemodynamics (Masuyama et al., 1986; Miller et al., 2006; Mitchell et al., 2005; Neumann et 
al., 2005). However, the mechanism of the septal shift has remained controversial. 
In spite of its complexity, the circulatory system can be regarded hydromechanically as two 
enclosed fluid systems which are connected sequentially. One is the fully-intrathoracic fluid 
system, which includes the left ventricle, left atrium and pulmonary veins, and the other one 
is the partially-intrathoracic fluid system, which includes the right ventricle, right atrium 
and the vena cavae. Based on Pascal’s law, the intrathoracic pressure changes during 
respiration may be transmitted without loss to all areas within the chest, including the fully-
intrathoracic system. On the contrary, the intrathoracic pressure changes affect only the 
intrathoracic part, i.e., the right ventricle and atrium of the partially-intrathoracic system. 
With inspiration, the right ventricular pressure decrease will be mostly compensated by 
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venous return from the peripheral veins. Thus, the pressure difference occurs between the 
two sides of the interventricular and atrial septa would push the septa to move toward the 
left ventricle and left atrium on inspiration, and vice versa. So the filling of the left ventricle 
and left atrium is impeded, and consequently the blood flow velocities across the mitral and 
aortic valves decrease on inspiration compared to those on expiration. In the condition of 
chronic obstructive pulmonary disease, the intrathoracic pressure changes is greater 
compared to normal subjects, thus, the respiratory variation of the cardiac blood flow 
velocities is increased. For the pericardial effusion where the pericardial pressure usually 
increases, the pressure difference between the two sides of the interventricular and atrial 
septa is exaggerated, and thus causes greater respiratory variation of these Doppler 
parameters.  
The motion of blood cells within the heart or great vessels consists of the propulsion of 
blood cells driven by the contraction of the heart and the motion of blood cells as a 
component of the chamber, which is moving cyclically. In the past, the “flow” signal 
generated by cardiac motion was neglected.  
The motion of the base of the heart has been observed by many investigators (Isaaz et al., 
1993). Atrioventricular and semilunar valvular annuli and the fibrous framework in the 
adjacent tissues should have similar patterns of motion because they move together as part 
of the base of the heart (Ormiston et al., 1993). The blood flowing through the chambers or 
the great vessels will have independent motion relative to the transducer. What the 
transducer observes, for example, in the apical five-chamber view, is motion of the annuli 
toward the transducer during systole while blood is flowing in the opposite direction from 
the aorta. We mimic this with our apparatus. By positioning the tubing and motion of the 
board along the ultrasound beam of the transducer, we were able to eliminate problems of 
angle correction from our calculations. The impact of the twisting motion that occurs in 
normal hearts was not included in our in vitro analysis. Although the motion of the heart is 
complex, the ultrasound transducer observes only one-dimensional signals in both Doppler 
and M-mode studies. 
Even though the Doppler sample volume had a focus of 3 mm within the central portion or 
bore of the tubing, we believe that the signals generated by the motion of the tubing are 
caused primarily by reflection of the ultrasound beam off the walls of the tubing and are a 
result of beam width. Some of this signal may also be generated by the fiber particles close 
to the wall, which move with the tubing as it accelerates. We placed the Doppler sample 
volume outside the tubing, in the water bath itself, and outside the cardiac chamber, within 
muscle (data not shown), and we were still able to record the Doppler signals, although they 
were much weaker. Whether the source of the signal is reflectors adjacent to the wall of the 
chamber, the chamber itself or beam width artifact, these signals alter the measured signal 
generated by blood flow, and the direction and timing of the alteration correlate with the 
motion of the chamber. 
The measured Doppler spectrum of blood flow velocity in clinical echocardiography always 
has the built-in error caused by cardiac motion. The resultant spectrum is different from the 
pure spectrum, not only in the amplitude of the peak velocity but also in the slope of the 
measured velocity. Thus, cardiac motion can alter the velocity signals used to measure 
hemodynamic variables. In mitral inflow, for example, the maximal velocity, the half-time 
and the relation between the E and A waves could be altered by movement of the annulus. 
Because the direction and the velocity of the motion of the annulus vary throughout the 
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cardiac cycle, the slopes of the E and A waves and their relative heights might not be 
affected equally. This observation may in part explain the difficulty in utilizing mitral inflow 
to analyze diastolic events (Shapiro et al., 1991). The changes seen in diastolic filling that are 
attributed to changes in compliance and relaxation might be overshadowed by the changes 
due to cardiac motion. This might further obscure the already difficult to understand effects 
of diastolic relaxation on the Doppler signal. Measurements of mitral valve area might also 
be inaccurate because of changes in slope caused by cardiac motion. Another example of 
problems that can be created by not considering the effect of cardiac motion on Doppler 
measurements is the use of the pulmonary artery flow acceleration time to diagnose 
pulmonary hypertension. Cardiac motion could alter the slope and therefore the 
acceleration time. 
In this and our previous study, the in vitro models demonstrated an important 
phenomenon: the measured Doppler spectrum of blood flow velocity in clinical 
echocardiography has been modulated by the cardiac motion. The resultant spectrum is 
different from the pure spectrum. This may be easily understood as both the in vitro models 
used the tubing that carried the simulated blood. When the tubing is moving with a moving 
simulated blood in it, the velocity of the tubing motion is naturally added to the velocity of 
the blood. However, the clinical situation is different. In the Doppler echocardiographic 
settings, the heart chamber or the great vessels do not carry the blood moving. For example, 
the pulsed Doppler flow velocity signal at the left ventricular outflow tract or through the 
aortic annulus is usually obtained from the apical five-chamber view. The blood moving 
away from the transducer during systole is ejected into the aortic root through the aortic 
annulus, while the aortic valve is open and, thus, it does not carry the blood moving which 
is different from the situation of the in vitro models. So, it is hard to explain and compare 
the two situations. However, based on the theoretical analysis and our this study, we 
understood that when the blood is ejected into the aortic root in systole, the aortic annulus 
itself is moving towards the transducer at the same period of time. Now we may explain 
that the two motions in the opposite direction should be added. That means If we need to 
measure the left ventricular stroke volume, we need the velocity of the blood relative to the 
aortic annulus and that is the vector sum of the two velocities, or we may explain that the 
algebraic sum of the velocity of the aortic blood flow away from the transducer and the 
velocity of the aortic annulus towards the transducer is the net flow velocity of the blood 
relative to the annulus. 
The measured Doppler spectrum of blood flow velocity in clinical echocardiography always 
has the built-in error caused by cardiac motion. We believe, however, that one could 
partially correct for the error generated by cardiac motion by using the M-mode recording to 
measure cardiac motion or by measuring the Doppler signal derived from the cardiac 
motion and using one of these to correct the measured Doppler velocity signal or we can use 
Doppler tissue imaging modality attached to some ultrasound equipments to measure the 
velocity of the adjacent annulus or wall and correct the error. These methods of correction 
may be useful, but they are time-consuming and not convenient in the clinical 
echocardiographic practice. New, simple and convenient methods need to be explored. 
With the development of Doppler tissue imaging (DTI), the direct measurement of the tissue 
velocity becomes available (Isaaz et al., 2000). Using DTI, the velocity measurements of the 
cardiac chamber walls or valvular annuli become convenient and simple. We are now on the 
work of this research and hope get the results soon. As mentioned above, the routine 
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Doppler method of hemodynamic data analysis, for example, the stroke volume 
measurement seems to be accurate because the two errors are in the opposite direction and 
cancel each other. In addition to correct the errors of the Doppler spectra caused by cardiac 
motion, we need to explore new modality of tissue velocity measurement. The use of the 
outer edge of Doppler spectrum as the velocity will overestimate the value and to obtain 
accurate blood flow velocity measurement, we need to explore a method to obtain the 
average special velocity of the blood cells in the measured cross-section of the vessel at any 
moment and then we may have an accurate flow velocity curve. To correct these errors, 
there is much to be done. 

6. Conclusion 
Intrathoracic pressure change is one of the factors that influence Doppler blood flow and its 
measurements. These effects should be considered when applying these parameters for 
clinical purposes. In addition, the respiratory variation index may be an alternative 
parameter for assessing the respiratory-related hemodynamic changes both in normal 
condition and in patients. The measured Doppler spectrum of blood flow velocity in clinical 
echocardiography always has the built-in error caused by cardiac motion. The resultant 
spectrum is different from the pure spectrum, not only in the amplitude of the peak velocity 
but also in the slope of the measured velocity. In addition to correct the errors of the 
Doppler spectra caused by cardiac motion, we need to explore new modality of tissue 
velocity measurement. 
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1. Introduction 
Summarizing observations of several authors characteristics of the athlete’s heart can be 
divided into three groups: 
- morphological characteristics, among which the most important modification of 

athlete’s heart is a marked left ventricular (LV)  hypertrophy, 
- functional characteristics, which could mean better systolic and diastolic function 

and 
- regulatory characteristics, a higher parasympathetic and a lower sympathetic activity at 

rest, resulting mostly in a lower heart rate, lower cardiac output, circumferential 
shortening velocity (Pavlik et al. 2010). 

In the general medical practice LV hypertrophy is considered as a risk factor caused by 
some diseases as hypertension, obesity, cardiomyopathy, etc. To separate pathological and 
physiological hypertrophy the most important factors are functional and regulatory 
characteristics of the heart which can be mostly detected by Doppler-echocardiography. 

2. The importance of Doppler-echocardiography in the distinguishing 
between physiologic and pathological left ventricular hypertrophy 
2.1 Flow velocities 
With the help of Doppler echocardiography the flow velocities and the time durations of 
different intervals can be estimated. The ratio between the early and late peak velocities 
(E/A) is linearly proportional to the diastolic function, i.e. to the ventricular 
distensibility. Data of different authors are in accordance that against the LV 
hypertrophy, E/A quotient does not decrease in athletes. Whether it is higher in athletes, 
or there is no difference between athletic and non-athletic groups, data are discordant. 
Based on different data and on our own investigations it seems that in young age, when 
diastolic function is perfect also in non-athletic subjects, regular physical training does 
not cause a marked improvement. If there is any, it is manifested in the male endurance 
athletes. It seems to be more probable; however, that regular physical activity attenuates 
the age-associated impairment of the diastolic function. A collection of data is shown in 
the Table 1. 
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AUTHORS  STUDY RESULT 
Shapiro, Smith 1983 different athletes = 
Granger et al. 1985 different athletes = 
Fagard et al. 1987 cycle racers = 
Missault et al. 1993 cycle racers = 
Pearson et al. 1986 weight lifters = 
Pavlik et al. 2001 children athletes = 
Pavlik et al. 1999a women athletes = 
Vinereanu et al. 2001 power athletes = 
D’Andrea et al. 2007 power athletes = 
Perseghin et al. 2007. different athletes = 
Teske et al. 2009.  different athletes = 
Matsuda et al. 1983 different athletes + 
Colan et al. 1985 different athletes + 
Douglas et al. 1986 triathlonists + 
Möckel et al. 1992 triathlonists + 
Finkelhor et al. 1986. endurance athletes + 
Pavlik et al. 2001 different athletes + 
Vinereanu et al. 2001 runners + 
Rodrigues et al. 2006 6 months training + 
D’Andrea et al. 2007 endurance athletes + 
Spurgeon et al.1983 animal experiments + 
Starnes et al. 1983 animal experiments + 
Tate et al. 1990 animal experiments + 
Gwathmey et al. 1990 animal experiments + 
Schulman et al. 1992 older humans = 
Fleg et al. 1995 older humans = 
Sadaniantz et al. 1996 1 yr training in older humans = 
Baldi et al. 2003. older humans = 
Teske et al. 2009. older humans = 
Takemoto et al. 1992 older humans + 
Douglas, O'Toole 1992 older humans + 
Levy et al. 1993 6 months training in older humans  + 
Pavlik et al. 2001 older humans + 
Galetta et al. 2004 older humans + 
Limongelli et al. 2006 older soccer players + 
Prasad et al. 2007 older humans + 

Table 1. Effect of regular physical training on the E/A quotient in different studies. 
= : physically trained hearts and non-trained hearts show similar values, + : physically 
trained hearts demonstrates an increased quotient 
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In our studies altogether 3076 subjects of different ages have been investigated since 1994 
until now. The number of males was 1896 (non-athletic: 243, physically trained: 1653), 
number of females was 1180 (non-athletic 290, physically trained: 890). Results are shown in 
the Figure 1. 
 

 
Fig. 1. The E/A quotient in the function of age in athletic (red lines) and non-athletic (blue 
lines) males (left graph) and females (right graph) (mean ± s.e.m.). x: significant difference  
(p < 0.05) 

Results are quite similar to those published in our older studies (Pavlik et al. 1999a, 1999b, 
2001). In the younger groups LV distensibility is very good also in the non-athletic 
subjects; regular physical training does not induce a further improvement. In the adult 
and older groups E/A of the athletic groups is markedly higher than that of non-athletic 
groups. 
In the evaluation of E/A it is disturbing that the quotient is inversely related to the heart 
rate: the higher is the heart rate, the lower is the E/A. The bradycardia of the athlete’s heart 
is well known, sometimes it is very difficult to establish: the higher E/A of some athletic 
groups is a consequence of their lower heart rate, or it is an independent effect of the regular 
physical training. In our recent analysis heart rate dependent equations of the E/A quotient 
were compared between athletic and non-athletic subjects in different ages.  It seems that in 
young subjects differences can be attributed to the frequency differences, while in older 
subjects the higher E/A is an independent effect of regular physical activity (Kneffel et al. 
2011). 

2.2 Cardiac cycle intervals 
Bradycardia of the athlete’s heart results significantly longer duration of the cardiac cycle in 
athletes than in non-athletes, there are, however, very few reports about the training 
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induced modifications of the different phases of the cardiac cycle. Doppler 
echocardiographic investigations help to reveal differences between the modifications of the 
different phases and sub phases. In our previous study (Pavlik et al. 1999b) in 221 male 
athletes and non athletes we made two main establishments.  
1. There is one period, which is definitely increased in the athletes: it is the E-A period, i.e. 

the period of diastasis extending from the end of the early filling till the onset of the 
atrial systole.  

2. The lengths of the two main cardiac phases are also different: the proportion of the 
systole is decreased in the athlete’s heart. 

Our further investigations confirmed the above mentioned establishments. Our data since 
1994 until now are summarized in the Table 2 and 3. In this analysis data of different 
athletes were collected to common groups, in the tables data of 19-35 yr. old 846 males (62 
non-athletes and 784 athletes) and 561 females (84 non-athletes and 477 athletes) are 
demonstrated. 
 

Non-athletes Athletes 
Interval 

Abs. (ms) Rel. (%) Abs. (ms) Rel. (%) 

ICT 41.2 ± 13.2 4.62 ± 1.58 46.4 ± 19.7 4.31 ±1.78 

AOAT 91.5 ± 18.6 10.37 ± 2.21 93.6 ± 16.5 8.81 ± 1.75 

AODT 190.6 ± 20.4 21.28 ± 2.81 205.7 ± 24.6 19.1 ± 2.69 

SYSTOLE 323.6 ± 30.0 36.28 ± 4.45 345.5 ± 36.8 32.25 ± 4.22 

IVRT 77.9 ± 20.5 8.95 ± 2.55 88.4 ± 21.6! 8.29 ± 2.11 

EACC 87.6 ± 14.3 9.81 ± 1.69 95.7 ± 16.3 8.94 ± 1.72 

EDT 147.4 ± 42.0 16.06 ± 3.81 155.5 ± 34.6 14.36 ± 3.18 

E-A 108.6 ± 82.3 11.30 ± 7.48 233.5 ± 136.7 20.27 ± 9.50 

A 157.4 ± 36.1 17.60 ± 4.00 169.6 ± 39.2 15.90 ± 4.06 

DIASTOLE 579.0 ± 109.9 64.2 742.0 ± 154.1 68.2 

TOTAL 902 ± 121.4  1087.5 ± 121.4  

Table 2. Absolute and relative time durations of the cardiac cycle (mean ± s.d.) in 19-35 yr. 
old men. ICT: isovolumetric contraction time, AOAT: acceleratory phase of the aortic flow, 
AODT: deceleratory phase of the aortic flow (=decreased ejection), IVRT: isovolumetric 
relaxation time, EACC: acceleratory phase of the early transmitral flow (E), EDT: 
deceleratory phase of the early transmitral flow (E), E-A: a period from the end of the early 
transmitral flow (E) to the beginning of the atrial systole (A) (diastasis), A: atrial systole. 
Bold numbers: significant difference from the control values, where p < 0.05 
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Non-athletes Athletes 
Interval 

Abs. (ms) Rel. (%) Abs. (ms) Rel. (%) 

ICT 38.2 ± 11.9 4.46 ± 1.58 43.7 ± 16.2 4.19 ±1.57 

AOAT 87.6 ± 16.6 10.30 ± 2.22 92.0 ± 15.9 8.92 ± 1.95 

AODT 198.3 ± 21.9 23.00 ± 3.20 214.6 ± 22.2 20.5 ± 2.99 

SYSTOLE 325.9 ± 27.6 37.76 ± 4.98 350.4 ± 30.8 33.61 ± 4.53 

IVRT 77.4 ± 18.5 9.18 ± 2.02 85.8 ± 19.5 8.23 ± 2.01 

EACC 83.7 ± 14.7 9.65 ± 1.71 91.6 ± 13.0 8.82 ± 1.70 

EDT 135.8 ± 30.6 15.18 ± 2.98 155.0 ± 32.5 14.69 ± 3.06 

E-A 81.2 ± 73.8 8.58 ± 6.81 207.4 ± 138.8 18.12 ± 9.85 

A 171.7 ± 42.9 19.65 ± 4.09 172.9 ± 39.9 16.54 ± 4.04 

DIASTOLE 549.6 ± 111.1 62.8 712.9 ± 161.4 67.1 

TOTAL 875.5 ± 117.9  1062.5 ± 176.7  

Table 3. Absolute and relative time durations of the cardiac cycle (mean ± s.d.) in 19-35 yr. 
old women. ICT: isovolumetric contraction time, AOAT: acceleratory phase of the aortic 
flow, AODT: deceleratory phase of the aortic flow (=decreased ejection), IVRT: 
isovolumetric relaxation time, EACC: acceleratory phase of the early transmitral flow (E), 
EDT: deceleratory phase of the early transmitral flow (E), E-A: a period from the end of the 
early transmitral flow (E) to the beginning of the atrial systole (A) (diastasis), A: atrial 
systole.  Bold numbers: significant difference from the control values, where p < 0.05 

It is quite obvious that due to training bradycardia, the cardiac cycle of the athletes is longer. 
The contribution of the different phases can be seen on the tables. There is a basic difference 
in the elongation of the systole and of the diastole: systole is slightly (6.8 % in males, 7.5 % in 
females) longer in athletes, while the difference in the diastole is very definite (28.2 % and 
29.7 % respectively). 
The absolute duration of most of the subphases are a little longer in athletes. This increase 
can be attributed due to the resting bradycardia, but it is not proportional to the 
elongation of the whole cardiac cycle, the relative durations are decreased. There is only 
one period which shows a definite increase in absolute as well as in relative duration: E-A, 
i.e. the period from the end of the early phase to the beginning of late filling, when flow 
velocity is minimal or zero. This phase seems to be the most sensitive to the exercise 
training. 
If we investigate the stability or variability of the different periods of the cardiac cycle, the 
ratio of the standard deviations to the mean absolute values can be calculated. Results are 
indicated in Table 4. 
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 Males Females 

Period non-athletes athletes non-athletes athletes 

ICT 32.0 42.5 31.1 37.1 

AOAT 20.3 17.6 18.9 17.3 

AODT 10.7 11.6 11.0 10.3 

SYSTOLE 9.3 10.7 8.5 8.8 

IVRT 26.3 24.4 23.9 22.7 

EACC 16.3 17.0 17.6 14.2 

EDT 28.5 22.3 22.5 21.0 

E-A 75.8 58.5 90.9 66.9 

A 22.9 23.1 25.0 23.1 

DIASTOLE 19.0 20.8 20.2 22.6 

TOTAL 13.5 11,2 13.5 16.6 

Table 4. Ratio of the standard deviation to the mean value of different periods of the cardiac 
cycle in male and female subjects (s.d./mean) 

Systole is more stable than diastole. Among the sub phases of the cardiac cycle in which an 
active flow is occurring are the most stable: AOAT, AODT, EACC, EDT. It is outstanding 
that the phase from the end of E to the beginning of A (E-A period) is very variable: its 
coefficient of variation is much higher than those of other periods. 
The stability of systole is quite obvious: the pumping function, the ejection of the blood 
needs a rapid, abrupt contraction in any case, so it cannot be much longer even in case of the 
bradycardia of the athletic heart. All that means that training bradycardia arises from the 
elongation of diastole, which means a more economic cardiac function: longer relaxation 
time, more time for recovery and, as coronary circulation is free only during diastole, better 
coronary circulation. 
Considering all cardiac phases, the greatest variability was seen in the period occurring 
between the end of the E and the beginning of the A phase, i.e. during which transmitral 
flow is practically minimal: the period of diastasis. This period is the most variable among 
all of the periods; the s.d./mean ratio of the absolute length is above 50 % in both groups. 
Thus, it seems that this is the period that can be modified to the greatest extent; training 
bradycardia seems to develop through elongation of this period. 
Periods of the cardiac cycle seem to provide further data on the function and regulation of 
the athletic heart. Some data and some indices may widen the arsenal of the different signs 
characterising of the athlete’s heart. Our data indicate that the E-A period, namely the 
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diastasis period of the diastolic filling is the most characteristic of the physically trained 
heart. 

3. Tissue Doppler echocardiography 
During the last two decades the used of the methods has been richer with the Tissue 
Doppler Imaging (TDI) technique. The main advantage of this method is that it offers direct 
measurements of local myocardial movements and velocities, it is less dependent on 
hemodynamic conditions and it makes also possible to establish wall movements at 
different segments of the heart. These advantages are used mostly in clinical cardiology for 
detailed investigations of some cardiac diseases or damages. The method has been 
introduced to the sports medicine as well. Several authors compared cardiac morphology, 
traditional Doppler and TDI indices of athletes to those of non-athletic healthy subjects and 
some cardiac patients  (Caso et al. 2000, Vinereanu et al. 2001, Baldi et al. 2003, Galetta et al. 
2004, Kasikcioglu et al. 2006, Rodrigues et al. 2006, D’Andrea 2007, Prasad et al. 2007, Caselli et al. 
2009). An extensive review has been published recently (Krieg et al. 2007). 
The main advantages of the TDI vs. traditional Doppler investigations in the sports 
medicine can be summarized as follows: 
1. TDI results are less dependent on the heart rate than the traditional transmitral Doppler 

investigation findings (Caso et al. 2000, Baldi et al. 2003), 
2. it offers a new index: ratio of the blood flow to tissue movement velocity (E/E’) is 

inversely related to the LV filling pressure and hence, it is postulated to be lower in 
athletes (Baldi et al. 2003, Kasikcioglu et al. 2006), 

3. it is not excluded that an enhanced systolic wall movement velocity (S’) might show a 
better dynamic systolic function of the athletes heart (Baldi et al. 2003, Rodrigues et al. 
2006, D’Andrea 2007). 

During the last years we also made some investigations with TDI, our results are presented 
in the focus of the above mentioned three points. 
1. Correlation coefficients between heart rate and the transmitral E/A and TDI 

determined E’/A’ quotients were established in 19-35 yr old males and females (Table 5 
and 6). 

 

Heart rate / E/A N r p 

Transmitral E/A 144 -0.305 < 0.001 

Mitr. med. E’/A’ 144 -0.090 > 0.2 

Mitr. lat. E’/A’ 144 -0.080 > 0.3 

Tric. med. E’/A’ 144 -0.068 > 0.4 

Tric. lat. E’/A’ 144 -0.130 > 0.1 

Table 5. Correlation coefficients between heart rate and E/A quotients in 19-35 yr old males.  
E: early phase of the diastolic filling, A: late (atrial) phase of the diastolic filling, E’, A’: TDI 
determined velocities 



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

174 

Heart rate / E/A N r p 

Transmitral E/A 44 -0.366 < 0.02 

Mitr. med. E’/A’ 44 -0.517 < 0.001 

Mitr. lat. E’/A’ 44 -0.181 > 0.2 

Tric. med. E’/A’ 44 -0.090 > 0.5 

Tric. lat. E’/A’ 44 -0.002 > 0.9 

Table 6. Correlation coefficients between heart rate and E/A quotients in 19-35 yr old 
females  
E: early phase of the diastolic filling, A: late (atrial) phase of the diastolic filling, E’, A’: TDI 
determined velocities 

Results indicate that the disturbing effect of the heart rate is really stronger in case of the 
E/A, both in males and in females significant correlations were found. Relationship is much 
poorer with E’/A’ values: it was only the mitral medial wall movement which correlated 
significantly with heart rate in women, the other r values were negative but not significant. 
2. E/A, TDI determined E’/A’, E/E’ and S’ values are indicated in the Table 7. 
 

Males Females 
 

Non athletes Athletes Non athletes Athletes 

E/A 1.63 ± 0.34 1.93 ± 0.40 1.88 ± 0.55 2.08 ± 0.55 

Mitr. med. E’/A’ 1.56 ± 0.49 1.88 ± 0.62 1.54 ± 0.39 2.01 ± 0.60 

Mitr. med. E/E’ 6.99 ± 1.27 7.48 ± 1.50 7.58 ± 1.12 7.77 ± 1.47 

Mitr. med. S’ 0.088 ± 0.013 0.088 ± 0.015 0.088 ± 0.015 0.084 ± 0.013 

Mitr. lat. E’/A’ 2.56 ± 0.59 2.69 ± 0.97 2.26 ± 0.68 2.43 ± 0.93 

Mitr. lat. E/E’ 5.76 ± 1.98 5.07 ± 2.07 6.30 ± 1.71 5.62 ± 1.47 

Mitr. lat. S’ 0.11 ± 0.030 0.12 ± 0.033 0.10 ± 0.015 0.12 ± 0.024 

Tric. med. E’/A’ 1.94 ± 0.21 2.01 ± 1.05 2.09 ± 1.06 2.05 ± 0.62 

Tric. med. S’ 0.094 ± 0.014 0.098 ± 0.026 0.088 ± 0.012 0.091 ± 0.013 

Tric. lat. E’/A’ 1.59 ± 0.86 1.65 ± 0.67 1.50 ± 0.36 1.94 ± 0.66 

Tric. lat. S’ 0.137 ± 0.022 0.140 ± 0.029 0.127 ± 0.021 0.131 ± 0.023 

Table 7. Transmitral and TDI determined velocities and indices in 19-35 yr old male and 
females 
E: early phase of the diastolic filling, A: late (atrial) phase of the diastolic filling, E’, A’: TDI 
determined velocities. S’ systolic velocity. Bold numbers: significant difference from the 
control values where, p < 0.05 
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Significant differences were seen only in the E/A values and in the TDI measurements of 
the medial part of the mitral valve (med. E’/A’). If we examine other parameters in which 
differences were suggested by other authors, only some small, non-significant differences 
were seen. It is possible that by a refined selection restricted to top-level endurance athletes 
more significant differences could be found. 

4. Conclusion 
Doppler echocardiography is a very important method in distinguishing physiologic 
hypertrophy from the pathologic one. 
In this respect the most important point is the LV diastolic function.  Commonly, the 
increase of the LV wall thickness and the LV muscle mass is associated with a decreased 
distensibility, an impaired diastolic function. In the athlete’s heart despite of the LV 
hypertrophy an improved diastolic function can be detected either by transmitral or by TDI 
echocardiography. 
Doppler echocardiography is also suitable to establish changes in the duration of the phases 
of the cardiac cycles. Training bradycardia results in a much more marked elongation of 
diastole than systole. Among the sub phases the E-A period i.e. the final phase of the 
diastole changes the most consequently, in the athlete’s heart in will be longer. 
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1. Introduction 
End-stage liver disease and in particular cirrhosis of the liver may have a deleterious 
effect on all major organ systems. A significant cause of this effect is endothelial cell 
dysfunction. This dysfunction may be the result of the excessive shear force on the blood 
vessel wall caused by the typical high flow circulation that is seen in many cirrhotic 
patients. Inflammatory and vasoactive molecules that are either not cleared by the liver or 
are released by the diseased liver may also play a significant role in causing this 
endothelial dysfunction. It is well known that cardiac failure may cause liver dysfunction 
and damage, also the reverse is true. Cirrhosis of the liver may cause cardiac dysfunction. 
In fact if closely examined beta-receptor down-regulation may be present in every 
cirrhotic patient. Because the splanchnic arteriolar vasodilatation and overall reduction in 
systemic vascular resistance results in an increased cardiac output in the typical cirrhotic 
patient, a false sense of dynamic cardiac function may be engendered. Clinically 
significant cirrhotic cardiomyopathy may be present and not recognized.  
The effect of liver cirrhosis on the pulmonary vascular endothelium may result in arteriolar 
vasodilatation and the creation of pulmonary vascular shunts causing hypoxia. This is 
termed hepatopulmonary syndrome (HPS). If vascular remodeling with proliferation of 
vascular smooth muscle cells and medial hyperplasia occurs resulting in an increased 
resistance to blood flow, this causes pulmonary hypertension and right ventricular 
dysfunction. If this is associated with portal hypertension it is termed portopulmonary 
hypertension (POPH). 
The patient with cirrhosis of the liver presenting for liver transplantation requires careful 
evaluation preoperatively and intense monitoring perioperatively. The role of the Doppler 
echocardiogram has now become an essential tool for the successful management of these 
patients. 

2. Cirrhotic cardiomyopathy 
Typically the cardiovascular changes observed in the patient with liver cirrhosis are that of a 
hyperdynamic circulation. This is clearly manifested by a very increased cardiac output and 
a reduced systemic vascular resistance. The peripheral arterial vasodilatation, especially in 
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the splachnic bed, is caused by an excessive release of endothelial derived nitric oxide, 
carbon monoxide and endogenous cannabinoids. (Woitas et al, 1997).  In the cirrhotic liver 
there is an increased hepatic sinusoidal resistance to blood flow due to impaired endothelial 
nitric oxide production and the fibrotic changes that develop. This results in portal 
hypertension.  
Despite the high resting cardiac output there is a blunted cardiac ventricular contractile 
response to stress. Cirrhotic cardiomyopathy that was initially thought to only occur in 
alcoholic cirrhosis or conditions causing iron overload can now be demonstrated in nearly 
all patients with severe liver cirrhosis. (Lee, 1989). This is well masked in most patients by 
the reduction in afterload caused by the low systemic vascular resistance. And it may be 
revealed during times of stress such as liver transplantation or when there is a sudden 
shunting of venous return to the heart by the performance of a transjugular intrahepatic 
portosytemic shunt stent placement procedure. (Van der Linden et al, 1996) 
Cirrhotic cardiomyopathy is defined as chronic cardiac dysfunction in patients with 
cirrhosis, and is demonstrated by a reduced contractile response to stress, altered diastolic 
relaxation, down regulation of beta-adrenergic receptors and electrophysiological changes 
without other known causes of cardiac disease. This is a high output cardiomyopathy that 
may result in cardiac failure and pulmonary hypertension when an acute rise in cardiac 
output occurs such as at reperfusion of a new liver graft. (Ramsay, 2007) 
The examination of cardiac function by echocardiography may initially be interpreted as 
normal cardiac function because of the significant reduction in afterload caused by the low 
systemic vascular resistance. However on closer examination both systolic and diastolic 
dysfunction may be demonstrated. The diagnostic features are: an E/A ratio < 1, a 
prolonged deceleration time > 200ms, a prolonged isovolumetric relaxation time > 80ms, 
enlarged left atrium, overall decreased pattern of contractility, decreased wall motion, 
increased wall thickness, resting ejection fraction    < 55%, ratio of pre-ejection period to LV 
ejection time is prolonged > 0.44s (rate corrected). (Zardi et al. 2010). Therefore the clinician 
has to perform a precise echocardiographic examination or the diagnosis of cirrhotic 
cardiomyopathy may be missed and a label of a hyperdynamic well functioning heart 
erroneously applied. The ventricular systolic dysfunction may only be demonstrated after 
induced stress. This cardiomyopathy worsens with increasing liver failure.  
On electrophysiological examination a prolongation of the QT interval (> 0.44s) is frequently 
seen and this may be associated with the degree of liver dysfunction. It is associated with an 
increased risk for ventricular tachyarrhythmias and may be an important diagnostic 
indicator of cirrhotic cardiomyopathy. The sudden onset of atrial fibrillation may also be an 
indicator of underlying cardiomyopathy.  
The beta-adrenergic receptor impairment seen with cirrhosis may be an early sign of 
cardiomyopathy. (Lee et al. 1990). There is a decrease in chronotropic and inotropic 
responses to beta-adrenergic receptor stimulation. This maybe due to a reduction in both 
receptor density and function and is found in all patients with cirrhotic cardiomyopathy. 
Cardiac contractility in cirrhosis is impaired especially when exposed to stress. Other 
contributing factors include ventricular overload from the hyperdynamic circulation and 
volume overload, circulating humoral factors and cardiac cellular membrane changes. 
The cirrhotic cardiomyopathy does improve after liver transplantation with disappearance 
of diastolic dysfunction, and normalization of the cardiac response to stress.(Liu & Lee, 
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2005).  The key to diagnosis of cirrhotic cardiomyopathy when baseline ventricular function 
may appear normal or hyperdynamic is to stress the heart and reveal the cardiac contractile 
impairment. 

3. Hepatopulmonary syndrome 
Hepatopulmonary syndrome (HPS) is characterized by pulmonary arteriolar endothelial 
dysfunction associated with liver disease, resulting in intrapulmonary vascular dilatations. 
These vascular dilatations result in a shorter transit time for red blood cells to traverse 
alveolar capillaries and therefore create a shunt causing an increase in alveolar to arterial (A-
a) oxygen gradient. The alveolar oxygen being unable to completely traverse the dilated 
alveolar capillary, resulting in some deoxygenated blood reaching the systemic circulation, 
further increases the ventilation perfusion mismatch.  If the size of the A-a gradient is > 15 
mmHg the criteria for HPS are met. Clinically the hypoxemia may range from mild to being 
very severe requiring supplemental oxygen. The shunts most commonly are found diffusely 
throughout the lung (Type 1 HPS) but occasionally a discrete arteriovenous malformation 
may develop (Type 2 HPS), bypassing the alveolar capillaries completely. This type of 
discrete shunt will not pick up extra oxygen if supplemental oxygen is provided as it 
completely bypasses the alveoli. The more diffuse pathology will respond to supplemental 
oxygen.  
The diagnostic criteria for HPS are: (Rodriguez-Roisin & Krowka, 2008).  
1. The presence of liver disease usually with portal hypertension and cirrhosis.  
2. An A-a oxygen gradient > 15 mmHg. 
3. Pulmonary vascular dilatation demonstrated by: 
a. A delayed, contrast enhanced (agitated saline) echocardiogram showing contrast in the 

left heart chambers 4 to 6 cycles after their appearance in the right heart chambers.  
b. Brain uptake >6% following 99mTc macroaggregated albumin lung perfusion scan.  
The screening test for all liver transplant candidates should be pulse oximetry in the sitting 
position followed by contrast enhanced transthoracic Doppler echocardiography if 
hypoxemia (hemoglobin saturation < 92%) is detected.  If there is delayed appearance 
(over 4 to 6 cardiac cycles) of contrast in the left heart then HPS should be considered. If 
contrast appears immediately in the left heart then there is probably a direct 
communication and transesophageal echocardiography should be performed to 
determine the diagnosis.   
If a discrete arteriovenous shunt exists it may be ameliorated by coiling in interventional 
radiology. Hepatopulmonary syndrome is a progressive disease and is an indication for 
liver transplantation. It resolves in approximately 6 months after liver transplantation. The 
clinical signs and symptoms that develop with HPS include digital clubbing, cyanosis, 
spider angiomata, exertional dyspnea and platypnea (a worsening of dyspnea on moving 
from lying to standing). This is the complete opposite to most other causes of dyspnea 
where the patient is more comfortable breathing sitting up. Frequently the patient will also 
develop a more severe hypoxemia on sitting up (orthodeoxia).  
Hepatopulmonary syndrome is found in approximately 30% 0f liver transplant candidates. 
In a recent study where patients were screened with contrast enhanced echocardiography 
46% of patients had pulmonary vascular dilatations but had not developed hypoxemia. 
(Fallon et al. 2008). There may be other reasons for hypoxemia in the liver transplant 
candidate, and these reasons may also increase the severity of hypoxemia in HPS patients. 



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

182 

These may include hydrothorax, intrinsic lung disease, atelectasis and other ventilation 
diffusion perfusion abnormalities. The early use of Doppler echocardiography can facilitate 
the diagnosis of HPS. Following liver transplantation intensive respiratory therapy may be 
necessary to prevent further hypoxia developing because of atelectasis, fluid overload, 
aspiration and other pulmonary complications. (Gupta et al, 2010). However liver 
transplantation is the only therapy that will cure HPS and therefore it is indicated for this 
condition. (Swanson et al. 2005). 

4. Portopulmonary hypertension and pulmonary hypertension 
The pulmonary vasculature is highly distensible and can accommodate the hyperdynamic 
circulatory state usually seen in patients with advanced liver disease with only a minimal 
increase in pulmonary artery pressures. The endothelial dysfunction that occurs with liver 
disease may present in the pulmonary circulation as predominantly vasodilatory causing 
HPS, but alternatively hyperplasia of the media may be found together with vascular 
smooth muscle proliferation, vasoconstriction, intimal proliferation and eventual fibrosis, all 
presenting as an obstructive pathology causing an increased resistance to flow. This may 
result in pulmonary hypertension and if associated with portal hypertension it is termed 
portopulmonary hypertension (POPH).  
The diagnostic criteria for POPH include a mean pulmonary artery pressure (mPAP) > 25 
mmHg at rest, and a pulmonary vascular resistance (PVR) > 240 dyn.s.cm-5. The 
transpulmonary gradient (TPG) > 12 mm Hg, (mPAP – PAOP [pulmonary arteriolar 
occlusion pressure]) reflects the obstruction to flow and distinguishes the contribution of 
volume and resistance to the increase in mPAP.  
The right ventricle (RV) is a thin wall chamber with little muscle power to overcome an 
increased resistance to forward flow. In the presence of a cirrhotic cardiomyopathy, 
volume overload and an increased afterload the RV will become dysfunctional, dilate  
and may fail. If the RV begins to fail the central venous pressure will rise and the liver 
will become congested. In better circumstances if the increase in PVR develops slowly the 
RV may hypertrophy and be able to cope with the increased workload. Survival of the 
patient and also the liver graft in the transplant recipient depends on the ability of the RV 
to cope with the increased workload. Therefore in the patient presenting for liver 
transplantation with POPH a careful assessment of RV function by Doppler 
echocardiography is essential.  
Portopulmonary hypertension has been classified into mild (mPAP 25-35 mmHg), moderate 
(mPAP >35 and < 45 mmHg), and severe (mPAP > 45 mmHg). Mild POPH is not associated 
with an increased mortality at liver transplantation although the immediate recovery period 
may be challenging if there is a significant increase in cardiac output after reperfusion of the 
new graft. Moderate and severe POPH are associated with significant mortality at 
transplantation. The key factor is not the mPAP but the RV function.  
All patients being assessed for liver transplantation should be screened for pulmonary 
hypertension. Approximately 20% of candidates will have pulmonary hypertension but this 
is usually the result of volume overload, cirrhotic cardiomyopathy, cardiac failure and the 
high output circulation. These patients will have a normal PVR and TPG. True POPH is 
found in approximately 5% of transplant candidates, and it is essential for it to be diagnosed 
prior to the start of the transplant procedure.  
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The assessment screen is as follows: 
1. All potential transplant candidates screened with transthoracic Doppler 

echocardiography.  
a. Right ventricular systolic pressure (RVSP) > 50 mmHg a right heart catheterization 

required to characterize the pulmonary hemodynamics.  
b. If diagnosed in the operating room just prior to the start of transplant surgery the RV 

function must be assessed by TEE. Only proceed if RV function good and withstands a 
stress test.  

2. mPAP < 35 mmHg 
a. PVR < 240 dyn.s.cm-5 
b. Good RV function 
c. Place on transplant waiting list and start pulmonary vasodilator therapy 
d. Reassess every 6 months 
3. mPAP 35-40 mmHg 
a. PVR > 240 dyn.s.cm-5 
b. Good RV function that withstands stress test consider placing on transplant list 
c. Start pulmonary vasodilator therapy 
d. If RV dilated and function poor do not list until effective therapy has allowed RV to 

improve. 
4. mPAP > 40 mmHg 
a. Assess RV function but even if good do not list until patient has undergone a period of 

vasodilator therapy. 
b. If RV function poor do not transplant. Allow time to improve with therapy. 
c. Consider a liver bilateral lung transplant. 
5. All patients with POPH should be reassessed by TEE every 6 months.  
Transthoracic Doppler echocardiography is a good assessment screening tool but it does 
require the presence of a tricuspid regurgitant jet to make the estimate of RVSP. This jet may 
not be present in 10 - 20% of patients. The RVSP is calculated from the peak tricuspid 
regurgitant velocity (TRV) using the modified Bernoulli equation and estimating right atrial 
pressure (RAP): 

 RVSP = 4(TRV)2 + RAP 

This algorithm has a 97% sensitivity and a 77% specificity for diagnosing moderate and 
severe POPH. (Kim et al. 2000). 
A more accurate screening algorithm has been reported by measuring the increased PVR 
utilizing the ratio of peak TRV to the RV outflow tract velocity time integral (VTIRVOT). 
The sensitivity and negative predictive values are reported at 100%. (Farzaneh-Far et al. 
2008) 
An accurate assessment of RV function as determined by TEE is essential to the 
management of the liver transplant recipient. The success of the transplant will depend on 
the RV maintaining good function during and after the procedure despite all the increases in 
cardiac output, volume and PVR. If RV dysfunction or failure occur then graft congestion 
with possible failure and serious morbidity including mortality may occur. The 
intraoperative course can be more optimally managed under TEE guidance.  
The role of liver transplantation in the management of POPH is not well defined. Some 
patients will reverse quickly after transplant, others may require months or years of ongoing 
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vasodilator therapy. Still other patients may continue to progress and eventually develop 
RV failure. There are even patients who will develop pulmonary hypertension after liver 
transplantation.  Liver transplantation offers the best outcome to patients with POPH that is 
responsive to vasodilator therapy.  
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Fig. 1. 

5. The role of Doppler echocardiography during liver transplantation 
Many patients undergoing liver transplantation have varying degrees of cirrhotic 
cardiomyopathy, volume overload and significant stresses on the cardiovascular system. 
The addition of TEE to routine monitoring provides much essential information that can 
assist in patient management. The transgastric view may not be always available because 
of the placement of surgical retractors but the 4-chamber view can give a good assessment 
of preload, cardiac function and detection of air emboli and clot emboli. The filling 
pressures are not an accurate measure of preload especially if there is diastolic 
dysfunction present.  
The postreperfusion syndrome following the opening of the blood supply to the new liver 
may be severe and better managed with the information provided by the TEE. The effects of 
acute acidosis, hyperkalemia and hypothermia compounded by an ischemia/reperfusion 
injury may result in severe arrhythmias, hypotension and cardiovascular collapse. (Ramsay, 
2008).  

)
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Fig. 2. Increase in cardiac output with concomitant increase in pulmonary artery pressures 
at reperfusion of the liver graft 

End-stage liver disease is associated with increased risk of coronary artery disease. 
(Ehtisham, 2010). The incidence of coronary artery disease in liver transplant candidates 
over the age of 50 years has been reported as high as 28%. (Carey et al, 1995).  Patients with 
risk factors for coronary artery disease should be screened pretransplant and if indicated 
they should be revascularized. The safety of percutaneous bare metal stent placement in this 
patient population has been demonstrated. (Azarbal et al, 2011).The dobutamine stress 
echocardiography has been advocated as the assessment tool of choice in this patient group. 
(Plotkin et al. 2000). The positive predictive value of this test has been questioned as many 
of these end-stage liver patients are receiving beta adrenergic blockers and cannot achieve 
the maximum predicted heart rate and rate pressure product. However there has been 
demonstrated a high negative predictive value of this test. (Umphrey et al. 2008). 

6. Conclusion 
The Doppler echocardiograph technology provides for a better assessment and management 
of the liver transplant patient. Its routine use in this patient population is to be 
recommended. 

7. References 
Azarbal B, Poommipanit P, Arbit B, Hage A, Patel J, Kittleson M, Kar S, Kaldas FM, Busuttil 

RW. Feasibility and safety of percutaneous coronary intervention in patients with 
end-stage liver disease referred for liver transplantation. Liver Transpl 2011, in 
press. 

Carey WD, Dumot JA, Pimental RR, Barnes DS, Hobbs RE, Henderson JM et al. The 
prevalence of coronary artery disease in liver transplant candidates over age 50. 
Transplantation 1995, 59:859-864. 



 Establishing Better Standards of Care  
in Doppler Echocardiography, Computed Tomography and Nuclear Cardiology 

 

186 

De Wolf AM, Aggarwal S. Monitoring preload during liver transplantation Liver 
Transplantation 2007; 14:268-269. 

Ehtisham J, Altieri M, Salame E, Saloux E, Ollivier I, Hamon M. Coronary artery disease in 
orthotopic liver transplantation: pretransplant assessment and management. Liver 
Transpl.2010;16:550-557. 

Fallon MB, Krowka MJ, Brown RS, Trotter JF, Zacks S, Roberts KE, et al. Impact of 
hepatopulmonary syndrome on quality of life and survival in liver transplant 
candidates. Gastroenterology 2008; 135:1168-1175. 

Farzaneh-Far R, McKeown BH, Dang D, Roberts J, Schiller N, Foster E.  Accuracy of 
Doppler-Estimated pulmonary vascular resistance in patients before liver 
transplantation.  Am J Cardiol. 2008; 101:259-262. 

Gupta S, Castel H, Rao RV, Picard M, Lilly L, Faughnan ME et al. Improved survival after 
liver transplantation in patients with hepatopulmonary syndrome. Am J 
Transplantation 2010; 10:254-263. 

Kim W, Krowka M, Plevak D et al. Accuracy of Doppler echocardiography in the 
assessment of pulmonary hypertension in liver transplant candidates.  Liver Transpl  
2000; 6:453-458.  

Lee SS.  Cardiac abnormalities in liver cirrhosis. West J Med 1989; 151: 530-535. 
Lee SS, Marty J, Mantz J, Samain E, Braillon A, Lebrac D.  Desensitization of myocardial Β-

adrenergic receptors in cirrhotic rats.  Hepatology; 1990; 12:481-485. 
Liu H, Lee SS. What happens to cirrhotic cardiomyopathy after liver transplantation? 

Hepatology, 2005;43:1203-1205. 
Plotkin JS, Johnson LB, Rustgi V, Kuo P. Coronary artery disease and liver transplantation: 

the state of the art. Liver Transpl 2000;6(suppl 1): S53-S56. 
Ramsay M.  Portopulmonary hypertension and right heart failure in patients with cirrhosis. 

Curr Opin Anesthesiol 2010; 23:145-150. 
Ramsay M.  The reperfusion syndrome: have we made any progress?  Liver Transplantation 

2008;14:412-414. 
Rodriguez-Roisin R, Krowka MJ. Hepatopulmonary syndrome: a liver-induced lung 

vascular disorder. N Eng J Med 2008;358:2378-2387. 
Swanson KL, Wiesner RH, Krowka MJ. Natural history of hepatopulmonary syndrome: 

impact of liver transplantation. Hepatology 2005; 41:1122-1129. 
Umphrey LG, Hurst RT, Eleid MF, Lee KS, Reuss CS, Hentz JG, Vargas HE, Appleton CP. 

Preoperative dobutamine stress echocardiographic findings and subsequent short-
term adverse cardiac events after orthotopic liver transplantation. Liver Transpl 
2008;14:886-892. 

Van der Linden P, Le Moine O, Ghyseis M, Ortinex M, Deviere J. Portopulmonary 
hypertension after transjugular intrahepatic portosystemic shunt: effects on right 
ventriculat function. Hepatology   1996;23:982-987. 

Woitas RP, Heller J,  Stoffel-Wagner B, Spengler U, Sauerbruch T.  Renal functional reserve 
and nitric oxide in patients with compensated liver cirrhosis.  Hepatology: 1997; 26: 
858-864 

Zardi EM, Abbate A, Zardi DM, Dobrina A, Margiotta D, Van Tassel BW, et al. Cirrhotic 
cardiomyopathy. J Am Coll Cardiol 2010; 56:539-549. 



12 

Echocardiography in Rheumatoid Arthritis (RA) 
Małgorzata Wisłowska  

Head of Clinic of Rheumatology & Internal Medicine of Central Clinical Hospital of 
Ministry of Internal Affairs and Administration in Warsaw, Warszawa 

Poland 

1. Introduction 
The results of numerous clinical studies confirm the presence of cardiac abnormalities in 
patients with rheumatoid arthritis. Their authors emphasize the utility of echocardiography 
in detecting heart muscle damage, pericardial involvement and valvular heart disease in 
RA. Bacon and Gibson, using one-dimentional imaging mode, found mitral valve changes in 
6.9% of their patients and ascribed it to the systemic spread of the disease.  Prakash, Nomeir 
and MacDonald noted mitral valve defects in 25, 30 and 10% of RA individuals, 
respectively. Using two-dimensional technique Mody discovered the same disorder in 13% 
of his RA cases and additionally aortic valve insufficiency in a small percentage of this 
subset. Toumanidis et al. revealed mitral valve and aortic cusps derangements in about 24% 
of their RA patients.  In Wisłowska’s study mitral valve insufficiency was present in 8.6% of 
RA patients and occurred more frequently in them than in the controls. One must take into 
consideration, however, that mitral valve prolaps is observed in up 18% of healthy 
individuals, and therefore can not be regarded an RA characteristic. 
Echocardiography also revealed discrepancies in heart muscle structure and function 
between RA patients and the control groups. Wisłowska found left ventricular mass in RA 
individuals significantly greater then in the controls. The same concerned intraventricular 
septum end diastolic thickness, LV posterior wall end diastolic thickness and the aortic root 
diameter. The ejection fraction was significantly lower and isovolumetric relaxation time 
(IVRT) and deceleration time significantly longer in RA patients compared to the controls. 
These findings are in accordance with Alpaslan, Di Franco and Levendoglu’s results, that 
revealed significant differences in LV diastolic function (peak E velocity, E velocity/A 
velocity ratio, IVRT, myocardial performance index [MPI] and transmural flow propagation 
velocity [TFPV]) between RA group and the control subjects. The results of these studies 
indicate to the presence of subclinical myocardial involvement in RA, which can be ascribed 
to nonspecific myocarditis observed in this disease. Nevertheless different other risk factors 
for cardiac muscle impairment are usually present in RA individuals and therefore it is 
uncertain, whether heart pathology in rheumatoid arthritis is due to inflammation itself or is 
secondary to other process or to drug use in this disease. 
Although pericardial effusion is considered the most common heart complication in RA, 
Wisłowska et al. observed it only on 4% of cases in echocardiography image. Pathologists 
find it in about 30% of RA cases post mortem, but clinical manifestation of pericarditis is 
rare in this disease. It’s life-threatening complications such as constrictive pericarditis or 
tamponade were reported in very few RA cases, to date. 
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Rheumatoid arthritis (RA) is a connective tissue disease predominantly affecting joints and 
periarticular structures. Inflammatory process within  the skeletal system  - a source of 
patients’ main complaints and eventual disability – draws the attention of medical service to 
the extent that sometimes results in negligence of  other aspects of the systemic disorder. 
These in turn can be of importance, since inflammation in RA, as in other connective tissue 
diseases is widespread and affects such vital tissues and organs as those of the 
cardiovascular system, for instance. Extraarticular manifestations in RA however develop 
slowly and are poorly manifested. Their symptoms tend to be are assigned rather to 
patient’s general malaise and the lack of fitness. Heart involvement is often asymptomatic or 
causes mild ailments, frequently disregarded by affected persons, because RA individuals 
are generally not energetic and avoid to move too much. Chest pain or fatigue in them 
happens to be contributed to skeletal system involvement rather then to other pathological 
process. These are perhaps the reasons why at least twice as many changes in RA hearts are 
recognized post-mortem then during the patient’s’ lifetime. One of the current issues in 
rheumatology therefore is to recognize the presence, type and the extend of heart 
involvement in RA and to search for correlations of their appearance and intensity with the 
disease clinical picture. Echocardiography appears to be of much help in this aspect. The 
development of this domain improved cardiological diagnostics, providing a valuable tool 
to assess the condition of heart structures and their functional properties. It enabled 
detecting even minor cardiac muscle, valvular and pericardial aberrations, also in 
asymptomatic individuals. Based on these observations numerous clinical studies to date 
focused on echocardiography application in RA and it’s utility in diagnosing cardiovascular 
complications of the disease. 
 

 
Fig. 1. Echocardiogram of RA patient LP female, age 46 - mitral valve prolaps 
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One of the firsts to examine echocardiography images RA patients were Bacon and Gibson 
[1]. In their one-dimentional examination of 44 individuals with classical or definite RA – 22 
with palpable rheumatoid nodules and 22 without them – they demonstrated the presence 
of pericardial effusion in 34% of patients. It was detected in 50% of those with nodular and 
in 18% of those with non-nodular disease course. In most cases the fluid did not cause 
symptoms of pericarditis, although in several patients it was 1-2 cm in depth. No correlation 
could be seen between the appearance of effusion and the disease duration and pericardial 
pathology was not detected in age-matched controls with noninflammatory osteoarticular 
pathology. Bacon and Gibson also found mitral valve changes in 6.9% of their RA patients. 
In their study the average mitral diastolic closure rate in the control group was 116 mm/s 
(range 75 to 180; normal range over 80 mm/s). It was significantly lower in nodular RA 
group (63 mm/s), then in the non–nodular one (p<0.05) and in the controls (p<0.001), and 
only in 5 nodular patients the values were normal. In 3 nodular patients they were markedly 
decreased (less then 30 mm/s), symptomatic for severe rheumatic stenosis. In non-nodular 
group mean mitral diastolic closure rate was 94 mm/s (range 40-200) and only in 4 cases the 
values were below normal range. The frequency of diminished rate of mitral valve 
movement in this study increased with age in RA individuals, but not in the controls and 
increased with RA duration. The recording of a diminished rate of spontaneous mitral valve 
movement during the mid-diastolic partial closure period was a new observation. The 
correlation of decreased mitral diastolic closure rate with the duration of the disease, it’s 
coincidence with severe nodular process and pericardial effusion was, according to authors, 
a strong argument for considering this parameter representative for a systemic RA 
manifestation.   
Other investigators in 70-ties (Prakash et al. [2], Nomeir et al. [3] and MacDonald et al. [4]) 
reported mitral valve derangements in 25, 30 and 10% of RA patients, respectively. Prakash 
et al. [2] performed a prospective echocardiography study to search for cardiac 
abnormalities in 1 female and 15 male American patients (11 white and 5 black persons), 
free of cardiac symptoms. 44% of them had evidence of posterior pericardial effusion, not 
detected by electrocardiogram nor by the chest X-ray study. The E to F slope of the anterior 
leaflet of mitral valve was reduced in  25% of patients, which according to authors, could be 
due either to rheumatoid involvement of the mitral valve cusps or to changes in left 
ventricular compliance, both common in people with long-standing rheumatoid arthritis. 
The study revealed high prevalence of mitral valve and pericardial involvement in RA 
patients, previously only found in post-mortem studies and confirmed the utility of 
echocardiography in RA diagnosis.  
In 1973 Nomeir et al. [3] studied the nature and extent of cardiac involvement in RA 
patients. Physical examination of 30 Americans with classic RA did not show any significant 
cardiac abnormalities, while echocardiography revealed pericardial effusion in 46.6% and 
mitral valve defects in 30% of patients, therefore demonstrating the presence of one of these 
pathologies in quite a large number of RA individuals. Although there was no correlation 
between different modalities of the study, echocardiography was claimed by the authors the 
most sensitive method of detecting cardiac complications of RA at early disease stage.  
In 1975 in turn, Davia et al. [5] examined 35 consecutive American RA patients, submitting 
them to echocardiography to evaluate the motion of the anterior mitral valve leaflet. In 
contrast to previous results, through analysis they revealed normal valve motion and a 
normal E/F slope in as many as 31 of them. The authors discovered, that falsely low E/F 
slope values were noted only when  the technique applied was not sufficiency meticulous, 
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while the improvement of method resulted in normalization of these values. Their 
conclusion therefore was that anterior mitral valve leaflet abnormalities rarely if ever are 
seen in RA patients, provided that careful attention to recording technique is observed. 
 

 
Fig. 2. Echocardiogram of RA patient AM female, age 58 - pericardial effusion 

The results obtained by Nomeir et al. [6] in their subsequent study initially showed that 18 
out of 30 their RA patients had cardiac involvement arising from the disease at baseline of 
the examination [3]. Abnormalities detected by echocardiography comprised mitral valve 
disease or pericardial alterations, or both.  All patients were then followed up for 4 years 
from the initial workup. At the end of the study mitral valve abnormalities were still seen in 
63% of those in whom they were previously present and pericardial effusion remained in 
20%. Pericardial thickening persisted in 6 out of 7 patients. There was no definitive 
correlation between the protraction of these abnormalities and other clinical data, but it was 
noticed that patients who retained pericardial effusion and mitral valve abnormalities 
showed a higher number of joints involved and a higher erythrocyte sedimentation rate. It is 
worth mention that none of the patients developed constrictive pericarditis nor the heart 
failure and that all abnormalities detected remained clinically insignificant. The results of 
the study suggest that an impressive number of RA patients suffer from cardiac 
abnormalities related to their disease which may be clinically undetectable and are rarely 
life- threatening or requiring surgery support.  
MacDonald et al. [4] performed clinical, electrocardiographic (ECG) and echocardiography 
examinations in 51 American outpatients with RA. 31% of patients had echocardiographic 
evidence of pericardial effusion and in 2 patients pericardial thickening was demonstrated. 
Mitral valve E/F slope was normal in as many as 46 out of 51 persons and left ventricular 
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performance was depressed only in a few cases. The authors concluded that in unselected 
outpatients with RA pericardial abnormalities detected by echocardiograph are common 
although usually clinically unapparent. 
Toumanidis et al. [8] visualized mitral and aortic cusps changes in about 24% of their 
patients. 
In the Hungarian study of Nagyhegyi et al. [9] 100 of patients suffering from ankylosing 
spondylitis (AS) and 100 patients with RA were examined by clinical, non-invasive 
cardiological, radiological and laboratory methods to determine the prevalence of cardiac 
and cardiopulmonary disorders. 14 patients with AS and 24 with RA had several valvular 
abnormalities. Among those without valvular defects, myocardial systolic dysfunction was 
detectable in 15 AS and 11 RA cases and cor pulmonale was diagnosed in 16 and 7 patients, 
respectively. Conduction disturbances were demonstrated in 17 AS and 14 RA individuals. 
Mody et al. [7]  from South Africa examined their Negro-Caucasoids patients with RA seen 
in the rheumatic diseases unit during a 16-months period preceding the study. The authors 
aimed at determining the prevalence of cardiac abnormalities in RA. They used random 
tablets to select a group out of 330 persons and finally 101 of RA individuals underwent 
clinical and echocardiography examination. Adequate two-dimentional assessments were 
obtained in 84 patients and adequate M-mode recordings in 77. 31patients (37%) had 45 
echocardiographic abnormalities, in 5 patients (6%) pericardial effusion was detected. 11 
abnormalities of mitral valve noted in 10 (13%) patients: 3 had mitral valve prolaps, 1 - aortic 
incompetence and flutter on the mitral valve, in 5 patients mitral annular calcium was 
detected and 1  patient had hypertrophic obstructive cardiomyopathy and mitral calcium 
deposits. The reduction in E/F slope was noted in 12 patients, 7 of whom had associated 
cardiac disease, 1 patient had sinus tachycardia and 4 (5%) - a mild reduction of E/F slope 
without any other cardiac abnormality. The authors concluded that apart from the presence 
of pericardial effusion in 6% and minor abnormalities of the E/F slope in 5% of patients, all 
other significant echocardiographic abnormalities could be related to the presence of 
associated cardiac disease.    
In 1983 Villecco et al. [10] from Italy confirmed the utility of echocardiography in detection 
of cardiac lesions in RA patients. In order to verify the frequency and the extend of heart 
pathology, the authors performed mechanophonocardiographic studies and simultaneous 
mono- and bi-dimentional echocardiography in 28 RA individuals. They showed an increase 
in the PEP/LVET ratio on the polycardiogram in 1 case and echocardiographic alterations in 
18 (64.3%) of patients. Pericardial effusion was noted in 21.4%, the thickening of 
pericardium in 14.3%, alterations of mitral valve (the reduction in  protodiastolic closing 
velocity of the anterior edge of the large mitral valve) in 35.7% and thickening of the 
interventricular septum in 17.9% of cases. The authors reckoned all measurements results to 
be good indicators of cardiac complications in RA. According to them such examinations 
allow to identify a group of patients suffering from abnormalities otherwise undetectable.  
Wisłowska et al. [11,12] in Poland observed higher frequency of valvular heart disease, 
especially mitral insufficiency in RA patients than in the control group. Echocardiographic 
examinations were carried out in 100 patients (age<65 years) with rheumatoid arthritis 
(stages II–IV according to Steinbrocker’s criteria). The control group consisted of 100 
patients with osteoarthrosis, spondyloarthrosis and painful shoulder matched for age, sex 
and body surface area (BSA). All patients with myocardial infarction, hypertension, 
rheumatic fever or a history of diabetes were excluded from the study. Echocardiographic 
examination revealed more cases of valvular heart disease, especially mitral insufficiency, in 
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RA patients then in the control group.  Mitral valve prolaps was noted in 6% of RA 
individuals and pericardial effusion in 4%, whereas it was absent in the control group and in 
all patients during of clinical assessment prior to echocardiography imaging. In all 4% the 
volume of fluid was less then 300 ml, which was considered neglectable. Patients with RA 
had greater diastolic left ventricular diameter and aortic root diameter, as well as a smaller 
ejection fraction, mean velocity of cimcumferential fibre shortening and fractional 
shortening than the control individuals. The comparison of results of the echocardiographic 
measurements on different RA stages or in relation to the functional index, seropositivity 
and seronegativity and in person of different disease duration did not reveal any statistically 
significant discrepancies. In 39% of RA patients and 19% of the controls valvular heart 
disease was discovered by echocardiographic examination (p<0.05). Mitral valve 
insufficiency (I and II degree) was noted in 29% of RA patients and in 10% of the controls 
(p<0.005), aortic insufficiency (I and II degree) in 8 RA patients and 4 of the control group 
(NS), tricuspid insufficiency in 3 RA individuals and in 2 control subjects (NS) and mitral 
stenosis in 1 RA patient. In total, valvular heart disease was seen in  47 RA cases and in 19 
control subjects. Only in 4% of cases pericardial effusion was detected, though this 
abnormality is considered the most common heart complication in RA.  
There is much controversy in literature, regarding the frequency of mitral valve prolaps in 
general population, where it fluctuated from 3–8% up to 18% in different clinical studies 
[13,14], as well as in RA patients [6]. In Wisłowska’s nodular group the prevalence of this 
abnormality was 8.6% [12]. Such discrepancies make impossible to classify it as an RA 
characteristics. 
In another study Wisłowska et al. [12] compared the results echocardiographic 
examinations in 35 patients with nodular and 35 with non–nodular RA. The groups were 
matched for age, sex and the BSA. 35 patients with osteoarthrosis and spondyloarthrosis 
matched with both RA groups formed a control group. Patients with history of 
myocardial infarction, hypertension, rheumatic fever and diabetes were excluded from 
the study. Echo-Doppler cardiography and echocardiographic Holter monitoring revealed 
cardiac involvement in 71.9% of patients with nodular RA and 42.9% of non–nodular 
cases compared to 22.9% of the control group (p<0.0002). Echocardiographic examination 
revealed more cases of valvular heart abnormalities, especially mitral insufficiency, in 
nodular RA patients than in non-nodular and the controls. Both mitral valve prolaps and 
pericardial effusion were noted in 8.6% of nodular subjects. Patients with nodular RA also 
had greater aortic root diameter, a smaller ejection fraction, and smaller mean velocity of 
circumferential fiber shortening and fractional shortening compared to ones non-nodular 
and to the control group subjects.     
In another study concerning systolic and diastolic heart function in RA patients Wisłowska 
et al. [15] found left ventricular (LV) mass index in RA significantly greater than in the 
control group. The same concerned intraventricular septum end-diastolic thickness, LV 
posterior wall end-diastolic thickness and the aortic root diameter. The ejection fraction in 
RA patients was significantly lower than in the control group. The assessment of diastolic 
function parameters revealed significantly longer isovolumetric relaxation time and 
deceleration time in RA patients. 
Similar results were presented by Alpaslan et al. [16], Di Franco et al. [17], and Levendoglu 
et al. [18]. In their studies echocardiographic indices of LV diastolic function (peak E 
velocity, E velocity/A velocity ratio, isovolumetric relaxation time [IVRT], myocardial 
performance index [MPI] and transmural flow propagation velocity [TFPV]) in RA group 
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were significantly different from those of the controls. The reported finding indicate to the 
presence of subclinical myocardial involvement in RA, which is most probably due to the 
nonspecific myocarditis observed in these patients. Such myocardial involvement was 
elsewhere described as asymptomatic, rarely influencing cardiac size or function, 
predominantly affecting LV diastole, usually of diffuse pattern and scarcely clinically 
significant. It is not know to date, however, to what extent cardiac pathology in RA emerge 
from inflammatory myocarditis itself or is secondary to other pathology or drug use in this 
disease.  
 

 
Fig. 3. Echocardiogram of RA patient BS female, age 50 - aortic valve insufficiency 

Toumanidis et al. [8]  examined a Greek population to evaluate early morphological and 
functional heart abnormalities. The examined group was free of risk factors for coronary 
artery disease and without any clinically evident cardiac manifestations. Echocardiography 
examination  was performed in 62 patients with collagen disease, 15 with rheumatoid 
arthritis and in 40 healthy individuals. The imager was taken from apical four-chamber view 
at rest and during the end of a 3- minute isometric exercise with handgrip. Global and 
regional ejection fraction (EF) of  left ventricle were calculated. In the RA group the EF was 
62.38±6.88% vs 61.47±8.52% in the controls. Regional EF analysis revealed a major 
dysfunction of the proximal segment of interventricular septum in all groups and reduced 
separation of mitral and aortic valve leaflets in RA. 
In Maione et al. [19] echocardiography examination of consecutive 39 Italian RA and 40 
control subjects the occurrence of anatomic lesions was lower then that observed in other 
studies. No differences in mean values of left and right ventricular diastolic function indices 
obtained by Doppler echocardiography were found between patients and the controls. 
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However, in 26% of patients with RA, left ventricular abnormalities, probably secondary to 
myocardial fibrosis were detected. Pericardial effusions (less than 300 ml) were found in 3 
RA patients (7%) and in none of the controls. Pericardial adhesion was seen in 1 RA patient 
only. Valvular involvement (1 case of mitral stenosis and 1 case of aortic stenosis) was 
detected in 2 RA cases, both having had suffered from rheumatic heart disease in  the past. 
Moreover, the prevalence both: minor changes of mitral valve and trivial regurgitation was 
similar in the investigated groups. Left atrial or left ventricular dilation was found in  5 RA 
patients out of whom 3 were affected by coronary artery disease and 2 by valvular disease 
and in none of the control subjects. Left ventricular hypertrophy was present in 2 RA 
patients, both suffering from essential hypertension and in none of the controls. EF was 
normal in all except 3 RA patients, all of whom with ECG evidence of previous myocardial 
infarction. To investigate diastolic heart function the observers  excluded persons with 
arterial hypertension, diabetes and valvular heart disease (4 RA cases and 1 from the control 
group). To further exclude the presence of occult heart disease patients and the controls 
underwent an echo-dobutamine provocative test. Afterwards echocardiographic indices of 
LV and RV diastolic function were calculated in 35 RA and 39 control subjects. The authors 
found no statistically significant differences in mean values of the parameters examined. 
Nevertheless diastolic function abnormalities consisting of IVRT prolongation and inverted 
E/A ratio were pointed out in 9 out of 35 (26%) RA cases and in 2 out of 39 (5%) controls. 
The difference was statistically significant (Fisher exact test, p=0.019) and considered  due to 
the decrease in peak early diastolic velocity of the mitral valve. An inverted E/A ratio of the 
tricuspid flow velocity profile was detected in 3 RA patients, all with LV filling 
abnormalities, and was not detected in the controls.       
Di Franco et al. [17] studied an Italian population to evaluate the LV filling parameters by 
the analysis of transmitral flow and pulmonary venous flow with special regard to patients’ 
age and the disease duration. 32 RA cases without evidence of concomitant cardiac disease 
were selected and compared to matched control subjects. All patients and the control group 
were submitted to M-mode, two-dimensional Doppler and color Doppler (continuous and 
pulsed wave) echocardiography. Diastolic parameters evaluated comprised  transmitral 
flow (E/A ratio), pulmonary venous flow (S/D ratio), a-Pw, IVRT and deceleration time 
(DT). In RA LV filling disturbances were apparent and characterized by a reduced E/A ratio 
(mean SD 1.16 [0.31] vs 1.37 [0.32] in the controls) (p= 0.02) and increased S/D ratio (1.43 
[0.40] vs 1.22 [0.29] in the controls) (p=0.017). In this group of patients the correlation 
between E/A ratio and the disease duration (r=0.40, p=0.01 Spearman rank correlation) was 
also noted. The authors concluded that RA patients, in absence of overt heart disease, show 
diastolic function characterized by impaired E/A and S/D ratio. According to them it’s 
relation to the disease duration suggests the presence of subclinical myocardial 
involvement. 
In another Italian study Corrao et al. [20] investigated and verified diastolic abnormalities in 
rheumatoid patients, without clinically evident cardiovascular disease and other 
confounding complaints, by using pulsed Doppler examination of transmitral blood flow. 
They selected 40 patients fulfilling revised American Rheumatism Association (ARA) 
criteria for the diagnosis of rheumatoid arthritis with no symptoms of cardiac disease, nor 
clinical findings of other extracardiac pathology, matched with 40 healthy volunteers as a 
control. An echocardiographic examination was carried out in each subject. LV structural 
and functional measurements were obtained. Intraventricular septum thickness and LV 
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mass index were significantly higher in rheumatoid patients than in the control. RA patients 
had higher mean values of peak A velocity and A/E ratio. When multiple linear regression 
data analysis was performed, an independent relationship only between A/E ratio and LV 
mass was found. The results confirmed the presence of diastolic abnormalities in 
rheumatoid patients and pointed out that these abnormalities also affect echo-Doppler 
parameters of LV filling. The study results further suggest that structural LV changes can be 
responsible for LV filling impairment. 
One more Italian study was carried out by Montecucco et al. [21] who used digitized M-
mode and Doppler echocardiography to assess LV function in 54 patients (mean age 50 
years) suffering from active RA, without obvious cardiovascular disease. The group was 
compared with 54 age and sex matched normal subjects. No differences were found in LV 
end-diastolic diameter, systolic function and parietal thickness between patients and the 
controls. However, a significant reduction of various indices of LV diastolic function was 
recorded, including E/A ratio and the peak lengthening rate of the LV diameter (an index of 
relaxation evaluated by M-mode echocardiography). The former was correlated with 
patients’ age and was independent of disease duration while the latter was more markedly 
correlated with the disease duration then with the patients’ age. The authors suggested that 
the observation of relationship between diastolic impairment and the disease duration in 
active RA may open new perspectives for the study of RA-associated cardiovascular disease. 
Voipio-Pulkki and Saraste [22] examined a Finish RA population. LV function was studied 
in 182 outpatients with rheumatoid arthritis compared with 182 controls matched for age 
and sex. Patients with RA showed mild but definite tachycardia and lower systolic and 
diastolic blood pressures at rest. PEP/LVET was equal in both groups and LV mass assessed 
by echocardiography tended to be increased in males with seropositive disease, while no 
differences were found in ejection fractions. Mean velocity of cimcumferential fibre 
shortening (VCF) was significantly higher in female patients then in the controls. As VCF 
corrected for heart rate showed no difference between patients and controls, this apparently 
reflected an adequate response to the higher pulse rate. Taken together, the results do not 
support the concept of LV dysfunction in chronic RA, but rather an altered haemodynamic 
state caused by the disease itself or by it’s treatment. 
The next Finish study performed by Mustonen et al. [23] concerned cardiac  performance in 
12 asymptomatic male patients with RA and 14 control subjects. It was planed to elucidate 
early disturbances in cardiac function in these subsets. In echocardiography, an IVRT and 
peak filling rate lower in RA patients then in the controls, which apparently reflected an  
impairment in LV diastolic function. LV diastolic function assessed by radionuclide 
angiocardiography at rest and during exercise was similar in both groups. There were no 
differences between the patients and the control subjects, as regards the heart rate, systolic 
blood pressure and oxygen uptake during peak exercise. LV diastolic function was impaired 
in spite of normal LV systolic function in RA patients without clinically evident 
cardiovascular disease and the authors suggested that the excess of cardiovascular mortality 
in RA patients can be ascribed to this phenomenon. They emphasized the importance of 
further epidemiological studies to elucidate this matter. 
Kozakova et al. [24] performed echocardiographic, electrocardiographic and roentgenologic 
examinations in 50 Czech patients with RA and no clinical signs of pericardial effusion. 
Using one-dimentional echocardiography, pericardial effusion was detected in 27 (54%) 
subjects. Neither valvular involvement nor specific changes in myocardium were found. In 
sera of patients with pericardial effusion the presence of rheumatoid factor was significantly 
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more frequent then in patients without effusion. Patients on steroid therapy for the primary 
disease had statistically lower incidence of pericardial involvement than patients who were 
subjected to other forms of treatment. Again, echocardiography proved to be the only 
sensitive non-invasive method capable of detecting small and medium-sized effusions in 
pericardial cavity. 
In the next Czech echocardiography study of Alusik and Skalicka [25] pericardial effusion 
was detected in 35 out of 104 RA patients. The amount of fluid was small in 29, medium in 3 
and large in 3 of them. The thickening of pericardium was seen in 4 patients, mitral valve 
prolaps in 22 and thickened mitral valve in 10. In  24 patients the authors found a small 
regurgitation at the mitral valve in 10 patients it was more significant. Thickened aortic 
valve was seen in 14, a small regurgitation though the valve in 8 and a significant one in 4 
patients. The LV dilatation was detected in 13 subjects, it’s hypertrophy in 12 and an 
impaired kinetics in another 12 individuals. Dilatation of the RV was seen in 15 and it’s 
hypertrophy in 3 patients. Ventricular hypertrophy and dilatation as well as an impaired LV 
were interpreted as consequences of valvular involvement and of associated diseases.     
Alpaslan et al. [16] examined a Turkish population of RA patients to assess ventricular 
function by measurement of myocardial performance index (MPI) and transmitral flow 
propagation velocity (TFPV), which they reckoned better indices of ventricular function 
than hithero utilized pulsed-Doppler echocardiography of LV inflow, the results of which 
were affected by changes in pre- and afterload, tachycardia or first degree A-V block as well 
as pseudonormalisation phenomenon. 32 patients with long-standing RA and 32 control 
subjects participated in the study. Systolic function was assessed by subjective evaluation of 
wall motion for both ventricles and by the assessment of fractional shortening of the LV. LV 
diastolic function was evaluated by standard pulsed-wave Doppler echocardiography, the 
MPI and the TFPV. RV function was evaluated by MPI. No subject has signs nor symptoms 
of clinically overt heart failure. Systolic function was normal in all of them. 
Echocardiographic functional indices of LV diastolic performance: the peak E velocity, E/A 
velocity ratio, IVRT, MPI and TFPV in the RA group were significantly different from those 
of the controls (p<0.05). However, the authors did not observe any significant difference in 
RV echocardiographic indices between the two groups. Their results show, the presence of 
LV diastolic dysfunction in patients with long-standing RA. The lack of history of 
cardiotoxic antirheumatic drug use suggested that this abnormality was due to RA itself. 
The study showed that LV MPI and TFPV, both easily obtained and not affected by 
ventricular geometry, well identify the presence of LV diastolic dysfunction in patients with 
long-standing disease. The findings were in accordance with the results of classic 
measurements methods of LV function: decreased E/A ratio and prolonged IVRT.  
Levendoglu et al. [18] in the study on Turkey population tried to evaluate cardiac 
involvement in patients with active rheumatoid arthritis. 40 of them participated in the 
study. All were submitted to standard Doppler echocardiography and MPI grading, which 
revealed LV and RV diastolic function abnormalities with LV MPI significantly higher than 
in controls (p<0.05). A relationship was also found between LV E/A ratio, IVRT and the 
disease duration (r=-0.47 and p=0.002, r=0.618 and p=0.000, respectively). Diastolic function 
was impaired in both ventricles and a direct relationship between some of the parameters of 
LV diastolic function and the disease duration was observed, too. The findings suggest the 
presence of subclinical myocardial involvement in RA patients. The earliest deterioration in 
cardiac disease is an impaired diastolic function. Such abnormalities have been reported in a 
number of conditions such as arterial hypertension, coronary artery disease and in elderly 
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subjects, yet the authors selected patients without no evidence of heart problems and 
impaired ventricular function was observed at all ages in RA, contrary to the control group. 
Another Turkish study performed by Arslan et al. [26] was planned to evaluate LV diastolic 
function in patients with active RA by the analysis of conventional Doppler and tissue 
Doppler echocardiographic imaging (TDI). 52 patients with active RA and 47 healthy 
persons were included in this study. All were evaluated by M-mode, two-dimentional 
conventional Doppler echocardiography and the TDI. Late diastolic flow velocity (A) and 
deceleration time (DT) values were higher in patients with RA than that in the control group 
(p<0.001) and E/A ratio was lower in RA than in the controls (p<0.001). Among TDI 
parameters mitral annular early diastolic velocity (Em) and Em/Am (mitral annular late 
diastolic velocity) ratio were lower in  RA patients then in the control group (p<0.001). The 
correlation was found between A (r=0.43, p=0.001), DT (r=0.30, p=0.03), E/A ratio (r=0.409, 
p =0.004), Em (r=0.32, p=0.02), Em/Am ratio (r=0.30, p=0.03) and E/Em (r=0.32, p=0.02) and 
the RA duration. The authors concluded, that patients with active RA in absence of clinically 
evident heart disease show diastolic dysfunction characterized by impaired E/A ratio, 
Em/Am ratio and the DT. The relation between diastolic dysfunction and the disease 
duration suggests a subclinical myocardial involvement. 
The Turkish study of Rexhepaj et al. [27] was aimed the assessment of prevalence of 
diastolic LV and RV dysfunction in patients with rheumatoid arthritis. The authors tried to 
estimate whether there is a correlation between the duration of RA and the degree of LV 
diastolic failure. 81 patients (61 females and 20 males) with RA and without clinically 
evident heart disease (group 1) and 40 healthy subjects (29 females and 11 males) (group 2) 
were matched for age and sex. Echocardiographic and Doppler studies revealed significant 
differences in E, A and E/A ratio (0.68±0.19 m/s vs. 0.84±0.14 m/s, p<0.001; 0.73±0.15 m/s 
vs. 0.66±0.13 m/s, p=0.01; and 0.97±0.3 vs. 1.32±0.37, p<0.001, respectively) between RA 
patients and the controls. Significant difference between groups was also noted in RV early 
diastolic (Er)/atrial (Ar) flow velocities (Er/Ar ratio) (1.07±0.3 vs. 1.26±0.3, p=0.002) and 
weak correlation was observed between transmitral E/A ratio and the duration of RA 
(r=−0.22, p=0.001). The MPI appeared to differ little in patients with RA as compared to the 
control group (0.51±0.1 vs. 0.52±0.2, p=NS). In RA individuals without clinically evident 
cardiovascular disease the LV and RV diastolic function were reduced. LV wall thickness, 
it’s dimensions, systolic function and the MPI remained normal.  
Another Turkish investigators Yazici et al. [28] suggested that RA is associated with 
increased risk of cardiovascular mortality. Considering that  cardiovascular findings are 
mostly subtle and diastolic function abnormalities are one of the earliest manifestations, 
they aimed at determining diastolic abnormalities in RA at baseline and after a 5-year 
follow-up. 72 RA patients without any known cardiac disease and 67 controls were recruited 
for the study. Disease activity score (DAS), blood lipids and C-reactive protein (CRP) levels 
were determined. LV mass, IVRT, E and A were determined by M-mode two-dimensional 
color Doppler echocardiography. Mitral annular early (E’) and late (A’) diastolic velocities 
were also checked by TDI. 24 RA patients were reevaluated after 5 years for DAS, 
biochemical variables and echocardiography. In 57 out of 72 (76%) of them and in 12 of the 
67 (18%) controls diastolic dysfunction (DD) was diagnosed. In 7 out of 10 patients with DD 
at baseline it remained in the follow-up, while in 8 patients normal diastolic function 
sustained. DAS and lipid values did not altered during the follow-up and CRP levels 
decreased significantly (p<0.05). In conclusion, RA patients are prone to develop diastolic 
function abnormalities in comparison to healthy controls. A 5-year follow-up of this group 
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showed that although clinical response was unsatisfactory, cardiac function was conserved 
without a major deterioration. Moreover, disease-modifying antirheumatic drugs 
(DMARDs), such as anti-TNF alpha agent, did not seem to have a major adverse effect on 
cardiac findings in patients. 
The Turkish study of Birdane et al. [29] was aimed at the comparison of standard Doppler 
and TDI results in RA patients. In 60 such individuals with longstanding disease LV and RV 
parameters were assessed by standard pulsed-wave Doppler echocardiography, the color 
M-mode flow propagation velocity and the TDI. LV TDI was achieved at 4 different sites 
(lateral, septal, anterior and inferior walls) and RV TDI - through the tricuspid lateral 
annulus. The analysis of the results showed that the basal clinical and echocardiographic 
parameters: E, A, diastolic velocities of atrioventricular valves, E/A ratio and pulmonary 
venous Doppler parameters were similar in both groups. The values of LV and RV 
E/wave deceleration times and IVRT of RA patients were greater then in healthy controls 
(p<0.05). RA patients also had significantly lower color M-mode flow propagation 
velocity (p<0.05), while S′ peak and E′ peak, two of the LV and RV parameters were 
similar in both groups.  Furthermore A′ peak, E′/A′, and E/E′ values showed statistically 
significant differences among RA patients. The results confirmed the presence of LV and 
RV impairment in RA. 
In another Turkish study Seyfeli et al. [30] investigated RV diastolic function in RA and it’s 
relationship with LV function and pulmonary involvement. 35 RA patients and 30 healthy 
controls were submitted to conventional Doppler (CE) and tissue Doppler 
echocardiography (TDE) to assess LV and RV systolic and diastolic function and to estimate 
maximal arterial systolic pulmonary pressure (PAP). To detect pulmonary involvement, 
pulmonary function tests and high-resolution computed tomography (HRCT) scans were 
performed in all RA individuals. An abnormal RV filling, as expressed by an inverted 
tricuspid (Tr.) E/A ratio, was detected in 12 (34%) of RA patients and in 2 (7%) of controls 
(p<0.004). The prevalence of RV diastolic abnormalities was higher in RA patients examined 
by TDE, than by CE (RV annulus Em/Am ratio <1 in 31 (89%) of patients) (p=0.002). 22 
(63%) RA subjects had abnormal HRCT findings. Pulmonary involvement with pulmonary 
hypertension (PHT) (36±5 mmHg) was detected in 10 (29%). In this group an increased RV 
annulus and basal Am wave, decreased Tr. E/A ratio and the decreased RV annulus 
Em/Am ratio were statistically significant compared to RA patients with pulmonary 
involvement, who had normal PAP (19±5 mmHg: 12 [34%] of 35), p=0.014, p=0.006, p=0.015, 
p=0.049, respectively). The study revealed an impaired RV filling in a significant part of RA 
patients without overt heart failure. Impairment of RV diastolic function can be a predictor 
of subclinical myocardial and pulmonary involvement in RA. 
The aim of the next Turkish study of Guyler et al. [31] was the assessment of P wave 
dispersion (PWD) as a sign for the prediction of atrial fibrillation (AF) and it’s relation to 
clinical and echocardiographic parameters in RA patients. 30 patients (mean age 49±10 
years) and 27 healthy controls (mean age 47±8 years) were included in the study and 
electrocardiography and Doppler echocardiography was performed. Maximum and 
minimum P wave duration were obtained from electrocardiographic measurements. PWD 
defined as the difference between maximum and minimum P wave duration was calculated. 
Maximum P wave duration and PWD were higher in RA patients than in the controls 
(p=0.031 and p=0.001, respectively), however there were no significant correlation between 
PWD and disease duration (r=0.375, p=0.009) and IVRT (r=0.390, p=0.006). P wave duration 
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and PWD was higher in RA patients than in the controls and was closely associated with the 
disease duration and LV diastolic dysfunction. 
In the last Turkish study Canturk et al. [32] evaluated diastolic functions in patients with RA 
by assessment of propagation velocity and intraventricular dispersion of E wave velocity. 34 
RA cases without evidence of cardiac disease and LV systolic impairment were enrolled in 
the study. Echocardiographic examinations were performed for the evaluation of diastolic 
dysfunction (DD) in all of them. Propagation velocity in RA patients was significantly lower 
than in the control group (42±16 cm/s, 54±15 cm/s, p=0.002). There was significant 
intraventricular dispersion of E wave velocity towards the cardiac apex in RA patients 
(p<0.001) compared to the controls (p=0.79). There was also a significant correlation 
between intraventricular dispersion of E wave velocity and diastolic dysfunction in the 
patients in which the duration of illness was longer than 10 years (p<0.001). The authors 
concluded that an impaired LV relaxation in RA, correlated with the duration of the disease 
might be due to structural myocardial abnormalities. Furthermore, the combined use of 
propagation velocity and intraventricular E wave dispersion measurements can help in 
early determination of diastolic functions in RA patients. 
The Russian publication of Krasnosel'skĭ et al. [33] concerned the use of tissue 
dopplerography (TDG) in detection of myocardial involvement in  RA by assessment of the 
velocity of myocardial movement. TDG was carried out in 22 patients with verified RA (age 
33-66, mean age 45.2±7.4 years) and in 20 healthy volunteers (age 29-58, mean age 44.6±8.4 
years). Modules of velocities of systolic and early diastolic peaks in LV wall at basal level 
and at levels of upper, middle and lower thirds were calculated in all patients. In some LV 
segments the results correlated with CRP and ESR in RA (r from 0.29 to 0.46) and were 
diffusely lowered in this disease, which on author’s opinion reflected the participation of 
inflammatory process in development of asymptomatic diffuse myocardial damage in RA. 
Gonzales-Juanatey et al. [34] examined Spanish population towards the frequency of 
echocardiographic and Doppler abnormalities in long-term treated RA patients without 
clinically overt heart disease. 47 such individuals, treated for at least 5 years with 1 or more 
DMARDs were recruited. Those with cardiovascular risk factors, cardiovascular or 
cerebrovascular events were excluded from the study. 47 healthy persons formed the control 
grouping patients with RA. The presence of aortic regurgitation (17%) and tricuspid 
regurgitation (17%) was higher than in the controls (15% and 6%, respectively). Pulmonary 
artery systolic pressure was higher in RA patients (30.3±8.0 mmHg) compared to the in 
control subjects (26.2±4.8) (p=0.004). The incidence of pulmonary artery systolic pressure 
above 35 mm Hg was significantly higher in RA patients (21% versus 4% in controls;  
p= 0.03), diastolic dysfunction caused by impaired relaxation was more common in patients 
with RA (66%) than in controls (43%) (p=0.02) and more frequent in older patients. 
Extraarticular manifestations were more common in patients with RA in whom diastolic 
dysfunction was recognized (p=0.05). This study confirmed a high frequency of LV diastolic 
dysfunction and pulmonary hypertension in patients with RA without evident 
cardiovascular disease. 
In French patients Meune et al. [35] were determined the sensitivity and accuracy of tissue-
Doppler echocardiography (TDE) to assess myocardial contractility. The stimulus of this 
study was an observation that heart failure was one of the determinants of the excess 
mortality in RA patients. Consecutive 27 RA individuals with normal results of cardiac 
clinical examination were prospectively included and compared to 27 controls. All 
underwent conventional echocardiography, furthermore their systolic and diastolic strain 
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rate (SR) were determined by TDE. When compared to the controls RA patients had 
increased LV mass (99±24 vs 80±25g/m2, p=0.009), and a trend towards left atrial 
enlargement (31±3 vs 29±6 mm, p=0.006). Fractional shortening and systolic SR did not 
differ between groups. Diastolic function, as estimated by the E/A Doppler velocity ratio 
was similar in both populations (p=0.18). However, diastolic SR was strikingly reduced in 
patients with RA versus controls (3.7±1.3 vs 5.5±1.1 s-1, p <0.001). In 18 out of 27 RA patients 
markedly reduced diastolic SR (SR<4s-1) was noted, too. None of the RA characteristics was 
associated with significant differences in TDE measurements. This study confirmed that 
TDE enable to identify impaired diastolic function in RA even in cases where it can not be 
detected by conventional measurements.    
An Indian project of Uddayakumar et al. [36] was one of the in numerous studies on the 
prevalence of diastolic dysfunction in RA from Indian subcontinent. The aim of it was to 
evaluate LV filling abnormalities in RA patients without clinically evident cardiovascular 
manifestations and to search for their correlation with the disease duration. 45 such patients 
affected by RA diagnosed according to ARA criteria were selected and compared with age 
and sex matched control subjects. All were submitted to M-mode, two-dimensional and 
Doppler echocardiography. E, A, E/A ratio, IVRT, EF and fractional shortening were 
evaluated. In RA patients LV filling abnormalities were characterized by a reduced E/A 
ratio (mean [SD] 0.98 [0.22]) compared to the controls (1.09 [0.11]; p-value equals 0.004), 
prolonged IVRT (75.77 [8.12] ms versus 70.43 [2.94] ms; p-value equals 0.001) and increased 
late diastole flow velocity (76.91 [11.61] cm/s versus 70.11 [5.32] cm/s; p-value equals 0.001). 
A negative correlation was found between E/A ratio and the disease duration (Pearson 
correlation, r equals -0.56, p-value equals 0.001), indicating that diastolic dysfunction rate 
increased with disease duration. A strong correlation was also found between IVRT and the 
disease duration (r equals 0.66, p-value equals 0.01) and between late diastolic flow velocity 
and the disease duration (r equals 0.61, p-value equals 0.001). The study confirms a high 
frequency of LV diastolic dysfunction characterized by impaired E/A ratio, prolonged IVRT 
and increased late diastole flow velocity in patients with RA without evident cardiovascular 
disease. The correlation between transmitral flow alteration and the disease duration 
suggests a progressive subclinical myocardial involvement with the disease progression. 
This may be relevant to high incidence of cardiovascular deaths observed in patients with 
RA. 
Honda et al. [37] from Japan performed in 1981 studied cardiac function and vascular 
hemodynamics by non–invasive means in order to assess LV performance in 50 RA patients 
and 30 healthy controls. They did not find significant difference in LV end-diastolic 
dimension, LV posterior wall thickness, LV posterior wall excursion and mean posterior 
wall velocity between groups, yet the ejection fraction and ejection time/preejection period 
were significantly decreased.  Hemodynamic status in patients with advanced RA in this 
study was characterized by mild tachycardia and a mild decrease of LV function, pericardial 
effusion was also noted in these individuals. 
Echocardiography, a rapidly developing diagnostic procedure enable to examine heart 
structure and function in different clinical setting. It can be particularly useful  in connective 
tissue diseases, such as rheumatoid arthritis. Generalized inflammatory process in these 
conditions affects heart muscle directly and through changes in tissue vasculature induced 
by cytokins and other inflammatory mediators of prothrombotic and atherogenic properties. 
Inflammatory vasculitis, another well-known complication of RA, especially of long 
duration, also contribute to heart damage in this disease. Cardiac muscle fibrosis and 
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amyloidosis, that develop as further sequels of rheumatoid arthritis, add to cardiovascular 
system, especially diastolic function, impairment. Thrombus formation at heart valves with 
consecutive stenosis and/or regurgitations is an independent factor that disturb heart 
function in RA individuals. 
Furthermore, one must not neglect the deleterious effects of drugs used to combat RA on 
cardiopulmonary system. Non-steroid anti-inflammatory agents with their water-retention 
and renal-toxic effects can induce or exacerbate hypertension and heart failure. So can cause 
corticosteroids, yet these are also known to strongly enhance atherogenesis and thrombosis. 
Methotrexate, the most popular and most effective of conventionally used DMARDs is able 
to induce lung fibrosis and therefore cause pulmonary hypertension, moreover it is renal-
toxic. Chloroquine exerts proarrhytmic effect and cyklosporin induce hypertension. Gold 
salts, as well as D-penicillamine are also known to be capable of causing vasculitis and 
adversely affect patients’ cardiovascular risk factor profile. 
All these data clearly indicate to high risk of cardiovascular diseases in RA patients. 
Echocardiography in turn enables to detect early pathological changes of this kind and 
therefore can be helpful in prevention of the development of life-threatening complications. 
The results of studies presented in this topic confirm the utility of different 
echocardiography techniques in detecting heart damage in RA patients. Echocardiography 
visualizes for example decreased LV diastolic performance, as the earliest predictor of 
development of left ventricular heart failure, different kinds of valvular defects, pulmonary 
hypertension and the presence of pericardial effusion. The last one, although rarely 
clinically significant and only scarcely causing life-threatening complications is tamponade 
or constrictive pericarditis. Pericarditis is nevertheless present in about 30% of RA cases 
post-mortem [38]. It’s appearance during patient’s diagnostics could therefore be useful in 
recording cardiovascular involvement by RA, difficult or impossible to visualize by 
conventional methods. Another echocardiography application in RA is to investigate 
correlations between heart changes and the disease duration and activity, as well as with the 
patient’s age. The discovery of such dependences can be helpful in prediction and therefore 
prevention of heart damage and perhaps other complications of RA. 
Taken together – echocardiography is a chance for improving diagnostic methods in RA, yet 
further investigations are needed to work out techniques and medical standards in such 
patients. Hagendorff and Pfeiffer [39] focused on echocardiography application in modern 
diagnostics of connective tissue diseases, with special regard for rheumatoid arthritis. The 
authors concluded, that the prerequisites for successful diagnostic echocardiography in RA 
are the knowledge of modern echocardiographic techniques like tissue Doppler and contrast 
echocardiography and clinical experience with patients with rheumatoid arthritis. The 
standardization of procedures is important for reproducibility and comparability of  results. 
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1. Introduction 
Since its advent in 1925, Nuclear Cardiology has undergone multiple changes in technology 
including detectors, computers, changes in protocols, various approaches to stress including 
physiologic and pharmacologic methods, changes in the type of isotope utilized and finally 
concerns over the distribution of radioactive isotopes and efforts to improve the detection of 
heart disease while reducing radiation dosage to both patients and health care workers alike.  
We will divide this chapter into five Sections.  First, we will review the work that led to the 
discovery that the technetium-99m isotopes, like thallium-201, redistribute.  Secondly, we will 
look at currently employed Cardiac imaging using Single Photon Emission Computed 
Tomography (SPECT) cameras for detecting technetium-99m isotopes (principally Sestamibi).  
Thirdly, we will consider how these isotopes are injected, distributed and redistributed 
within Cardiac tissue.  Fourth, we will look at how single injection stress-stress imaging can 
not only increase the accuracy of SPECT imaging of the heart, detecting the most critically 
diseased coronary vessels while reducing the amount of radioactive isotope injected into the 
patient, who will subsequently expose others to this radiation and finally, we will look at 
how rest-rest comparisons of isotope redistribution can be used to differentiate between 
viable and non-viable damaged myocardial tissue using SPECT cameras.   
At the completion of this chapter, clinician and scientist alike, will (1) better understand the 
physics of SPECT imaging of the heart, (2) will better understand the kinetics of technetium-
99m isotopes (which are applicable to thallium-201 and other isotopes, given differences in 
redistribution times), (3) be able to better detect heart disease with special emphasis placed 
on ischemic heart disease, while addressing issues of patient radiation safety (4) be able to 
differentiate viable from non-viable cardiac tissue and (5) be able to utilize SPECT cameras 
to extract both anatomic and physiologic information, not currently possible with single 
isotope injection, single camera imaging systems, including Positron Emission Tomography 
(PET), Magnetic Resonance Imaging (MRI) and/or Computed Tomography (CT).  
Currently, imaging with PET cameras, cannot be completed rapidly enough to allow for 
measurements of redistribution properties of PET isotopes, nor is it clear if any of these 
isotopes (ammonia, FDG, Rb-82, etc) actually have redistribution properties, while MRI and 
Coronary CT currently are only able to yield anatomic information and are unable to 
measure physiologic redistribution of isotopes. This chapter will describe the recent 
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advances in single isotope injection, single camera imaging (FHRWW) while explaining why 
the practice of rest-stress imaging has failed to deliver on the promises made.  

2. Discovering the redistribution properties of technetium-99m isotopes 
The development of Nuclear Cardiology (discussed in detail later in this chapter) evolved 
through the utilization of Thallium-201 (Tl-201) by the 1970’s.  The protocol at that time 
consisted of stressing the patient and injecting 1-3 mCi (74-111 MBq) intravenously into the 
patients venous system and continuing to exercise the patient for an additional minute prior 
to ceasing exercise (Fleming, 1991a, 1999a).  The patient was then “recovered” and 
underwent “stress” imaging one hour after initiation of the patients exercise session.  While 
imaging one hour after exercise is clearly not a period of time when the individual is 
“stressed”, the terminology persisted since this image was the first image obtained 
following the stress.  Subsequently, these images became known as “stress” images.  Over 
time, thallium distribution changed and consequently the appearance of the images 
themselves changed.  This became known as “redistribution” since the distribution of Th-
201 changed with time.  For lack of a better term, this second image was coined a “resting” 
image and their comparison was used to define changes, which were thought to represent 
ischemia and possibly infarction.  As we shall see in subsequent sections, neither Blumgart 
(1926) nor Gorlin (1959) considered this to be so and a better understanding of their work 
might have saved Nuclear Cardiology decades of misdirection.  However, the actual ability 
to detect infarction was not through the rest image obtained in this manner; but rather, a 
resting (Parkey 1976, Ahmad 1979, Walsh 1977) image obtained by using Tc-99m 
pyrophosphate (Tc-99 PYP), which required imaging of the heart within 48-72 hours of the 
time of infarction to accurately detect.  Efforts to replace Tc-99m PYP with newer imaging 
agents (Khaw 1999) not only emphasize the limitations of timing and possible overlap of 
bone activity; but, the importance of utilization of resting images and not stress images to 
determine the presence or absence of damaged (infarction, stunned, hibernating) 
myocardium, as emphasized by Blumgart (1926) and Gorlin (1959). 
Over time, the lessons of Blumgart and Gorlin were all but forgotten and the terms “stress” 
and “rest” anthropomorphically took on a life and meaning of their own.  Instead of 
viewing comparative Nuclear images obtained under same state conditions at two different 
points in time, which could then be compared to look for changes in distribution of isotope 
scintillation consistent with changes in supply (blood flow) and function (cellular, including 
mitochondria), the introduction of technetium-99m isotopes were introduced with 
directions by the manufacturers that clinicians and scientists needed to give two injections 
(rest stress), instead of one (stress-redistribution) used for Tl-201.  In the first instance, 
teboroxime (Fleming 1991a) was reported as having too rapid a “washout” (another term for 
redistribution), which would prevent multiple imaging given the camera acquisition speed 
of the time, while Sestamibi would be promoted as having no washout allowing one to 
chose when they wanted to image the patient; a property which would be warmly 
welcomed by nuclear medicine departments concerned with the number of studies being 
ordered and nuclear departments scheduling issues.  Truly, this alleged property of 
Sestamibi was a welcomed relief for such scheduling issues.  This misinformation continued 
to drive the market reducing study accuracy despite multiple studies reporting that 
Sestamibi did in fact redistribute.  By using this redistribution property, investigators have 
been better able to define heart failure (Hurwitz 1993, 1998, Saha 1994, Giubbini 1995, 
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Sugiura 2006, Kumita 2002), cardiomyopathy (Matsuo 2007, Ikawa 2007, Meissner 2002) and 
coronary artery vasospasm (Ono 2002, 2003).  Perhaps the most compelling work was 
published by Maublant (1988), prior to the introduction of Sestamibi into the United States.  
This work revealed that Sestamibi has a 28 minute washout under non-ischemic conditions 
while the work of Crane (1993), which was funded by the pharmaceutical company itself, 
demonstrated that under ischemic conditions, the washout of Sestamibi occurred more 
rapidly due to mitochondrial calcium overload.  This information, to date, continues to 
appear within package inserts as shown in Figure 1 and is now described as having 
“minimal cardiac redistribution,” encouraging physicians to use multiple doses for studies. 
 

 REST STRESS 
 Heart Liver Heart Liver 
Time Biological Effective Biological Effective Biological Effective Biological Effective 
5 min. 1.2 1.2 19.6 19.4 1.5 1.5 5.0 5.8 
30 min. 1.1 1.0 12.2 11.5 1.4 1.3 4.5 4.2 
1 hour 1.0 0.9 5.6 5.0 1.4 1.2 2.4 2.1 
2 hours 1.0 0.8 2.2 1.7 1.2 1.0 0.9 0.7 
4 hours 0.8 0.5 0.7 0.4 1.0 0.6 0.3 0.2 
A study in a dog myocardial ischemia model reported that Technetium TC99m Sestamibi undergoes 
myocardial distribuion (redistribution), although more slowly and less completely than thalous chloride 
Tl-201. A study in a dog myocardial infarction model reported that the drug showed no redistribution 
of any consequence. Definitive human studies to demonstrate possible redistribution have not been 
reported. In patients with documented myocardial infarction, imaging revealed the infarct up to four 
hours post dose. 

Fig. 1. Cardiolite US PI 513121-0309 (3-16-2009 package insert) 

After our initial work (Fleming 1991a) with these Tc-99m isotopes in 1989, we published 
several papers (Fleming 1995, 1998, 1999a-b, 1992a-b, 2000a-b, 2002a-b) under the 
misinformation that two injections of these compounds were required and like many others 
we failed to fully understand the work of Blumgart and Gorlin.  By 1999-2000, Sestamibi 
was being used for the detection of breast cancer.  The company involved with this work 
(under the trade name Miraluma) was concerned that clinicians were not ordering the study 
due to what was perceived as incorrect results.  Studies performed show “abnormal” results 
without the detection of biopsy proven breast cancer.  However, the tissue while not 
cancerous was not “normal” either and considerable confusion existed at the time.  We were 
asked to conduct breast imaging studies and developed a method for simultaneous 
detection of both heart disease and breast disease.  The results were published (Fleming 
2002c-e, 2003a-c) and presented at several meetings as shown in Figure 2.  While beyond the 
scope of this text, it resulted in our looking more closely at the information, which the 
nuclear computer was seeing (Fleming 2003d) and which we were not; viz. the actual 
scintigraphic counts from regions of interest (ROIs) as shown in Figure 3 for the breast and 
Figure 4 for the heart.  This approach not only gave us a greater insight as to the cause of 
angina, viz. regional blood flow differences (Fleming 2003d); but, it allowed us to 
additionally see for the first time detectable evidence of an activated thymus gland (Fleming 
2003e) with enlargement and increased isotope uptake associated with coronary artery 
disease/inflammation (Fleming 1999c, 2003e, 2008a) and providing further evidence of 
underlying coronary artery disease. This same state physiologic approach allowed us to 
compare images of the heart taken at 5 minutes and 60 minutes following pharmacologic 
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stressing of the heart utilizing a single injection of the isotope Sestamibi.  These rather crude 
early findings (Figure 5) clearly demonstrated that individuals with ischemic heart disease 
revealed different distribution patterns of Sestamibi within cardiac tissue at 5 and 60 
minutes post stress, proving that Sestamibi in fact “redistributes” within the heart and 
confirmed the information reported by others as noted above and as we will see in the 
remainder of this chapter, it has been confirmed by others world wide as well as recent 
work out of both UCLA and Harvard (Sheikine 2010).  We have also demonstrated (Fleming 
2009) that technetium-99m tetrofosmin (trade name Myoview) similarly redistributes.  Since 
it is imperative that comparison images be performed on the same SPECT camera to allow 
meaningful comparisons of the two images, we will now turn our attention to the details of 
when nuclear SPECT cameras provide us the information we are seeking and when they do 
not. 
 

 
Fig. 2. Acquisition of Heart and Breast Image 5 Minutes After Stress Injection 

Information obtained from the package insert of this product reports that “Definitive human 
studies to demonstrate possible redistribution have not been reported.”  The information 
provided as discussed in the text and literature clearly shows this not to be the case. 
Following pharmacologic stress and injection of sestamibi, images of cardiac and breast 
tissue were acquired using a SPECT camera 5-minutes after cessation of stress.  Detection of 
thymic tissue, while not noted in this individual, has been published by us elsewhere 
(Fleming 2003e). 
Here breast enhanced scintigraphy test (BEST) images from three different women are 
quantified using regions of interest (ROIs) and compared with results (immediately below 
each image) obtained by Dr. William Dooley using ductoscopy.  The results of tissue 
specimens were confirmed pathologically as representing inflammatory tissue and cancer 
respectively as shown in the images.  This study provided further information as to the 
ability to reliable “quantify” differences on Nuclear imaging using ROI and the role of 
scintigraphy measurement in diagnosing both heart disease and breast cancer. 
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Fig. 3. Analysis of regions of interest (ROIs) of breast tissue 
 

 
Fig. 4. Analysis of regions of interest (ROIs) from Cardiac bullseye images 

While qualitative Gestalt of images are frequently utilized for both clinical and scientific 
work, regions 1 (mean count of 1379.22) and 2 (mean count of 1485.42) represents an almost 
8% difference in count activity which cannot be appreciated visually.  The quantification of 
the differences in regions (ROIs) of interest (Fleming 2003d) was utilized to demonstrate that 
angina is not the result of narrowed arteries; but rather, the reduced ability of diseased 
arteries to vasodilate to the extent that non-diseased coronary arteries can dilate (viz. 
regional blood flow differences) under the influence of pharmacologic stress. 
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a) 5 Minute post-stress image taken on NucLear MAC SPECT Camera 

 

 
b) 60 Minute post-stress image taken on NucLear MAC SPECT Camera 

 

 
c) Washout of Sestamibi as determined by NucLear MAC Spect Camera system 

Fig. 5a-c. Early comparisons of coronary artery disease showing differences in Sestamibi 
distribution at 5 and 60 minutes post stressing of the heart 

This early study SPECT camera image reveals an anterior image of the heart acquired 5 
minutes after peak cardiac stress and Sestamibi injection, demonstrating no regional defects 
in isotope activity. 
This qualitative study, performed in 2001 of the same patient in figure 5A, shows washout of 
Sestamibi compared with the 5-minute image.  Here there are both distal anterior and apical 
reductions in isotope in addition to a dilated right ventricle.  Clearly, these early 2001 studies 
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demonstrated that Sestamibi redistributes throughout cardiac tissue with different results seen 
at 5 and 60 minutes post-stress.  This is confirmed in the “washout” study seen in Figure 5C. 
Bullseye definition of “washout” made by the same SPECT camera system using it’s 
computer software to compare the two sets of images shown above (5A and 5B).  The results 
show a qualitative (blue) redistribution/washout in the distal anterior and apical regions.  
Clearly, these 2001 images show differences in isotope distribution between the 5 and 60-
minute images.  Similar findings have now been reported by others, including researchers at 
UCLA and Harvard Universities (Sheikine 2010). 

3. The Fleming-Harrington nuclear imaging uncertainty principle.  
Understanding the physics of how nuclear SPECT cameras really work? 
Abstract:  The introduction of the Heisenberg Uncertainty principle and Nuclear Cardiology 
occurred simultaneously in 1925-1927.  Thirty years later the Anger gamma camera would 
allow for a more sophisticated radioactive isotope counting to determine the presence or 
absence of disease.  When employed with technetium-99m isotopes, ischemic heart disease 
can be inferred by differences in visual appearance of cardiac images. These gestalts of 
imaging results have been separated from the quantitative information recorded by the 
cameras computer. We investigated whether current camera and computer systems are 
sophisticated enough to quantify differences between images to be clinically relevant.  Our 
study demonstrated that efforts to “sharpen” image appearance does so at a reduction in 
“accuracy”. Like Heisenberg, this work shows that one cannot know the exact location and the 
amount of activity simultaneously and that a decision must be made for accuracy over image 
sharpness if one is to truly quantify differences in isotope concentration between images. 
In 1927, Werner Heisenberg (Heisenberg 1927), published his “Uncertainty principle” which 
in brief states that it is impossible to simultaneously know both the position and momentum 
of an electron or any other particle with any degree of accuracy or “certainty.”  To define the 
location of an electron required interaction with it. This interaction would result in 
movement of the electron and as a result, would move the electron. The best one could 
achieve is knowledge of where the electron was at the time of interaction. 
The first utilization of nuclear isotopes for medical imaging and evaluation of heart disease 
was conducted by Blumgart (1926) in February of 1925 when he injected himself with 
Radium C, which emits alpha and beta particles and gamma rays.  As such, the Geiger 
counter chamber developed by Blumgart and Yens, could detect the passage of blood 
carrying the radium.  The studies would first be published in 1926 (Blumgart 1926) and 
become known as “circulation time” and would dynamically define myocardial contractility 
by comparing changes in count activity over time.   
In 1957, Hal Anger (1957) demonstrated the first gamma camera designed to detect the 
emission of radioactive decay emanating from the patient.  In essence, a modern Geiger 
counter which could be held some distance from the chest to measure isotope decay while 
present in cardiac tissue.  The decay (scintillation) is detected by the camera after being 
absorbed by the camera crystal (usually sodium iodide) with the subsequent release of an 
electron from the sodium iodide, which is subsequently detected by a photomultiplier 
(PMT) tube as shown in Figure 6.  These scintillations are tallied by the computer.  These 
anger cameras have been used to image various regions of the body using radioactive 
isotopes which are known to localize to the tissues in question.  For cardiac disease this has 
primarily included thallium-201 and technetium-99m. 
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The utilization of these cameras have been assumed to be able to detect changes in isotope 
availability by “counting” the amount of radioactivity as described and translating this 
information into a black and white or color format image for human viewing and 
interpretation of disease.  However, to the best our knowledge, no such experimentation has 
been carried out to determine if today’s gamma cameras can in fact accurately count 
radioactive decay required for image comparison. This quantification is necessary to compare 
redistribution of isotopes and to avoid errors in interpretation. This requires more than 
simply the ability to produce pictures of different brightness; it requires actual ability to 
measure differences in isotope decay (scintillation), as did Blumgarts Geiger counter. This is 
the basis of devices used to determine human radiation exposure and is a requirement in 
diagnostic imaging. To investigate this we conducted a series of experiments with known 
quantities of Tc-99m and utilized two different matrixes commonly employed in clinical 
cardiology to determine if the cameras are able to accurately measure radioactive decay. 
The acquisition of technetium-99m isotopes for diagnostic purposes results from the 
radioactive decay of the parent compound (Molybdenum) to the daughter compound 
(technetium-99m) is shown in Figure 7. The half-life for technetium-99m is 6.01 hours as 
shown in Figure 8. Each sample of technetium-99m contained 10.1 mCi (37.37 MBq) of 
radioactive compound.  Each sample was sealed in a syringe preventing any leakage of 
material. If the cameras are able to accurately measure isotope decay, the camera should reveal a 
10% reduction in count activity from the first image and the second image taken 55 minutes later. 
Utilizing a Philips Forte Dual head single photon emission computed tomography (SPECT) 
camera with general all purpose collimators, the camera was set to (1) a 64 x 64 matrix and 
(2) 128 x 128 matrix settings.  As shown in Figure 9A-C, the greater the matrix (pixel) 
settings per image, the greater the localization of isotope emission within the field of view 
and the sharper the image.  However, for each pixel, there are surrounding septa of lost 
information forming the border of the pixel.  The question is whether the increase in image 
“sharpness” comes at the expense of “accuracy” of radioactive isotope count activity, which 
is the basis for image comparisons.   
As shown in Figure 10A, the initial radioactive count obtained over 5 minutes from a 
syringe of 37.37 MBq of radioactive tc-99m using a 64 by 64 pixel matrix was 1,405,721.  
Using the same matrix and imaging 55 minutes later, Figure 10B shows the counts collected 
over 5 minutes were 1,251,359.  The decay curve for tc-99m means that there should have 
been a 10% reduction in count activity.  In this instance, there was a 10.98% reduction in 
measured isotope activity.  When efforts to improve image “sharpness” were made by 
changing the matrix to 128 x 128, Figure 10C shows the initial count activity measured over 
5 minutes was 3,473,001.  When the syringe was reimaged 55 minutes later using the 128 x 
128 matrix, the counts collected over a 5 minute period, as shown in Figure 10D, were 
2,966,394 .  While there was an increase in actual radioactive count activity compared with 
the 64 x 64 matrix, this came at a cost of accuracy with a 14.59% reduction in radioactive 
count activity.  This is 4.68 times the data lost as was seen with the 64 x 64 matrix. 
While the visual appearance desired by most clinicians to make diagnostic decisions is 
important, images can be manipulated to confirm what the diagnostician is looking for.  
These adjustments may lead to incorrect conclusions and visual interpretations alone may 
lead to incorrect conclusions. When done at social gatherings, these visual illusions as 
shown in Figure 11 can be entertaining.  When done to determine if someone has ischemic 
heart disease, such illusions can be more distressing.  For that reason, multiple researchers 
have been trying to develop algorithms, which will reduce this human error. It is impossible 
to reduce this human error, if Section of the error is the result of instrumentation.   
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These findings have demonstrated that independent of the visual image seen by the 
clinician, this information is dependent upon the accuracy of the computers ability to detect 
the radioactive decay of isotope needed to make image comparisons. Like, Heisenberg’s 
uncertainty principle, this uncertainty principle comes at a cost. The ability to detect the 
location of the emission of the gamma ray is influenced by the matrix surrounding the 
acquired image of the heart.  This precision of location comes at the cost of lost accuracy as 
to the number of gamma rays being emitted. Given this spatial limitation (sharpness) versus 
accuracy, like Heisenberg we are left with a dilemma. Do we sacrifice accuracy for 
“sharpness” or should we be more concerned with the necessary accuracy required to 
compare images (Fleming 2009b, 2010a-b, Sheikine 2010), thereby reducing errors made in 
evaluation of the extent of ischemic heart disease? 
Now that we have defined the limitations and accuracy of our SPECT cameras to define the 
presence or absence of disease, we can now turn our attention to understanding the kinetics 
of nuclear isotopes, with particular attention to technetium-99m compounds (viz. Sestamibi) 
to better understand how to best study the heart using our SPECT cameras. 
 

 
Fig. 6. Photomultiplier (PMTs) Tube 

As shown, PMTs are composed of glass tube with a vacuum inside. Photons leaving the 
patient would approach the PMT from left to right, striking the photocathode material first.  
This results in electrons being produced as a consequence of the photoelectric effect. The 
focusing electrode subsequently directs these toward the electron multiplier composed of a 
series of electrodes (dynodes), each with a more positive voltage than the next. The electrons 
are accelerated toward the first dynode, arriving with a greater energy. This results in low 
energy electrons being generated by the first dynode, which are in turn accelerated toward 
the second dynode and so on. The process is known as secondary emission and results in an 
amplification of the original scintillation. The electrons finally reach the anode (far right 
Section of PMT) where the accumulated charge results in a sharp current pulse indicating 
the arrival of the photon at the photocathode. 
 

    
Fig. 7. Decay of Technetium-99m 
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The production of technetium by bombardment of a molybdenum atom with deuterons was 
first documented by Carol Perrier and Emilio Segre in 1937. Technetium-99m (meta stable) 
decays to Technetium 99 through the release of a gamma (photons) rays of 140.5 keV (98.6%) 
and 142.6 keV (1.4%) as shown. The final result is Technetium-99 (Tc-99) with a half-life of 
210,000 years. 
 

 
Fig. 8. Radioactive decay curve of Technetium-99m 

The radioactive decay of technetium-99m is shown.  The physical half-life for Tc-99m is 6.01 
hours.  Given this information, one can calculate that over the course of 55 minutes there is a 
10% decay of the isotope.  In clinical studies looking at sestamibi redistribution to determine 
ischemia (Fleming 2009b, 2010a) the initial stress imaging is made at 5 minutes with the 
second imaging at 60 minutes. 
An effort to improve image “sharpness” (Figure 9A) is the result of increasing the number of 
pixels in a given field.  Cameras set up with a 64 x 64 matrix (pixel) resolution, will result in 
a more blurred image, while a matrix of 128 x 128 (pixels) will increase image “sharpness.”  
As seen in Figures 9B and 9C, the cost of increasing “sharpness” occurs at the cost of more 
septa separating each pixel, which reduces the area available for information acquisition.  
Each septa itself is excluded from acquiring information on radioactive decay, exchanging 
information for sharpness. 
 

 
Fig. 9a. Increasing the number of pixels increases image “sharpness” 
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Fig. 9b. Fewer pixels reduce “sharpness” while increasing scintillation detection 

 
Fig. 9c. More pixels increase image “sharpness” but at the expense of scintillation detection 

Fig. 9a-c. The greater the number of pixels, the “sharper” the image “appears” 
 

    
 a) b) c) d) 

Fig. 10. Verification of Technetium-99m-Sestamibi Count Imaging 
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A 37.37 MBq syringe of technetium-99m-sestamibi is placed under the camera and counts 
acquired over 5 minutes. The same syringe is reimaged 55 minutes later for an equal amount 
of time. When the 64 x 64 matrix was used, the original count was 1,405,721, the second image 
count was 1,251,359, representing 89% of the original count activity. When the resolution was 
increased to 128 x 128 matrix, there was an additional 50% loss in data, with a 5-minute image 
(different syringe sample) count of 3,473,001. The second image count 55 minutes later was 
2,966,394, representing a count decrease of 14.6%, 4.6 % more than should have been shown. 
This reduction is due to data lost as a result of increased grid lines forming the increased 
number of pixels per image.  Subsequently, total information is lost at the gain of localization 
information (FH Uncertainty principle). Since we are looking for total cell uptake of the tracer, 
one must use the 64 x 64 matrix as a better index of isotope activity in exchange for resolution. 
 

 
Fig. 11. The importance of recognizing visual illusions 

Visual illusions such as this shown here can result in incorrect diagnostic decisions when 
depended upon by the clinician. This particular illusion demonstrates visual problems 
resulting from pixel information. When these illusions are the result of instrumentality, 
diagnosticians cannot reliably use them to make clinical decisions and the utilization of 
attenuation algorithms cannot reliably reduce these errors, making it even more important 
that we know what our nuclear cameras are truly capable of measuring and how to most 
accurately use them. 

4. The kinetics of radioactive isotope distribution from vein to heart to cells 
to redistribution 
Imaging protocols are frequently employed by clinicians with an incomplete understanding 
of the kinetics of a given isotope.  Consequently, patients receive more isotope than may be 
necessary and under the wrong conditions for detection of the question at hand.  E.g. the 
utilization of stress-rest OR rest-stress imaging, frequently results in two injections of 
radioactive isotope, when only one is needed, resulting in comparing apples and oranges.  
Resting images as discussed elsewhere in this chapter are useful only for determining tissue 
viability and do not augment coronary artery blood flow (viz. coronary or stenosis flow 
reserve) as discussed in Figure 14 below and elsewhere in this chapter and as such cannot be 
used to determine the presence or absence of ischemia.  Similarly, resting images are not 
helpful for comparison with stress images as discussed in Section IV of this chapter and 
results in failure to accurately detect ischemia along with assignment of ischemia to the 
wrong regions of myocardium, leading to continued frustration for those using stress-rest 
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protocols. In this Section of the chapter, we will review the process by which nuclear 
isotopes are injected, delivered and redistributed throughout the myocardium allowing us 
to better understand how we can take advantage of these properties to increase our detection 
of ischemia and as we shall see in Section V, the ability to detect myocardial viability. 
 

 
Fig. 12. Diagram of coronary artery prior to injection of radioactive isotope 

Figure 12 represents an artery with the lumen of the artery at the top of the image.  On the 
left side is a critically narrowed artery with a vulnerable plaque, the region immediately 
below that represents myocytes when ischemic as seen under the microscope. Immediately 
below this is the appearance of mitochondria under severe ischemic conditions.  Note the 
reduction in myofibrils and mitochondria under severe ischemic conditions. In the middle 
third of the image, at the top, lies a normal appearing coronary lumen with normal 
appearing myocyte with normal concentration of mitochondria immediately below the 
myocytes image. The right Section of the image represents diseased artery initially 
represented by extension outward as first demonstrated by Glagov (1987) from pathology 
specimens with encroachment into the lumen as we proceed from left to right.  Immediately 
below the artery is the microscopic appearance of mildly damaged myocytes with the lower 
Section of the image revealing a reduction in the numbers of mitochondria present in 
regions with mild to moderate ischemia, but, more than the region of vulnerable plaque (left 
side of image) where severe ischemia is present. 
Figure 13 shows the longitudinal and cross-sectional effects of an artery without disease on 
the left and a region of artery with inflammatory coronary artery disease resulting in 
ischemia. Arteries free of disease can vasodilate upon command to increase coronary blood 
flow while arteries with inflammation are unable to dilate to the same degree. These 
differences can be detected and measured in the nuclear laboratory as we have shown 
(Fleming2008a).   
Figure 14 shows the relationship between coronary (stenosis) flow reserve and percent 
diameter narrowing.  As established by Gould (1990) in dogs and in humans by Fleming 
(1991b, 1994) the greater the amount of inflammatory coronary artery disease (ischemia), the 
less the flow reserve and the greater the reduction in an arteries ability to carry blood flow 
along with radioactive isotopes to a region of myocardium where the isotope can cross the 
capillary membrane and migrate into myocytes for uptake and detection.   These differences 
in flow were first established by Poiseuille (1840) in the laboratory.   
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Fig. 13. Demonstrates the capability of coronary arteries to dilate to increase coronary blood 
flow, viz. stenosis (or coronary) flow reserve, to meet increased myocardial oxygen and 
nutrient demands with “stress” 

 

 
Fig. 14. Actual coronary flow reserve in humans as influenced by anatomic narrowing of 
coronary arteries 

Figure 15 shows the injection of sestamibi into the right antecubital region immediately 
following stress.  The radioactive material can be measured as documented by Blumgart 
(1926) to determine circulation time and myocardial status. 
Figure 16 shows the same artery from Figure 12, with the initial pass of radioactive isotope 
material through the lumen.   
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Fig. 15. Initial injection of technetium-99m into the right antecubital vein 
 

 
Fig. 16. Cartoon depiction of radioactive isotope initially entering a coronary artery. 
 

 
Fig. 17. Cartoon depiction of delivery of radioactive compound from a coronary artery into 
the myocardium 
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This figure shows the passage of radioactive isotope (sestamibi) from the lumen into the 
myocardial tissues 5 minutes after injection into the venous system following “stress”.  
Passage from lumen to tissue is dependent upon four variables. First, when there is a region 
of artery is inflamed, there is (a) reduced passage of material through the region from the 
narrowing as well as a reduction in the dilatation of the artery to carry radioactive material 
as described in Figure 14. Secondly, as the wall of the artery is inflamed and thickened, there 
is an increased impediment to the movement of sestamibi through such a region in contrast 
to a non-inflamed region. Thirdly, as a region becomes ischemic, the mitochondria are less 
able to retain the sestamibi due to calcium overload (Crane 1993, Lenzi 2003, Kodavanti 
2008) and there are fewer mitochondria to retain the sestamibi. Finally, sestamibi is a 
lipophilic compound (Maublant 1988) which when passing through (a) a lipid laden plaque 
and (b) an inflamed region or region with increased mitochondrial activity (Fleming 2000c) 
due to the white blood cells (greater mitochondrial concentration is required of these cells if 
they are to be able to respond to inflammatory stimuli including diseased arteries or bacteria 
which may or may not play a role in a disease artery) will have a greater uptake (Fleming 
2002c-e, 2003a-c) of sestamibi, reducing the amount of radioactive tracer passing through the 
lumen into myocardial tissue with its mitochondria. 
 

   
Fig. 18. Electron microscopic images of mitochondria showing the outer and inner 
membranes along with cristae and matrix 
 

 
Fig. 19. SPECT image of distribution of Sestamibi within myocardial tissue which can be 
qualitatively Gestalted or quantitatively measured as done here 

Figure 18 shows three mitochondria under different sets of conditions, as shown in Figure 
17. The far left mitochondria shows the reduced delivery of sestamibi in a region of 
vulnerable plaque where the reduced lumen size, reduced flow reserve ability, the increased 
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lipid laden material will result in a reduction in delivery of sestamibi to the mitochondria in 
the region. The middle panel shows a mitochondria receiving maximum delivery of 
sestamibi from an artery, which is able to vasodilate and carry maximum amount of isotope 
with no impedance to delivery of the isotope to the mitochondria and non-ischemic 
mitochondria. The far right panel shows more sestamibi delivery than the region with 
vulnerable plaque, with reductions due to limitations in lumen size and reduced flow 
reserve, but, not as limited as that occurring with the region of vulnerable plaque. 
Figure 19 shows an actual myocardial perfusion image obtained 5 minutes after injection of 
sestamibi with three regions of interest (ROIs) measured in regions of (a) a vulnerable 
plaque (23,600), (b) a normal region (27,110) and finally (c) a region with ischemia without 
critical narrowing or vulnerable plaque (26,660). 
 

 
Fig. 20. Coronary artery cartoon showing redistribution of radioactive isotope (in this 
instance sestamibi) with time 

Figure 20 shows the effect of 55 additional minutes (60 minutes post-stress) of perfusion of 
tissue with sestamibi.  During this time, there has been additional delivery of sestamibi to 
each of the regions of the heart.  As established by Maublant (1988), the washout for 
sestamibi is 28 minutes.  Crane(1993) established that ischemia affects the calcium 
concentration within mitochondria resulting in calcium overload and decreased potentiation 
for sestamibi retention.  Between these two factors in addition to the four reasons discussed 
with Figure 17, regions of critically narrowed arteries or arteries with vulnerable plaque, as 
shown in the left side of the figure will have an increase in radioactive (sestamibi) count 
(concentration) at 60 minutes compared with that seen at 5 minutes.  In the middle of the 
figure, the region of myocardium supplied with a normally functioning artery without 
narrowing sees a constant uptake and washout of Sestamibi (Maublant 1988) with the 
expected decay in isotope of 10% as shown in Figure 21.  During this time, the greater 
amount of radioactive material present in the normal region provides a concentration 
gradient for increased delivery of isotope (sestamibi) to the region with critical narrowing 
and/or vulnerable plaque, adding to the increased delivery in isotope in this region over 
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time. This increased delivery of isotope is defined as washin as will be discussed below. The 
far right hand Section of the diagram shows the effect of decreased retention of sestamibi by 
ischemic mitochondria (Crane 1993) with a greater than expected (10% by technetium-99m 
isotope decay) reduction in isotope concentration returning from the mitochondria into 
regions of normal tissue with a greater capacity to retain sestamibi for a greater period of 
time, or return of the isotope into the vascular space where isotope is delivered for excretion 
(Sattari 2001) from the body.  
 

 
Fig. 21. Decay curve of technetium-99m 

Figure 21 shows the decay curve seen for technetium-99m compounds.  Over the course of 
55 minutes (the time difference between imaging at 5 minutes and 60 minutes), there is a 
10% isotope decay, which will result in the “normal” reduction in isotope seen over a 55-
minute period of time.  
 

 
Fig. 22.  Changes in mitochondrial movement (redistribution) of sestamibi over time 

Figure 22 shows the uptake/release of sestamibi by mitochondria at 60 minutes post-stress.  
When compared with Figure 18, it is clear that mitochondria (far left) in the critically 
narrowed/vulnerable plaque regions are now receiving greater concentrations of sestamibi 
as described in Figure 20. The mitochondria in the middle image shows continual uptake and 
release of sestamibi given the unimpaired delivery of the isotope and normal mitochondrial 
calcium levels leaving an unimpeded mitochondrial uptake and release of sestamibi.  The far 
right panel reflects the findings noted in Figure 18, where there is relatively unimpeded 
delivery of sestamibi to the mitochondria, with increased release due to the effect of ischemia 
upon mitochondrial calcium concentration and mitochondrial function.   
Figure 23 shows the results of sestamibi concentration and measurement of radioactive levels 
of sestamibi at 60 minutes post-stress. These results show what is described above, viz. and 
increase in concentration in the region of the vulnerable plaque/critically narrowed coronary 
artery with a count of 30,470. The region with normal blood flow and normal functioning 
mitochondria shows a count of 25,472 while the ischemic region without a critical narrowing 
or vulnerable plaque shows impairment in mitochondrial function as described above with a 
count of 15,407 despite reasonable delivery of the radioactive isotope sestamibi. This single 
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60-minute image minus the actual ROI counts, appears completely normal qualitatively 
leading one to detect no ischemia when it is used for rest to stress comparisons, which Gorlin 
(1959) demonstrated could not be used as a method for detecting ischemia.   
 

 
Fig. 23. Measurement of sestamibi redistribution as quantitatively measured, allowing for 
assessment of both physiologic and anatomic information, which cannot be determined by 
comparing images using a visual Gestalt 
 

 
Fig. 24. Anatomic information obtained from coronary angiography which was compared 
with physiologic information obtained from Sestamibi redistribution 
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Figure 24 shows the results of coronary angiography with detection of vulnerable plaques, 
normal arterial regions and regions of ischemia matching the findings of wash in and 
washout; but, not matching the results of the single 60-minute image displayed in Figure 23 
when using only a qualitative method in stark contrast to a comparison of change seen 
between the 5-minute and 60-minute images above.   
 

 
Fig. 25. Comparing quantitative sestamibi information between stress-stress imaging 

Figure 25 represents the results of what is seen when the quantitative measurement of ROIs 
are compared for (a) regions of critically narrowed/vulnerable plaque regions (wash in) 
where radioactive concentration is seen to increase between the 5 and 60-minute images, (b) 
when disease is not present (both flow and mitochondrial function are unimpaired) and the 
change is count activity can be accounted for on the basis of isotope decay (Figure 21).  As 
we have seen, the isotope (sestamibi) is not merely taken up and retained but as 
demonstrated by both Maublant (1988) and then Crane (1993), the isotope undergoes uptake 
and release, the rate of which is determined by ischemia and mitochondrial function. 
Finally, (c) washout is seen as an initial near normal delivery of isotope with impaired 
retention independent of the delivery of the isotope owing to mitochondrial calcium 
overload resulting from ischemia.   
 

 
Fig. 26. Single injection, single camera imaging assessment of anatomic AND physiologic 
information obtainable by quantitative measurement of Sestamibi redistribution 
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Figure 26 summarizes all of the information seen both with changes in isotope concentration 
(washin, normal, washout); but, more importantly compares this with findings seen on 
coronary angiography, enhancing decision making capabilities from this physiologic change 
(Fleming 2008b, 2009a) in isotope over time. 
Armed with the understanding of how our Nuclear SPECT cameras work and how these 
isotopes redistribute over time, we can now better understand the process by which we can 
best use our nuclear cameras to detect ischemic heart disease.  It is estimated that in the 
United States alone, some 10 million nuclear heart scans are performed each yearly.  Of 
these some 80,000 to 140,000 individuals will be told following their (Heart 2011) “rest-
stress” SPECT myocardial perfusion imaging (MPI) studies, that they have no ischemic 
heart disease whatsoever.  Of these 40,000 to 70,000 will go home and die from a heart 
attack.  Evidence indicates that these individuals have “normal” appearing 60-minute post-
stress studies and are only detected by finding a decreased uptake at 5-minutes post stress, 
viz. “wash-in.”  The “rest-stress” approach simply cannot detect these individuals.  In the 
next Section of this chapter, we will look at the evidence proving this and scientifically 
establish why so many people are being misdiagnosed and what we can do about it. 

5. Fleming Harrington Stress SPECT protocol reduces radioactive dosage 
and increases ischemia detection.  The detection of ischemic heart disease is 
accomplished by comparing multiple images of the heart following stress.  
(ischemia equals stress imaging) 
Background: Radioisotope manufacturers, nuclear camera manufacturers, standard 
guidelines for myocardial perfusion imaging, all assume rapid isotope uptake followed by 
an essentially static retention mechanism. Contrariwise, the historic first nuclear cardiology 
study found measurement of nuclear isotope blood flow kinetics to be diagnostic of heart 
disease. No clinical investigations appear to have followed that classic finding. We assessed 
the clinical diagnostic utility of time course myocardial perfusion measurements following 
single injections.  
Methods: One hundred twenty patients suspected of having heart disease underwent 
Sestamibi stress images taken at 5 and at 60 minutes following completion of cardiac stress. 
Quantitative (FRHWW) redistribution differences between the images were assessed. 
FHRWW results were compared with angiographic findings.  
Results: Parabolic regression of stenosis on redistribution yielded an effect size of R(CI95%) 
= 0.72 to 0.95, (P=3.8×10-8). Fifteen percent of individuals with “normal” appearing 60 
minute SPECT images were noted to having coronary artery disease using both 
redistribution data and coronary angiography requiring stent placement. These individuals 
had “wash in” of Sestamibi (isotope uptake greater at 60 minutes than 5 minutes) and 
signaled patients at risk of undergoing an acute cardiac event due to vulnerable plaques or 
tight lesions placing significant amounts of myocardium at risk of infarction. One of the 
individuals who did not require cardiac catheterization based upon the FHRWW data, 
underwent coronary angiography based upon rest-stress results AND had a major adverse 
event as a result of the subsequent cardiac catheterization.  There was no detectable CAD, 
confirming the FHRWW findings and the need for caution in individuals undergoing 
invasive procedures.  
Conclusions:  Dynamic “uptake /release” models appear to be a superior alternative to the 
common “uptake/retention” models of technetium-99m isotopes used in nuclear 
myocardial perfusion imaging. This sequential quantitative diagnostic model, reinforces the 
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work by Blumgart, enabling more accurate diagnosis of coronary artery disease and 
providing for intervention in individuals requiring stents or bypass, whom would otherwise 
be missed on rest-stress imaging protocols while avoiding unnecessary coronary 
angiography among individuals with “normal” Sestamibi redistribution. 
While diagnostic testing and decision making in the treatment of atherosclerotic coronary 
artery disease (ASCAD/CAD) tends to revolve around evidence of anatomic [cardiac 
catheterization (Fleming1991b), coronary computed tomography, intravascular ultrasound 
(Taki 2001, St Goar 1991), et cetera] disease, it has been well established that this 
inflammatory (Fleming 1999c, 2000c-d) process may smolder for years and that up to 85% of 
all myocardial infarctions occur with < 30% diameter narrowing.  It is; therefore, important 
for us to look for new ways to uncover this smoldering inflammatory disease process when 
intervention may be more beneficial to the patient and potentially less costly to the patient 
and society at a time when health care costs are a major issue.  
When teenagers learn to buy their first automobile, they learn an important lesson.  Not 
every car that looks good runs well.  This same lesson applies to the diagnosis and treatment 
of ASCAD.  The lesson is to determine how well the car runs, or in this case, how well the 
heart runs.  Hence the importance of physiologic testing; i.e. testing to see how well the 
heart runs.  Prior to nuclear imaging of the heart, now called myocardial perfusion 
(Maddahi 2001, Kern 2006) imaging (MPI), patients ran on a treadmill (exercise stress 
testing/EST) under the belief that this would precipitate chest pain (angina) and perhaps 
electrocardiographic and hemodynamic changes which would indicate problems with 
coronary blood flow.  Until recently, it was believed that this was purely the result of 
narrowing within the lumen of the artery.  It has since been demonstrated that angina is the 
result of regional blood flow (Fleming 2000e, 2003d) differences; hence, the importance of 
quantifying such areas of the heart by analyzing regions of interest (ROI).  These differences 
in regional blood flow work through mechanisms as of yet not completely understood.  The 
ability to precipitate these differences in regional blood flow can be accomplished via the 
utilization of MPI and pharmacologic or exercise stress testing.  A major limitation with 
utilizing single 60 minute images for interpreting the presence of ischemia on MPI are 
attenuation artifacts. Such artifacts include anterior attenuation from breast tissue, 
diaphragmatic attenuation from abdominal obesity, hypertrophic differences in walls of the 
heart, bundle branch anomalies, et cetera. These attenuation issues have not been 
significantly corrected with the addition of attenuation correction protocols. While nuclear 
tracers (isotopes) have improved over the years, many misconceptions (Beller 1990, Fleming 
1991a, Sinusas 1994, Dahlberg 1994, Glover 1995, Hurwitz 1996, Husain 2007) have plagued 
the field limiting the accuracy of MPI with sensitivities and specificities remaining at 65-90% 
in most published investigations (Parameswaran 2006).   
In 1926 Blumgart first proposed nuclear imaging techniques for the detection of heart disease. 
His method clearly proposed serial assessment of isotope count activity to determine cardiac 
function.  Decades passed before Love (1965) discussed the potential future of Nuclear 
Cardiology and pointed out that rest images (Gorlin 1959) were useless in the detection of 
coronary artery narrowing. With the advent of technetium-99m- sestamibi, clinicians 
believed that the isotope was taken up by myocardial tissue within minutes of injection and 
remained fixed within myocytes. Crane (1993) demonstrated this was not so and 
demonstrated that retention of sestamibi was dependent upon ischemia and cellular 
viability.  This opened the door to the discovery of changes in isotope count over the course 
of time and reinforced Blumgart’s 1926 paper. During our initial (Fleming 2003e, 2008) 
efforts to better understand the underlying inflammatory component of CAD via MPI, five 
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and sixty minute imaging revealed differences in the qualitative appearances of images seen 
following pharmacologic stressing of individuals as predicted by Blumgart (1926), Love 
(1965) and Crane (1993). As noted below, others have noticed these differences as well.  
Furthermore, comparisons of the initial 5-minute imaging with the 60-minute imaging 
demonstrated different results from the simple “uptake/retention” rest-stress model. Other 
investigators have noted similar differences between 5 minute and 60 minute imaging of the 
heart (Hurwitz 1993, 1998, Saha 1994, Giubbini 1995, Pace 2005) allowing for enhanced 
detection of congestive heart failure (Hurwitz 1998, Kumita 2002, Sugiura 2006, Matsuo 
2007), cardiomyopathies (Meissner 2002, Ikawa 2007), Prinzmetal 's angina (Ono 2002, 2003) 
and underlying coronary artery disease (Meerdink 1990, Richter 1995, Shin 1995, Takeishi 
1996, Takahashi 1996, Fujiwara 1998, Hurwitz 1998, Ayalew 2000, 2002,  Liu 2001, Kumita 
2002, Tanaka 2006, Fukushima 2007, VanBrocklin 2007) including evidence of wash-in 
(Meerdink 1990, Richter 1995) indicative of critical lesions not detected by conventional MPI.  
In the same way that thrombolysis in myocardial infarction (TIMI) flow is used to look for 
changes (sometimes subtle, sometimes not) in coronary blood flow in the catch lab, multiple 
imaging following pharmacologic or EST allows us to take a more advanced look at the 
physiologic function of the heart, unmasking ischemic heart disease missed by rest-stress 
imaging.   
Given these recent investigations into improving the detection of ischemia by quantifying 
isotope counts on multiple (sequential) images following pharmacologic and exercise stress, 
we set out to determine (1) are nuclear cameras used in the “clinical” setting today able to 
detect differences in radioactive isotope counts over a period of time, which would allow 
these cameras to detect changes in flow and retention of isotope over time (2) what are the 
optimal imaging times for the detection of ischemia and (3) how do these changes in isotope 
counts compare with percent diameter stenosis as seen on coronary angiography?   

5.1 Methods 
5.1.1 Single Photon Emission Computed Tomography (SPECT) cameras 
The Philips Forte Dual Head SPECT camera used general all (GAP) purpose collimators 
with the heads positioned at 90 degrees per manufacturers specifications.  A 15% window 
was used with a 64 by 64 matrix.  In the first Section of this study, we additionally looked at 
differences between 64 x 64 matrix and 128 x 128 matrix. Imaging occurred 5 and 60 minutes 
post stress with processing of images as described in the literature (Fleming 1991a, 2003e, 
2008). Jet stream software was used per manufacturer’s instructions to quantitatively 
measure regions of interest (ROIs).   
The Picker Axis Dual Head SPECT camera used a low energy general all (LEGAR-PAR) 
purpose collimator with parallel hole positioning.  The heads were positioned at 102 degrees 
per manufacturer specifications.   Picker camera software was used for ROI measurements.  
1. Determining if Nuclear Cameras used in “Clinical” Practice are able to detect changes 

in isotope count over time. 
Establishing technetium-99m decay by radioactive count measurement:  Based upon the 
half-life of technetium-99m, a stable source representing the “uptake/retention” model 
(viz. a syringe filled with the isotope) has a 10% decay over 55 minutes with a retention 
of ~90% of the radioactive counts over a 55 minute (the difference between 5 and 60 
minute images) span of time.  In an effort to establish whether “clinically” used cameras 
are able to measure this physical decay in technetium-99m, we studied a 37.37 MBq 
(10.1 mCi) sample of sestamibi at baseline and again 55 minutes later. As shown in 
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Figure 10, the resting isotope count was 1,405,721 while the second image obtained 55 
minutes later was 1,251,359 representing 89% of the original count activity.  
Independent of the actual amount of activity which is taken up by a region of 
myocardium, if the “uptake/retention” model was correct, images taken 55 minutes 
after the original image would yield counts of 90% of that seen in the first image. 
Fleming-Harrington Redistribution Wash-in (FHRWW) Washout (Fleming 2009a-b, 
2010a): Using Multiple SPECT Camera Images of the Heart to Determine Changes 
Between 5 and 60-Minute Images. 

2. Optimal Timing to Measure Changes in Radioactive (Sestamibi) Isotope Activity. 
Measuring regions of interest (ROIs) to quantify changes in technetium-99m isotopes 
between 5 and 60-minute images to look for changes in isotope “uptake/retention.”  We 
began with the knowledge acquired from the first Section of this study, that we needed 
to use the 64 x 64 matrix to accurately measure changes in radioactive decay.  We then 
proceeded to analyze ROIs at 5-minutes (Figure 27) and at 60-minutes (Figure 28). 
FHRWW calculations (discussed below) demonstrated that the “uptake/retention” 
model was clearly wrong as seen by the increase in count activity in the anterior wall 
(23,600 at 5-minutes and 30,470 at 60 minutes) while the inferior region without 
ischemia demonstrated a 6% reduction in count activity.  
Establishing the optimal time sequence for image acquisition to measure radioactive 
counts:  Using this particular individual (Figures 27 and 28), during this second phase 
of the investigation, we additionally compared the basal anterolateral, mid 
anterolateral, basal anterior, mid anterior, basal inferior, mid inferior basal, inferoseptal 
and mid inferoseptal ROIs and compared the results with that obtained from coronary 
angiography. We then measured radioactivity in each of the 8 ROIs over the course of 
an hour, with the salient findings reported in Figure 29.  These results were compared 
with our previous studies (Fleming 2003e, 2008) which revealed the ideal timing for 
detection of inflammatory changes and based upon the expected 10% decay of 
technetium-99m over a span of 55 minutes, the remainder of our work (FRHWW) 
focused on ROIs obtained at 5 and 60 minutes post stress.  These results confirm that 
Sestamibi does NOT follow an “uptake/retention” model; but rather an 
“uptake/release” model consistent with Sestamibi redistribution (FHRWW). 

5.2 Calculating FHRWW 
By comparing 5 and 60-minute imaging, the expected decay of Tc-99m is 10%.  Actual 
counts from individual ROIs can then be taken and actual redistribution (FHRWW) can be 
calculated as follows. 

( )
( ) ( )

( )
 

FHRWW Total Heart  
ROI counts total heart  at 5 minutes  ROI counts total heart  at 60 minutes

100 10
ROI counts total heart  at 5 minutes

=
−

= × −
 (eq 1)    

Where 100 places the answer in percent minus the 10 % expected decay. 

( ) ( )
( )

FHRWW for a particular myocardial ROI 
ROI counts region  at 5 minutes ROI counts region  at 60 minutes

100 10
ROI counts region  at 5 minutes

=
−

= × −  (eq 2) 
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This can be re-written as:  

Let the 5 minute counts  ‘x’,  let the 60 minute counts ‘y’,  and let % washout ‘100 * w’= = =  (eq 3) 

Then w = (x - y)/x - 0.1 = x/x - y/x - 0.1 = 1.0 - y/x - 0.1 = 0.9 - y/x = .9 – 60 minute counts/5 
minute counts.  
3. Comparing washout/wash-in results with coronary angiographic assessment of percent 

diameter stenosis. 
One hundred twenty patients (ages 25 to 82 years) with suspected coronary artery 
disease underwent myocardial perfusion imaging after signing informed consent per 
Institutional protocol following adenosine (n=30), lexiscan (n=61), dobutamine (Fleming 
1995, 1999a, Calnon 1997, 1999, Matsunari 2001), n=4 or treadmill (Fleming 1991a, 
1999a), n=25 stress.  Following standardized protocols already published (Fleming 
2009a-b, 2010a) MPI using both the rest-stress and stress-stress (FHRWW) approach 
were compared with coronary angiography (Fleming 1992a-b). 
Statistical Analysis.  Quantification of isotope counts was made using the specific 
nuclear computer software provided by the nuclear camera companies.  These 
quantified counts were recorded with calculations of FHRWW as noted above.  
Correlation coefficients, confidence intervals and p-value (significance levels) were 
determined between %DS and FHRWW using product-moment correlation and least 
squares regression fitting the hypothesized model of y=cx2.  Using the null hypothesis 
for n = 120 patients, we estimated odds ratios (ORs) for predicting final diagnosis from 
nuclear procedures.  ORs were determined against coronary angiography results for 
both the rest/stress images and FHRWW images.  Statistical analysis and graphics were 
developed using R-2.6.0 and GGobi software. 

5.3 Results 
To the best of our knowledge verification of the ability of a nuclear camera used for 
“clinical” purposes to measure sequential radioactive counts confirming differences in 
technetium-99m-sestamibi resulting from the physical decay of the isotope has not 
previously been reported in the literature. The first phase of this study was to confirm that 
cameras used clinically are able to detect differences in radioactivity accurately, assuming 
they employ the correct matrix to do so.  To prove this, we used 37.37 MBq of technetium-
99m-sestamibi with both a 64 x 64 matrix and a 128 x 128 matrix.  The results of the 64 x 64 
and 128 x 128 matrices are shown in Figure 10.  Over a 55 minute period of time, the 
expected decay of technetium-99m would be 10%, leaving a residual activity of 90% of the 
original counts.  This represents a true “uptake/retention” model since the radioactive 
compound is retained within the syringe.  Using the 64 x 64 matrix, the radioactive counts 
went from 1,405,721 to 1,251,359 representing an 11% decay with a residual 89% of the 
original isotope activity.  The 128 x 128 matrix reported 3,473,001 at baseline and a count of 
2,966,394 55-minutes later for a decay of 14.6% with a residual of 85.4% of the original 
isotope activity.  For this reason, the 64 x 64 matrix more correctly demonstrated the 
expected decay of the isotope based upon the physical half-life of Tc-99m and was therefore 
chosen as the standard for performing these studies. 
The second question related to the timing of data collection.  Prior studies (Fleming 2003e, 
2008) demonstrated the ability to detect inflammatory markers on SPECT images at 5 
minutes; but, not at later periods of time.  Figure 29 displays the results of radioactivity 
measured using the clinical camera with a 64 x 64 matrix.  As shown, the peak detectable 
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radioactivity was measured between 5 and 10 minutes post injection for individuals with 
“no” coronary artery disease or coronary artery disease without “critical” lesions or 
“vulnerable” plaques.  In individuals with “critical” lesions and/or vulnerable plaques, 
radioactive counts increase from 5 to 60 minutes, viz. wash-in (Fleming 2009a-b, 2010a). 
Combined with the results of instrumentation (Figure 10), the ability to detect ischemia 
based upon blood flow and cellular uptake and release of sestamibi, is best made by 
comparing counts at 5 minutes and 60 minutes.   
The final component of our study compared results of rest-stress imaging and FHRWW 
with angiographic (%DS) data.  There were no differences observed between individuals 
who were stressed either physically or pharmacologically. Outcomes were not changed by 
the stressor used, as the comparison between rest/stress and FHRWW determination of 
redistribution was independent of the type of stress. The use of regional wall motion 
information was used with both the rest/stress protocol and the FHRWW approach, which 
made it possible to look for wall motion abnormalities and ejection fraction using either 
approach. Since these observations are identical, regardless of which method was used to 
report ischemia, we do not report them here.   
We analyzed the results of rest/stress image comparisons and FHRWW redistribution 
images and compared them with findings obtained from coronary angiography.  For the 
rest/stress images, the OR for detecting ischemia was 4.9 with a CI (95%) of 2.3 to 10.3. For 
FHRWW, the OR was 56.8 with a CI (95%) of 27.5 to 117.2. When the results of these ORs 
were compared, the t value was greater than 6.6 (P < .0001).  We obtained results of %DS for 
each of the epicardial arteries and their branches, and plotted these results against the 
redistribution results for each of the eight ROIs. This could only be done with the 
redistribution data, which provided quantitative results, which could be compared with the 
quantitative results obtained angiographically. 
Comparison of the rest/stress image results with the angiographic results showed a 
sestamibi rest/stress imaging sensitivity of 67%. Of the false negative results (n = 22), 18% (n 
= 4) had critically narrowed arteries or arteries with vulnerable plaques whose 60-minute 
images appeared completely normal (Pace 2005, Fleming 2008). However, evaluation of the 
5-minute images for redistribution (using FHRWW), revealed both qualitative and 
quantitative decreased uptake, demonstrating a washin effect. The 60-minute post stress 
images miss this washin phenomena when looked at independent of the 5-minute images, 
yielding incorrect results.  The standard rest/stress images also yielded a specificity of 88%; 
of which, only one participant (0.8%) who underwent a coronary angiogram had an adverse 
outcome requiring cardiopulmonary resuscitation (Hurwitz 1993).  
FHRWW calculation was made first by comparing the total radioactive counts of the heart at 
5 minutes with the total counts of the heart measured at 60 minutes.  The eight regions of 
interest (ROIs) were then compared using both the 5 and 60-minute image information.  
Analysis of eight ROIs appears to provide the optimal analysis of specific coronary artery 
beds (left anterior descending, circumflex and right). These regions include the basal 
anterior, mid anterior, basal anterolateral, mid anterolateral, basal inferior/posterior, mid 
inferior, basal inferoseptal and mid inferoseptal. Examples of some of these regions are 
shown in Figures 27, 28, 30A-C and 31A-D. These multiple examples show how, 
independent of different color scales and cameras used to qualitatively estimate ischemia; 
quantitative measurements can be made independently and without interference from 
hepatic and other tissue uptake. Washout (counts greater at 5 minutes than 60 minutes, 
excluding the expected isotope decay) and washin (noted counts greater at 60 minutes than 
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5 minutes) were plotted against the percent diameter stenosis (%DS) determined on 
coronary angiography.  Washin was seen in 15% of the individuals studied and was 
associated with “normal” appearing 60-minute images. When the results of 
washout/washin were compared with %DS, a parabolic relationship (figure 6) was 
demonstrated with F = 70.4, df(1,21),  (P=3.8×10-8), R(CI95%) = 0.72 to 0.95.   

5.4 Discussion 
The advent of nuclear cardiology by Blumgart beginning in 1925 yielded a new era of 
medicine with the use of radioactive materials to perform physiologic testing which requires 
sequential measurements as described by Blumgart to be performed correctly.  
Unfortunately, decades elapsed (Love 1965) before such nuclear materials were made 
readily available for “clinical” use.  The first agent being Thallium-201 (Tl-201) was plagued 
with limitations including a long half-life (72 hours) resulting in the need to use relatively 
low doses (6.8-11.1 MBq) of the isotope.  Given the limitations (Fleming 1992a, 1995) of 
Compton scatter, tissue attenuation and the emission of mercury x-rays from the isotope, 
cameras could not acquire adequate counts for imaging until 60 minutes had elapsed.  
Given the passage of time, much of what Blumgart discussed had been lost to history (Love 
1965).  With the advent of Molybdenum-99, Technetium-99m generators, the ability to 
perform clinical studies using technetium tagged agents (e.g. teboroxime, sestamibi, 
myoview, et cetera) with shorter half-lifes (6 hours) allowing greater doses (up to 1110 MBq) 
and less Compton scatter and tissue attenuation issues yielded what “appeared to be cleaner 
images”.  These images were still plagued with attenuation issues and were reported to be 
“taken up and retained” within minutes of intravenous injections.  Despite the report by 
DuPont (Crane 1993) and multiple other research and clinical (Everett 1977, Fleming 1992b, 
2003e, Aodah 2007, Fallahi 2008) studies discussed above and below, which have clearly 
established that these isotopes redistribute and do not “stick”, most clinicians have 
continued to ignore Blumgart’s teaching of performing sequential evaluations under same 
state conditions and have subsequently limited their investigation of coronary artery disease 
to single post-stress imaging despite the teaching of nuclear imaging which notes that “a 
better indicator of organ function is the change in the activity in a particular organ with 
time.”  Newer clinical observations and publications (Sheikine 2010) have since been made 
confirming our earlier observations from 2000-2001.  
Inconsistencies in analysis of cardiac imaging have led some researchers (Fleming 2002b, 
Toriyama 2005, Oregon 2008) to recommend that these clinical studies be standardized 
quantitatively; something this study has accomplished.  In medical school we were taught 
that there were two ways to understand the results of a test.  The first is to compare it 
against the population (e.g. one obtains an electrocardiogram to look for evidence of 
ischemia or infarction), the second is to compare it with the results of that test which the 
patient had previously (e.g. poor R-wave progression may actually represent loss of R-
waves and evidence of a prior anteroseptal injury/infarction which can be made more 
confidently in the presence of a change in the electrocardiogram for that patient, opposed to 
the confidence one has in making such a diagnosis when this is the first electrocardiogram).  
The same problem applies with looking at a region of the heart on a single 60 minute image 
post stress.   Issues of tissue attenuation including (1) breast artifacts in the anterior wall, (2) 
diaphragmatic attenuation inferiorly, (3) differences in wall thickness (asymmetric septal 
hypertrophy) and (4) conduction disturbances influencing timing of systole (left bundle 
branch morphology) are examples of errors made when one region of myocardium is 
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compared with another region (e.g. a single 60 minute image) instead of comparing a region 
with itself (5 and 60 minute images) and looking for change.  Unless there is a change in 
breast tissue or abdominal obesity between the 5 and 60 minute image, errors resulting from 
soft tissue attenuation of photon activity are eliminated.  The same applies for changes in 
wall thickness and conduction issues; unless there is a change between the 5 and 60 minute 
image, the region is being compared with itself and such artifacts are eliminated. 
Despite an absence of research to support the ability of “clinical” nuclear cameras to 
accurately detect changes in radioactive counts which match the expected decay of the 
nuclear isotope in question clinicians have used these cameras to assess the presence or 
absence of disease in patients.  As Archie Cochrane and history has taught us it is truly 
dangerous to assume that the way we have been doing something is the correct way to do it 
in the absence of data to confirm we are right. The first Section of this study demonstrated 
that the cameras we used in this study were able to accurately detect the decay of 
technetium-99m-sestamibi over a 10% decay.  This was best appreciated using the 64 x 64 
matrix.  Even though manufactures support the use of 128 x 128 matrix as giving greater 
detail, the use of the 128 x 128 matrix reported a greater decay in the isotope than is 
physically possible suggesting that information is lost; perhaps as a result of “modulation 
transfer function” (a concept well known to photographers and imaging engineers).   
During the second and third Section of our study we looked at the timing sequence, which 
would yield the most valuable information, not only regarding detecting changes in 
radioactivity with cardiac tissue, but the ability to detect markers of inflammation (Fleming 
1999c, 2000c, 2003e, 2008, Kern 2006).  Our previous findings clearly demonstrated the 
importance of looking for markers of inflammation when detectable, i.e. at 5 minutes post 
stress.  During this study and our most recent work (Fleming 2009a-b, 2010a) we clearly 
demonstrated that in individuals who had ischemia with non-critical narrowing of arteries, 
that maximum radioactivity was present during the first 5 to 10 minutes.  The inability to 
maintain the Sestamibi in regions of ischemia has previously been termed “washout” and 
represents an inability to retain the isotope within the mitochondria in the region.  This 
clearly confirms the work of Crane (1993), who demonstrated that sestamibi redistributes 
AND is not retained in regions of “ischemia.”  Our studies also proved this to be the case, 
independent of which technetium-99m isotope (Fleming 2009a) was used or which form of 
stressor (Fleming 2009a-b, 2010a) was used.  Our current study clearly demonstrates this to 
be true in the “clinical” setting and disproves the “uptake/retention” theory in favor of an 
continual FHRWW “uptake/release” model which would explain not only the loss of 
isotope to an ischemic myocardial region over time; but, also accounts for “wash-in.”  
“Wash-in” was noted in 15% of the cases where regions of myocardium were supplied by 
“critically” narrowed arteries and arteries whose “vulnerable plaques” were ready to 
rupture.  In these individuals the combination of severely disturbed flow through critically 
narrowed and/or unstable coronary lumen passages and relatively large regions of ischemic 
myocardium with impaired ability to accumulate sestamibi, results in a delay in initial 
isotope counts.  From this perspective, uptake is a function of isotope availability 
(myocardial blood flow) and cellular health; retention is transient with release of the isotope 
back into the blood stream or redistribution to other cells, a function of cellular health and 
re-uptake subject to a cellular refractory period.  As a result the delay in isotope delivery is 
not noted if stress imaging is limited to 60 minute imaging.  These individuals, despite 
“normal” appearing 60 minute images, were at risk of experiencing an acute coronary event 
with loss of substantial amounts of myocardial tissue.   
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5.5 Conclusion 
The standard “uptake/retention” model was observed only in subjects who demonstrated 
no evidence of coronary ischemia or infarction.  In reality, such an “uptake/retention” 
model is simply an illusion. It is the rapid “uptake/release”, “uptake/release”, 
“uptake/release” in non-ischemic, non-infarcted myocardial tissue that makes it appear that 
the isotope is taken up and retained.  In other words, if the amount being released and the 
amount being taken up are equal, one will not detect a change in isotope count over time, 
minus the slight decrease occurring from isotope decay.  Such individuals would appear to 
have no change in isotope concentration despite continual turnover of isotope. 
“Uptake/release” was demonstrated via washout in individuals with coronary ischemia 
and a delayed “uptake/release” in individuals with washin due to critically narrowed and 
unstable plaqued regions supplying significant amounts of myocardium.  Wash-in and 
washout are terms used to convey different types of CHANGE in isotope concentrations 
which occur over time at different rates to indicate the type of lesions present in the 
individual being studied.  The results of these changes can be compared with changes found 
on cardiac catheterization as shown in Figure 32.  As we continue to expand the number of 
individuals being studied with this method, it is clear that specific regional information can 
be determined from the parabolic equations used here and graphically displayed in Figure 
32.  The utilization of this knowledge will allow us to better determine which patients will 
benefit most from coronary angiography and has now been confirmed “qualitatively” by 
investigators at UCLA and Harvard Universities (Sheikine 2010). With the advent of nuclear 
cameras capable of faster image acquisition, we will undoubtedly be able to compare 
washout of the more rapidly redistributing technetium-99m compounds such as 
Teboroxime (Fleming 1990a-c, 1991a, 1992b, Goldstein 1991). Given the failure of rest-stress 
imaging to deliver on the promise of detecting ischemia and tissue viability due to their 
failure to image the heart as explained by Blumgart (1926) and Gorlin (1959), it is clear that 
FHRWW represents a superior method as we have already seen above and will see below. 
We expect that the FHRWW protocol will replace other outdated and incorrectly proposed 
protocols due to its accuracy, simplicity, and reduction in amount of radioactive material 
used for imaging allowing for (1) a further reduction in the amount of radioactive material 
required for ischemic imaging, (2) faster imaging times (3) with FHRWW the ability to 
calculate %DS directly from nuclear imaging and (4) when coupled with previously 
published flow reserve equations (Figure 14), the ability to calculate stenosis (Fleming 1994) 
flow reserve directly from FHRWW. The Fleming Harrington Redistribution Wash-in 
Washout quantification of technetium-99m isotopes will allow for the first time (Fleming 
2010c), the acquisition of both Anatomic and Physiologic data from a single radioisotope 
injection, single camera imaging system, including Positron Emission (PET) Tomography 
(Fleming 1999a), Magnetic Resonance Imaging, or Computed Tomography (CT). 
As mentioned in the first Section of this chapter, the desire to know if the patient has 
undergone myocardial damage or injury (infarction, stunning or hibernation) has long been a 
question of interest. While, today it may appear to be much less of a concern given the 
increased availability to measure cardiac enzymes and look for evidence of regional wall 
motion abnormalities, either by echocardiography, nuclear, magnetic resonance or other 
imaging modalities, the detection of wall motion abnormalities and elevated cardiac enzymes 
does not tell us if the tissue damage is full thickness (Figure 14) and permanent, or partial 
thickness and recoverable.  This is the true value of “resting” nuclear imaging.  However, just 
like ischemic imaging, the detection of tissue damage, requires multiple same state condition 
(viz. rest-rest) imaging, which we will discuss in the next and final Section of this chapter. 
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Fig. 27. SPECT image acquired 5 minutes post stress with regions of interest including the 
total heart, anterior and inferior myocardial regions 

Static image acquired at 5 minutes with regions of interest (ROI) showing total heart count 
of 374,930.  The anterior ROI representing the basal anterior region of the perfused by the 
left anterior descending artery shows 23,600 counts while the inferior ROI shows 27,110 
counts.  
 

 
Fig. 28. SPECT image acquired 60 minutes post stress with regions of interest including the 
total heart, anterior and inferior myocardial regions 

Reconstruction of the same myocardial regions noted in figure 2, this time taken from the 
dynamic image result obtained at 60 minutes post stress, showing a total heart count of 
216,886. The anterior ROI shows an increase in count activity (wash-in) of 30,470 compared 
with the activity of 23,600 (Figure 2) obtained at 5 minutes. The inferior ROI shows a count of 
25,472 compared with the count activity of 27,110 (Figure 2) obtained 5 minutes post stress. 
 

 
Fig. 29. Determination of Optimal Timing of Image Acquisition 

The radioactive counts acquired in eight different myocardial regions vary with time and 
disease. This graphic demonstrates changes between 5, 10 and 45 minutes post stress. This 



Fleming-Harrington Redistribution Wash-in Washout (FHRWW): 
The Platinum Standard for Nuclear Cardiology 

 

237 

graph demonstrates that the “uptake/retention” model of technetium-99m-sestamibi is 
incorrect and that “uptake/release” of technetium-99m-sestamibi occurs throughout the 
first 45 minutes following stress.   
 

 
a) 

   
 b) c) 

Fig. 30a-c. Radioactive Counts Acquired at 5 and 60 Minutes Post Stress 

Anterior images reveal ROI counts at 5 and 60 minutes in the basal anterolateral (A, K), mid 
anterolateral (B, L), mid inferoseptal (D, N) and basal inferoseptal (C, M) respectively.  The 
counts are shown below the images. The lateral images reveal ROI counts at 5 and 60 
minutes in the basal anterior (G, O), mid anterior (H, P), mid inferior (J, R) and basal 
inferoposterior (I, Q) regions respectively. The total heart and lung counts are not shown or 
discussed in this paper; however, their ROIs are represented by square boxes of equal size in 
the anterior images. 
Anterior images reveal ROI counts at 5 and 60 minutes in the basal anterolateral (1, 1), mid 
anterolateral (2, 2), mid inferoseptal (4, 4) and basal inferoseptal (3, 3) respectively.  The counts 
are shown below the images.  The lateral images reveal ROI counts at 5 and 60 minutes in the 
basal anterior (1, 1), mid anterior (2, 2), mid inferior (4, 4) and basal inferoposterior (3, 3) 
regions respectively.  The total heart and lung counts are not shown or discussed in this paper; 
however, their ROIs are represented by square boxes of equal size in the anterior images. 
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a) b) 

 

  
 c) d) 

Fig. 31. Radioactive Counts acquired at 5 and 60 Minutes Post Stress 
 

 
Fig. 32. Parabolic Regression of Washout on Percent Diameter Stenosis 
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Percent diameter stenosis noted on coronary angiography was plotted against the results of 
washout.  Stenosis = 0.011×Washout2, F = 70.4, df(1,21),  (P=3.8×10-8), R(CI95%) = 0.72 to 
0.95, Graphic bands show the standard error of the fit.  The region of “No Ischemia” is 
marked in green.  “Wash in” is displayed in red to the left of the “No Ischemia” region, 
while “Washout” is to the right of the “No Ischemia” zone.  

6. FHRWW rest-rest SPECT viability imaging - cardiac viability measured 
using resting FHRWW redistribution of sestamibi: the scientific evidence 
proves “sestamibi redistributes and is not mitochondrial superglue” 
Abstract:  Sequential imaging of the heart began in 1926 with the emphasis by Blumgart1 on 
detecting changes in isotope over time.  In recent years this change in isotope has been 
defined as “washout/wash in” and has been used to better define ischemia. Our 
investigations of sestamibi have demonstrated that not only can multiple post-stress images 
be used to more accurately define ischemia as defined below; but also, multiple resting 
images can be used to differentiate between viable and infracted myocardium.   
The introduction of Nuclear Cardiology in 1926 by Blumgart (1926) established a protocol of 
sequential imaging/counts to differentiate people with heart disease from those without.  In 
1959 Gorlin demonstrated the importance of differentiating between resting studies, which 
provided information regarding tissue damage, from stress studies, which provided 
important information relevant to ischemia. With the introduction of technetium-99m 
compounds in the late 1980’s, clinicians erroneously assumed that sestamibi was taken up 
by cardiac tissue within minutes and retained. Crane (1993) proved that the uptake of 
sestamibi by myocytes was dependent upon mitochondrial calcium, which in turn was 
dependent upon ischemia.  This was confirmed clinically by Hurwitz (1998) and many (Ono 
2002, 2003, Fleming 2008b, 2009) others. Our investigations have included initial 
observations regarding cellular viability. We present a case report of the promise of 
sestamibi in distinguishing between viable and infracted myocardium. 
Case Report. Mr. JW is a 56 year-old Caucasian male who presented to the Emergency 
Department with chest pressure.  His risk factors for heart disease included tobacco use, 
hyperlipidemia and borderline glucose intolerance. No electrocardiographic changes (Figure 
33) were noted.  Over the course of the next 24-36 hours both his Troponin and CK-MB 
levels were noted to be elevated and he was taken to the coronary angiography suite where 
a 100% occluded first obtuse marginal was stented. Also noted were a 20% mid-left anterior 
descending (LAD) and 50% distal LAD lesion, which were not treated.   

6.1 Redistribution/washout information 
The patient was brought to the nuclear laboratory 3 days after undergoing coronary 
angiography to evaluate the extent of myocardial damage.  He was given an injection of 370 
MBq (10 mCi) of sestamibi and had static images (FH Washout) taken 5-minutes and 60-
minutes later (Fleming 2008b, 2009). Dynamic images were subsequently taken looking for 
wall motion abnormalities. The patient then underwent adenosine sestamibi (1110 MBq) 
imaging following the same protocol as that used for the resting images. The results of the 
counts obtained from the resting images are shown in Figure 34. The dynamic resting study 
demonstrated no regional wall motion abnormality and a near absence of isotope activity in 
the lateral wall.  The dynamic stress study showed lateral wall hypokinesis.   
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In previous years, technetium pyrophospate was used and later abandoned to define the 
presence or absence of myocardial infarction (MI) when cardiac enzymes were obtained too 
late to determine non-q-wave MIs.  Of great interest is the ability to determine if an area 
which appears infracted (Figure 35) on resting studies represents potentially viable tissue, 
which would benefit from revascularization.  Clearly, sestamibi does not simply “stick” to 
myocardial cells; but, as emphasized by Crane3 is dependent upon mitochondrial calcium, 
which is subsequently influenced by ischemia. Once cellular death has occurred, 
mitochondrial function ceases and mitochondrial calcium “overload” results.   
In this patient the final 60 minute counts equaled that of the remaining “clearly viable” 
myocardium and as such is “viable” despite the appearance on the 60-minute resting 
dynamic study from which only infarction can be inferred. The 60-minute dynamic rest 
study revealed no regional wall motion abnormality while the dynamic stress study 
revealed “hypokinesis”, not “akinesis”. The initial 5-minute static resting counts 
demonstrated that either injury (viable) or infarction had occurred in the anterolateral 
region. It is the comparison of the two sets of resting image “counts” which allows the 
distinction between viable and infarcted tissue. Had the anterolateral region been infarcted, 
then the myocytes would not have been able to concentrate any sestamibi and both 5 and 60 
minute counts would be lower than the remaining viable myocardium. These findings 
support the speculation by Crane in 1993, that “99m-sestamibi should not be retained in 
necrotic or irreversibly ischemic myocardium” and that by comparing results at 5 and 60-
minutes, we can distinguish between viable and non-viable myocardium. 
 

 
Fig. 33. Electrocardiogram 

The patients resting electrocardiogram showed no evidence q-wave or ST changes. 
The radioactive counts for each of 8 regions of myocardium are shown. The count activity 
present at 5 minutes is shown in blue and is greater than that seen for the count activity at 60 
minutes. By 60 minutes, most of the myocardium had the same count activity despite the 
appearance present in figure 3.  Note that the count activity in the anterolateral region is 
much lower initially than the count activity present in the remaining myocardium indicating 
that a non-q-wave myocardial “damage” has occurred in the anterolateral region.  However, 
the presence of sestamibi activity at 5-minutes indicates viability anterolaterally. 
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Fig. 34. 5 and 60-Minute Rest Image Counts 
 

 
Fig. 35. Results of the dynamic 60-minute rest image 

The resting image obtained 60 minutes post injection of isotope shows a significant reduction 
in isotope in the anterolateral wall despite similar count activity as shown in figure 2.  The 
electrocardiogram in figure 1 shows no evidence of q-wave development or ST changes. 

7. Conclusion 
As this chapter has emphasized, the development of Nuclear Cardiology by Blumgart in 
1926 saw a bright future allowing clinicians and scientists the opportunity to look within the 
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body by detecting the emission of radioactive decay from tissue following its injection, 
distribution and redistribution. The radioactive compounds are not static and their 
movement (redistribution) allows us the unique opportunity to understand where there are 
and how they change position with time.  This movement is a reflection of delivery (blood) 
and uptake (cellular and mitochondrial) and redistribution of the isotope over time.  Just as 
the solutes within our cells and interstitial space are not static, so it is with the radioactive 
isotopes we inject.  The movement of these radioactive isotopes over time allows us to 
understand both the Anatomy and the Physiology of the interior of our bodies. More 
importantly, understanding when to image and for what purpose is key to understanding 
what processes we are actually measuring (either qualitatively or quantitatively).  In the 
case of ischemia, these comparisons must be made between “stress” images, while for tissue 
viability, these comparisons must be made under “resting” conditions.  While Blumgart and 
Gorlin were clear as to these points, much of the energy expended in Nuclear Imaging of the 
Heart has failed to address these errors.  As such, coronary arteriography has remained the 
“Gold” standard for the anatomic detection of heart disease.  As our recent understanding 
has improved, so has our detection of disease and our ability to reduce the amount of 
radiation our patients receive and that which we receive secondarily.  Seventy-five years 
after Blumgarts original work, we have peered through the uncertainty of our equipment 
and the limitations of our old methods.  Today, we can truly detect heart disease and utilize 
it to improve the care provided to our patients and be confident of our diagnoses and 
treatment.  We have replaced the “Gold” standard of coronary angiography which can only 
provide anatomic information of coronary (Figure 36) lumen disease (Fleming 2000f, 2001) 
with a “Platinum” standard providing both anatomic and physiologic information required 
for the better detection and treatment (Figure 37) of coronary artery disease. 
 

 
Fig. 36. Coronary angiographic detection of disease 
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Coronary angioscopy with tissue specimens show immediately to the right of each 
following death of the individual. The upper panels show an individual with plaque 
intruding into the coronary lumen. The bottom panels represent a patient without visible 
lumen disease.  As evidenced by the pathology specimen, the inflammatory plaque laid 
beneath the endothelial layer and was not detectable by visual inspection of the coronary 
lumen either by angioscopy or conventional cardiac catheterization and contrast injection.  
Nonetheless, this inflammatory plaque (Fleming 1999c-d, 2000g, 2002f, 2003d-f, 2008a, 
2009b) is physiologically responsible for angina and plaque rupture leading to death.  Such 
individuals may be easily missed by the angiogram and stress-rest approaches; but, can be 
unmasked by FHRWW stress-stress imaging (Fleming 2009b) as demonstrated in this 
chapter.   
 

 
Fig. 37. Chest pain algorithm11 using FHRWW 
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Efforts to improve acute chest pain analysis employing FHRWW can be used to distinguish 
between the most critically ill individuals who will have critically narrowed arteries or 
arteries with vulnerable inflammatory plaques by virtue of wash-in findings defined by 
reduced isotope at 5 minute post pharmacologic stress imaging and normal appearing 
isotope concentrations at 60-minutes post-stress from those without such critical disease. 
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1. Introduction 
Today method of X-ray conventional coronary angiography (CCA) is a “golden standard” in 
diagnosis and evaluation of severity of coronary vessels atherosclerosis (Fleisher et al., 2007; 
Scanlon et al., 1999). But being invasive, this method has certain limitations, and cannot be 
suitable for stratification the patients with coronary arteries disease (CAD) suspicion in 
order to decide the necessity of revascularization (Laissy et al., 2007 ; Leschka S. et al., 2008; 
Mahmarian, 2007).  
On the other hand, promising data regarding high correlation of non-invasive evaluation of 
left ventricle (LV) ejection fraction (EF), for instance, between resting echocardiographic EFs 
and single photon emission computed tomography (SPECT) resting gated sestamibi images 
in patients with single-vessel disease, and a moderate correlation in patients with 2- and 3-
vessel disease, respectively (Fleming, 2002), as well as  pharmacologically induced stress 
acquired from gated SPECT sestamibi images, providing  a valuable diagnostic marker as to 
the number of significantly diseased coronary arteries (Fleming&Boyd, 2002), give only 
indirect information, being inappropriate for a surgeon prior to myocardium surgeon 
revascularization. 
That is why a significant influence today is paid to design of newer methods of coronary 
pathology diagnosis, especially non-invasive. Among the demands to up-to-date 
examination methods high specificity, sensitivity, accuracy and safety should be 
mentioned, as well as high repeatability and economical suitability (Hamon et al., 2006). 
All these features are attributes of multislice spiral computed tomography (MSCT) 

(Abdulla et al., 2007; Achenbach, 2006; Kyung-Jong et al, 2003), what explains constantly 
growing interest to this method. Over the past years there has been a large quantity of 
works discussing value of contrast MSCT in diagnosis and evaluation of severity of 
coronary arteries atherosclerosis in the patients with CAD as an future alternative to CCA 
(Hamon et al., 2006; Kyung-Jong et al, 2003; Meijboom et al., 2006; Mollet et al, 2005; 
Mozaffarian, 2005).  
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In Ukraine there has been no attempts to compare informative and diagnostic value of 
invasive and non-invasive methods of left ventricle (LV) structural anomalies and coronary 
arteries lesions in the patients with CAD and after acute myocardial infarction (AMI). 
The aim of this study was to compare the efficacy of contrast MSCT coronary angiography 
in diagnosis and severity of coronary vessels lesion in the patients with CAD compared to 
the “golden standard” CCA.  

2. Methods 
The study was approved by local ethics committee. 
In the study we prospectively included 116 patients after AMI with LV postinfarction 
aneurism (LVA) without significant valvular dysfunction eligible for CABG combined with 
LVA resection. Exclusion criteria were a history of recent myocardial infarction (4 weeks 
before pre-operative angiography), atrial fibrillation, significant valvular heart disease or 
previous CABG. During and after the CABG, standard laboratory markers for myocardial 
infarction were obtained and none of the patients was diagnosed with perioperative 
myocardial infarction. Medication treatment in all the post-infarction patients included 
aspirin, statin, beta-blocker, ACE inhibitor and nitrates, if indicated. All patients underwent 
MSCT prior to the operation. Fourty age-matched subjects with CAD and without AMI 
history, who underwent CCA, and contrast MSCT for coronary revascularization decision, 
served as controls. Program of the study included X-ray contrast CCA and MSCT with 
chambers and coronary arteries contrast. 

2.1 Coronary angiography 
Coronary angiography with ventriculography was conducted and interpreted by trained 
physicians 1 week preceding CABG+AE. A 50% or more reduction of the luminal diameter 
in 2 orthogonal projections of a major coronary artery or one of its major branches or a 
bypass graft was considered to be significant for CAD3,10,15. Severity of coronary 
atherosclerosis were evaluated as coronary artery narrowing to 30% (grade 1), 50% (grade 
2), 75% (grade 3), 90% (grade 4) of diameter or full occlusion (grade 5), respectively (Mollet 
et al, 2005; Scanlon et al., 1999).  

2.2 Multislice computed tomography 
MSCT was performed on tomographer «Light Speed-16» («General Electric Company», 
USA) using cardiological «Advantage Workstation 4.2» («General Electric Company», USA). 
Spiral mode of tomography with 2,5 mm thick slice and retrospective ECG synchronization 
was intravenous  ed with 6-8 seconds scanning time and 3600 rotation. Study was performed 
at breath held after infusomat “Omnipac” intravenous infusion. Exposure dose constituted 
2,2 mSv per one study at 16 slices per 200 frames. Severity of coronary arteries stenosis was 
evaluated, as well as coronary calcium index (CI) by A.S. Agatston, as a general coronary 
atherosclerosis and calcinosis marker, was quantified (Achenbach, 2006). 

2.3 Statistics 
Comparison of different methods was performed using multiple regression analysis with 
95% confidence interval and correlation analysis (Petry & Sabin, 2003; Rebrova, 2002). In 
comparison of diagnostic value of the studied methods we evaluated the following 
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characteristics: accuracy (diagnostic efficacy) – percentage of correct test results out of 
general quantity of both positive and negative results; sensitivity (Se) – percentage of 
subjects with positive test results in the population with the studied pathology; specificity 
(Sp) – percentage of subjects with negative test results in the population with the studied 
pathology; positive predictive value (+PV) – probability of symptom or disease in case of 
positive test result; negative predictive value (-PV) – case of negative (normal) test result. 
The above numbered indices were calculated by formulas:  

Se=N(TP)/(N(TP)+N(FN))х100%; 

Sp=N(TN)/(N(TN)+N(FP)х100%; 

+PV=N(TP)/(N(TP)+N(FP) х 100%; 

- PV= (TN)/(N(TN)+N(FN)х100%;  

where N is the quantity of studied patients; TP – truly positive diagnosis; FP – false positive 
diagnosis; TN – truly negative diagnosis; FN – false negative diagnosis12,13. 
The results are expressed as the mean and 1 standard deviation. The parameters of patients 
and healthy subjects were compared using an unpaired t-test. A paired t-test was used to 
compare results within the same group. A P-value of <0,05 was considered significant. 

3. Results 
The main clinical features of the study group patients are presented in Table 1. 
 

Index Abs. % 

LV EF (%) 37,1±12,4 - 

LV EDI (ml/m2) 112,4±28,2 - 

LV ESI (ml/m2) 73,8±27,6 - 

Diabetes mellitus (n) 14 12,1% 

Hypertension (n) 75 64,7% 

 Angina pectoris 107 92,3% 

Functional class I 15 12,9% 

Functional class II 23 19,8% 

Functional class III 64 55,2% 

Functional class IV 14 12,1% 
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Heart failure (NYHA functional class) 

I (LV > 45%) 17 14,7% 

II (LV < 45%) 86 74,1% 

I (LV < 45%) 13 11,2% 

Lesions localization (by CCA) 

3-vessels disease and/or left main (n) 41 35,4% 

2-vessels disease (n) 39 33,6% 

1 -vessel disease (n) 35 30,2% 

No significant lesions  1 0,8% 

Coronary atherosclerotic lesions localization (by CCA) 

Main left coronary artery (LCA) 15 12,9% 

Anterior descending left coronary artery (AD LCA) 112 96,6% 

Diagonal LCA 7 6,0% 

Circumflex (Cx) LCA 62 53,5% 

Right coronary artery (RCA) 79 68,1% 

*Data are presented as total (n) or M±SD (n=116) 

Table 1. Clinical features of the patients studied 

As it is seen from the table, according to CVG data there were predominantly patients with 
2- and 3-vessels disease of left main coronary artery lesion.  
According to contrast MSCT results data, main LCA lesion was found in 8 (6,9%) patients 
(46,7% false negative results), AD LCA lesion – in 89 (76,7%) patients (20,5% false negative 
results), diagonal LCA lesion – in 0 cases (100% false negative results), Cx LCA lesion – in 32 
(27,6%) patients (48,4% false negative results), and RCA lesion – in 48 (41,4%) patients 
(39,2% false negative results). Therefore, in approximately one third to one half of the 
patients contrast 16-slice MSCT was unable to reveal significant trunk coronary arteries 
stenosis.  
Data of contrast MSCT results still significantly correlated with CCA data. Like this, 
quantity of stenotic arteries significantly correlated with CCA data (r=0,50, p<0,0001). High 
enough correlation was found in main LCA stenosis diagnosis (r=0,75, p<0,0001), proximal 
segments of RCA (r=0,61, p<0,0001) and Cx LCA (r=0,49, p<0,0001). Still, there was weak 
correlation between MSCT data and CCA in diagnosis of AD LCA, especially its distal 
segments (r=0,33, p=0,0002). Besides, contrast MSCT wasn’t able to diagnose significant 
stenosis of diagonal LCA and a. intermedia (9 false negative results). 
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On the other side, we found significant, not very high, though, correlation between value of 
CI by A.S. Agatston and quantity of stenotic coronary arteries both by contrast MSCT results 
data (r=0,45, р<0,0001) and CCA (r=0,39, р=0,0004) (Fig. 1 and 2). 
 

 
Fig. 1. Correlation between coronary calcium index by A.S. Agatston and quantity of 
stenotic coronary arteries according to contrast MSCT results data 

 

 
Fig. 2. Correlation between coronary calcium index by A.S. Agatston and quantity of 
stenotic coronary arteries according to CCA results data 

At estimation of general diagnostic value of contrast MSCT compared to CCA the accuracy 
of the method (percentage of correct results in general quantity of positive and negative 
results) constituted 80,1%, р<0,0001. Still, overall sensitivity of 16-slice contrast MSCT was 
rather low (66,1% р<0,0001) with rather high specificity (94,75%, р=0,013) and positive 
presictive value of the method (91,7%, р=0,0017). Overall negative presictive value of MSCT 
was 76,1%, р<0,0001. We also found significant discrepancies in diagnostic value of contrast 
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MSCT compared to CCA depending on localization and level of atherosclerotic coronary 
lesions (Table 2). 
 

Main LCA AD LCA Cx LCA RCA 

Se = 53,3%, 
р<0,0001 

Se = 79,5%, 
р<0,0001 

Se = 51,6%, 
р<0,0001 

Se = 60,8%, 
р<0,0001 

Sp = 96,0%, 
р=0,031 

Sp = 50,0%, 
р<0,0001 

Sp = 87,0%, 
р=0,0001 

Sp = 91,9%, 
р=0,002 

+PV = 66,7%, 
р<0,0001 

+PV = 97,8%, 
р=0,11 

+PV = 82,1%, 
р<0,0001 

+PV = 94,1%, 
р=0,0085 

- PV = 93,3%, 
р=0,005 

- PV = 8,0%, 
р<0,0001 

- PV = 61,0%, 
р<0,0001 

- PV = 52,3%, 
р<0,0001 

Table 2. Diagnostic value of 16-slice contrast MSCT in diagnosing coronary atherosclerosis 
compared to CCA 

4. Discussion  
Results of our study showed rather low sensitivity and negative predictive value of contrast 
MSCT, at relatively high high specificity and positive predictive value of the method 
campared to CCA. This data is relevant to results of many later foreign studies, dedicated to 
comparison of diagnostic value of MSCT and CCA (Abdulla et al., 2007; Kyung-Jong et al, 
2003; Mollet et al, 2005; Mozaffarian, 2005). According to results of our study, indices of 
diagnostic value of contrast MSCT were significantly higher in diagnosis of more proximal 
segments of coronary arteries, which is confirmed by higher correlation indices between 
MSCT and CCA in examining main LCA (r=0,75, p<0,0001) and RCA (r=0,61, p<0,0001), 
with rather low rates of diagnostic value in diagnosing distal segments and minor coronary 
arteries lesions. For instance, according to our data, MSCT wasn’t able to show lesions of 
diagonal LCA and intermedia, and showed rather low correlation with CCA in diagnosing 
Cx LCA stenosis (r=0,49, p<0,0001) and AD LCA (r=0,33, p=0,0002). These results coincide 
with relevant references (Abdulla et al., 2007; Hamon et al., 2006; Mollet et al, 2005). 
Therefore, our data allows to view 16-slice MSCT as a attractive safe non-invasive method 
for screening, primary diagnosis and decision about invasive methods necessity in the 
patients with high suspicion of significant coronary atherosclerosis, especially taking into 
account significant correlation between values of CI by A.S. Agatston and extent of coronary 
atherosclerosis regardless of the method of coronary arteries contrast visualization (Leschka 
S. et al., 2008; Mahmarian, 2007; Mozaffarian, 2005). On the other hand, in evaluating the 
extent of coronary atherosclerosis in the patients with CAD prior to the planned surgeon 
revascularization 16-slice MSCT could not be trusted enough to replace CCA. 

4.1 Study limitations 
Latest publications show results obtained from newer generations of MSCT using 32 or 64 
slices per 200 frames, which explains higher resolution and better quality of coronary 
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arteries visualization (Abdulla et al., 2007; Mollet et al, 2005), while we used only 16 slices 
per 200 frames, which surely influenced results of our study (Mollet et al, 2005; Romeo et al, 
2005).  

5. Conclusion 
Contrast 16-sliced MSCT is unable to diagnose the distal and medium-to-minor coronary 
lesions and cannot  be viewed as an alternative to CCA in the patients with verified CAD 
before planned surgeon revascularization due to shortcomings difficult to overcome in daily 
practice. Still, significant correlation between estimating coronary CI according to MSCT 
with results of multi-vessel coronary atherosclerosis by contrast MSCT (r=0,45, р<0,0001) 
and CCA (r=0,39, р=0,0004) allows to view 16-slice contrast MSCT as an attractive and 
trustworthy screening method in low-symptomatic patients with high risk of CAD for 
primary diagnosis, stratification and decision about reasonability of invasive diagnosis and 
revascularization. 
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