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2 Abbreviations 
 

:   strain 

2D:   two-dimensional 

A:   late diastolic velocity of the mitral wave 

a’:   late diastolic annulus velocity 

ACC:   American College of Cardiology 

AF:   atrial fibrillation  

AHA:   American Heart Association  

ASE:   American Society of Echocardiography 

BMI:   body mass index 

BS/BL:  basal septum/basal lateral 

BSA:   body surface area 

CA:   cardiac amyloidosis 

CMR:   cardiac magnetic resonance 

CMR:   cine magnetic resonance 

COPD:  chronic pulmonary obstructive disease 

CP:  constrictive pericarditis 

CRT-D:  cardiac resynchronization therapy defibrillator 

CT:   computer tomography 

DM:   diabetes mellitus 

DMI:   Doppler myocardial imaging 

dMV-E:  early diastolic peak value for myocardial velocity  

dSR-E:  early diastolic strain rate 

DT:   deceleration time 

DVT:   deep vein thrombosis 

E:   early diastolic wave of mitral inflow 

e’:   early diastolic annulus velocity 

EF:   ejection fraction  

EMB:   endomyocardial biopsy 

FPS:   frame per second 

Fr:  french 
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HL:   hyperlipidemia 

HR:   heart rate 

HT:   hypertension 

HTX:   heart transplantation 

ICD:   intracardiac defibrillator 

IJ:   internal jugular 

iLVNC:  isolated left ventricular non-compaction 

iv.:  intravenous 

IVRT:  isovolumetric relaxation time 

JVP:  jugular venous pressure 

LA:   left atrium 

LAVI:  left atrial volume index 

LMWH:  low-molecular weight heparin 

LV rot: left ventricular rotation 

LV tor:  left ventricular torsion 

LV:  left ventricle 

LVAD:  left ventricular assist device 

LVEDD:  left ventricular end-diastolic diameter 

LVEF:  left ventricular ejection fraction 

LVESD:  left ventricular end-systolic diameter 

MM:   mycophenolate mofetil 

MS/ML:  mid septum/mid lateral 

MV:   mitral valve 

MVG:   myocardial velocity gradient 

NCCM: non-compact cardiomyopathy 

PWTDI:  pulse wave tissue Doppler imaging 

NS:   non-significant  

PPM:   permanent pacemaker 

PW:   posterior wall 

RA:   right atrium 

RCM:  restrictive cardiomyopathy 

ROC:   receiver-operating characteristics 
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RV:  right ventricle 

RVEDP:  right ventricular end-diastolic pressure 

RVESP:  right ventricular end-systolic pressure 

S’:   systolic annulus velocity 

sD:   systolic displacement 

SMI:   speckle myocardial imaging 

sMV:   systolic peak value for myocardial velocity 

SRI:   strain rate imaging 

SS:   systolic strain 

sSR:   systolic strain rate 

STE:   speckle tracking echocardiography 

SVC:   superior vena cava 

vs.:  versus 

TDI:  tissue Doppler imaging 

TEE:   transesophageal echocardiography 

TIA:   transient ischaemic attack 

TTE:   transthoracic echocardiography 

TV:   tricuspid valve 
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3 Introduction 
 

The new echocardiographic techniques characterize the mechanics of myocardial 

contraction and relaxation precisely and have been applied in numerous cardiac 

disorders.  

There is no substantial amount of information available in cardiac tissue Doppler 

analysis and deformation imaging, as in strain and strain rate imaging by speckle 

tracking imaging in rare cardiologic disorders, such as constrictive pericarditis (CP), 

restrictive cardiomyopathy (RCM) and isolated noncompact cardiomyopathy (iLVNC). 

Our studies were focusing on better understanding of the functional and 

pathophysiological changes in the heart within the above referenced disorders by new 

echocardiographic techniques. In addition, we have examined the additional benefit of 

echocardiography guided endomyocardial biopsy (EMB) in lieu of fluoroscopic 

guidance alone during the procedure relative to the recognition of hitherto unreported 

sequels.  

3.1 Rare cardiological disorders  

3.1.1 Constrictive pericarditis 

CP is frequently difficult to diagnose even after comprehensive evaluation, and often 

not considered in the differential diagnosis of patients with heart failure. 

Echocardiography has made a significant contribution to the accurate and increasing 

diagnosis of CP and is the imaging modality of choice for the initial evaluation of 

patients with suspected CP. 

The echocardiographic diagnosis of CP was originally based on M-mode 

echocardiography findings and subsequently on 2D echocardiography and Doppler 

hemodynamics.
1 

M-mode provides useful information in CP, although not specifically 

diagnostic for the disease. One of the several findings that may be seen on M-mode is 

thickened pericardium. While 15-20% of CP patients had normal pericardium in a study 

by Talreja
2
, mildly increased pericardial thickness can be often missed or often false 

positive results can be obtained if gain is set too high. Abrupt posterior motion of the 

interventricular septum with inspiration in early diastole can also be seen, which is the 
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consequence of the underfilling of the ventricle due to decreased pulmonary vein-left 

atrial gradient with inspiration.
3 

Further signs on M-mode are flat posterior LV wall 

motion in mid-diastole
4 

and ventricular septal notch in early diastole due to transient 

reversal of ventricular septal transmural pressure at that time in the cardiac cycle.
5, 6

 Left 

atrial enlargement, premature opening of the pulmonary valve caused by the rapid early 

diastolic filling of the right ventricle
7
 and abnormalities in posterior aortic root motion, 

such as sharp downward motion of the posterior aortic root in early diastole can also be 

observed. 

The role of 2D echocardiography initially was to rule out other causes of right heart 

failure such as pulmonary hypertension, unexpected LV dysfunction or valvular 

disease.
8 

In CP normal ventricular dimensions can usually be seen on 2D with normal 

systolic function, where ejection fraction is typically preserved, although may be 

impaired in mixed constrictive-restrictive disease.
 
Pericardial thickness and calcification 

can be assessed to some extent. Transesophageal echocardiography (TEE) is superior to 

transthoracic echocardiography (TTE) in measuring the pericardial thickness and has an 

excellent correlation with cardiac tomography (CT).
9 

The 2003 ACC/AHA/ASE task 

force gave a class IIb recommendation to TEE assessment of pericardial thickness to 

support the diagnosis for CP.
10

 Abnormal ventricular septal motion/early diastolic septal 

bounce resulting from exaggerated ventricular interaction can be frequently observed. 

Elevated right atrial pressures are reflected by a dilated inferior vena cava with minimal 

or no respiratory variation in its diameter. If present, pericardial or pleural effusion can 

be identified. Further signs can be observed by 2D echocardiography include 

displacement of the interatrial septum towards the left atrium (LA) during inspiration, 

some dilatation of the atria, especially the LA, and an abnormal contour between the 

posterior LV and the LA posterior walls.
11

  

Doppler echocardiography is essential in CP diagnosis showing early increased diastolic 

filling velocity (E) followed by rapid deceleration leading to a short filling period with 

mitral E wave typically being <160 ms. In addition, Hatle and Oh described the 

characteristic mitral inflow respiratory variation exceeding 25% in Doppler flow 

velocities in CP patients that are not present in patients with RCM. 
12, 13

 (Figure 1) The 

major factor responsible for this phenomenon is the dissociation of intrathoracic and 

intracardiac pressures with respiration. 
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Figure 1. Mitral inflow in constrictive pericarditis. Characteristic respiratory variation > 

25% of mitral E wave (1 vs.2). 

Normally, with inspiration the intrathoracic pressure decreases approximately to the 

same extent as the intracardiac pressure therefore the pressure gradient remains quasi 

the same. In CP with inspiration, the intrathoracic pressure declination, due to 

pericardial isolation is not fully transferred to the intracardiac pressure. Consequently, 

the pressure gradient is lowered and LV diastolic filling is reduced. As in CP the cardiac 

volume is relatively fixed, this is coupled with a simultaneous RV diastolic filling 

increase, resulting in left interventricular septum shift. The opposite change occurs with 

expiration. 
13

 

This respiratory variation in transmitral flow is not present in RCM or in normal 

subjects but can be observed in patients with chronic obstructive airway disease 

(COPD).
14 

For differentiating CP from COPD by Doppler echocardiography superior 

vena cava (SVC) flow velocities can be recorded. In COPD there is a marked increase 

in systolic forward flow velocity during inspiration, which is not seen in CP.
 
In CP the 

SVC diastolic flow velocity exceeds systolic flow velocity and there is little respiratory 

variation in systolic flow velocity.
15  
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Figure 2. Hepatic vein flow in constrictive pericarditis. Arrows: expiratory, diastolic 

flow reversal. Insp: inspiration, Exp: expiration. 

In addition, in a subset (20%) of CP patients the typical respiratory variation of mitral E 

velocity may not be present, which can be due to LA pressure increase or to mixed 

constrictive-restrictive pathophysiology.
13 

Oh et al proposed in this group of patients 

additional echocardiographic tests to reduce preload (by head-up tilt, upright position, 

or diuresis) that may help unmask or enhance respiratory variation on transmitral 

Doppler flow.
16 

Atrial fibrillation makes the interpretation of respiratory variation in 

Doppler velocities difficult, however with meticulous analysis of a longer Doppler strip 

chart makes the interpretation of underlying hemodynamic mechanism possible.
13 

Doppler interrogation of the hepatic vein can also be useful for the diagnosis. The 

pulsed Doppler recording of hepatic venous flow (Figure 2) shows a diastolic flow 

reversal with expiration, reflecting the ventricular interaction and the dissociation of 

intracardiac and intrathoracic pressures. In mixed constrictive-restrictive cases both 

expiratory and inspiratory flow reversal can be seen.
13 

With the help of TEE, pulmonary venous flow can be studied. A peak diastolic flow 

velocity fall of > 40% on inspiration and a systolic/diastolic flow ratio < 0.65 in 

inspiration demarcates CP from RCM.
17 

The respiratory variation in pulmonary venous 

flow is even more pronounced than in mitral inflow
18 

(Figure 3). 

The assessment of myocardial contraction and relaxation using Doppler myocardial 

velocity gradient (MVG) at the LV posterior wall may be another method distinguishing 

CP from RCM. MVG quantifies the spatial distribution of intramural velocities across 

the myocardium.
19 

It was shown that MVG was lower in RCM patients compared with 
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both CP patients and normal controls during ventricular ejection and rapid ventricular 

filling, measured at the left ventricular posterior wall.
20

 

 

Figure 3. Pulmonary vein flow in constrictive pericarditis. Marked respiratory change 

in pulmonary venous flow. 

TDI offers a quantitative measurement of regional and global myocardial tissue 

function. In particular, the assessment of longitudinal mitral annular motion provides an 

accurate estimate of global LV function
21 

and it has further facilitated the detection of 

CP.
 
Since the mechanoelastic properties of the myocardium are preserved in CP, the 

longitudinal mitral annular velocities remain normal or can be
 
exaggerated as lateral 

expansion in CP is limited.
  

Garcia et al were the first to report that measurement of longitudinal axis expansion by 

TDI provided a clinically useful distinction between CP and RCM.
22 

Rajagopalan et al 

showed that a peak e‟ velocity ≥ 8 cm/s could discriminate between the entities CP and 

RCM with high sensitivity (89%) and specificity (100%).
23

 Studies by Ha et al and by 

Sohn et al recommended that e‟ velocity can provide a helpful diagnostic indicator and 

should be measured routinely in the evaluation of heart failure or suspected CP.
24, 25 

Ha 

et al recommended the same 8 cm/s cut off value for CP diagnosis where e‟ velocity is 

equal or greater than 8 cm/s, with 95% sensitivity and 96% specificity.
24 

Ha et al also 

evaluated the role of TDI in the diagnosis of CP in patients without diagnostic 

respiratory variation of transmitral early diastolic filling velocity. It was confirmed that 

e‟ velocity was well-preserved independent of any respiratory variation in mitral inflow 

velocities.
26 

Other studies suggested that e‟ should be used with caution if CP is 

combined with myocardial diseases, extensive annular calcification or segmental non-

uniform myocardial velocities.
27, 28, 29 

It has been shown by Choi et al that the addition 
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of extra parameters to the e‟ velocities such as measurement of s‟ velocities and the time 

difference between onset of mitral inflow and onset of e‟ increases sensitivity and 

provide additional information to e‟ for the differentiation of CP from RCM.
30 

Several investigators have shown that E/e‟ ratio correlates well with LV filling pressure. 

31, 32 
E/e‟ >15 identifies increased LV filling pressure while E/e‟ <8 describes normal 

filling pressure. Ha introduced the concept of „annulus paradoxus‟, which describes the 

paradoxical behavior of the mitral annulus in CP.
33 

He found that an inverse relationship 

exists between E/e‟ and LV filling pressure, which can be explained by the fact that in 

CP the mitral annulus has an exaggerated longitudinal motion leading to an increase in 

e‟, despite high filling pressures. 

In normal subjects, the mitral lateral annulus e‟ velocity is higher than the medial 

annulus e‟ velocity.
34

 Reuss et al identified the reversal of the normal relationship of 

mitral lateral e‟ and medial e‟ velocities in CP, where mitral lateral e‟ velocity is lower 

than medial e‟ velocity, therefore lateral/medial e‟ ratio is inverted and called „annulus 

reversus”.
35

 This finding is based on the tethering of the adjacent fibrotic and scarred 

pericardium, which influences the lateral mitral annulus in patients with CP. In a patient 

with preserved mitral e‟ velocities (> 8 cm/sec) and a low E/e‟ratio (< 8) with high LV 

filling pressure, the recognition of „annulus reversus” should alert to the diagnosis of 

CP. 

In general, TDI offers incremental diagnostic information to M-mode, 2D echo and 

transmitral flow Doppler for detecting constrictive physiology, with a reported 

sensitivity and specificity of 88.8% and 94.8%, respectively.
27 

Kim JS and al examined the medial annular velocities in patients with CP after 

pericardiectomy in 16 patients and found that e‟ decreased significantly after 

pericardiectomy.
36 

However, there is no substantive data on mitral annulus systolic 

velocity and tricuspid annulus velocity in CP and no data on the effect of 

pericardiectomy on these annular velocities. 
 

3.1.2 Restrictive cardiomyopathy 

The clinical and hemodynamic profiles of restriction (myocardial diastolic heart failure) 

and constriction (pericardial diastolic heart failure) are similar, even though their 

pathophysiologic mechanisms are distinctly different. Both are characterized by limited 
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or restricted diastolic filling with relatively preserved global systolic function. Diastolic 

dysfunction in RCM is the result of a stiff and noncompliant ventricular myocardium, 

whereas in CP diastolic dysfunction is related to a thickened or noncompliant 

pericardium. Both disease process limit diastolic filling and result in diastolic heart 

failure. 

Despite the distinct difference in pathophysiologic mechanisms of restriction and 

constriction, the hemodynamic variables of these two conditions overlap considerably. 

Increased atrial pressures, equalization of end diastolic pressures, and dip-and-plateau 

(or square root sign) of the ventricular diastolic pressure recording have been widely 

considered as the hemodynamic features typical of CP.
37

 Hemodynamic pressure 

tracings with almost identical characteristics can be obtained from patients who have 

either constriction or RCM.
38

 While the echocardiographic features of amyloid 

infiltration of the heart are fairly characteristic in the advanced stages of the disease, 

early cardiac infiltration may produce a mixed and confusing picture. 

Echocardiographic features of amyloid infiltration of the heart in advanced stages are as 

follows: 

 increased LV/RV wall thickness, 

 enlarged LA, 

 valve thickening, 

 usually mild mitral regurgitation, 

 thickened atrial septum, 

 E/A ratio >1 and 

 pericardial effusion. 

Making the distinction between CP and RCM is a diagnostic challenge. The diagnosis 

of CP is clinically important for a timely treatment but often very challenging even after 

comprehensive evaluation using various cardiovascular imaging and hemodynamic 

studies. 

Strain and strain rate are measures of deformation that are basic descriptors of both the 

nature and function of cardiac tissue. 2D speckle tracking echocardiography (STE) is a 

new technique, based on frame-by-frame tracking of tiny echo-dense speckles within 

the myocardium and subsequent measurement of left ventricular deformation.
39, 40
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Mitral septal annular velocity is usually increased in patients with CP and higher than 

the lateral annular velocity.
24, 26

 We hypothesized that the longitudinal strain of the 

lateral wall that is in contact with diseased pericardium is lower than that of the medial 

segments in CP.  

3.1.3 Acute thrombus formation related to endomyocardial biopsy 

Endomyocardial biopsy is currently the technique most often used in the diagnosis of 

cardiac transplant rejection and it is the standard method for evaluating infiltrative 

cardiac lesions, cardiomyopathies and myocarditis.
41

 It is generally considered a safe 

procedure but is associated with recognized significant complications related to venous 

cannulation, arrhythmias and conduction abnormalities as well as inadvertent trauma to 

cardiac structures such as the tricuspid valve, tricuspid valve apparatus and right 

ventricular free wall.
42

 Endomyocardial biopsy is usually performed under fluoroscopic 

guidance. However, adjunctive echocardiography is increasingly used since it permits 

precise positioning of the bioptome, minimizing the risk of complications. In addition, 

echocardiography facilitates prompt recognition and treatment of complications if these 

do occur.
43

 

3.1.4 Non-compact cardiomyopathy 

NCCM is rare, unclassified, congenital cardiomyopathy due to embryogenic arrest of 

compaction
44

, previously described as persistent intramyocardial sinusoids. NCCM is 

genetically heterogenous condition with both familial and sporadic forms described.
45

 

Because of the significant potential for cardiovascular complications, early recognition 

is essential. It is characterized by segmental thickening of the LV wall consisting of two 

layers: a thin compacted epicardial layer and a thickened endocardial layer with marked 

trabeculations and deep intratrabecular recesses. Ventricular noncompaction is often 

associated with other congenital cardiac malformations, such as obstruction of the left 

and right ventricular outflow tracts, complex congenital malformations and coronary 

anomalies.
46, 47, 48

  

The clinical manifestations of noncompacted cardiomyopathy are variable. Patients may 

be asymptomatic or may demonstrate evidence of congestive heart failure, arrhythmias 

or systemic emboli.
44, 49, 50, 51

  



 

14 

 

Application of the echocardiographic diagnostic criteria for left ventricular non-

compaction as postulated by Jenni
52

 et al together with advances in cardiac imaging 

techniques have enhanced awareness and diagnosis of left ventricular noncompaction. 

The four morphologic criteria for echocardiographic diagnosis are the followings: 

 lack of coexisting cardiovascular abnormalities, 

 segmental LV wall thickening with a thin compacted epicardial layer and a 

thicker noncompacted endocardial layer, 

 an end-systolic noncompacted-to-compacted myocardial ratio > 2.0 and 

 the presence of color Doppler flow within the deep intertrabecular recesses. 

Patients with these morphologic features may present with normal or abnormal LV 

function as assessed by EF. Although, iLVNC is included in the 2006 World Health 

Organization classification of cardiomyopathies, however, its etiology, pathogenesis, 

diagnosis, and management have to be further defined. 

3.2 New echocardiographic techniques 

Echocardiography has been a pillar of modern cardiology practice, with several decades 

of increasing utilization as international practice guidelines progressively expanded the 

number and type of indications for which this diagnostic modality was approved.
53

 

From the perspective of the single cardiology patient, the standard echocardiogram has 

provided a comprehensive and rapid assessment of their heart‟s unique structure and 

function, and played a critical role in allowing each person‟s cardiology care plan to be 

successfully individualized. Nevertheless, looking towards the future, we can identify 

several new aspects of echocardiographic techniques that must be tested and, where 

successful, integrated into recommended practice. 

In particular, during recent years remarkable progress has been made in cardiac tissue 

Doppler analysis, strain and strain rate imaging by speckle tracking imaging. They 

characterize the mechanics of myocardial contraction and relaxation (deformation 

imaging) more precisely and find applications in many cardiac pathologies.
54

 

Determination of myocardial function is vital for the clinical evaluation of 

cardiovascular diseases. It not only helps to establish a diagnosis, but often can provide 
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important prognostic and management information that is invaluable in a variety of 

cardiac diseases. Early detection of abnormalities is crucial and may often influence 

treatments and establish prognosis. 

3.1.5 Tissue Doppler echocardiography: principles and applications  

TDI is a novel use of ultrasound to image the motion of tissue with Doppler 

echocardiography. It is a robust and reproducible echocardiographic tool, which has 

permitted a quantitative assessment of both global and regional function and timing of 

myocardial events.
55, 56

  

Tissue Doppler velocity estimation is based on the same principles as pulsed-wave and 

color Doppler echocardiography for blood flow. To distinguish between signals 

originating from moving tissue and blood flow, a so-called wall filter is used, which is a 

high-pass filter used to image blood velocities or a low-pass filter used to display tissue 

velocities. While the intensity of the signals generated by the myocardium is higher than 

that generated by blood, blood velocity usually exceeds that of the myocardium.
57

 

In clinical practice, the myocardial time-velocity curve can be reconstructed either on 

line as spectral pulsed TDI or offline from 2D color-coded TDI image loops.
58 

 

Pulse wave tissue Doppler imaging (PWTDI) can be seen as the precursor of the more 

recent Doppler myocardial imaging (DMI) modalities. PWTDI allows for recording of a 

high-quality Doppler profile of the motion of cardiac structures (e.g. mitral ring). It 

provides a spectral display of the peak tissue velocities.
59

 Limitation of pulsed TDI is 

that simultaneous recording of different ventricular wall segments is not possible. 

Because TDI in pulsed mode is characterized by high temporal but low spatial 

resolution, differentiation between subepicardial and subendocardial myocardial 

velocities is not possible. Most importantly, the single-point velocity method of spectral 

tissue imaging does not differentiate between actively contracting and passively moving 

tissue.  

In color-coded TDI each pixel of the Doppler spectrum is colored depending on the 

direction and mean velocity of the motion of the structures within the field of view. 

Thus, objects moving towards the transducer are colored red, while those moving away 

from it are colored blue. The advantages of color Doppler mapping include the capacity 

for rapid visual qualitative assessment of movement of structures, good spatial 
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resolution allowing differentiation of the velocity profiles between subepicardial and 

subendocardial layers of myocardium and the ability to analyze simultaneously various 

myocardial segment. Major disadvantage of color-coded TDI is poor temporal 

resolution. 

As with conventional Doppler echocardiography, TDI requires the beam to be aligned 

parallel to the direction of movement of the structures of interest for accurate 

assessment. Therefore, the angle between the ultrasound beam and the direction of 

movement should not exceed 15. Another limitation of TDI is related to the fact that 

the heart performs complex rotational and translational movements inside the chest, thus 

distorting the measurements of myocardial velocities. 

 

Figure 4. Pulsed Doppler tissue Doppler imaging (TDI) of the mitral annulus. s‟1:tissue 

velocity wave in the isometric contraction period, s‟2:velocity wave in the ejection 

period, e‟ and a‟: velocity wave in early and late diastolic periods, respectively. 

TDI can be applied to the assessment of both regional and global LV function. 

Measuring velocities of myocardial segments gives information about regional 

ventricular contractility, while the measurement of mitral annular velocities provides 

information on overall longitudinal LV function. Regardless of the site of the 

measurement, the normal TDI profile has a characteristic appearance. It consists of a 

systolic (s‟) wave and early (e‟) and late (a‟) diastolic waves. The systolic wave often 

has two peaks s‟1 and s‟2. S‟1 reflects isovolumic contraction, while s‟2 occurs during 
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ejection (Figure 4). 

Myocardial velocities tend to decrease from the mitral annulus to the apex. The 

magnitude of myocardial velocities also depends on the mode of TDI used. In pulsed 

mode, velocities (peak) are higher than in color Doppler mode (mean velocities). 

However, the character of velocity traces does not depend on the mode of scanning.
60

  

Currently, TDI is an integral part of an echocardiography examination in various areas 

of cardiology. 

3.1.6 Myocardial strain imaging 

Myocardial velocities measured with TDI may be overestimated or underestimated by 

translational motion or tethering of the myocardium, respectively. This limitation can be 

overcome by measuring the actual extent of myocardial deformation (stretching or 

contraction) by strain () and strain rate imaging (SRI).
58

 Strain is a representation of 

myocardial deformation or change in length during systole and diastole. It can be 

measured utilizing either TDI or, more recently by 2D echocardiographic speckle 

tracking derived parameters. Strain is a dimensionless index, and reflects the total 

deformation of the myocardium during cardiac cycle relative to its initial length. For 

example, if the velocities measured at all points within a moving object are the same, 

than the object would be described as having displacement. If, on the other hand, 

different points within an object are moving at different velocities, then the object will 

exhibit deformation and alter its shape.
54 

This is the definition of Langranian strain.  

Because myocardial deformation or strain is caused by contraction, strain is a measure 

of myocardial contractile function.
61

 By convention, lengthening is represented as a 

positive value for strain, while shortening is represented by a negative value.
62

 Strain 

allows for the differentiation of active vs. passive movement within a myocardial 

segment. Strain rate (SR) is the rate of change (reflects how fast regional myocardial 

shortening or lengthening occurs) in length calculated as the difference between two 

velocities normalized to the distance between them; it is expressed as seconds
-1

. For 

example, if we assume 20% total Lagrangian strain of a one dimensional object (e.g. the 

object lengthens from its original length of 2 cm to 2.4 cm) and if the total deformation 

takes 2 seconds, the average strain rate is equal to 0.20/2 seconds, which is 0.1 s
-1

: on 

average, the object lengthens by 10% every second. When the same amount of 
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deformation occurs in only half this time period (in this example: 1 second) the average 

strain rate doubles to 0.20/1 second = 0.2 s
-1

: on average, the object lengthens by 20% 

every second.
 62

 The technique of tissue Doppler derived strain and SR is illustrated in 

Figure 5. A major limitation of this technique is its dependence on the angle of 

incidence between the ultrasound beam and myocardial motion. Furthermore, high 

frame rate imaging, ideally > 130 frames per second (FPS), is required for this type of 

imaging. 

Speckle tracking echocardiography (STE) is an alternative and innovative way to obtain 

myocardial tissue motion information. 2D strain imaging techniques measure 

Langrangian strain and SR by tracking echocardiographic B-mode speckles (Figure 6), 

natural acoustic markers, or acoustic backscatter generated by ultrasound interactions 

(reflection, scattering and interference) within the myocardium (generally made up of 

20-40 pixels). The geometric shift of each speckle represents myocardial motion and 

can be tracked frame to frame, thus allowing for the calculation of strain and SR. See 

Figure 7. Specialized software for temporal and spatial tracking provides a pattern 

recognition algorithm to achieve the most accurate derivation for strain. The optimal 

frame rate for speckle tracking is between 50 and 70 FPS.
58 

 

Figure 5. Tissue Doppler derived strain imaging. The difference in velocities (velocity 

gradient) between two different regions (v1 and v2) at a known distance (L) is measured; this 

allows for the calculation of strain rate (SR): (v1-v2)/ L; Strain () can be back calculated by 

using the temporal integration of the SR (= SR x dt). 
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Figure 6. Typical speckle pattern in the myocardium. The two enlarged areas show 

completely different speckle patterns, which is due to the randomness of the 

interference. This creates a unique pattern for any selected region, providing both 

identification of the region and the degree of displacement of the region in the 

next frame. 

Previous studies have depicted LV architecture as a transmural continuum between two 

helical fiber geometries, where right-handed helical geometry in the subendocardial 

region gradually changes into lefthanded geometry in the subepicardial region.
63, 64

 

Thus, cardiac motion is a complex process involving rotation, contraction, and 

shortening.
65

  

STE is simple to perform, it requires only one cardiac cycle, and further processing and 

interpretation can be done offline. The software only requires harmonic and high frame 

rate imaging. The real power of speckle analysis is the ability to examine several 

components or planes (i.e. radial, longitudinal and circumferential) in a single data set. 

Myocardial strain quantification by STE has been well validated, using sonomicrometry 

and tagged cMR as reference methods.
66

 STE strain measurements are accurate, with 

minimal bias and low intra- and interobserver variabilities, and are valid in patients with 

and without wall motion abnormalities. More recently, STE has been used to evaluate 

new indices of systolic function, particularly longitudinal strain.
67
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Figure 7. Speckle tracking technique. In the speckle tracking technique, a defined 

region (Kernel) is tracked, following a search algorithm trying to recognize the most 

similar speckle pattern from one frame to another. The initial frame is shown in green.  

Within a defined search area, the new position of the kernel in the next frame (red) can 

be recognized by finding the same speckle pattern in a new position, indicating that 

each speckle has moved the same distance in the same direction (thin blue arrows). This 

allows measurement of the movement of the whole kernel (thick blue arrow), which is 

the same distance as that of the individual speckles. 

 

STE also offers the unique opportunity to assess torsional deformation of the LV. 

Indeed, LV contraction not only generates shortening and thickening, but also torsion. 

Due to the orientation of LV muscle fibres varying across the LV wall – from a right 

hand helix in the subendocardium, through circumferential fibres in the midwall, to a 

left hand helix in the subepicardium – the shortening of obliquely oriented LV fibres 

generates a wringing motion responsible for LV torsion.
68. 69 

During the cardiac cycle, a 

systolic twist and an early diastolic untwist are generated by opposite basal and apical 

rotations. When viewed from the apex during systole, the apex rotates counter 

clockwise relative to the base. Torsion, or twist, plays an important role in ejection and 

in the storage of potential energy at end systole, the release of this energy as elastic 

recoil during early diastole assists ventricular suction.
67 

 

For the investigations detailed in this thesis we performed all strain and strain rate 

measurements by 2D STE. 
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4 Objectives 
 

The objectives of the present dissertation were the followings: 

 

 to assess the characterization of the mitral and tricuspid annular velocity changes 

by tissue Doppler imaging in patients with constrictive pericarditis (CP) who 

underwent pericardiectomy in order to get further insight into the mechanism of 

annulus motion in CP and to define the diagnostic threshold between primary and 

secondary CP subgroups, 

 to investigate the usefulness of the ratio of medial/lateral strain measurement by 

speckle tracking echocardiography in the differential diagnosis of CP from 

restrictive myocardial diseases, 

 to perform an analysis of the 189 echocardiography-guided endomyocardial 

biopsy (EMB) procedures in search of new complications previously undetected 

by fluoroscopy alone and to describe the characteristics, procedural details, 

clinical significance and treatment of patients who developed an acute right sided 

thrombus during the procedure and 

 to determine the potential role of speckle myocardial imaging (SMI) for 

identifying left ventricular dysfunction in patients with isolated left ventricular 

non-compaction (iLVNC) who have no evidence on two- dimensional imaging or 

standard Doppler of cardiac impairment and to establish which of the SMI 

modalities is the most accurate for detection of early left ventricular dysfunction 

in patients with iLVNC. 
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5 Methods 
 

The study population consisted of a total of 366 patients in the four presented studies, 

288 (99 patients with CP, 189 patients who underwent endomyocardial biopsies), 

retrospectively enrolled patients between January 2006 and April 2009 and 80 (15 

patients with CP, 15 with CA and 20 with iLVNC and 40 control subjects) 

prospectively enrolled patients between July 2006 through 2009 at the Cardiovascular 

Division of Mayo Clinic, Rochester, Minnesota. The protocols of the studies were 

approved by Institutional Review Board of Mayo Clinic. Informed consent was given to 

patients enrolled in the studies. All patients underwent comprehensive 

echocardiographic examination.  

5.1 Methods and patients in tissue Doppler imaging study of 

constrictive pericarditis 

From January 2006 through September 2008, 183 patients had pericardiectomy at the 

Mayo Clinic, Rochester, Minnesota. We excluded 41 patients who had pericardiectomy 

due to recurrent or relapsing pericarditis but no evidence of CP. Also excluded were 43 

patients who had concomitant valve surgery or coronary artery bypass grafting at the 

time of pericardiectomy. Hence, the study population consisted of 99 patients (72 men 

and 27 women; mean age, 58±15 years) with surgically proven CP who had 

comprehensive echocardiographic examination before and after pericardiectomy. Since 

concomitant myocardial disease can affect annulus velocities, we divided patients into 2 

groups based on the underlying etiology of CP, i.e. primary CP (idiopathic, 

postpericarditis, viral etiology; n=52) and secondary CP (due to surgery or radiation; 

n=47). The clinical profile and echocardiographic findings for both groups were 

compared before and after pericardiectomy.  

Echocardiography examination. All patients had comprehensive evaluation with M-

mode, 2-D and pulsed-wave Doppler echocardiography with a respirometer recording 

and TDI before and after pericardiectomy. Left ventricular ejection fraction (LVEF) was 

calculated by 2D echocardiography with a modification of the method of Quinones et 

al.
70

 Left atrial volume was measured by the modified biplane area-length method.
71

 

Right ventricular systolic function was visually assessed. From the mitral inflow 
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velocities by pulsed wave Doppler echocardiography, the following variables were 

measured: peak velocities of early (E) and late filling (A) and E wave deceleration time 

(DT). Peak annular velocities were measured from the apical four chamber view at 

systole (s‟), early (e‟) and late (a‟) diastole with a 2–5 mm tissue Doppler sample 

volume placed at the septal corner and at the mitral and tricuspid lateral annuli. In 

patients with atrial fibrillation (AF), five consecutive signals were measured and 

averaged. 

Diagnosis of constrictive pericarditis. Clinical, hemodynamic and echocardiographic 

findings were considered but the final diagnosis of CP was confirmed at the time of 

surgery in all study patients. 

Operative details. Pericardiectomy was performed via a sternotomy or left 

thoracotomy incision. The standard pericardial resection at our institution is 

comprehensive, with removal of the diaphragmatic component, the anterior pericardium 

from phrenic nerve to phrenic nerve as well as that posterior to the left phrenic nerve. In 

most patients, radical pericardiectomy was performed. Where this was not achievable, 

as much pericardium was resected as possible. Visceral pericardium was also removed 

as required.  

Statistical analysis. Descriptive data are reported as mean ± SD or count (percent), as 

appropriate. The Shapiro-Wilk test was used to check the normality of the outcome 

distributions. Paired t-tests (or Wilcoxon signed-rank tests for non-normal data) were 

used to assess the echocardiographic parameters before and after pericardiectomy. In 

addition, comparisons between 2 groups were done with the t-test (or Wilcoxon Rank-

Sum test for non-normal data). Differences were considered statistically significant at 

p< 0.05. For all outcomes, Spearman correlations were computed. All analyses were 

performed using JMP statistical software (version 8, SAS Institute Inc., Cary, NC) 

5.2 Methods and patients in speckle tracking imaging study of 

constrictive pericarditis and restrictive cardiomyopathy 

For the differential diagnosis of CP and RCM, a total of 45 patients (15 patients with 

CP, 15 patients with cardiac amyloidosis (CA) and 15 control subjects) who agreed to 

join the present study and gave informed consent were prospectively enrolled from 

patients undergoing evaluation in the Cardiovascular Division at the Mayo Clinic, 
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Rochester Minnesota, from December 2008 through September 2009 referred for an 

echocardiogram. Other inclusion criteria were left ventricular ejection fraction (LVEF) 

> 45%, age > 18 years old and clinically stable patients. Exclusion criteria were more 

than moderate degree of valvular heart disease, difficult echocardiographic images and 

present regional wall motion abnormalities. The control subjects were selected from 

colleagues or trainees who agreed to join the study. 

All patients with CP had clinical and echocardiographic evidence of increased right-

sided filling pressures. Additional tests for assessment of CP included computed 

tomography (CT) in 7 patients (47%), CMR in 7 patients (47%), coronary angiography 

and assessment of cardiac hemodynamics using cardiac catheterization in 8 (53%) 

patients. Pericardial thickening were noted in 7 patients and calcification were noted in 

4 patients by CMR or CT.  

RCM was defined as myocardial disease that was characterized by restrictive 

physiology demonstrated by Doppler transmitral diastolic flow velocity, reduced 

diastolic LV volumes and LVEF >45%. The underlying etiology of RCM was biopsy 

proven systemic amyloidosis in all cases.  

Echocardiography examination was performed on the patient in the left lateral decubitus 

position using Artida (Toshiba, Japan) with a PST-30SBT probe. The thickness of the 

ventricular septum and LV and LV posterior wall, the end-systolic and end-diastolic LV 

diameters were determined from M-mode or two-dimensional imaging and LV mass 

and EF were calculated. Left atrial volume measurement and pulsed wave Doppler of 

mitral inflow were carried out as previously described.
78

 Both LV mass and left atrial 

volume were indexed to body surface area. Peak annular velocities were measured from 

the apical 4-chamber view at peak annular systole (s‟), early (e‟) and late (a‟) diastole 

with a 2-to-5-mm sample volume placed at the septal corner and at the mitral and 

tricuspid lateral annuli by tissue Doppler echocardiography. 

The longitudinal strain was assessed by 2D Speckle Tracking Analysis from apical 4- 

chamber views using wall motion tracking software (Toshiba, Artida). Following 

manual initialization of the LV endocardial border, endocardial contours were tracked 

automatically frame by frame, with the papillary muscles included in the LV cavity. 

Epicardial contours were manually adjusted when necessary to optimize the boundary 

position. The LV segments were divided into basal, mid and apical segments. The ratios 
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of the medial/lateral strains were assessed. Frame rates were set in 50 to 70 Hz in this 

study. 

Statistical analysis. Continuous variables are expressed as mean ± standard deviation. 

Continuous variables were assessed with the paired t test. Univariate logistic regression 

was used to predict disease status (constriction vs. restriction) and areas under the curve 

were calculated. Specific cut points were investigated and specificities and sensitivities 

were calculated for those cut-points. A value of p< 0.05 was considered significant. 

5.3 Methods and patients in the echocardiography guided 

endomyocardial biopsy study 

We identified all patients who underwent endomyocardial biopsy at Mayo Clinic, 

Rochester MN from June 2008 to April 2009 and retrospectively reviewed all the charts 

of patients undergoing echocardiographic guided endomyocardial biopsies. At Mayo 

Clinic, echocardiography is used as a supplemental imaging modality to guide EMB in 

patients undergoing EMB to diagnose myocardial diseases in patients with ventricular 

dysfunction or who are undergoing surveillance biopsies who are less than 3 month post 

transplant. Patients who undergo biopsies beyond 3 months post transplant usually have 

the procedure performed under fluoroscopic guidance alone since cardiac perforation is 

considered unlikely. We recorded the indication for EMB, route of biopsy, number of 

biopsy specimens taken and whether the procedure was complicated by thrombus 

formation.  

The EMB undertaken in these patients was performed as follows: in the cardiac 

catheterization laboratory, either the right internal jugular, or the right or left femoral 

vein was prepped and draped. After instillation of a local anesthetic agent, the right or 

left femoral/ right internal jugular vein was entered using the percutaneous technique. 

An 11cm sheath (ranging in caliber from 7 to 9 French) was placed if an internal jugular 

vein approach was used. If a trans-femoral route was used an 8 French Mullins sheath 

was inserted into the femoral vein. Next, a bioptome (ranging in caliber from 6 to 9 

French), manufactured by Cordis or Scholten Surgical, was inserted into the sheath and 

advanced to the right ventricle. Once the position of the bioptome tip was in an ideal 

location, guided by transthoracic echocardiography (see below), an endomyocardial 

biopsy was obtained. After each biopsy the bioptome was removed from the heart and 
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reinserted until a satisfactory number of specimens had been obtained. The venous 

sheaths were not routinely flushed during the procedure. After the last biopsy specimen 

had been obtained, the bioptome and sheath were removed and pressure was applied to 

the puncture site until hemostasis was achieved. The procedure was performed under 

fluoroscopic and echocardiographic guidance.  

Echocardiographic imaging was performed using iE33 Philips transthoracic machine 

with an S5-1 probe and GE Vivid I laptop machine with a GE 3S-rs probe. Harmonic 

imaging was routinely used to optimize image quality. The patient was imaged in the 

cardiac catheterization laboratory while lying supine on the procedure table. Generally, 

the patient was already prepped and draped prior to imaging. No specific 

echocardiographic views were obtained. Generally scanning was performed left-handed 

from the left side of the bed and apical or para-apical views were obtained. Attention 

was paid to obtain the best longitudinal axis images of the right atrium and right 

ventricle, tricuspid valve and tricuspid apparatus as well as ensuring the bioptome tip 

could be visualized in the right ventricle prior to biopsy. Baseline imaging was 

performed immediately before the procedure and then imaging repeated during 

bioptome insertion, positioning and biopsy and immediately on withdrawal of the 

bioptome to evaluate for tricuspid regurgitation and assess for a pericardial effusion. 

This imaging sequence was repeated for each biopsy attempt until the conclusion of the 

case. Occasionally, due to poor apical window image quality a subcostal window was 

used. 

5.4 Methods and patients in speckle tracking imaging study of 

isolated noncompact cardiomyopathy 

For the early detection of myocardial impairment in isolated left ventricular non-

compaction, the following methods and patient population were used. Exclusion criteria 

included age < 18 years old, history of moderate or greater systemic or pulmonary 

hypertension, significant valvular heart disease, clinical or electrocardiographic 

evidence of ischemic heart disease and evidence of concomitant complex congenital 

heart disease. Controls (group I) were selected from patients undergoing clinically-

indicated echocardiography who had no cardiac symptoms, and no history of 

hypertension or cardiac disease. They were referred to the echocardiography laboratory 
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for atypical chest pain (n=6), low-intensity systolic murmur at physical examination 

(n=4), or to define risk of imminent non-cardiac surgery (n=10). Patients with iLVNC 

were divided in two groups based on the EF: patients with an EF > 50% (n = 10) were 

labeled as group II; patients with EF ≤ 50% (n = 10) were labeled as group III. 

All ultrasound examinations were performed with a commercially available 

echocardiographic instrument (Vivid 7; GE Healthcare, Milwaukee, WI). The thickness 

of the ventricular septum and LV posterior wall, the end-systolic and end-diastolic LV 

diameters were determined from M-mode or 2D imaging, and LV mass and EF were 

calculated as previously described.
72

 Pulsed wave Doppler of mitral inflow, and LV 

outflow was performed as previously described.
72

 Pulsed wave tissue Doppler Imaging 

(PWTDI) was measured placing the sample volume on the medial mitral annulus in the 

apical 4-chamber view. Off-line analysis of standard echocardiographic variables was 

performed with the use of dedicated software (ProSolv CV analyzer version 3.0); three 

consecutive beats were measured and averaged for each measurement.  

For SMI, apical 4-chamber, long axis, and 2-chamber views were acquired, as well as 

parasternal short axis view at basal, mid and apical LV level, as previously described 

(Figure 8).
73

 In addition, narrow sector views were acquired for each left ventricular 

wall from apical views. 2D recordings were collected with a frame rate ranging from 60 

(full apical views) to 160 (narrow sector views) frames/sec during brief breath hold. 

Three consecutive cardiac cycles were recorded as 2D cine loops and the acquired raw 

data were saved on magneto optical disks or DVDs for offline analysis. 

Longitudinal systolic peak values were determined for myocardial velocity (sMV), 

displacement (sD) strain rate (sSR) and strain (sS). Longitudinal early diastolic peak 

values were determined for myocardial velocity (dMV-E) and strain rate (dSR-E). 

Radial and circumferential systolic and early diastolic peak values were measured for 

sSR, dSR-E, and sS. For longtudinal SMI, analysis was performed considering a model 

of 18 LV segments individually and also combining them in clusters according to two 

different criteria. The first criterion was determined by LV level (basal, middle and 

apical). The SMI values (sMVI, dMV-E, sD, sSR, dSR-E, and sS) were averaged for the 

6 basal segments (basal mean), for the 6 middle segments (middle mean) and for the 6 

apical segments (apical mean). The second criterion was determined by LV wall. The 

SMI values were averaged for the anterolateral, inferoseptal, posterior, anteroseptal, 
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inferior and anterior walls. The averaged LV rotation and rotational velocity profile 

from six segments of short-axis views at the basal and apical levels were used for the 

calculation of LV torsion as elsewhere described.
74

 After procurements of LV rotation 

at the two short-axis levels, LV torsion was calculated as the net difference between LV 

rotation angles obtained from basal (clockwise) and apical (counterclockwise) short axis 

planes at the same time point, that is, LV torsion (degree) = (apical LV rotation - basal 

LV rotation).  

In the current version of the software used for the measurement of SMI values (Echopac 

BT09, GE Vingmend Ultrasound Medical Systems, Milwaukee, Wisconsin, USA), the 

tracking quality for each segment was automatically evaluated and summarized in the 

tracking table as V (valid tracking) and X (not acceptable tracking).  

 

Figure 8. Speckle tracking of the lateral wall (apical 4 chamber, narrow view) in a 

patient with overt isolated left ventricular non-compaction. The image was analyzed 

offline with the help of a specific software (ECHOPAC BTW09 GE Vingmend 

Ultrasound medical systems), tracking quality for each segment is reported at the 

bottom of the figure. 

Cardiac magnetic resonance. ECG-gated CMR was performed on a 1.5T system 

(Twin speed EXCITE, GE Healthcare, Waukesha, WI, Figure 9) and consisted of 

steady-state free precession (SSFP) cine-imaging using an eight-element phased-array 

cardiac coil
 
for signal reception. Left ventricular function was obtained

 
with cine images 
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using a steady-state free precession (SSFP)
 
technique (TR/TE, 3.5/1.4; matrix, 192 x 

192; field of view,
 
34 x 34 cm; slice thickness, 8 mm) obtained in 2-chamber, 4-

chamber,
 
and short-axis planes. 

Assessment of the CMR‟s was performed by one observer by off line measurements of 

the compacted and non-compacted myocardium in each segment of the 17 segment 

model. 

 

Figure 9. Short axis cardiovascular magnetic resonance (CMR) of a steady state free 

precession (SSFP) image illustrating severe myocardial trabeculation with deep 

intertrabecular recesses. Biventricular myocardial involvement with features consistent 

with non-compaction can be appreciated. 

Statistical analyses were performed with a commercially available software program 

(STATA v10.1, STATA Institute, Cary, TX, USA). Pairwise comparisons between 

groups were made by Wilcoxon Rank Sum test, Fisher exact test, or exact inference for 

ordered contingency tables. For measurements of the longitudinal sS at the basal, mid, 

and apical segments, considering each group separately, a repeated-measures analysis of 

variance (ANOVA) containing group and segment effects was carried out and the 

group-segment interaction was fitted. Differences across the three segments within each 

group were compared using ANOVA for repeated measures. A p-value less than 0.05 

for repeated-measures ANOVA was considered statistically significant. Diagnostic 

accuracy of the SMI modalities (longitudinal, radial, circumferential and 

rotation/torsion), including global mean values, mean value for clusters and 

measurements for individual LV segments, was compared by the receiver operating 

characteristics (ROC) curves for patients with iLVNC and EF > 50% vs controls. 
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Formal comparisons of the areas under the ROC curves (AUC) were performed as well, 

using the method of Delong and Delong
75

 for comparing AUC between two tests 

performed on the same subjects. 

To examine intra-observer variability (repeatability), a sample of 10 echocardiographic 

examinations was randomly selected for masked review by the same investigator. To 

examine inter-observer variability a co-investigator blinded to the clinical information 

and to the results of the first investigator examined 10 randomly selected 

echocardiographic exams. Intraclass correlation coefficients (ICCs) for the same 

observer and different observers were calculated using previously described formulae76 

for single segments and for the global mean of each DMI modality. Data are expressed 

as mean value ± SD, or count (percent). A difference was considered statistically 

significant when the p-value was less than 0.05. 

6 Results 

6.1 Results in tissue Doppler imaging study of constrictive 

pericarditis 

To assess the characterization of the mitral and tricuspid annular velocity changes in 

patients with CP who underwent pericardiectomy, the following results were obtained. 

Of the 99 patients, CP was secondary to previous cardiac surgery in 34 (34.4%), 

previous radiation therapy in 13 (13.1%), other causes (postpericarditis, autoimmune, 

etc.) in 19 (19.2%), and idiopathic in 33 (33.3%). Their mean age was 58±15 years; 72 

(73%) were men; patients in the secondary CP group were older (61±13 vs. 53±16 

years, p=0.0053). Sinus rhythm was present in 83% of primary CP patients and 83% of 

secondary CP. Body mass index was 28.5±5 vs. 27.5±5 kg/m
2
, and body surface area 

was 1.99±0.3
 
vs. 1.98±0.2 m

2
, respectively.  

Two-dimensional and Doppler echocardiography. Follow-up echocardiograms were 

obtained 51±131 (range, 0 to 778 days) days after pericardiectomy. Table 1 lists 2D and 

Doppler echocardiographic data before and after pericardiectomy. Before 

pericardiectomy, biatrial enlargement was reported in 26 (50%) primary and 32 (68%) 

secondary CP patients. Apart from mitral A velocity, there were no significant 

differences between the two subgroups before pericardiectomy. Following 
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pericardiectomy, only LV end-diastolic dimension was significantly different between 

these subgroups. 

Prior to pericardiectomy, RV function was normal or mildly decreased in 95% of 

patients, and moderate to severely decreased in 5%. After surgery, these proportions 

were 81% and 19%, respectively. 
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Before pericardiectomy  After pericardiectomy 

All 

patients 

Primary 

CP 

Secondary 

CP 
P 

All 

patients 

Primary 

CP 

Secondary 

CP 
P P† P‡ 

LVEDD 

(mm) 
43±6 43±6 43±5 0.72 44±6 45±6 42±5 0.045 0.008 0.58 

LVESD 

(mm) 
28±4 28±4 28±4 0.25 

28 

(24,32) 
29±5 28±6 0.30 0.11 0.87 

LVEF 

(%) 
59±7 60±7 58±7 0.12 

60 

(54,66) 

62  

(55,66) 
59±10 0.50 0.68 0.26 

LAVI 

(ml/m
2
) 

33 

(28,45) 

33  

(26,40) 

32 

(29,52) 
0.46 48±17 47±14 48±17 0.71 0.004 

0.03

6 

E (m/s) 
0.9 

(0.7,1.1) 
0.9±0.3 

0.9  

(0.7,1.2) 
0.21 

1.0 

(0.8,1.2) 
1±0.2 

1.0  

(0.8,1.3) 
0.36 0.07 0.93 

A (m/s) 
0.5 

(0.4,0.6) 

0.5 

(0.4,0.6) 

0.5  

(0.5,0.7) 
0.023 

0.6  

(0.4,0.7) 
0.6±0.2 0.6±0.2 0.31 0.039 0.17 

E/A 
1.7 

(1.4,2.2) 

1.8 

(1.5,2.3) 

1.6  

(1.3,2.1) 
0.42 1.9±0.8 1.9±0.9 1.9±0.7 0.99 0.73 0.76 

DT (ms) 155±31 154±31 156±32 0.87 156±33 164±35 148±24 0.06 0.10 0.36 

Table 1. General two-dimensional and Doppler echocardiographic parameters in 99 patients with constrictive pericarditis (CP). 

comparing primary and secondary CP values, †comparing pre- and post-pericardiectomy values in primary CP, ‡comparing 

pre- and post-pericardiectomy values in secondary CP, not normal distribution values shown as: median (25th, 75th percentile), 

A: late diastolic velocity of mitral inflow; DT: deceleration time; E: early diastolic velocity of mitral inflow; E/A: early/late 

filling ratio; LAVI: left atrial volume index; LVEDD: left ventricular end-diastolic diameter; LVEF: left ventricular ejection 

fraction; LVESD: left ventricular end-systolic diameter, NS: not significant. 



 

33 

 

Tissue Doppler imaging. Table 2 shows the TDI data points available for analysis, and 

Table 3 their overall mean values. Among analyzable patients, a medial e‟ velocity ≥ 8 

cm/s was present prior to pericardiectomy in 86% of the entire group, and in 100% of 

primary and 75% of secondary CP cases.  

Between primary and secondary CP groups, there were significant differences in e‟ 

velocities except at the tricuspid annulus (Table 4). In both primary and secondary CP 

groups, early annular diastolic velocities decreased significantly after pericardiectomy 

(Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15), whether medial e‟ 

(p<0.0001 and p=0.0004, respectively), mitral lateral e‟ (p=0.022 and p=0.013, 

respectively) or tricuspid lateral e‟ (p=0.0005 and p=0.028, respectively, Table 4). 

Overall, the reduction in medial e‟ was somewhat more significant than mitral lateral e‟ 

velocity (p<0.0001 and p=0.0004, respectively, Table 3). 

 

 
Prepericardiectomy 

Matched pre- and post-

pericardiectomy data 

s’ e’ a’ s’ e’ a’ 

Medial 92 92 77 76 75 59 

Mitral lateral 48 49 41 30 31 24 

Tricuspid 

lateral 
39 40 34 18 19 17 

Table 2. Frequency of baseline (prepericardiectomy) and matched pre- and post-

pericardiectomy tissue velocity data in 99 patients with constrictive pericarditis. The 

fewer a‟ values reflect the occurrence of atrial fibrillation. s‟: systolic annulus velocity, 

e‟: early diastolic annulus velocity, a‟: late diastolic annulus velocity. 
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Before pericardiectomy After pericardiectomy P value* 

s’ e’ a’ s’ e’ a’ P s’ P e’ P a’ 

Medial 
7.0 

(6.0,9.0) 
12.2 

8.0 

(7.0,11.5) 

6.0 

(5.0,7.0) 

8.0 

(6.0,1.0) 

7.0 

(5.0,8.0) 
<0.0001 <0.0001 <0.0001 

Lateral mitral 
8.0 

(6.3,9.8) 
11.9 10.0 6.9 

8.0 

(7.0,11.0) 
7.4 0.017 0.0004 0.016 

Lateral tricuspid 12.1 13.1 13.8 6.9 7.5 
7.5 

(5.0,9.0) 
<0.0001 <0.0001 0.0002 

Table 3. Overall mean long-axis annular velocities before and after pericardiectomy. All velocity values are in cm/s. *comparing 

before and after pericardiectomy, s‟: systolic annulus velocity; e‟: early diastolic annulus velocity; a‟: late diastolic annulus 

velocity. Not normal distribution values shown as: median (25th, 75th percentile). 
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Before pericardiectomy After pericardiectomy 

All 

patients 

(cm/s) 

Primary 

CP 

(cm/s) 

Secondary 

CP 

(cm/s) 

P* 

All 

patients 

(cm/s) 

Primary 

CP 

(cm/s) 

Secondary 

CP 

(cm/s) 

 

P† 

 

P‡ 

Medial s’ 
7.0 

(6.0, 9.0) 

9.0 

(7.0,10.0) 

6.0 

(5.0,8.0) 
0.0002 

6.0 

(5.0,7.0) 
6.4±1.7 

6.0 

(5.0,7.8) 
<0.0001 0.038 

Mitral lateral s’ 
8.0 

(6.3,9.8) 
9.1±2 

7.0 

(6.0,9.0) 
0.002 7.1±2.2 7.9±1.7 6.5±2.4 0.09 0.11 

Tricuspid lateral s’ 11.2±3.8 12.4±3.1 9.7±4.0 0.029 7.2±2.7 6.9±2.9 7.6±2.9 0.0005 0.043 

Medial e’ 12.2±4.2 14.6±3.4 10.3±3.5 <0.0001 
8.0 

(6.0,1.0) 
9±2.9 

7.0 

(6.0,9.0) 
<0.0001 0.0004 

Mitral lateral e’ 11.6±3.5 12.8±3.8 10.3±2.8 0.008 
8.0 

(7.0,11.0) 

10.0 

(8.5,13.0) 
7.6±2.0 0.022 0.013 

Tricuspid lateral e’ 12.2±4.9 13.1±4.8 11.2±4.8 0.20 7.5±2.7 8.4±2.8 6.8±2.4 0.0005 0.028 

Medial a’ 
8.0 

(7.0,11.5) 

10.0 

(7.0,13.0) 

8.0 

(7.0,10.0) 
0.040 

7.0 

(5.0,8.0) 

6.0 

(5.0,8.0) 
7.2±2.9 <0.0001 0.06 

Mitral lateral a’ 10.3±4.3 10.5±4.9 10.1±3.5 0.79 8.2±3.4 7.8±3 8.5±3.9 0.08 0.12 

Tricuspid lateral a’ 11.7±5.4 13.1±5.7 9.6±4.5 0.06 
7.5 

(5.0,9.0) 

8.0 

(6.0,9.5) 

6.0 

(5.0, 9.0) 
0.003 0.06 

Table 4. Long-axis systolic (s‟), early diastolic (e‟) and late diastolic (a‟) annular velocities before and after pericardiectomy. All 

velocity values are in cm/s. *comparing primary and secondary constrictive pericarditis (CP), †comparing pre- and post-

pericardiectomy values in primary CP, ‡comparing pre- and post-pericardiectomy values in secondary CP; Not normal 

distribution values shown as: median (25th, 75th percentile). s‟: systolic annulus velocity, e‟: early diastolic annulus velocity, a‟: 

late diastolic annulus velocity. 
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Before pericardiectomy After pericardiectomy  

All 

patients 

Primary 

CP 

Secondary 

CP 
P* 

All 

patients 

Primary 

CP 

Secondary 

CP 
P* 

 

P† 

 

P‡ 

E/e’ 

medial 

7.5 

(4.8,10) 
6.7±4 

8.9 

(6.4,14.0) 
0.0008 

11.2 

(7.2,18) 
11.7±9 

11.2 

(8.7,18.4) 
0.22 <0.0001 0.22 

E/e’ 

lateral 

mitral 

8.3 ±4 7.5±4 9.4±5 0.12 
12 

(7.3,17) 
11±6 

13.7 

(10,20) 
0.022 0.05 0.012 

E/e’ 

lateral 

tricuspid 

8.0 

(6.0,10.0) 

7.1 

(5.0, 9.0) 

9.2 

(6.9,16.5) 
0.048 14.3±8 12.5±6.4 16±10 0.10 0.13 0.05 

e’ lateral 

mitral 

/e’medial 

0.93 

(0.78,1.07) 
0.9±0.2 

0.94 

(0.85,1.2) 
0.52 

1.1 

(0.85,1.5) 

1.2 

(0.95,1.5) 

1.0 

(0.8, 1.6) 
0.22 0.0006 0.035 

Table 5. Early diastolic velocity of mitral inflow (E) to early annular velocity (e‟) ratios and lateral mitral to medial e‟ ratio 

before and after pericardiectomy. *comparing primary and secondary constrictive pericarditis (CP), †comparing pre- and post-

pericardiectomy values in primary CP, ‡comparing pre- and post-pericardiectomy values in secondary CP, not normal 

distribution values shown as: median (25th, 75th percentile).  
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Comparing radiation and postcardiac surgery patients within the secondary CP group, 

there were no significant differences in tissue velocity characteristics before or after 

pericardiectomy. In both groups, medial and mitral lateral e‟ velocities were lower after 

surgery. However, the decline in e‟ appeared more significant in the radiation compared 

to the cardiac surgery group (p=0.0092 vs. p=0.0383), consistent with greater 

myocardial disease in the former. 

Table 5 shows the E/e‟ and mitral lateral/medial e‟ ratios before and after 

pericardiectomy. Mitral lateral/medial e‟ velocity ratio was reversed (i.e. less than 1) in 

74% of all analyzable cases before pericardiectomy. This reversed ratio prevailed 

equally in primary (74%) and secondary CP patients (75%), and increased in both CP 

groups after pericardiectomy (p=0.0002 for the entire CP group). Notably, among 

primary CP patients, this relationship changed from an overall reversed ratio to normal 

after surgery (p=0.0006). 

There were significant differences in all s‟ velocities between the subgroups before 

pericardiectomy. After pericardiectomy, only lateral s‟ was lower in the secondary 

group (Table 4). Moderate to strong correlations were observed between s‟ and e‟ as 

well as between s‟ and a‟ velocities before pericardiectomy (Table 6). These 

correlations were in general weaker after pericardiectomy. 

 
Before pericardiectomy After pericardiectomy 

s’ and e’ s’ and a’ s’ and e’ s’ and a’ 

Medial (cm/s) 0.62 

(<0.0001) 

0.66 

(<0.0001) 

0.34 

(0.001) 

0.38 

(0.001) 

Lateral mitral (cm/s) 0.49 

(0.0004) 

0.41 

(0.007) 

0.48 

(0.0007) 

0.44 

(0.005) 

Lateral tricuspid (cm/s) 0.34 

(0.037) 

0.81 

(<0.0001) 

0.27 

(0.19) 

0.45 

(0.034) 

Table 6. Spearman correlation of annular velocities before and after pericardiectomy. 

Data presented as ρ (P value). s‟: systolic annulus velocity, e‟: early diastolic annulus 

velocity, a‟: late diastolic annulus velocity.  

Regional wall motion abnormalities were present in 3 (6%) and 9 (19%) patients with 

primary and secondary CP, respectively. No significant changes occurred in annular 

velocities after surgery in these patients, probably due to their small number or lower 
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baseline annular velocities. Conversely, among the patients without wall motion 

abnormalities, all annulus velocities decreased significantly (p<0.03 for all medial, 

mitral lateral and tricuspid lateral velocities).  

Postoperative echocardiography showed persistent features of CP (defined as at least 

two of the following: mitral E respiratory variation, hepatic vein diastolic flow reversals 

with expiration, inferior vena cava plethora) in 7 patients. At the medial annulus where 

postoperative data were available in all cases, s‟, e‟ and a‟ were not significantly 

different between these patients and the 92 without persistent constrictive 

hemodynamics (all p>0.35). 

 

 

 

Figure 10. Tissue Doppler Imaging (TDI) at the medial annulus in a patient with 

constrictive pericarditis before pericardiectomy. All subsequent figures are from the 

same patient. Medial s‟ 0.09 m/s, e‟ 0.14 m/s, and a‟ 0.11 m/s. s‟: systolic annulus 

velocity, e‟: early diastolic annulus velocity, a‟: late diastolic annulus velocity. 
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Figure 11. Tissue Doppler Imaging (TDI) at the medial annulus after pericardiectomy. 

Medial s‟ was 0.08 m/s, e‟ 0.07 m/s, and a‟ 0.1 m/s. s‟: systolic annulus velocity, e‟: 

early diastolic annulus velocity, a‟: late diastolic annulus velocity. 

 

 

 

Figure 12. Tissue Doppler Imaging (TDI) at the lateral mitral annulus before 

pericardiectomy. Lateral s‟ was 0.11 m/s, e‟ 0.13 m/s, and a‟ 0.16 m/s. s‟: systolic 

annulus velocity, e‟: early diastolic annulus velocity, a‟: late diastolic annulus velocity. 
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Figure 13. Tissue Doppler Imaging (TDI) at the lateral mitral annulus after 

pericardiectomy. Lateral s‟ was 0.9 m/s, e‟ 0.1 m/s, and a‟ 0.13 m/s. s‟: systolic annulus 

velocity, e‟: early diastolic annulus velocity, a‟: late diastolic annulus velocity. 

 

 

 

 

Figure 14. Tissue Doppler Imaging (TDI) at the lateral tricuspid annulus before 

pericardiectomy. Lateral annular s‟ measures 0.11 m/s, e‟ 0.11 m/s, and a‟ 0.17 m/s. s‟: 

systolic annulus velocity, e‟: early diastolic annulus velocity, a‟: late diastolic annulus 

velocity. 
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Figure 15. Tissue Doppler Imaging (TDI) at the lateral tricuspid annulus after 

pericardiectomy. Lateral annular s‟ was 0.09 m/s, e‟ 0.08 m/s, and a‟ 0.11 m/s. s‟: 

systolic annulus velocity, e‟: early diastolic annulus velocity, a‟: late diastolic annulus 

velocity. 

6.2 Results in speckle tracking imaging study of constrictive 

pericarditis and restrictive cardiomyopathy 

For the differential diagnosis of CP from RCM by STE the study patients were 

classified into 3 groups, CP, CA and control group. There were 19 men in the study, 

mean age was 5217 years (5615 vs. 658 vs 348) in the three groups, respectively). 

All patients were in sinus rhythm, two patients from the CP group had paroxysmal atrial 

fibrillation. The underlying cause of CP was previous cardiac surgery in 1 patient (7%), 

radiotherapy in 3 patients (20%), idiopathic in 7 patients (46%) and other (autoimmune, 

viral) in 4 patients (27%). All patients with CP had clinical and echocardiographic 

evidence of increased right-sided filling pressures. There were no significant differences 

between CP and CA in cardiac output, 5.6 l /min vs 5.5 l /min in heart rate (HR), 75/min 

vs 70/min, in (body surface area) BSA 1.970.3 (m
2
) and 1.9 0.3 (m

2
). Body mass 

index (BMI) were 28.9 7.6 kg/m
2
 and 25.2 5.3 kg/m

2
, respectively. However, there 

was a significant difference between CP and CA in LV mass, 100.2 g vs 225.8 g, 

p<0.0001, in LAVI 34.013.2 cc/m
2
 vs 46.410.2 cc/m

2
, p=0.0146. Pericardial or 

pleural effusion was present in 8 patients in the CP group. Further echocardiographic 

parameters are displayed in Table 7 and Table 8. For the longitudinal strain parameters 

see Table 9. Longitudinal strain was significantly higher for CP in comparison with CA 

in both the septal and lateral basal segments and in the mid lateral segment, whereas for 
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mid septal segment there was no such relationship. There were also significant 

differences in the longitudinal strain basal septal/ basal lateral (BS/BL) and mid-septal 

and mid-lateral (MS/ML) ratios.  

A gradient of longitudinal strain was observed from base to mid segments. The mid 

longitudinal strain values tended to be higher in both medial and lateral segments, than 

the base values. Lateral strain values were decreased, where there was calcification or 

wall thickening. Septal values were preserved. 

 

Parameters 
Control 

 Group 

Constrictive 

Pericarditis 

Cardiac 

Amyloidosis 
P 

LVEF (%) 614 659 5610 NS 

E (m/sec) 0.750.1 0.90.2 0.80.3 NS 

A (m/sec) 0.50.09 0.60.3 0.50.3 NS 

E/A 1.50.3 1.90.9 2.42.3 NS 

Septum 

(mm) 
8.61.8 9.22.2 15.53 <0.0001 

PW (mm) 8.51.6 9.91.2 14.93.5 <0.0001 

LVEDD 

(mm) 
484 455 438 NS 

LVESD 

(mm) 
347 295 307 NS 

Table 7. Standard echocardiographic parameters in patients with constrictive 

pericarditis, cardiac amyloidosis and control group. LVEF: left ventricular ejection 

fraction; E: early diastolic filling of mitral inflow; A: late diastolic filling of mitral 

inflow; PW: posterior wall; LVEDD: left ventricle end-diastolic diameter; LVESD: left 

ventricle end-systolic diameter; P: comparing constrictive pericarditis and cardiac 

amyloid group. NS: non-significant. Values are presented as mean  standard deviation.  
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Parameters Normal 
Constrictive 

Pericarditis 

Cardiac  

Amyloidosis 
P  

Medial s’ 0.1330.2 0.080.02 0.0440.009 <0.0001 

Medial e’ 0.1250.02 0.1220.03 0.0380.13 <0.0001 

Medial a’ 0.0920.02 0.0940.03 0.0540.03 0.004 

Lateral  

mitral s’ 
0.0860.02 0.0800.02 0.0480.01 <0.0001 

Lateral  

mitral e’ 
0.150.03 0.1060.02 0.0460.02 <0.0001 

Lateral  

mitral a’ 
0.0830.01 0.0910.04 0.0510.02 0.018 

Lateral 

tricuspid s’ 
0.1230.02 0.1020.03 0.110.03 NS 

Lateral 

tricuspid e’ 
0.140.03 0.10.02 0.090.03 NS 

Lateral 

tricuspid a’ 
0.1030.02 0.1140.04 0.1060.005 NS 

Table 8. Mitral and tricuspid annular velocities (m/s) in constrictive pericarditis, cardiac 

amyloidosis and control group. s‟: systolic annulus velocity; e‟; early diastolic annulus 

velocity; a‟: late diastolic annulus velocity, P: comparing constrictive pericarditis and 

cardiac amyloid group. Values are presented as mean  standard deviation. 

Parameters Control group 
Constrictive 

Pericarditis 

Cardiac  

Amyloidosis 
P  

Longitudinal 

strain BS (%) 
-13.62.29 -15.53.4 -5.253.74 <0.0001

 

Longitudinal 

strain BL (%) 
-17.041.85 -12.95.1 -8.454.13 0.0231

 

Longitudinal 

strain MS (%) 
-19.562.15 -17.64.9 -10.355.4 0.0002

 

Longitudinal 

strain ML (%) 
-21.002.77 -13.314.96 -13.496.52 NS 

Longitudinal 

strain BS/BL 
0.80.11 1.30.51 0.60.31 00002

 

Longitudinal 

strain MS/ML 
0.940.12 1.50.91 0.850.56 0.0302

 

Table 9. Longitudinal peak systolic strain values and ratios obtained by speckle 

tracking echocardiography in constrictive pericarditis, cardiac amyloidosis and control 

group. BS: basal septum; BL: basal lateral; MS: mid septum; ML: mid lateral; P: 
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comparing constrictive pericarditis and cardiac amyloid group. NS: non-significant. 

Values are presented as mean  standard deviation. 

 

Statistical analysis. There is a statistically significant association between the BS/BL 

longitudinal strain ratio and the disease status (constriction vs. restriction), p=0.02. 

Using a cut point of the BS/BL longitudinal strain ratio of 1.02, there was a sensitivity 

of 0.91 (91%) and a specificity of 0.93 (93%) of detecting CP. Sensitivity and 

specificity of BS/BL potential cut points are displayed in Table 10. See Figure 16 for 

ROC for BS/BL. For MS/ML in general, specificities and sensitivities were fairly good 

(at cut point of 0.96, sensitivity was 0.93 (93%) and specificity of 0.87 (87%) for 

detecting CP) however, there was no statistically significant association between the 

MS/ML longitudinal strain ratio and the disease status (constriction vs. restriction), 

p=0.08 (Table 11, Figure 17). 

 

Cut points: >1.34 >1.12 >1.02 >0.74 

Sensitivity (%) 45 45 91 100 

Specificity (%) 100 93 93 67 

Table 10.  Sensitivity and specificity of longitudinal strain ratios of basal lateral and 

basal septal left ventricular segments at potential cut points.  

 

 

Cut points >1.00 >0.96 >0.95 >0.94 

Sensitivity (%) 93 93 100 100 

Specificity (%) 100 87 87 80 

Table 11. Sensitivity and specificity of longitudinal strain ratios of mid lateral and mid 

septal left ventricular segments at potential cut points.  
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Figure 16. Receiver operating characteristics (ROC) curve for basal septal to basal 

lateral (BS/BL) left ventricular segment ratios; Using 1=constrictive pericarditis (CP), 

2=cardiac amyloidosis (CA)='1' to be the positive level; Area Under Curve = 0.93939.  

 

Figure 17. Receiver operating characteristics (ROC) curve for mid-septal to mid-lateral 

(MS/ML) left ventricular segment ratios; Using 0=norm,1=constrictive pericarditis 

(CP), 2=cardiac amyloidosis (CA) ='1' to be the positive level; Area Under Curve = 

0.93333. 
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6.3 Results in the echocardiography guided endomyocardial biopsy 

study 

 

There were 415 RV biopsies performed in 212 patients at Mayo Clinic from June 2008 

to April 2009. Of these biopsy procedures, 189 were echocardiography guided 

(undertaken in 90 patients). 135 of these biopsies (71.4%) were performed for transplant 

surveillance, 40 biopsies (21.1%) for evaluation of etiology of left ventricular 

dysfunction and 14 biopsies (7.4%) to rule out cardiac amyloid. The route of EMB was 

most frequently from the right internal jugular vein (77.3%). Access via the right 

femoral vein was used in 21.1% of cases and the left femoral vein in 1.6%. Most 

commonly, 5 biopsy specimens were obtained per procedure (76.2%) with a range of 0 

to 8 biopsy specimens. 

In 8/189 (4%) of the echocardiography guided procedures acute thrombus was 

identified at the time of the biopsy, usually towards the end of the procedure, in seven 

patients (1 patient experienced acute thrombus formation on two separate occasion) 

(Figure 18). Although the majority of procedures were performed from a right internal 

jugular approach acute thrombus formation occurred in only 3/143 (2%) of these 

procedures. Thrombus occurred most frequently when a right femoral vein access site 

was used; 5/35 procedures (12.5%). The left femoral vein was used in only 3 procedures 

and no thrombus developed in any of these cases. There was no clear association 

between number of biopsy specimens obtained and risk of thrombus. Of the eight 

procedures in which thrombi were detected, 5 biopsies were performed in 3 procedures, 

3 biopsies in 2 procedures, and 1, 6 and 7 biopsies in 1 procedure each. 
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Figure 18. Modified parasternal right ventricular inflow view in Patient 2 

demonstrating a 5 cm highly mobile serpiginous thrombus attached to the tricuspid 

valve (TV) that developed at the time of endomyocardial biopsy. RA: right atrium, RV: 

right ventricle, LV: left ventricle. 

 

Clinical and echocardiographic characteristics of patients who developed thrombi. 

The mean age of the 7 patients who developed thrombi during endomyocardial biopsy 

was 48 ± 10 years. 3 were male. The indication for the biopsy was surveillance of heart 

transplantation in 6 patients (representing 5.2% of echocardiographic guided transplant 

surveillance EMB procedures) and evaluation for suspected cardiac amyloid in 1 patient 

(7.1% of echocardiographic guided EMB procedures to detect cardiac amyloid). 

Histology ultimately confirmed a diagnosis of cardiac amyloid in this patient. Four 

patients had a history of prior thrombosis and 1 patient had a defined clotting diathesis. 

Table 12 summarizes the general characteristics and pertinent medical history of all 7 

patients in whom thrombi were identified, while Table 13 summarizes the clinical 

features of the heart transplantation patients in particular. The echocardiographic 

characteristics of these patients are summarized in Table 14. 
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Patients Gender Age 
EMB 

Indication 

Prior 

Thrombosis 
Comorbidities 

1 Male 52 HTX 
left internal 

jugular DVT 

HL, HT, ICD pre 

HTX 

2 Female 50 HTX 

Left cephalic 

vein thrombosis 

and right internal 

jugular DVT 

Radiation and 

chemotherapy for 

breast cancer, ICD 

pre HTX 

3 Female 48 HTX 

right and left 

subclavian vein 

DVT, left 

internal jugular 

vein DVT, 

pulmonary 

embolism 

Asthma, steroid 

induced DM 

4 Male 46 HTX 

VAD cannula 

thrombosis, right 

internal jugular 

vein thrombosis, 

TIA 

HT, HL, CRT-D 

pre HTX 

5 Male 62 HTX No 

Multiple sclerosis, 

HT, paralyzed left 

hemidiaphragm, 

LVAD infection 

pre HTX 

6 Female 50 Amyloid Stroke 
PPM, colitis, 

hepatitis B 

7 Female 29 HTX No 

Rheumatoid 

arthritis, 

thrombocytopenia 

Table 12. Clinical characteristics of patients with endomyocardial biopsy (EMB) 

related thrombosis. HTX: heart transplantation, HL: hyperlipidemia, HT: hypertension, 

ICD: implantable cardioverter-defibrillator, DVT: deep vein thrombosis, DM: diabetes 

mellitus, TIA: transient ischemic attack, CRT-D: cardiac resynchronization therapy with 

ICD, PPM: permanent pacemaker, LVAD: left ventricular assist device. 

Regarding the procedural details, three cases were performed via a transjugular 

approach using an 11cm sheath ranging in caliber from 7 to 9 French inserted into the 

right internal jugular vein, and 4 via a femoral approach using an 8 French Mullins 

sheath inserted into the right femoral vein. A bioptome ranging in caliber from 6 to 9 

French, manufactured by Cordis (n =4) or Scholten Surgical (n=3), was used in these 
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cases. See Table 15 for the characteristics of the endomyocardial biopsy in each patient. 

In one patient (patient #4) unique thrombus formation occurred on two successive EMB 

attempts, 2 weeks apart. In this patient interval echocardiography confirmed resolution 

of the index thrombus after treatment with systemic anticoagulation. However, another 

thrombus formed during subsequent EMB despite continuous flushing and frequent 

aspiration of the Mullins sheath throughout the procedure.  

Pt HTX Indication 

LVAD 

pre 

HTX 

Complications post 

HTX 

Immunosuppressive 

medications at time of 

EMB 

Time 

interval 

between 

HTX 

and 

EMB 

1 
Ischemic 

cardiomyopathy 
No 

Graft dysfunction, 

bronchial bleeding, RV 

dysfunction 

cyclosporine, MM, 

prednisone 

7  

Weeks 

2 

Restrictive 

cardiomyopathy 

secondary to 

Adriamycin and 

radiation 

Yes No 
cyclosporine, MM, 

prednisone 

6 

 Months 

3 
Eosinophilic 

myocarditis 
Yes 

Pulmonary bleeding, 

loculated pleural 

effusion, bilateral upper 

DVT 

cyclosporine, MM, 

prednisone 

3  

weeks 

4 
Idiopathic dilated 

cardiomyopathy 
Yes No 

cyclosporine, MM, 

prednisone 

3 

 Months 

5 
Ischemic 

cardiomyopathy 
Yes Colonic perforation 

cyclosporine, MM, 

prednisone 

6 

 Months 

7 

Idiopathic 

pulmonary 

hypertension 

No 

pleural and mediastinal 

bleeding, pneumonia 

and respiratory failure 

cyclosporine, MM, 

prednisone 

3 

 Months 

Table 13. Clinical characteristics of cardiac transplant patients with endomyocardial 

(EMB) related thrombosis. HTX: heart transplantation, LVAD: ventricular assist 

device, RV: right ventricle, DVT: deep vein thrombosis, MM: mycophenolate mofetil. 

Management included either immediate thrombus aspiration or systemic anticoagulation 

post procedure. There were no overt occurrences of pulmonary thromboembolism. 

Table 16 summarizes the specific thrombus location and individual patient management 

in all 8 cases. 
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Pt 
RV 

size 
RVF 

TV 

morphology 

TR 

velocity 

pre 

biopsy 

(m/sec) 

TR 

severity 

LV size 

(diastolic/systolic 

dimension in mm) 

LV 

EF 

(%) 

1 
Mod 

↑ 
Mild ↓ Intact 2.8 mod 45/32 60 

2 N N Intact 2.5 mild 45/30 66 

3 N N Intact 3.1 mild 43/24 72 

4 N N flail segment 2.8 severe 41/28 58 

5 N N Intact 
unable to 

detect 
trivial 48/39 37 

6 N N Intact 3.1 severe 56/37 65 

7 
Mild 

↑ 
N Intact 2.4 trivial 47/33 60 

Table 14. Echocardiographic parameters at the time of endomyocardial biopsy (EMB). 

↑: increase, ↓: decrease, N: normal, TV: tricuspid valve, LV: left ventricle, EF: ejection 

fraction, RVF: right ventricular function. Pt: patient 

P

t 

EMB 

approach 

Sheath 

French 

size 

Bioptom 

French 

size 

Heparin 

post sheath 

insertion 

Cor 

angio pre 

EMB 

Sample 

number 

 

Histology 

1 
Right 

femoral 
8 7 Yes Yes 5 

No 

rejection 

2 
Right 

femoral 
8 7 No No 3 

No 

rejection 

3 
Right 

femoral 
8 8 No No 3 

Acute 

rejection 

4

* 

Right 

femoral 
8 6 No Yes 7 

Acute 

rejection 

4
#
 

Right 

femoral 
8 7 Yes No 6 

Acute 

rejection 

5 Right IJ 9 9 No No 1 
No 

rejection 

6 Right IJ 7 7 No No 7 Amyloid 

7 Right IJ 9 9 No No 5 
Acute 

rejection 

Table 15. Endomyocardial biopsy (EMB): procedural details. * First occurrence of 

thrombus in patient 4; # second occurrence of thrombus in patient 4, Pt: patient, IJ: 

internal jugular. 
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Table 16. Endomyocardial biopsy: thrombus location and management. * First 

occurrence of thrombus in patient 4; # second occurrence of thrombus in patient 4, RA: 

right atrium, RV: right ventricle, TV: tricuspid valve, PM: pacemaker, LMWH; low 

molecular weight heparin, iv: intravenous. 

6.4 Results in speckle tracking imaging study of isolated noncompact 

cardiomyopathy 

In the non-compaction patients versus control group the following results were 

obtained. Demographic standard echocardiography and CMR data. Twenty patients 

comprised the control group (group I), 10 patients had iLVNC with EF >50% (group II) 

and 10 patients had iLVNC with EF ≤ 50% (group III), with mean EF of 64±4, 58±4 

and 34±14 percent, respectively (p<0.001 between group III compared to I and II, Table 

17). Age and gender distribution were not different between patients and controls (Table 

17). Among patients, there were two familial iLVNC pairs (father-son and brother-

sister, total four patients) evaluated, all of whom had a family history of sudden cardiac 

death. Two iLVNC patients had a family history of dilated cardiomyopathy. Among 

patients with EF ≤ 50% (group III), three subjects were in functional class III/IV 

whereas no patients in groups I and II were symptomatic. All patients with decreased 

EF were receiving appropriate medical treatment including ACE-inhibitors and Beta-

Pt 
Thrombus 

Location 

Thrombus Size 

(cm) 
Management 

1 Tip of sheath in RA 2.5 Aspiration 

2 

RA and RV across 

TV, emanating from 

sheath tip 

5.0 

unsuccessful 

extraction; IV heparin 

and warfarin 

3 
Tip of bioptome in 

RV 
2.0 Extraction 

4* 
Tip of bioptome in 

RV 
4.6 LMWH 

4
#
 RV apex 1.5 Warfarin 

5 RV 0.5 iv heparin 

6 
Attached to PM 

lead in RA 
2.0 iv heparin, LMWH 

7 Tip of sheath in RA 1.3 LMWH 
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blockers. Six patients received prophylactic AICD (Automated Internal Cardioverter 

Defibrillator) implantation (four in group III and two in group II) with no reported 

therapeutic shocks. One patient from group III died of complications related to primary 

pulmonary fibrosis. Although LV wall thickness was not different among groups, LV 

mass index, LV end-systolic and end-diastolic diameters were all increased in group III 

compared to group II and controls and not different between group II and controls 

(Table 17). Although E wave velocity was reduced in group III compared to the other 

groups, all other measures of trans-mitral flow (A wave and E/A) were not different 

among the groups. PWTDI e‟ and s‟ velocities were lower and E/e‟ were higher in 

group III patients compared to the other groups, and not different between groups II and 

controls (Table 17). 

Cardiac magnetic resonance. Presence of hypertrabeculation was assessed for each of 

17 LV segments, and involved some middle LV segments and all apical segments, with 

basal segments spared. For the 15 patients referred for CMR, the ratio of compacted 

over non compacted segments was not different between groups II and III. Anterior and 

lateral walls were the most involved (considering all patients together, these walls had 

17 and 23 non-compacted segments, respectively). 

Longitudinal SMI. Data on longitudinal systolic and diastolic SMI measures are 

reported in Table 18 and Table 19, respectively. Longitudinal sMV measures were 

abnormally reduced in group III patients compared to the other groups, and the clusters 

of LV segments by wall or by level, as well as the global mean of all 18 segments, were 

not different between group II and group I. Longitudinal sD measures, as well as sSR 

and sS values, including most of the clusters of segments and the global mean of 18 LV 

segments, were reduced in group III compared to both groups; they were also 

significantly reduced in group II compared to group I. 
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Variable 

(mean ± SD) 

Controls 

Group I 

Non-

Compaction 

EF > 50% 

Group II 

Non-

Compaction 

EF ≤ 50% 

Group III 

Age (years) 41 ± 15 35 ± 13 49 ± 13 

Males (%)  13 (65) 7 (70) 4 (40) 

NYHA III/IV (%) 0 (0) 0 (0) 3 (30) ‡ ╬ 

Heart Rate (bpm) 70 ± 13 63 ± 9 63 ± 11 

Atrial Fibrillation (%) 0 (0) 0 (0) 1 (10) 

PM/ICD (%) 0 (0) 2 (20) 5 (50) ‡ ╬ 

Ratio of non-compacted to 

compacted N/A 2.39 ± 0.6 2.40 ± 0.5 

Left ventricular thickness 

(mm) 10 ± 1.2 10 ± 1.3 10 ± 1.5 

Left ventricular mass 

index (g/m2) 82 ± 17 108 ± 55 156 ± 48 ‡ † 

LVEDD (mm) 47.1 ± 4.9 46.1 ± 3.6 57.4 ± 8.9 ₣ Ұ 

LVESD (mm) 28.3 ± 5.2 30.1 ± 3.6 45.1 ± 12.1 ‡ Ұ 

E wave velocity (m/s) 0.8 ± 0.2 0.8 ± 0.3 0.6 ± 0.2 ₣ 

E wave deceleration time 

(ms) 193.5 ± 36.2 189.1 ± 36.2 209 ± 44.5 

A wave velocity (m/s) 0.6 ± 0.1 0.5 ± 0.1 0.6 ± 0.4 

E/A 1.5 ± 0.4 1.8 ± 0.4 1.3 ± 0.6 

Ejection Fraction (%) 64 ± 4.3 58 ± 4.4 34 ± 13.7 ‡ ╬ 

Stroke Volume (ml) 93.1 ± 25.9 84.5 ± 7.6 78.2 ± 17.4 

Cardiac Index (l/m2/min) 3.4 ± 0.7 2.8 ± 0.3 2.6 ± 0.5 ₣ 

Medial s' velocity (m/s) 0.08 ± 0.01 0.09 ± 0.04 0.07 ± 0.04 

Medial e’ velocity (m/s) 0.08 ± 0.02 0.10 ± 0.03 0.06 ± 0.03 ₣ † 

Medial a' velocity (m/s) 0.08 ± 0.01 0.07 ± 0.03 0.07 ± 0.02 § 

E/e’ 8.4 ± 2.2 9.1 ± 4.7 13.8 ± 7.5 § 

Table 17. Clinical, ECG, standard echocardiographic and CMR variables for patients 

(group II and group III) and controls (group I). Comparisons are made using the 

pairwise Wilcoxon Rank Sum test, or Fisher exact test. PM/ICD = 

Pacemaker/IntraCardiac Defibrillator. LVEDD = left ventricle end diastolic diameter; 

LVESD = left ventricle end systolic diameter, E: early diastolic velocity of mitral 

inflow, A: late diastolic velocity of mitral inflow, s‟: systolic annulus velocity, e‟:early 
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diastolic annulus velocity, a‟: late diastolic annulus velocity. § = p < 0.05 vs Controls; ₣ 

= p < 0.01 vs Controls; ‡ = p < 0.001 vs controls; † = p < 0.05 vs Non-Compact. EF > 

50%; Ұ = p < 0.01 vs Non-Compact. EF > 50%; ╬ = p < 0.001 vs Non-Compact. EF > 

50%. 

 

Variable 

(mean ± SD) 

Controls 

Group I 

Non-Compaction, 

EF>50% 

Group II 

Non-Compaction, 

EF≤ 50% 

Group III 

Tissue Velocity Imaging (cm/sec) 

Basal Mean 6.8 ± 1.1 6.2 ± 0.9 4.8 ± 1.6 ₣ † 

Middle Mean 5.0 ± 1.1 4.6 ± 0.9 3.8 ± 1.3 § 

Apex Mean 3.1 ± 0.9 2.8 ± 0.4 2.6 ± 0.8 

Lateral 5.5 ± 1.8 4.9 ± 1.4 4.0 ± 1.6 § 

Inferoseptum 4.6 ± 1 4.3 ± 0.9 3.4 ± 1.2 ₣ 

Posterior 6.2 ± 1.2 5.5 ± 0.8 3.9 ± 1.7 ₣ † 

Anteroseptum 3.7 ± 1.2 3.6 ± 1.2 3.2 ± 0.9 

Inferior 5.2 ± 1.3 4.8 ± 0.6 3.8 ± 1.6 § 

Anterior 4.5 ± 1.4 4.2 ± 1.1 4.0 ± 1.7 

Global Average 5.0 ± 0.9 4.5 ± 0.6 3.7 ± 1.2 ₣ † 

Displacement (mm) 

Basal Mean 15.7 ± 1.4 13 ± 2.1 ‡ 9.5 ± 3.6 ‡ † 

Middle Mean 10.7 ± 1.1 8.6 ± 1.5 ‡ 6.5 ± 2.3 ‡ † 

Apex Mean 5.3 ± 1.0 4.3 ± 1.0 § 3.4 ± 1.2 ‡ 

Lateral 11.0 ± 3.0 8.0 ± 1.9 § 6.0 ± 1.4 ‡ † 

Inferoseptum 10.6 ± 2.2 10.0 ± 3.1 7.2 ± 2.9 ‡ † 

Posterior 11.6 ± 1.9 9.8 ± 1.3 ₣ 6.1 ± 3.3 ‡ † 

Anteroseptum 9.2 ± 2.4 7.4 ± 2.2 5.9 ± 2.3 ₣ 

Inferior 11.3 ± 2.1 9.4 ± 1.8 ₣ 7.1 ± 3.8 ‡ 

Anterior 9.6 ± 1.8 7.2 ± 2.2 ‡ 5.9 ± 2.7 ₣ 

Global Average 10.6 ± 1.0 8.6 ± 1.4 ‡ 6.5 ± 2.3 ‡ † 

To be continued on next page 
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Variable 

(mean ± SD) 

Controls 

Group I 

Non-Compaction,  

EF>50% 

Group II 

Non-Compaction, 

EF≤ 50% 

Group III 

Strain Rate Imaging (1/s) 

Basal Mean -1.4 ± 0.2 -1.3 ± 0.2 -1.0 ± 0.3 ‡ † 

Middle Mean -1.3 ± 0.1 -1.1 ± 0.2 § -0.9 ± 0.3 ‡ 

Apex Mean -1.4 ± 0.2 -1.1 ± 0.2 ‡ -1.0 ± 0.3 ‡ 

Lateral -1.3 ± 0.2 -1.2 ± 0.3 -1.0 ± 0.4 § 

Inferoseptum -1.2 ± 0.2 -1.0 ± 0.2 ‡ -0.9 ± 0.2 ‡ 

Posterior -1.4 ± 0.2 -1.2 ± 0.3 § -1.0 ± 0.2 ‡ 

Anteroseptum -1.3 ± 0.3 -1.2 ± 0.3 -1.0 ± 0.4 ₣ 

Inferior -1.4 ± 0.2 -1.2 ± 0.3 -1.0 ± 0.4 ‡ 

Anterior -1.4 ± 0.3 -1.2 ± 0.3 § -1.0 ± 0.2 ‡ 

Global Average -1.3 ± 0.2 -1.2 ± 0.2 § -1.0 ± 0.3 ‡ 

Strain Imaging (%) 

Basal Mean -21.4 ± 1.8 -18.0 ± 3.4 ₣ -14.1 ± 4.7 ‡ † 

Middle Mean -21.8 ± 1.7 -17.4 ± 3.6 ‡ -13.7 ± 4.9 ‡ † 

Apex Mean -22.6 ± 2.2 -17.0 ± 3.7 ‡ -13.6 ± 4.1 ‡ † 

Lateral -21.1 ± 2.5 -16.0 ± 5.0 ₣ -15 ± 5.5.0 ‡ 

Inferoseptum -22 ± 2.3 -17.5 ± 2.9 ‡ -12.7 ± 4.0 ‡ Ұ 

Posterior -21.8 ± 2.2 -17.8 ± 5.2 § -14.7 ± 4.9 ‡ 

Anteroseptum -21.4 ± 3 -18.3 ± 2.7 § -13.5 ± 7.0 ‡ † 

Inferior -22.8 ± 3.4 -18.8 ± 5.6 § -14.1 ± 5.8 ‡ 

Anterior -21.9 ± 2.8 -16.2 ± 3.4 ‡ -12.6 ± 3.6 ‡ 

Global Average -21.9 ± 1.7 -17.4 ± 3.3 ‡ -13.8 ± 4.5 ‡ † 

Table 18. Longitudinal systolic SMI modalities and measures for patients (group II and group 

III) and controls (group I). Single segment measures have been summarized in clusters by level 

and by wall, and the global mean of 18 LV segments is reported as well. Comparisons are made 

using the pairwise Wilcoxon Rank Sum test. § = p < 0.05 vs Controls; ₣ = p < 0.01 vs Controls; 

‡ = p < 0.001 vs controls; † = p < 0.05 vs Non-Compact. EF > 50%; Ұ = p < 0.01 vs Non-

Compact. EF > 50%; ╬ = p < 0.001 vs Non-Compact. EF > 50%. 
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Variable 

(mean ± SD) 

Controls 

Group I 

Non-Compaction, 

EF>50% 

Group II 

Non-Compaction, 

EF≤ 50% 

Group III 

Tissue Velocity (cm/sec) 

Basal Mean E -9.0 ± 1.9 -7.5 ± 2.1 -4.6 ± 2.2 ‡ † 

Middle Mean E -6.9 ± 2.3 -5.2 ± 1.7 § -3.5 ± 1.2 ‡ † 

Apex Mean E -4.4 ± 1.5 -3.3 ± 1.0 § -2.5 ± 0.9 ‡ † 

Lateral E -7.3 ± 2.1 -5.5 ± 2.4 -3.9 ± 1.8 ‡ 

Inferoseptum E -6.2 ± 1.9 -5 ± 1.6 -3.4 ± 1.3 ‡ 

Posterior E -8.6 ± 2.5 -6.7 ± 2.4 -3.7 ± 1.7 ‡ Ұ 

Anteroseptum E -5.8 ± 1.7 -4.2 ± 1.2 § -3.1 ± 1.0 ‡ † 

Inferior E -6.7 ± 2.0 -5.9 ± 1.7 -3.4 ± 1.7 ‡ † 

Anterior E -6.3 ± 2.2 -4.6 ± 1.6 § -3.6 ± 1.7 ‡ 

Global Average 

E 
-6.8 ± 1.8 -5.3 ± 1.5 -3.5 ± 1.4 ‡ † 

Strain Rate (cm/sec) 

Basal Mean E 2.0 ± 0.4 1.9 ± 0.5 1.3 ± 0.5 ‡ † 

Middle Mean E 1.7 ± 0.3 1.4 ± 0.4 1.0 ± 0.4 ‡ † 

Apex Mean E 1.9 ± 0.4 1.6 ± 0.4 § 1.1 ± 0.4 ‡ † 

Lateral E 1.9 ± 0.5 1.6 ± 0.4 1.5 ± 0.5 § 

Inferoseptum E 1.8 ± 0.4 1.7 ± 0.3 1.0 ± 0.4 ‡ † 

Posterior E 1.8 ± 0.3 1.7 ± 0.6 1.4 ± 0.5 § 

Anteroseptum E 1.8 ± 0.4 1.6 ± 0.3 1.0 ± 0.6 ‡ † 

Inferior E 1.9 ± 0.4 1.8 ± 0.8 1.0 ± 0.5 ‡ † 

Anterior E 2.0 ± 0.5 1.5 ± 0.6 § 1.0 ± 0.4 ‡ 

Global Average 

E 
1.9 ± 0.3 1.6 ± 0.4 1.1 ± 0.4 ‡ † 

Table 19. Longitudinal diastolic SMI modalities (dMV-E and dSR-E) and measures for 

patients (group II and group III) and controls (group I). Single segment measures have 

been summarized in clusters by level and by wall, and the global mean of 18 LV 

segments is reported as well. Comparisons are made using the pairwise Wilcoxon Rank 

Sum test. § = p < 0.05 vs Controls; ₣ = p < 0.01 vs Controls; ‡ = p < 0.001 vs controls; 
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† = p < 0.05 vs Non-Compact. EF > 50%; Ұ = p < 0.01 vs Non-Compact. EF > 50%; ╬ 

= p < 0.001 vs Non-Compact. EF > 50%. 

Repeated measures ANOVA (Figure 19) inspecting longitudinal sS of the basal, mid, 

and apical LV segments to depict differences across LV level in the same group or a 

group-level interaction, showed significant differences in group I (p < 0.0009) of sS 

across the basal, middle, and apical segments, being the apical sS, on average, more 

negative than basal or middle sS. The analysis showed no differences in sS across LV 

levels in either group II (p = 0.40) or group III (p = 0.63), although the trend was 

inverted in patients compared to controls, being the middle and apical sS measures less 

negative than basal sS. Finally, the group-level interaction was significant (p < 0.0001), 

showing that being in a specific group (I, II, or III), significantly influenced longitudinal 

sS values at each LV level. 

 

Figure 19. Comparison of longitudinal systolic strain (sS) of the left ventricle at the 

basal, mid, and apical level, for each group. P values were calculated using repeated-

measures analysis of variance and denote differences across 3 segments from the base, 

mid, and apex, and differences as a result of the interaction of group and level. *: P < 

.001 comparing the base, mid, and apex within the same group. 

Longitudinal dMVI-E and dSR-E values at all LV levels and most LV walls, as well as 

the global mean of 18 LV segments, were reduced in group III compared to either group 

II or group I. dMVI-E measures were also significantly reduced in group II compared to 
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group I considering the mean of the six middle segments, mean of the six apical 

segments, and the anterior and anteroseptal walls. When compared to group I, patients 

in group II had a significant reduction of dSR-E values of the mean of the six apical 

segments and of the LV anterior wall. 

Radial and cirumferential SMI, LV rotation/torsion. Radial and circumferential sSR, 

dSR-E and sS were all reduced in group III compared to the other groups, whereas only 

radial sS was significantly reduced in group II compared to group I (Table 20). 

Variable 

(mean ± SD) 

Controls 

Group I 

Non-

Compaction, 

EF>50% 

Group II 

Non-Compaction, 

EF ≤50% 

Group III 

Radial sSR (1/s) 2.0 ± 0.6 1.7 ± 0.4 1.2 ± 0.4 ‡ † 

Radial dSR-E (1/s) -2.4 ± 0.7 -2.1 ± 1 -1.4 ± 0.9 § 

Radial sS (%) 51.9 ± 12.8 32.7 ± 9.3 ₣ 19 ± 12.1 ‡ † 

Circ sSR (1/s) -1.5 ± 0.4 -1.4 ± 0.2 -0.9 ± 0.3 ₣ † 

Circ dSR-E (1/s) 1.9 ± 0.4 1.8 ± 0.3 1.2 ± 0.3 ₣ Ұ 

Circ sS (%) -20.9 ± 2.8 -18.5 ± 3.2 -12 ± 5.6 ₣ † 

Rotation Basal  

mean (degrees) 
-7.6 ± 3.4 -6.0 ± 1.7 -3.9 ± 2.5 § 

Rotation Apical 

mean (degrees) 
22.2 ± 12.8 5.0 ± 4.5 ‡ 2.3 ± 3.3 ‡ 

Torsion (degrees) 28.3 ± 12.3 9.6 ± 6.4 ‡ 3.9 ± 4.5 ‡ † 

Torsion Rate 

(degrees/s) 
171.7 ± 49.8 71.2 ± 29.4 ‡ 67.7 ± 43.3 ‡ 

Untorsion Rate 

IVRT (degrees/s) 
181.4 ± 56.1 101.7 ± 48.7 ₣ 59.5 ± 66 ₣ † 

Untorsion Rate late 

(degrees/s) 
99.4 ± 62.5 42.6 ± 21.7 ₣ 36.9 ± 11.9 ₣ 

Table 20. Radial, circumferential SMI modalities and LV rotation/torsion measures for 

patients (group II and group III) and controls (group I). Comparisons are made using the 

Wilcoxon Rank Sum test. EF: ejection fraction; § = p < 0.05 vs Controls; ₣ = p < 0.01 

vs Controls; ‡ = p < 0.001 vs controls; † = p < 0.05 vs Non-Compact. EF > 50%; Ұ = p 

< 0.01 vs Non-Compact. EF > 50%; ╬ = p < 0.001 vs Non-Compact. EF > 50%. 
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The LV rotation of the six basal segments was reduced in group III compared to the 

other groups, whereas it was not different between group II and group I. LV rotation of 

the six apical segments as well as LV torsion rate and LV untorsion rate at late diastole, 

were reduced in both group III and group II compared to group I but were not 

significantly different between group III and group II. LV torsion and the LV untorsion 

rate at early diastole were reduced in group III compared to either group II or group I 

and in group II compared to group I as well (Table 20). 

ROC analysis. ROC analysis demonstrated that SMI measurement for any single LV 

segment is not sufficient to accurately discriminate between group II and the controls. 

Calculation of longitudinal systolic SMI, and specifically the mean of the segments in a 

level, as opposed to the mean of segments in walls, tended to be the clustering technique 

providing better discrimination (Figure 20, Figure 21, Figure 22). Considering the 

global and level means of longitudinal, radial and circumferential sMV, dMV-E, sD, 

sSR, dSR-E and sS, as well as LV rotation/torsion measures, the longitudinal sS global 

mean (cut-off value = -19.0 %, sensitivity = 90%, specificity = 100%), sS mean of the 

six apical segments (cut-off value = -20.0 %, sensitivity = 90%, specificity = 90%), the 

LV rotation of the six apical segments (cut-off value = 8.0 degrees, sensitivity = 100%, 

specificity = 90%), LV torsion (cut-off value = 22.0 degrees, sensitivity = 87%, 

specificity = 89%), and LV torsion rate (cut-off = 110.0 degrees/sec, sensitivity = 93%, 

specificity = 89%), were the most accurate (greatest AUC) for discrimination between 

iLVNC patients with EF > 50% (group II) and healthy subjects (group I) and their 

diagnostic accuracies were not significantly different (p=0.77). Longitudinal sD global 

mean (cut-off value = 10.0 mm, sensitivity = 75%, specificity = 80%) had high accuracy 

as well. 

Figure 20, Figure 21 and Figure 22 show the ROC analysis for the SMI modalities, the 

comparison between iLVNC patients and EF > 50% (group II) vs controls (group I) 

with the following abbreviations: sS global mean = mean of the sS values for 18 LV 

segments; sS apical mean = mean of the sS values for 6 LV apical segments; sSR apical 

mean = mean of the sSR values for 6 LV apical segments; sD global mean = mean of 

the sD values for 18 LV segments; sD middle mean: mean of the sD values for 6 LV 

middle segments; Radial sS mean = Radial sS mean of the 6 LV segments at level of the 

papillary muscles in short axis (SAX) view; Circumferential sS mean: circumferential 
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sS mean of the 6 LV segments at level of the papillary muscles in SAX view; Rotation 

apical mean: mean of the LV rotation for the 6 LV apical segments; Torsion: LV torsion 

(computed as (apical LV rotation - basal LV rotation)); Torsion rate: LV torsion rate 

(degree/s). 

 

Figure 20. SMI longitudinal measures; AUC‟s group II vs group I: sS global 

mean=0.94 (95% CI 0.82 – 1.00); sS apical mean = 0.93 (95% CI 0.82 – 1.00); sS 

middle mean = 0.90 (95% CI 0.72 – 1.00); sSR apical mean = 0.80 (95% CI 0.63 – 

0.98); sD global mean = 0.87 (95% CI 0.74 – 1.00); sD middle mean = 0.87 (95% CI 

0.74 – 1.00).  
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Figure 21. SMI Radial, circumferential, and LV rotation/torsion measures; 

AUC‟s group II vs group I: Radial sS mean=0.82 (95% CI 0.61 – 1.00); Circumferential 

sS mean = 0.60 (0.26 – 0.93); LV rotation apical mean = 0.94 (95% CI 0.83 – 1.00); LV 

torsion = 0.93 (95% CI 0.81 – 1.00); LV torsion rate (95% CI 0.84 – 1.00).  

 

Figure 22. SMI best modalities. AUC‟s group II vs group I: sS apical mean, sS global 

mean, LV rotation apical mean, LV torsion, LV torsion rate. P-value for the ROC 

curves comparison = 0.57.  

Intra- and inter-reader reproducibility. The ICC for intra-reader reproducibility was 

computed for the global sMV (ICC = 0.97), global sD average (ICC = 0.95), global sSR 

average (ICC=0.93), global sS average (ICC=0.98), radial sS (ICC=0.92), 

circumferential sS (0.89), LV torsion (ICC=0.91) and LV torsion rate (ICC=0.90).  

The ICC for inter-reader reproducibility was computed for the global sMV (ICC=0.95), 

global sD average (ICC=0.87), global sSR average (ICC =0.88), global sS average 

(ICC=0.94), radial sS (ICC=0.90), circumferential sS (0.85), LV torsion (ICC=0.86) 

and LV torsion rate (ICC=0.88). 
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7 Discussion 
 

Garcia et al. were the first to report that the measurement of longitudinal axis expansion 

by TDI provided a clinically useful distinction between CP and restrictive RCM. 
77 

Subsequently, Rajagopalan et al showed that a peak e‟ velocity ≥ 8 cm/s could 

discriminate between these entities with high sensitivity and specificity.
23

 We have 

confirmed that medial e‟ velocity is relatively normal or even accentuated in patients 

with CP, irrespective of the presence or absence of characteristic respiratory variation in 

mitral E velocity.
26

 Other investigators
24, 25

 have recommended the routine measurement 

of e‟ in the evaluation of heart failure and/or suspected CP, albeit with interpretive 

caution in the setting of myocardial disease, patchy fibrosis or extensive annular 

calcification.
27, 28, 29 

Our group first described a reversal of the normal relationship of 

mitral lateral e‟ and medial e‟ velocities in CP i.e. “annulus reversus” whereby mitral 

lateral e‟ velocity is lower than medial e‟ velocity and lateral/medial e‟ ratio inverted.
35

 

Few data exist on postoperative changes in TDI – in one study of 16 patients, Kim et al 

found that medial e‟ decreased significantly after pericardiectomy.
36

 Building on these 

observations from a small number of patients, our aim was to provide a comprehensive 

evaluation of TDI at both mitral and tricuspid annuli in a larger number of patients and 

follow their evolution after pericardial resection. 

Early diastolic annulus velocity. We confirmed the presence of “annulus reversus” in 

patients with CP. Based on the hypothesis that lateral annulus motion is restricted by the 

constricting pericardium and that medial annulus diastolic motion increases in 

compensation, it may be anticipated that medial mitral annulus velocity decreases and 

lateral annulus velocity increases after pericardiectomy, and that mitral lateral/medial e‟ 

ratio normalizes. While the latter was confirmed, both medial and mitral lateral e‟ 

velocities were found to decrease after pericardiectomy. Several mechanisms may 

explain these observations. Pericardiectomy removes constraint to lateral expansion of 

the annuli and nullifies the exaggerated longitudinal motion of the mitral annulus as 

well as the translational component of lateral e‟ velocity related to increased medial 

excursion. In some patients, low annular velocities unmasked by pericardiectomy may 

reflect underlying myocardial damage or atrophy secondary to long-standing 

encasement and penetration of the myocardium by calcium spurs
78

, persistent 
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inflammation and since the pericardium might be firmly adherent to the myocardium, 

additional injury at the time of surgery.  

We also found reduced tricuspid lateral e‟ velocity after pericardiectomy. The 

aforementioned mechanisms operative at the mitral annuli apply but we note also the 

relevant and frequent association of CP with significant tricuspid regurgitation, and in 

some cases further RV expansion and worsening of regurgitation following 

pericardiectomy.
79

 

Diagnostic threshold. The primary and the secondary groups had a mean medial e‟ of 

14.63.4 and 9.33.4 cm/sec, respectively (p<0.001). The optimal cut-off point is 11 

cm/sec, with a sensitivity of 88% and specificity of 70%. Although, these values do not 

provide an absolute differentiation between the primary and secondary groups, they can 

still provide helpful information in regards to the myocardial involvement when 

assessing the disease in its complexity. A cut-off point for medial e‟ value of 8 cm/sec 

was described by Ha for differentiating CP from RCM with a sensitivity of 95% and a 

specificity of 96%, suggesting a robust clinical differentiative measure. At this cut-off 

point, however, our data suggest only 76% sensitivity level within the CP group itself. 

When applying the cut-off point of 8 cm/sec to our primary and secondary group, it 

results 100% sensitivity and 37% specificity. This shows that the 8 cm/sec cut-off point 

would work very well for CP had it only contain the primary group when compared to 

the same restrictive group as in Ha‟s analysis. The major difference lays at the nature of 

the secondary group. Based on patient etiology, secondary/primary group ratio was 

78/52. For the subgroups within the secondary group, the medial e‟ means are lower for 

the radiation compared to the surgery group (8.74 vs 9.43.4 cm/sec, NS) and the 

concomitant secondary surgery group compared to without any concomitant surgery 

group (7.52.3 vs 10.23.6 cm/sec, p=0.0003). For the number of patients in each 

group, the respective ratio is 32/46 for the radiation over surgery group and 31/47 for 

the concomitant over without any concomitant surgery group. All above factors 

contributed to the 37% specificity of the secondary group below the 8 cm/ sec level 

during the primary-secondary comparison, when sensitivity for the primary group alone 

was 100%. This led to a substantially lower overall sensitivity for the entire CP group 

(76%) when the 8 cm /sec cut-off point was applied. The sensitivity in our analysis for 

the overall CP group is substantially lower than the one described in Ha‟s paper. In his 
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study there were a few prominent differences, such as the smaller number of CP patients 

(23), relatively less patients with secondary etiology as the secondary/primary ratio was 

lower (8/15), and within the secondary group only surgery group with typically higher 

values was present with the total absence of radiation and concomitant surgery patients 

typically with lower values, as shown in our study. Above factors contributed to the 

higher CP sensitivity in Ha‟s analysis for the 8 cm/sec cut-off, which led to its 

suggestion for the differentiation between CP and RCM. However, our findings on a 

larger patient pool and more diverse secondary subgroup resulting a 76% sensitivity for 

the CP group did not confirm the above findings and implies that the medial e‟ values 

being lower than 8 cm/sec does not rule out the possibility of CP. 

Systolic annulus velocity. S‟ by TDI reflects the peak velocity of myocardial fiber 

shortening in the longitudinal direction and provides a more sensitive assessment of 

global LV systolic function than 2D or M-mode imaging.
80 

S‟ has been correlated with 

peak positive dP/dt and LVEF in patients with dilated cardiomyopathy, hypertensive 

heart disease
 
and myocardial infarction.

81, 82, 83
 There is little information on mitral and 

tricuspid s‟ velocities in patients with CP. Studies in very small patient populations have 

either compared s‟ velocity between CP and RCM
84, 85 

or changes in s‟ pre- and post-

pericardiectomy.
36, 85

 

The mean s‟ velocity in patients with secondary CP was lower both before and after 

pericardiectomy than published normative values
34

 and also lower, especially pre-

pericardiectomy, than those with primary CP. These observations concord with 

coexisting myocardial disease in this subgroup. In both CP subgroups, all s‟ velocities 

decreased after pericardiectomy, consistent with previous smaller studies.
36, 84

 This 

finding seems counterintuitive since s‟ velocity is expected to increase with augmented 

stroke volume after pericardiectomy. To explain this paradoxical relationship between 

s‟ and stroke volume in CP, we postulate that systolic and diastolic motion of the mitral 

annulus are closely coupled, in part via elastic recoil mechanisms.
85

 Thus, in the pre-

pericardiectomy setting, both longitudinal systolic and diastolic motion of the annuli are 

exaggerated while following release of pericardial constraint, both decrease in tandem. 

This hypothesis is supported by the moderate to high correlation between annular s‟ and 

e‟ as well as s‟ and a‟, especially before pericardiectomy when restorative forces may be 

most operative.
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There appeared to be proportionately greater postoperative reduction in tricuspid lateral 

or RV s‟ and e‟ compared to mitral annulus values. As the pericardial process is often 

asymmetric, being most pronounced over the RV
86

, annular motion here may be 

expected to be most exaggerated before pericardiectomy, and following decortication, 

approximate normality. However, the disproportionate reduction in tricuspid lateral s‟ 

and e‟ probably stems also from postoperative RV dysfunction, which was moderate to 

severe in 1 in 5 patients. 

LVEF did not change despite the expected increase in stroke volume after 

pericardiectomy. We postulate that after pericardial resection, LV filling increases and 

other elements of LV shortening including torsion are recruitable, contributing to better 

cardiac output and compensating for abnormal longitudinal function. Sengupta et al
87

 

found higher net twist but no significant increase in torsion post-pericardiectomy, a 

conclusion limited by small patient numbers and early timing of the postoperative 

studies when restoration of function may have been incomplete. To confirm our 

hypothesis, detailed analysis of myocardial mechanics in a larger number of patients 

pre- and post-pericardiectomy will be required. 

A subset of patients with CP continue to experience heart failure symptoms after 

pericardiectomy, one cause being residual constriction. In this study, we did not find 

any significant difference in annulus velocities between patients with and without 

postoperative constrictive hemodynamics. The utility of TDI in identifying residual CP 

should be further assessed in larger cohorts with clinical outcomes correlation. 

Limitations. Our study was retrospective and has the inherent limitations of this design. 

Notwithstanding, these observations on TDI in CP represent, to our knowledge, the 

largest dataset published to date. We only recorded TDI of longitudinal axis motion in 

the 4-chamber view. Due to the local tethering effect, analysis of multiple annular 

regions could have provided additional helpful data. It would also be useful to 

characterize radial and circumferential function for a better understanding of the 

mechanics of the unique annulus motion in CP and the effects of pericardiectomy. As 

not all patients had mitral lateral and tricuspid lateral TDI recordings, certain 

conclusions were drawn from subsets with comparable data. Although this limits power, 

we do not envisage specific biases in the selective analysis. 
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The comparison of TDI in patients with primary and secondary CP is confounded by the 

older age of the latter. Age influences both systolic and diastolic myocardial velocities 

arising from differences in myocyte integrity, fibrosis and beta-adrenergic receptor 

density. However, normal TDI reference values
34 

indicate that within the one-decade 

difference in age between patients with primary and secondary CP, a percentage 

difference between 0% (for medial e‟) and 13% (for lateral e‟) can be expected. This 

contrasts with the observed 19% to 30% difference in TDI values between these groups 

prepericardiectomy, and from 6% to 32% post-pericardiectomy, suggesting a relatively 

minor influence of age compared to CP etiology.  

 

In CP there is impaired diastolic filling due to constricting pericardium, whereas in 

RCM there is myocardial abnormality, which results in abnormal diastolic function. 

Both disease processes limit diastolic filling and result in diastolic heart failure. The 

clinical diagnosis of CP and its differential diagnosis from RCM still can be very 

challenging. Similar symptoms (dyspnea, tachycardia, jugular venous distention, 

peripheral oedema, etc.) and hemodynamic changes can be seen in both diseases: 

elevation and equalization of intracardiac diastolic pressures and a prominent dip and 

plateau in ventricular diastolic waveforms.
8 

Pericardial thickness and calcification are generally increased in CP, however they are 

difficult to measure by echocardiography, as the quantification of thickening degree by 

echocardiography is problematic. Moreover 15-20% of patients have been found to have 

pericardial constriction with normal pericardial thickness by CMR.
2
 Besides M-mode 

and 2D echocardiography, the respiratory variability in transmitral flow velocity is the 

most frequently used parameter to differentiate CP from RCM.
12

 In CP left heart filling 

is decreasing during inspiration and right heart filling is decreasing during expiration. 

TDI can be used to quantify longitudinal mitral annular motion, which can be useful in 

distinction between CP and RCM.
22 

However, a considerable percentage of CP patients 

do not demonstrate respiratory variation
26

, and is also found in other diseases, especially 

in COPD.
14

 Furthermore TDI still has some pitfalls especially under certain 

circumferences, such as annulus calcification and/or ventricular dysfunction.
29, 29, 30

 

Therefore, the diagnosis of CP remains a diagnostic challenge with important 

therapeutic implications of surgical cure. Because CP can be caused by different new 
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etiologies as therapeutic irradiation, cardiopericardial surgery, viral, idiopathic, 

autoimmune, etc, the differential diagnosis from RCM is even more difficult because it 

can manifest heterogenously. 

In patients with CP, mechanoelastic properties of the myocardium are relatively 

preserved in the longitudinal direction, and therefore longitudinal deformation of the 

LV base and longitudinal early diastolic velocities are either normal or exaggerated. 

Conversely, patients with RCM and intrinsic myocardial abnormalities have reduced 

longitudinal deformation of the LV base and reduced early diastolic longitudinal 

velocities.
1 

Mitral septal annular velocity is usually increased in patients with CP and 

higher than the lateral annular velocity.
35

 Up to date there were only a few studies, 

which investigated the longitudinal mechanics in CP and RCM with speckle tracking 

strain analysis
87

, which is an angle-independent technique showing close correlations 

with measurements obtained by magnetic resonance imaging
88, 89

 and 

sonomicrometry.
90, 91

 Sengupta found that patients with CP have relatively preserved 

longitudinal LV mechanics, markedly abnormal circumferential deformation, torsion 

and untwisting velocity. In contrast, patients with RCM had abnormal longitudinal 

mechanics as reduced longitudinal strain, particularly at the LV base with relative 

sparing of LV rotation.
87

 Furthermore, a comparison of the LV mechanics with 

pericardial thickness, as measured by CT, in patients with CP has shown a significant 

correlation between decreased circumferential strain and degree of pericardial 

thickening at the apex.
92

  

In our study, we hypothesized that the longitudinal strain of the lateral wall that is in 

contact with diseased pericardium is lower than that of the medial segments in CP.  

Our results confirm Sengupta‟s finding that patients with CP have relatively preserved 

longitudinal LV mechanics compared with patients with RCM and that longitudinal 

shortening strains recorded from the LV basal segments were significantly higher in CP 

group in comparison with RCM. There was also a significant longitudinal strain 

difference between the two patient groups recorded in the mid-septal segment. Sengupta 

averaged 2D strain parameters from 6 segments in short-axis views and from lateral and 

septal wall segments in apical 4-chamber views, which provided a measure of global 

LV function. In our study, we analyzed regional longitudinal strains from apical 4-

chamber views in the basal and mid-segments of the septum and lateral walls of the left 
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ventricle and assessed their ratios. 

The main findings of the current investigation were as follows: the longitudinal strain of 

the lateral wall was lower than that of the septal wall in CP (Figure 23), while the 

reverse was true in the control and CA group (Figure 24 and Figure 25). Therefore, the 

medial/lateral ratio of longitudinal strain in CP group was higher than that in normal 

group or cardiac amyloid group. The differential longitudinal strain assessment by STE 

can be valuable in differentiating CP from restrictive diseases. With a cut point of 1.02, 

the BS / BL longitudinal strain ratio with a sensitivity rate of 91% and specificity rate of 

93%, it can be an additional useful method at the verification of CP and in the 

differential diagnosis with CA. 

 

 

Figure 23. Longitudinal strain tracking and curves by speckle tracking 

echocardiography in a patient with constrictive pericarditis. BS: basal septum, MS: mid 

septum, BL: basal lateral, ML: mid lateral. 
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Figure 24. Longitudinal strain tracking and curves in a control subject. BS: basal 

septum, MS: mid septum, BL: basal lateral, ML: mid lateral. 

 

Figure 25. Longitudinal strain tracking and curves of a cardiac amyloid patient. BS: 

basal septum, MS: mid septum, BL: basal lateral, ML: mid lateral. 
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Limitations. One of the limitation of the present study is its small population, rooten in 

the fact that CP is a rare disease. 

In CP with calcifications there were suboptimal echocardiographic images, therefore the 

strain analysis was very time consuming. We only used apical 4-chamber view and 

analyzed the longitudinal strain. 

The control group was not age matched to the CP or CA group, however the main focus 

was to compare the two disease states, between which there was no significant 

difference. The RCM group consisted only cardiac amyloid patients, it would be 

interesting to compare CP patients with other RCM patients of other etiologies. 

The important finding described in the study during endomyocardial biopsy is the 

development of acute thrombus related either to the sheath or to the bioptome. This 

complication occurred in 4% of echocardiographic guided EMB procedures overall and 

in 5.2% of transplant surveillance procedures and 7.1% of procedures performed to 

diagnose cardiac amyloid. It occurred most frequently in patients having the procedure 

performed via a femoral approach using a Mullins sheath. Nevertheless, thrombus 

formation also occurred from a trans-jugular approach. Although no overt clinical 

sequelae were observed in these patients (possibly in part related to prompt recognition 

and treatment) it is uncertain what clinical consequence unrecognized thrombus 

formation and thromboembolism has, especially if this complication occurs repeatedly 

in the same patient. This may be particularly important in cardiac transplant patients 

undergoing repeated surveillance biopsies using fluoroscopic guidance only and may 

result in progressive pulmonary hypertension, right heart failure and worsening 

tricuspid regurgitation. Another interesting finding was the high frequency of prior 

thrombosis in these patients (4 of 7 patients), one of whom had a confirmed clotting 

diathesis, raising the suspicion that certain patients may be more prone to this 

complication. Furthermore, changes to the current practice of endomyocardial biopsy 

seem appropriate including consideration of routine echocardiographic guidance 

regardless of duration post transplant, as well as continuous flushing of the sheath 

during the procedure. 

Based on published reports, endomyocardial biopsy has a low complication rate, <1% in 

a Stanford series of approximately 4000 biopsies and 1,55% in a European study of 

3097 biopsies.
93 

Worldwide complication rates of 1.17% in 6739 procedures and 1.67% 
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in 2337 procedures have been reported.
94

 Deckers et al 
95

 reported an overall 

complication rate of 6% in 546 procedures in adult patients with cardiomyopathy. 

Recently Holzmann et al reported very low major complications in both retrospective 

and prospective trials (0.12% versus 0%) analyzing 3048 diagnostic procedures over an 

11 year period.
96

 Most frequently complications relate to the manipulation of the 

bioptome in the heart, such as catheter induced supraventricular and ventricular 

arrhythmias, bradyarrhythmias, such as atrioventricular block accompanied by 

hemodynamic instability. Other complications relate to inadvertent trauma resulting in 

arterial puncture with bleeding or hematoma formation, pneumothorax, and infection. 

Vasovagal reactions are also observed. The most serious complications however are 

cardiac perforation, pericardial tamponade and death. Interestingly, in all of these 

studies intra-procedural thrombus formation was not identified or mentioned. Moreover, 

we have been unable to find prior reports of this complication of EMB in the literature. 

It is interesting to speculate why this complication has not been reported before. Factors 

that could account for this include better image quality due to improvements in 

echocardiographic technology and transducer design – nevertheless, even with less 

sophisticated equipment it is unlikely that thrombi of this size would be missed. Other 

potential factors include: institutional differences in performance of the EMB 

procedure, and different patient mix regarding potential thrombophilic comorbidities – 

most procedures in this study were performed for transplant rejection surveillance. 

Furthermore, we think the most likely explanation for this novel observation is 

heightened vigilance largely due to a dedicated core group of sonographers and 

echocardiographers familiar with this complication. Not only do they guide the 

bioptome tip but they also perform repeated imaging of the sheath tip, tricuspid valve 

and pericardial space immediately before and after each successive biopsy. Supporting 

this hypothesis of increased awareness, Milner et al noted that acute thrombi were 

identified during percutaneous balloon mitral valvuloplasty in more than 50% of 

patients when imagers were specifically looking for the phenomenon.
97 

Since 2008 an interventional imaging service with eight specially trained sonographers 

and thirteen consultant echocardiographers was developed at Mayo Clinic, who provide 

echocardiographic imaging in the cardiac catheterization and electrophysiology 

laboratories. We have found that having a dedicated team provides more consistent 
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service, an appreciation of the limitations of a tomographic imaging technique while 

guiding catheter-based interventions and an improved level of sonographer comfort 

working in the sometimes stressful interventional environment. In addition, 

identification of infrequent complications is another example of the benefits of this 

initiative. These complications may otherwise have been under appreciated by a more 

diverse group because of their infrequent nature. The observation of acute thrombus 

development during EMB highlights this. 

Currently, at Mayo Clinic, echocardiography is used as a supplemental imaging 

modality to guide EMB in patients undergoing EMB to diagnose infiltrative conditions 

or who are undergoing surveillance biopsies who are less than 3 month post transplant. 

The rationale for this has been that in non-transplant hearts as well as in the early post 

transplant period the risk for cardiac perforation and tamponade is greatest. Patients 

who undergo biopsies beyond 3 months post transplant usually have the procedure 

performed under fluoroscopic guidance alone. Ancillary echocardiographic imaging 

does have advantages regardless of the clinical setting allowing more precise 

positioning of the bioptome tip and avoiding inadvertent trauma to structures such as the 

tricuspid valve and subvalvular apparatus. It also provides prompt recognition of 

complications such as cardiac perforation, pericardial effusion and tamponade 

permitting timely management of these complications.
98

 Another advantage, illustrated 

by this study, is the identification of thrombus formation during the procedure. The 

ultrasound imaging in our cases helped to make an early diagnosis and to initiate 

adequate therapy in order to prevent continued thrombus growth and the development 

of more serious pulmonary thromboembolism. 

It is also interesting to speculate why thrombi developed in these seven patients. Much 

like the observation of catheter related thrombi during left sided chamber ablation 

procedures (a complication only recognized with the advent of intracardiac 

echocardiography) thrombi may develop within the vascular sheath when the bioptome 

is withdrawn and liberated on reinsertion of the bioptome on subsequent biopsies. 

Furthermore, a prothrombotic state may be induced by necrosis of myocytes, infiltration 

of mononuclear cells and release of tissue factor around the biopsy site at the time of 

EMB. Systemic anticoagulation is generally avoided during these procedures because of 

the inherent risk of bleeding. Finally, a specific clotting diathesis (as identified in one 
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patient) may be another contributing factor. There was no clear association between 

number of biopsy specimens obtained and risk of thrombus. 

Finally, does thrombus formation during the procedure even matter? In the eight cases 

described in this study, the thrombi were promptly identified and treatment was 

instituted without overt clinical sequelae. Judging by the lack of prior reports of this 

complication, other investigators have neither seen thrombi during biopsy nor reported 

embolic complications. If pulmonary thromboembolism occurs it may initially go 

clinically unnoticed since most of the thrombi are relatively small. If however, 

thromboembolism occurs repeatedly, there may be clinical consequences. For example, 

if biopsies are done repeatedly for cardiac transplant surveillance recurrent small 

pulmonary thromboembolic events may potentially contribute to pulmonary 

hypertension and functional tricuspid regurgitation. Certainly, in instances when 

thrombi are large and left untreated significant pulmonary thromboembolism is likely to 

occur. Since this has not been previously reported, rather than not occurring, this 

complication may have simply been under appreciated until now. 

Limitations. There are some limitations to this study. Since this is a retrospective 

review, it is possible that the prevalence of acute thrombus development during EMB 

may be an underestimation. Early on in the interventional imaging service, before cases 

of thrombus were identified, imagers were not specifically looking out for this 

complication. As we became more aware of the problem, heightened vigilance may 

have altered our detection rate. In addition, image resolution with transthoracic 

echocardiography is inferior to transesophageal echocardiography. It is known that 

transesophageal echocardiography is superior to transthoracic echocardiography in 

detecting small thrombi and thus small thrombi may have been missed in our study. 

Clinically this may not be important because the clot burden in these situations would 

likely be insignificant. Another limitation is that risk of thrombus formation may be 

different in patients undergoing echocardiographically guided EMB versus non- 

echocardiographically guided EMB. All patients included in this study underwent echo 

guided endomyocardial biopsy and if they were transplant recipients were thus usually 

less than three months post-transplant. This group may be different from transplant 

patients undergoing EMB who are greater than 3 months post transplant. Thus, it is not 
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clear that the risk of thrombus formation is the same in both echocardiographically 

guided and non-echocardiographically guided groups. 

To the best of our knowledge, ours is the first investigation to obtain SMI measurements 

of all 18 LV segments in patients with iLVNC with normal and abnormal ejection 

fractions, and to compare these measurements to SMI measurements from healthy 

subjects. The main findings of the current investigation are as follows: 1) LV function, 

as assessed by different SMI modalities, is impaired in patients with iLVNC compared 

to controls, even in the group of patients with normal EF, as well as normal PWTDI e‟ 

velocity and E/e‟ ratio. 2) Considering systolic or diastolic longitudinal and 

radial/circumferential SMI modalities, the measurements with the highest diagnostic 

accuracy to discriminate between patients with iLVNC and normal EF and healthy 

subjects, are both the longitudinal sS global mean of 18 LV segments and the 

longitudinal sS mean of the six apical segments. 3) Consistent with peak SMI values, 

LV rotation/torsion values are abnormally reduced in iLVNC patients with normal EF 

compared to controls. Of these, the LV rotation mean of the six apical segments, LV 

torsion and torsion rate have the highest diagnostic accuracy, comparable to the 

longitudinal sS global average or the mean of the six apical segments.  

Lofiego et al. have already reported that LV function in patients with asymptomatic 

iLVNC was not accompanied by less extensive non-compaction, suggesting that non-

compaction is probably not the cause of LV dysfunction but rather a marker of an 

underlying diffuse cardiomyopathy.
99

 We have confirmed this finding showing the ratio 

of compacted over non-compacted segments to be no different between groups II and 

III. Murphy and coworkers have shown that there is a long preclinical phase of disease 

during which patients have no symptoms or are pauci-symptomatic.
100

 Therefore, it 

becomes critical to study whether or not there is early LV myocardial impairment in 

iLVNC, for diagnostic as well as potential prognostic purposes. MacMahon et al. have 

reported that conventional PWTDI values are reduced in patients with iLVNC and low 

EF
101

, while Tufekcioglu and co-workers have shown abnormal systolic PWTDI values 

in patients with iLVNC and normal EF.
102

 We believe our results go a step forward by 

providing evidence of significant early LV systolic and diastolic impairment in iLVNC 

patients with normal EF (and normal PWTDI values), assessed by multiple SMI 

modalities, which extends beyond the apical anatomic location, thus, providing proof 
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that iLVNC, as currently defined, is accompanied by an underlying myopathic process 

that extends beyond the non-compacted tissue. 

However, differently from Tufekcioglu and co-workers, in our study, PWTDI s‟ 

velocity was not reduced in patients with iLVNC and EF > 50% compared to controls. 

Perhaps this was due to the different LV areas where PWTDI was measured (at the 

medial mitral annulus in our study, at the mid posterior wall in the previous work). 

Consistent with our previous observations in another diffuse cardiomyopathy
103

, 

longitudinal sMV and dMV-E, dSR-E and circumferential SMI values, although 

reduced in patients with iLVNC and low EF (group III), were not useful to discriminate 

between iLVNC patients with EF > 50% (group II) and controls (group I). Indeed, they 

were neither reduced in group II nor had sufficient sensitivity for clinical purposes (as 

detected by ROC analysis). On the other hand, other longitudinal SMI measurements, 

that are sD, sSR and sS, were significantly reduced already in group II as compared to 

group I, and the reduction was greater in group III. It is interesting to note the higher 

sensitivity of sD compared to sMVI or dMV-E for the early detection of LV impairment 

in group II: diagnostic accuracy of longitudinal sD, specifically of the global average of 

18 LV segments which was higher than longitudinal sSR and radial sS (although the 

difference was not significant) and close to the accuracy reached by longitudinal sS.  

Among different longitudinal SMI modalities, longitudinal sS showed the highest 

accuracy in discriminating group II and group I. In particular the global sS average of 

18 LV segments or the mean of the 6 apical segments had very similar AUCs by ROC 

analysis, demonstrating that both measurements are equally useful for early detection of 

LV dysfunction in patients with iLVNC and normal EF. Regarding longitudinal sS, we 

note opposite trends in sS at the basal, mid and apical LV level between patients and 

controls. In particular, sS of the apical segments was higher in controls compared to 

basal or mid sS, whereas apical and mid sS were lower than basal sS (although the 

difference was not significant) in both the groups of iLVNC patients.  

The observation that apical sS values are more negative (i.e. higher) in healthy subjects 

compared to the mid and basal sS is consistent with classic studies reporting that LV 

apex has a greater component of radially/circumferentially than longitudinally oriented 

myocardial fibers compared to other LV levels.
104, 105

 Although the observation that LV 

function as assessed by longitudinal SMI is most impaired at the apical and middle 
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levels was not surprising, considering the location of hypertrabeculations and the 

previously published studies on pathology in iLVNC
106

, it is noteworthy that 

longitudinal sD and sS (but not longitudinal sSR or radial SMI values) showed that LV 

basal segments were also impaired in group II. This observation supports the heretofore 

mentioned hypothesis that iLVNC is not a localized disease limited to the areas of 

“spongy” myocardium, but rather, a diffuse cardiomyopathy affecting LV function 

globally and significantly earlier than symptoms of heart failure occur. This early 

impairment is independent of the number of non-compacted segments (indeed group II 

and group III had comparable ratio of non-compacted to compacted segments. 

Diagnostic usefulness of LV rotation/torsion has been already shown
107

 specifically in 

diastolic dysfunction.
74

 A recent study employing a congestive heart failure canine 

model showed the important relationship between LV apical rotation and global LV 

systolic function.
108

 Our study population had an impressive reduction of LV rotation of 

the 6 apical segments (and therefore of LV torsion) as well as of the torsion and 

untorsion rates, that was already present in group II. Moreover, LV rotation of the 6 

apical segments, LV torsion and LV torsion rate had highest diagnostic accuracy of 

discriminating between group II and group I, with AUCs obtained by ROC, comparable 

to those defined using longitudinal sS values, suggesting that impairment of LV apex in 

iLVNC is significant and involves longitudinal as well as radial/circumferential 

function, and making these measurements of the greatest clinical usefulness. 

Limitations. This study is limited by a small sample of patients with iLVNC. However, 

considering the rarity of this cardiomyopathy and the statistically significant results 

obtained, sample size was sufficient to test our hypothesis and fulfill the aims of the 

study. Although we did not perform cardiac biopsy on any of our patients, we used the 

most sensitive and specific techniques currently available (CMR and 2D 

echocardiography) to confirm a diagnosis of iLVNC. Further follow-up of these 

patients, focused on development of overt heart failure is one objective of our ongoing 

investigation of enrolled patients.  
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8 Conclusions  
 

Rare cardiac disorders are often underdiagnosed or undiagnosed due to its diagnostic 

challenges. Development of echocardiography has made a significant contribution to the 

accurate and increasing diagnosis of rare cardiological disorders. New techniques help 

the early diagnosis and differential diagnosis of rare cardiologic diseases such as tissue 

Doppler imaging and speckle tracking imaging. It can also provide prognostic 

information and assist in the patient management. Our results proved the usefulness of 

newer echocardiographic techniques. 

The annulus velocity study demonstrates that in patients with CP: 1) medial e‟ velocity 

is usually higher than mitral lateral e‟ velocity, which is a reversal of the observed 

relationship in normal individuals and patients with RCM, 2) all mitral and tricuspid 

annular velocities (e‟, a‟ and s‟) are higher in primary CP compared to secondary CP, 

and 3) all mitral and tricuspid annular velocities decrease after pericardiectomy with 

normalization of the mitral lateral/medial e‟ velocity ratio.  

Clinical implications. In patients with heart failure and normal LVEF, preserved or 

increased medial e‟ velocity strongly suggests CP. The diagnosis is further supported if 

medial e‟ is higher than mitral lateral e‟. With a mitral inflow profile of increased filling 

pressure and expiratory hepatic vein diastolic reversals as well as abnormal ventricular 

septal motion, CP can be diagnosed by echocardiography. This characteristic pattern of 

annulus velocities reverts to normal after pericardiectomy.  

The study for the differential diagnosis of CP confirms the hypothesis that the 

longitudinal strain of the lateral wall which is in contact with diseased pericardium is 

lower than that of the medial segments in CP. Speckle tracking echocardiography, 

specifically the ratio of medial/lateral strain measurement has an incremental value in 

the differential diagnosis of CP from RCM.  

In conclusion the EMB study reports acute thrombus formation complicating EMB and 

emphasizes the usefulness of echocardiography during EMB to promptly identify this 

potentially serious complication facilitating timely management. This complication may 

be mitigated by performing continuous flushing of vascular sheaths. Furthermore 

patients, especially with a history of prior thrombosis or clotting diathesis, should 
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probably undergo routine ancillary echocardiography guided EMB rather than 

fluoroscopic guidance alone. 

In the non-compaction study, we observed that abnormalities of different SMI 

modalities, in particular longitudinal sD, sS and sSR, as well as LV rotation/torsion 

measures, are present in patients with iLVNC, even in those asymptomatic patients with 

preserved EF and normal conventional PWTDI measurements. These findings provide 

evidence of an ongoing, subclinical myopathic process related to the morphologic 

presence of iLVNC. Longitudinal sS and LV rotation/torsion were the most accurate 

SMI modalities to differentiate between these patients and controls, and thus, may serve 

as a the physiologic diagnostic complement to the current morphology-based diagnosis. 

Furthermore, SMI assessment may have important prognostic implications that have not 

been proved yet. We believe SMI analysis should be performed in all patients with 

iLVNC referred for echocardiography and should, at a minimum, include calculation of 

the mean sS or LV rotation of the 6 apical segments, as well as LV torsion and torsion 

rate. In the event that sS curves are not satisfactory for these segments, or LV 

rotation/torsion is not measurable, measurement of the sD global average of the 18 LV 

segments is a suitable second option. Further studies in larger populations are 

warranted.   
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9 Summary 
 

We present the first comprehensive analysis of systolic, early and late diastolic 

velocities of the mitral and tricuspid annuli in a larger number of patients with 

constrictive pericarditis including analysis of etiological groups and post-

pericardiectomial changes.  

We described a previously not reported differential method for CP and RCM. We found 

that the differential longitudinal strain assessment by speckle tracking echocardiography 

can be valuable in differentiating CP from restrictive diseases. With a cut point of 1.02, 

the BS / BL longitudinal strain ratio with a sensitivity rate of 91% and specificity rate of 

93%, it can be an additional useful method at the verification of CP and in the 

differential diagnosis with CA.  

Using adjunctive echocardiography to guide EMB we have identified acute intracardiac 

thrombus formation related to the procedure - a hitherto unreported complication. This 

may have important clinical implications in patients undergoing routine repeated 

surveillance EMB post htx, particularly those with a prior history of thrombosis or 

clotting diathesis. We recommend that these patients should undergo routine ancillary 

echocardiography guided EMB rather than fluoroscopic guidance alone. Procedural 

echocardiography permits early recognition and treatment of this complication.  

To the best of our knowledge, ours is the first investigation to obtain SMI measurements 

of all 18 LV segments in patients with confirmed iLVNC with normal and abnormal 

ejection fractions, and to compare these measurements to SMI measurements from 

healthy subjects. We observed that abnormalities of different SMI modalities, in 

particular longitudinal sD, sS and sSR, as well as LV rotation/torsion measures, are 

present in patients with iLVNC, even in those asymptomatic patients with preserved EF 

and normal conventional PWTDI measurements. These findings provide evidence of an 

ongoing, subclinical myopathic process related to the morphologic presence of iLVNC. 

Longitudinal sS and LV rotation/torsion were the most accurate SMI modalities to 

differentiate between these patients and controls, and thus, may serve as a the 

physiologic diagnostic complement to the current morphology-based diagnosis.  
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10 Összefoglalás 
 

Nagyszámú betegen először prezentáljuk a mitralis és tricuspidalis annulus systoles, 

korai és késői diastoles sebességeinek átfogó analízisét CP-ben, beleértve az etiológiai 

alcsoportok részletes analízisét és postpericardiectomiás változásait.  

Ismereteink szerint egy új, korábban nem ismertetett differenciáldiagnosztikai módszert 

ismertettünk a CP és RCM elkülönítésére. A speckle tracking echocardiographia a 

longitudinalis strain meghatározásokkal, és a basalis medialis/lateralis aránypárok 

alkalmazásával hasznos információt szolgáltat e két kórkép elkülönítésében.  

Echocardiographia vezérelte EMB kapcsán munkacsoportunk először számolt be az 

eljárás kapcsán kialakuló intracardialis akut thrombusképződésről. Fontos klinikai 

következményei lehetnek rutin biopsziában részesülő transzplantált betegeken, 

különösen azoknál, akik korábban thromboembóliás betegségben szenvedtek vagy 

véralvadási zavarral bírnak. Ezen betegeknek echocardiographia vezérelte EMB-t 

ajánlunk, a fluoroscopia kizárólagos alkalmazása helyett. Az eljárás során alkalmazott 

echocardiographia lehetővé teszi a szövődmény korai felismerését és azonnali kezelését.  

Tudomásunk szerint munkacsoportunk vizsgálta először mind a 18 bal kamrai 

szegmenst speckle myocardial imaginggel NCCM-ban normal és csökkent ejekciós 

frakciójú betegeken, és végezte el kontroll csoporttal történő összehasonlítását. Már 

normál ejekciós frakciójú és normál TDI paraméterekkel bíró NCCM-ban szenvedő 

tünetmentes betegeken is kóros SMI értékeket figyeltünk meg, különösen a 

longitudinalis sD, sS, sSR, és BK-i rotációs/torziós értékek tekintetében. Ezen 

elváltozások egy már zajló, szubklinikai, az NCCM morfológiai jelenlétével összefüggő 

myopathias folyamatra utalnak. A longitudinalis sS és BK-i rotációs/torziós 

paraméterek tudták a legpontosabban megkülönböztetni ezen betegeket a kontroll 

egyénektől, ezáltal diagnosztikai kiegészítő módszerként szolgálhatnak a NCCM 

jelenleg használt, elsősorban morfológián alapuló diagnosztikai kritériumrendszeréhez.  
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