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Abbreviations

2CH apical two-chamber view

4CH apical four-chamber view

2D two-dimensional

A late diastolic filling velogit
APLAX apical long-axis

AR acute rejection

AUC area under the curve

BMI body mass index

BSA body surface area

CAV cardiac allograft vasculopathy
CFR coronary flow reserve

Cl cardiac index, confidence interval
CRT cardiac resynchronization therapy
CS total coronary calcium score

DBP diastolic blood pressure

DSE dobutamine stress echocardiography
DT deceleration time

E early diastolic filling veldgi

EBCT electron beam computed tomography
EF ejection fraction

FS fractional shortening

GS global peak systolic strain

GSr global peak systolic strain rate
GSrA global late diastolic strain rate
GSrE global early diastolic strain rate

GSrE/TpSrE acceleration of early diastolic defation
GSr/TpSr acceleration of systolic deformation

HTx heart transplantation

Indexasynch.  intraventricular asynchrony index
IVRT iIsovolumic relaxation time

IVS interventricular septum

LA left atrial

LV left ventricle; left ventricular
LVEDP, LV end-diastolic pressure

LVID g4 ¢ LV internal dimension in diastole, systole
MRI magnetic resonance imaging

NPV negative predictive value

PAP pulmonary artery pressure

PCWP pulmonary capillary wedge pressure
PET positron emission tomography
PHT pressure half time

PPV positive predictive value

PW pulsed wave, posterior wall

RA right atrial pressure

ROC receiver operating characteristics
RV right ventricle; right ventriarl

RWT relative wall thickness

SAX parasternal short-axis views at the level of miedle
Sisp. peak systolic strain dispersion



Suisp(1)
SBP
SDTpS
Sr
STE
TDI
TpSr
TpSrC
TpSre
TpSrL

TpSiisp.

peak systolic strain relative dispens

systolic blood pressure
one standard deviation of the time to peak sys#itain
strain rate

speckle tracking echocardiography
tissue Doppler imaging
time to peak systolic strain rate
time to peak circumferential systolic strain rate
time to peak diastolic early strain rate

time to peak longitudinal systdicain rate
dispersion of time to peak systolic strain

TpSr/TpSrE ratio of time to peak systolic and diastolic streate

U
WMA

ultrasound

wall motion abnormality(ies)



1. Introduction

The number of heart transplants being performeddmate exceeds 5,000 per year and the 10
year survival probability after transplant reacB8%6?

The major cardiac long-term complication that oscum heart transplant recipients is the
development of transplant or cardiac allograft wéggathy, which is an entity distinct from
native coronary disease of the nontransplantedt.n€ardiac allograft vasculopathy (CAV),
characterized by intimal proliferation, developslafter transplant, and is progressfvE€AV
after transplant develops with an incidence of 8% gear, 20% at 3 years, 30% at 5 years, and
more than 50% at 10 years and is the third caudeath after heart transplant, being responsible
for 10-15% of deaths.

The diagnosis of CAV is difficult because of deraion as well as the concentric and diffuse
nature of the disease. The lack of early clinigethgtoms due to myocardial ischemia such as
classical angina makes patients with CAV preset¢ laith silent myocardial infarction,

congestive heart failure, or ventricular arrhythmeiading to syncope or sudden de&th.

Early diagnosis of CAV is important because thespngion of impending catastrophic events is
feasible in some patients through revascularizatether percutaneously with balloon

angioplasty with or without stent implantation,byr means of bypass surgery.

Coronary angiography in combination with intravdacultrasound (IVUS) is currently the gold
standard for CAV diagnosis. The annually perforneammé coronary angiography for CAV
surveillance, however, poses the risks associatddthe invasive method and because of the

accelerated nature of the vasculopathy may be iegeifficient for early CAV diagnosis.

Efforts for the optimal timing of coronary angioghey using non-invasive methods are gaining

acceptance in clinical practice’



2. Background

2.1. Cardiac Allograft Vasculopathy Surveillance
2.1.1. Invasive Methods

2.1.1.1. Coronary Angiography

Coronary angiography remains the standard of CAgubsi<.

The morphologic findings in coronary angiogramgrahsplant coronary disease differ greatly
from angiographic features in typical nontransplaatients with coronary artery disease (CAD),
which is usually a focal, eccentric stenosis incamlial coronary vessels. The Stanford
classification system has been developed to desdesion morphologies commonly seen at
angiography in heart transplant recipients with CANd is being used in the angiographic
assessment for CAVWith this system Gao et al initially describeé #gmatomic abnormalities
with the classification into type A, B1l, B2, and I€sions. Type A, similar to CAD in
nontransplant patients, was discrete or tubularosie in the proximal, middle, or distal segment
branches; type B1 was a proximal vessel maintaimogmal diameter with abrupt distal
concentric narrowing and obliteration; type B2 veagradual transition from normal proximal
vessel with smooth concentric tapering, the digtakel having some residual lumen; and type C
was narrowed irregular distal branches with lossméll branches. Most of the lesions of types
B1l, B2 and C appeared in the secondary vesseldeatidry vessels in patients with CAV,
whereas no type Bl, B2 or C lesions were seen mtramsplant CAD and all of the non-
transplant angiographic lesions consisted of typelrAtransplant patients, total occlusion
appeared more commonly distally (49%) and withobsemce of collateral circulation as
compared with non-transplant angiographic lesignsQ.002).

Coronary angiography has been shown to be accgpsalkkific but insufficiently sensitive in
the diagnosis of CAV, except for significant focaenoses®*! In a prospective comparative
study of coronary angiography and IVUS, the speityfiof coronary angiographic prediction
(89%) was satisfactory but its sensitivity (43%)swaw® Johnson et & showed that 73% of
the angiographically normal segments in patient® Wwhd graft failure within 2 months of
coronary angiography showed mild to moderate fibrimtimal thickening by light microscopy
but angiographic comparisons of the degree of laimmarrowing showed good correlation for
focal stenoses. The insensitivity of coronary aggaphy in CAV diagnosis has been also

demonstrated by comparison with IVJ5.



The very nature of angiography limits the abilynheasure anything that is not represented well
by luminal imaging, stressing that angiograms sthooé interpreted serially, as new and
concentric lesions may be missed on one-time angiogf® Serial quantitative coronary
angiography has been shown to be important ingeessment of the progression of CA**

By using quantitative angiography with cine-vidensieometry in 18 "angiographically normal”
heart transplant recipients, Mills et*atlemonstrated significant loss of lumen diametéwben
years 1 and 3, emphasizing that angiograms shauidterpreted serially as new and concentric
lesions may be overlooked on one-time angiograms.

Coronary angiography has been showed to be usefptadicting cardiac events from CAV.
Uretsky et dl showed that the relative risk (odds ratio) of argrdiac event, including
myocardial infarction, heart failure, and sudderatbde was 3.44 (p <0.05) in patients with
angiographic evidence of obstructive disease coaapaiith those without evidence of disease,
or risk of cardiac death 4.6(p <0.05). Keogh &t sthowed that survival for single-vessel disease
( 40% or greater) was 64% at 1 year, 36% at 2 yea 22% at 5 years and for triple-vessel
disease it was significantly worse (13% at 2 yepr€).01). The cardiac event free survival rate

in the patients with negative angiography resulis 86% at 4 years of follow-dp.

In most heart transplant centers, routine cororemgiography is performed shortly after
transplantation to determine baseline coronaryastaristics and is subsequently done annually
for CAV surveillance® However, with routine coronary angiography theme aisks of
complications, especially renal failure, becauseth& exposure of patients on nephrotoxic

immunosuppressive medication to radioconttast.

2.1.1.2. Intravascular Ultrasound

Intravascular ultrasound (IVUS) is the most semsitool for the diagnosis of CAV.

St. Goar et af compared firstly in vivo IVUS with angiograhpy @ardiac transplant recipients

and showed the intimal thickening was abnormal dr y& more after transplantation in a group
of patients with normal angiograms (angiographyjcailent intimal thickening) and was not

significantly different in those patients with albmal angiograms.

Studies demonstrated that IVUS is superior to canprangiography in detecting early intimal

thickening of the coronary vesséf<!in a study by Pflugfelder et?d] there were angiographic

abnormalities in only 15% of the vessel segmentanemed but IVUS identified 34%



pathological cross-sectional areas. Kerber €t@@monstrated that, early after transplantation,
angiography reveals only gross coronary abnorrmealiwhereas IVUS showed already intimal
thickening of a moderate degree in 42% of the erathicoronary vessel segments. IVUS
showed CAV in 75% of patients at 1 year after héghsplantation, whereas angiography
detected CAV in only 10% -20%:%

The Stanford classificatiolf for the assessment of CAV severity was develomedrding to
intimal thickness and degree of vessel circumfezeimvolved: class | (minimal), an intimal
layer less than 0.3mm thick measurable in less fi&ffl of the vessel circumference; class II
(mild), an intimal layer less than 0.3mm but meable in more than 180of the vessel
circumference; class Il (moderate), an intimalela®.3-0.5mm thick or an intimal layer more
than 0.5mm thick involving less than P86f the vessel circumference; and class IV (seyere)
more than 0.5mm intimal thickening involving mohan 188 of the vessel circumference or an
intimal layer greater than 1.0mm in any one arethefvessel circumference.

The presence of moderate to severe intimal thicigeas shown by IVUS has been demonstrated
to be predictive of the future development of aggaphically apparent CAV. Rapidly
progressive CAV, defined as an increasez@f5mm in maximal intimal thickness within the
first year after HTX, is associated with a sigrafily increased risk of all-cause death,
myocardial infarction, and the subsequent developmgangiographically severe CA>
Bocksch et &F showed that serial IVUS is highly reproducibletwit correlation coefficient for
thickness of plaques of 0.96 for interobserver egent.

The safety of IVUS has been well documerfte®. The reported complications include focal
coronary spasm, vessel dissection, guidewire emgap and acute occlusion, resulting in
myocardial infarction, which occurs in < 1.1% obpedure$® Repeated IVUS after HTx has

been shown not to be associated with accelerafi@Ay.?’?°

Although IVUS is a sensitive and safe method fag prediction and surveillance of CAV,
several problems of IVUS limit its widespread dsi&/US can only be used to analyze the
proximal large vessels, not secondary or tertiaysels, where CAV is first evident. The cost
and invasiveness are also major limiting factorse Guestion needs to be answered, whether
IVUS is superior to angiography for making therapeuwecisions rather than diagnostic

strategies.



2.1.2. Non-invasive Methods

In general, noninvasive methods have not been tsensir specific enough to be reliable to

screen for CAV. However, repeated invasive methmmse increased risks for the patients and
may be insufficient for early diagnosis becauseth® accelerative nature of the disease.
Therefore, optimal timing of invasive methods bynaovasive methods, which are easily

available without risks, may be efficient in thenatal practice after HTx and such efforts are

gaining clinical acceptance.

2.1.2.1. Electrocardiography

There are few studies regarding the role of exereisctrocardigraphy in the diagnosis of CAV.
Mairesse et & showed, in a group of patients with no hemodynaityjicsignificant (>50%
diameter) coronary stenosis, that the exercisdrerdiogram was interpretable in only 59% of
the patients. In a study by Smart et athe sensitivity and specificity of supine exeectssting
for CAV were 21% and 77%, respectively. For exer¢isadmill testing, Ehrman efateported
specificity of 90%.

In a follow-up study of 39 patients, Bacal et>alhowed low sensitivity (15%) of ambulatory
electrocardiography in the diagnosis of CAV.

There are some limiting factors that have an imfage on the results of exercise
electrocardiography. These include abnormal basedilectrocardiograms showing abnormal
repolarization, lack of ischemia- induced angina &mequently inability to reach 85% of the

maximal heart rat&"

2.1.2.2. Echocardiography

Echocardiography, which provides comprehensive rintion about cardiac structure and
function, is a primary non-invasive method in thamagement after HTx. Echocardigraphic
examinations can be easily performed at the bedai# serially repeated without any

discomfort to patients.

2.1.2.2.1 .Conventional Echocardiography
Early after transplantation, left ventricular (L¥jass and end-diastolic volume (EDV) increase,
and these changes may or may not persist for yeatisput being predictive of long-term

result$>3% Wilhelmi et af’ demonstrated left atrial (LA) and ventricular dims®ns within
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normal ranges ( LA 37.3 8.9 mm, LV enddiastolic dimension 4566.4 mm), and normal
mean ejection fraction (EF) of ™ 11.7% and fractional shortening of 35:310.3% in 65
patients more than 10 years after transplantafidve authors reported also left ventricular
hypertrophy as a common finding, particularly latéer transplantation, with calculated LV
mass in males of 263.8 = 111.4g and in females7& @+ 181.1g. In contrast to systolic
function, diastolic function is abnormal early afteansplantation. A restrictive filling pattern,
characterized by shorter isovolumetric relaxatiomet( IVRT; 65+ 18 msec) and pressure half-
time ( PHT; 3%t 8 msec), and higher early diastolic filling vekyc{ E; 0.77+ 0.20 m/s), may
persist to some degree chronically in some pat@niamiting the diagnostic value of
echocardiographic diastolic parameters in heanspkant recipients with CAV.
Echocardiographic wall motion abnormalities (WMA)rast have shown low sensitivity in the
diagnosis of CAV?*° Spes et 4f showed that echocardiographic WMA at rest hachaiteity

of 57% ( specificity 88%) in the diagnosis of CAY defined by IVUS and angiography.

2.1.2.2.2. Sress Echocardiography and Myocardial Contrast Echocardiography

There has been much interest in the use of stasscardiography, to determine its predictive
and prognostic value in heart transplant recipients

Exercise echocardiography has been shown to baesitise in the diagnosis of CAV. In a group
of 51 patients, Collings et “al showed that exercise echocardiography had a veldtigh
specificity of 86% but a high false negative raiethe prediction of moderate coronary disease,
defined as stenosis of 40% to 69%. Similarly, Cehal”” showed a low sensitivity of 15% for
the diagnosis of class Il to IV intimal thickeniagd a specificity of 85%. The diffuse nature of
CAV and abnormal heart rate response during exercistransplant recipients seems to be
associated with the insensitivity of exercise eendiography****

Ciliberto et af® showed that high-dose dipyridamole echocardiogrédptt a sensitivity of 32%
and a specificity of 100% for detecting CAV in 2&tients with CAV, compared with coronary
angiography.

Dobutamine stress echocardiography (DSE) for assa#sof wall motion has been the mostly
frequently used method and has proven to be usethle diagnosis and prognostic assessment
of CAV. Giinther et 4F showed that DSE is feasible and safe in hearspiant recipients.
Based on IVUS and coronary angiograms, Spes“@tdalided 46 patients into two groups:
Group 1 (n=18) had absent or only mild intimal hypasia (mean IVUS grade3.0) and Group

2 (n=28) had moderate to severe intimal hyperplgsi@an grade >3 with or without
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angiographic evidence of CAV). The WMA occurredngiigantly more frequently in group 2
than in group 1, both at rest and during maximaEP&nd the wall thickening decreased more
significantly in group 2 than in group 1 during D8Ethe septum and left ventricular posterior
wall. This shows that DSE is a feasible noninvasivethod for the detection of CAV after
transplantation. Studies, which compared DSE wittoicary angiography, showed a sensitivity
of WBS to detect angiographic CAV of 95% and 86% @ specificity of 55% and 91%,
respectively**’ In 144 heart transplant recipients, Spes éf abased on a combined
angiographic and IVUS definition of CAV, showed ensitivity of 76% and a specificity of
82%. The same group showed also that a quantitate@surement of systolic wall thickening
during DSE improved the sensitivity of the 2D-D3&M 76% to 85%.

DSE has been also shown to be closely associatedpvagnostic information. Akosah ef‘&f°
showed no cardiac events in patients with normdkE DSthe 12- and 32 +11 month follow-up
study, respectively. In asymptomatic patients fotd for 4 years after transplantation, Bacal et
al'’ showed that 87.8% of the patients with normal DBHE anly 29.6% of the patients with
abnormal DSE were alive without cardiac events &tndonths of follow-up. Spes et &l
prospectively evaluated heart transplant recipiemts serial DSE and compared coronary
angiography and IVUS in 109 heart transplant recifs followed for up to 5 years. Cardiac
events occurred in only 1.9% of patients with ndrB&E, compared with 6.3% of patients with
normal resting studies, and serial DSE deterionatitdicated a higher risk for subsequent
cardiac events than no change (relative risk 7p2®).0014). The prognostic value of DSE,
however, is lower than that of coronary angiography Based on the results regarding the
prognostic value of DSE, a new monitoring stratefgt invasive testing is reserved only for
patients with greater risk of cardiac evéhamd postponed if DSE is normal beyond 1 year after
HTx°, has been proposed.

Stress echocardiography has the limitation thaintsrpretation is subjective and dependent

greatly on experienc®.

The measurement of a lower coronary flow rate wihntrast-enhanced transthoracic
echocardiography has showed promising resultset@ating CAV>>*but may not be accessible
to all patients. By combining contrast-enhancedoealdiography and adenosine-mediated
hyperemia, Tona et &lcompared coronary flow reserve with coronary angipgy in 73
patients 8 years after HTx. A coronary flow resecué-off < 2.7 had a sensitivity of 87% and

specificity of 82% in the diagnosis of CAV. Thisogp reported recently a sensitivity of 80%
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and a specificity of 100% of a cut-ofR.9 for detecting of CAV, defined as maximal intima
thickness o&0.5mm in IVUS*®

2.1.2.2.3. Myocardial Velocity Imaging by pulsed Doppler

Myocardial velocity imaging is now an establishédical method for quantifying LV systolic
and diastolic function.

In 363 heart transplant recipients, Dandel gtdgmonstrated for the first time the reliability of
LV wall motion assessment by pulsed wave tissueplpmaging (PW-TDI) in the prediction
of CAV. A series of PW-TDI parameters, peak systalall motion velocity (Sm), systolic time
(TSm, from onset of first heart sound to thakpef the systolic wave Sm) and systolic wall
acceleration (Sm/TSm), had high positive and negatredictive values: positive and negative
predictive value of 97.73% at Sth0 cm/s and Smllcm/s, respectively. Based on the
promising results for the diagnosis of CAVthwPW-TDI*? and electron beam computed
tomography (EBCT}, a noninvasive surveillance strategy for eddgntification of heart

transplant recipients with possible coronary steadms been developed (Figuré®1).

M-Mode and 2D echocardiography

* v
Regional No regional wall motion alterations
wall motion alterations v
v v v
Sm <9 cem/s Sm9-11cm/s Sm2>11cm/s
» CS<75
v . o ¥
Coronary angiography indicated Coronary angiography

not absolutely necessary

Figure 1. Diagnostic prediction for coronary stenoses in heart transplant recipients by
combined EBCT and PW-TDI monitoring.
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At the Deutsches Herzzentrum Berlin PW-TDI has bemrtinely used since 1998 and has
become an important part of echocardiography ferrttonitoring of cardiac allograft function
and for the timing of invasive testing.

PW-TDI, especially Sm, is relatively less image lgyadependent for measurement and
although it is angle dependent, when the highdstitg from at least 5 tracings is selected, it is
highly reproduciblé’ There were no significant differences of the sijst®W-TDI parameters,
obtained at the posterior wall, between patienth wr without proximal stenoses of the great
epicardial vessels, showing that although PW-TDobeities are obtained only from one region
at a time, they reflect the functional state ofeamyocardial areas in patients of CAV, which is
characterized by its diffuse nature. The PW-TDlalys parameters are, similar to LVEF, load

dependent.

2.1.2.3. Other Methods

2.1.2.3.1. Sngle-Photon Emission Computed Tomography

Myocardial single-photon emission computed tomolgyafSPECT) has proven its value in
detecting native coronary artery disease. Many istucdssessed the diagnostic value of
myocardial scintigraphy in the prediction of CAVhasving conflicting data regarding the
sensitivity and specificity.

Exercise’®Tl myocardial perfusion imaging has shown sensjtiviarying from 67% to 78%
and specificity ranging from 33% to 100% in preitiotof CAV.**®-?Ciliberto et ai° studied

50 heart transplant recipients. Exercise thalliwmtgyraphy was negative in all of the 35
patients with normal coronary arteries (specificit$0%), and abnormal in 10 of 15 patients
with CAV (sensitivity, 67%).

Pharmacologic stress using dipyridamole showeditsgtiss of 21% to 58% and specificities of
64% to 88% % Carlsen et &f compared dipyridamole-99m-Tc-sestamibi myocardial
scintigraphy with CAG in 67 transplant recipienisridg a follow-up period of 5.6 years and
showed a high negative predictive value of SPEC3%{Pin screening for significant CAV,
concluding that annual myocardial stress perfusmntigraphy seems well suited as a screening
method for detecting significant CAV.

Wu et af° showed that dobutamif& Tl SPECT is highly sensitive and negatively preifor
prediction of angiographic CAV (sensitivity, specity, positive predictive value and negative
predictive value, were 89%, 71%, 42% and 96%, msmdy). Elhendy et & studied 50
patients, using tetrofosmin as tracer. Dobutami@en Gechnetium tetrofosmin SPECT was
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positive in 27 of 30 patients with angiographic CA8énsitivity, 90%) and negative in 9 of 20
patients without significant CAV (specificity, 55%)

Although several studies showed that myocardiattggaphy has a high negative predictive
value in screening for significant CAV, its clinlcaignificance in the screening for CAV
following heart transplantation is controverstal’"°Puskas et & showed in 43 patients that
20T myocardial SPECT frequently revealed patholagsults in patients with normal coronary
angiography and did not correlate with intimal Kening of epicardial coronary arteries
accessible to intravascular ultrasonography ineidudy phase after transplantation. The authors
concluded that the observed progressive scintigcapbnormalities may be early signs of
beginning graft vasculopathy, angiographicallyrdilemall vessel disease that is not necessarily
correlated to IVUS findings in epicardial cornarstesies. Kerber et & compared thallium
SPECT with intravascular ultrasound imaging of cany artery segments in 29 heart transplant
recipients and showed that the extent of diffusesgkwall alterations within the coronary

arteries does not correlate with scintigraphic ltesu

2.1.2.3.2.Computed Tomography

Computed tomographic angiography has been newlgdated as an imaging modality for the
prediction of CAV. Romeo et dreported a sensitivity of 83% and a specificityo6# for 16-
slice multidetector CT (MDCT) for prediction of aongraphic CAV and a negative predictive
value of 95% in 53 heart transplant recipients. MD&@th adaptive multisegment reconstruction
has shown a sensitivity and specificity of 86% 8886, respectively” Nunoda et &F showed a
sensitivity of 90.0% and a specificity of 97.5% #-detector CT for diagnosing angiographic
CAV. lyengar et df* showed a good overall agreement between convetdmay coronary
angiography and 64-slice MDCT.

The main concerri§ with the routine use of MDCT after heart transpdgion include the high
heart rate of heart recipients which might compsarimaging quality, the size of the vessels,
contrast media as a risk for worsening renal insiefficy, and radiation dose.

Coronary calcium has been shown by computed torpbgrtéo be a marker of CAV after heart
transplantatiod>’” Ludman et d' showed in 102 patients with a follow-up of a medr2.1
years that the absence of calcium had a negatedigbive value of 87.5% with respect to

angiographic CAV in any vessels. Knollmann &f atudied 112 heart transplant recipients and
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reported a sensitivity of 94% and a specificity ©8%, when a calcium score of <55 was
compared with >50% angiographic stenosis. With tthiseshold, EBCT had a negative
predictive value of 99%, but a positive predictivalue of 43%. The study showed also the
association of EBCT total calcium with the degrééntmal proliferation. Ratliff et df were

unable to find a satisfactory correlation betwe&CHE calcium scores and angiographic results.

Myocardial perfusion reserve as detected by magmesionance imaging (MRI) after adenosine
infusion has been shown to be an alternative tdography for routine surveillance of CAY.
Magnetic resonance coronary angiography showed s$ewsitivity for detecting CAV®
Korosoglou et &f studied 69 consecutive heart transplant recipiaiitts strain-encoded MRI.
Strain-encoded MRI allowed differentiation of pate with versus those without CAV, as
classified by coronary angiography. Peak systotrairs and strain rate were significantly
reduced only in patients with severe CAV (steng&i8%), while mean diastolic strain rate and
myocardial perfusion reserve were already reducqehtients with normal vessels or stenosis <
50%. Myocardial perfusion reserve and mean diasiliain rate had higher accuracy for the
prediction of severe CAV (sensitivity: 100%, 100%mecificity: 82%, 87%,respectively) and
followed peak systolic strain and strain rate (8eMity: 86%,57%, specificity: 67%,91%,

respectively).

Positron emission tomography (PET) has been comsidéhe gold standard non-invasive
method for myocardial perfusion imaging. The quasation of myocardial blood flow by PET

showed to be significant in assessing the prograssfi CAV 84
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2.2. Potential Usefulness of Myocardial Deformationalysis for CAV Surveillance

2.2.1. Principle of Strain Imaging

Despite all obvious advantages, visual evaluatibremtricular wall motion by conventional
echocardiography is very subjective and providely emi-quantitative data. Furthermore,
visual assessment has limited ability to detectensubtle changes in function and changes in
timing of myocardial motion throughout systole atidstole *°

It is necessary to know the difference between ragial wall motion and wall deformation.
Wall motion is characterized by its velocity andmglacement, whereas wall deformation can be
described by strain and strain r&t&he concept of strain was initially introducedMirsky and
Parmley?®®° The authors defined strain as a dimensionlesstifyidhat describes the percent
change in dimension from a resting state to onésgel following application of a force. Strain
means deformation. Over time a moving object withrege its position (displacement) but does
not undergo deformation if all it parts move wittetsame velocity. When different parts of the
object move with different velocities, the objedtlwndergo deformation, resulting in change of
shape. Thus wall motion measurements (displacearghtelocity) cannot differentiate between
active and passive movement of a myocardial segmdrgreas deformation analyses (strain and
strain-rate imaging) allow discrimination betweegtige and passive myocardial tissue
movement’

Strain is a measure of how much an object has defemmed. The only possible deformation of
an infinitesimally thin bar, one dimensional objastlengthening or shortening and the amount
of deformation, strain, can be defined by the fdatiu

e =L-LJ/Lo=AL/Lo,

whereg is the symbol for strain, L is the current lengfter deformation andd.is the original
length.

When the length of the object is known during tleéodmation process, the instantaneous strain
can be defined as follows

& = L(t) - L(to)/L(to),

where L(t) is the length at the time instance t &fid) is the initial length ( L) = L, ).The
instantaneous deformation, called Lagrangian stiairexpressed relative to the initial length.
The deformation can also be expressed relativieetdength at a previous time instance as:

den(t) = L(t+dt) - L(t)/L(1),
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where dt is an infinitesimally small time intervahd dy(t) is the infinitesimal amount of
deformation occurring during dt. The total amouhstrain can be calculated by integrating all
the infinitesimal strain together, called natutahis :

en(t) =] den(t).%°

The Lagrangian and natural strain are approximaggyal in small deformations, but the
difference between the Lagrangian and natural rstl@@comes significant in the large
deformations, which occur in the cardiac systole diastloe’

The extent of deformation (strain) is expressedaapercentage. Negative strain implies
shortening of a segment and positive strain lemgtige of a segment related to its original
length. Myocardial contraction can be described raglial thickening (positive strain) and
circumferential shortening (negative strain) in gsdernal short-axis views, and longitudinal
shortening (negative strain) in apical views.

Strain rate (Sr) is a rate of deformation andytslsol is¢ with the unit 1/sec:

¢ = AelAt= (AL/Lg)/ At = (AL/AY) Lo = AVIL,,

whereaV is the velocity gradient between two adjacennpsi’

In the cardiac systole, the apical parts of thetnda pull down the ventricular base with the
wall motion velocity and wall displacement incregsirom apex to base and the motion of the
base is partly an effect of apical contractionthdgng, suggesting that even completely passive
segments can show motion without deformafion.

Myocardial deformation is more constant along thatkicular wall (position independent if the
velocity gradient is evenly distributed) and is m@cuitable than wall motion analysis (velocity
and displacement) for prediction of regional mydéardysfunctior®™** Strain and Sr are not

measurements of contractility because deformasidoad dependefit.

Tissue Doppler-Derived Strain and Strain Rate

As mentioned above, the myocardial velocity gradrer a distanceAV/L,) is equivalent to
the change of strain over timad/At), namelyé. Temporal integration of the velocity gradient
provides the logarithmic strain estimate, natutadis, named from the use of the natural
logarithm. This is the theoretical basis for measystrain by TDE®

The main limitations of strain and Sr by TDI argrsil noise and angle dependedtgr by TDI
has significant problems with random noise, anotfief measuring the difference between
velocities because the error is the sum of therewbthe two velocities. This can be improved
by increasing the sample distance but at the ddsin@r temporal and spatial resolution. Angle

dependency affects Sr measurements significantjxodslrdial velocity is reduced in proportion
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to the cosine of the angle between the directiomgbcardial movement and the ultrasound
beam. TDI assesses tissue movement in relatidmettransducer rather than relative to adjacent
segments, which can affect tissue Doppler derivensand strain rate imaging. TDI-derived

strain and strain rate measurements are not higplpducible (more than 10-15% interobserver

variability).®’

Speckle Tracking Derived Strain Imaging

Speckle tracking echocardiography (STE) measumagnsby tracking speckles in gray scale
echocardiographic images. The speckles, black dntk Wmage-data-particlésare created by
interference of ultrasound beams (US) in the mydican and are seen in gray scale B-mode

images as a characteristic speckle paittéFigure 2).

new location(frame n+1)

old location(frame n)

Figure 2. real-time tracking of a speckle on gray scale B-mode
echocardiographic image frame to frame by software.

The speckles are the result of constructive andruge interference of US back-scattered
from structures smaller than a wavelength of*®)S.

The speckles function as natural acoustic markehgh are tracked from frame to frame. These
speckles are statistically equally distributed tigfoout the myocardium. The size of these
markers is 20 to 40 pixels. Unlike TDI strain imagj STE analyzes Lagrangian strain. Special
software allows spatial and temporal image analysih recognition and selection of the
speckles on grey scale echocardigraphic imagesg@ébmetric shift of each speckle represents
local tissue movement. When frame rate is knowe, ¢hange in speckle position allows
calculation of its velocity. By tracking the speek] strain and Sr can be calculated. The
advantage of non-Doppler 2D-strain imaging is angbEependence, because it tracks in two
dimensions, along the direction of the wall, nairgj the ultrasound beath.

It is necessary to know that different trackingtsefes may result in different resuffs.
The necessity of high image quality is a major faton of STE for routine clinical applicability

in all patients’>%*
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The intraobserver and interobserver variability5@E were found to be low: 3.6% to 5.3% and
7% to 11.8%, respectively.

2.2.2. Clinical Usefulness of Strain Imaging

Echocardiographic strain imaging is a promising foo the evaluation of myocardial function.
The clinical applications of strain imaging arergesing and provide incremental diagnostic and
prognostic value over standard 2D and Doppler emfui@graphy. This is due its ability to
discriminate between active and passive movemenmypbcardial segments, to quantify
intraventricular dyssynchrony and to evaluate comepds of myocardial function, such as

longitudinal myocardial shortening, that are naiwlly assessabfé.

Because longitudinal mechanics predominate in sikbemia-vulnerable subendocardium and
strain imaging analyzes the longitudinal compor@rdeformation, strain imaging is suitable to
assess myocardial ischemia. Several studies reparteduction of strain and strain rate values
in visually normokinetic segments supplied by stenarteries®, the diagnostic value of strain-
identified regional post-ischemic dysfunction irtipats with chest pain in whom the ECG has
normalized®, and the potential of early diastolic deformattorimprove diagnostic accuragy.

A progressive impairment of 2D global strain andw@&is directly related to increasing severity
of coronary disease in patients with normal ejecfimction?® Strain imaging, as an adjunct to
dobutamine stress echocardiography (DSE), imprawed diagnostic accuracy of DSE for
detecting CAD’**% Longitudinal strains are reduced in patients wityocardial infarction$*
and correlate with infarct size and ejection fraci>*°°and predict LV remodelling and clinical

events'?’ Strain imaging showed its usefulness in identijyiable myocardium®-*°

Strain and strain rate measurements have been toupe sensitive indications for sub-clinical
diseases, including diabetes, systemic sclerodesja hypertension, mitral regurgitation, aortic

regurgitation and non-ischemic cardiomyopattieg?’

Cardiac resynchronization therapy (CRT) has maldege impact on improving symptoms and
survival in heart failure patients. Strain imagtpws reliable determination of cardiac timing
intervals, which is useful in assessing LV intravienlar mechanical dyssynchrony and has
proved to be useful for both the selection of pasewho might benefit from CRT and the

evaluation of CRT efficienc}®*2°
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In patients with idiopathic dilated cardiomyopatagd similar LVEF who were accepted for
heart transplantation, those with rapid worsenmgatrd inotropic support dependence showed
higher dyssynchrony and lower global strain ratkies than those who remained clinically

stable!?!

In patients with left ventricular assist device¥AD), 2D-strain imaging proved to be useful in
evaluating cardiac recovery during mechanical whlgg decision for weaning from LVAD and

follow-up after LVAD explantatiofi’

The assessment of diastolic function by 2D-stramaging was shown to be useful for the
evaluation of patients referred for heart transiaon’?® Late diastolic strain rate and the
diastolic E/A strain rate ration showed high préude values for the outcome of patients with

idiopathic dilated cardiomyopathy during the fiéstnonths after listing for heart transplantation.

Strain imaging in heart transplantation

Several studies showed that strain and strain im#gying are of clinical value in cardiac
rejection surveillance.

Pieper et df° studied an experimental rat transplant model sfteckle tracking 2-dimensional
strain echocardiography (2DSE). Despite grade 38ctien in allografts and no rejection in
isografts, there was no difference between isograftd allografts in fractional shortening or
ejection fraction. However, 2DSE revealed decreaséween isografts and allografts in global
radial strain, peak radial systolic strain ratej @eak circumferential systolic strain rate. They
also showed differences not only in systolic straut also in the early diastolic strain rate
between allograft and isograft hearts. Analysitoafjitudinal strain and strain rate imaging was
not done for technical reasons.

Eroglu et at** studied 57 “normal” heart transplant recipientye(86+12 years; post-HTx 5.5+3
years), who have a normal ECG with a ORS duratidess than 120ms, a normal LVEF, non-
significant TR, and a cardiac biopsyISHLT Grade 1A. They also had a normal invasive
measurement of right heart pressures as well amalaroronary angiography, which is defined
as <50% focal stenosis and/or more than mild dimstaisel attenuation, with color Doppler
myocardial imaging. They reported normal valuesbioth radial and longitudinal regional peak
systolic velocity, which is highest at the base a@edreases as the sample volume is moved

apically, and strain and strain rate, which wasibgenous in the septum, lateral, anterior, and
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inferior wall. In the two patients (not included normal HTx group) with 1B biopsy results,
radial strain and strain rate values wereiSaamtly reduced in the posterior wall when
compared to normal HTx values. The authors redorsdso 4 patients with severe heart
transplant vasculopathy, who had normal globalddigstunction but decreased strain and strain
rate values (p <0.005 vs normal HTXx).

In a prospective study of 31 consecutive héemhsplant patients, Marciniak et?lshowed
that a significant reduction in peak systolic strand strain rate in both radial and longitudinal
deformation could be detected in early rejectioadgs. Radial strain for left ventricular
posterior wall<30% predicted rejectioriB with a sensitivity of 85%, a specificity 0%
and a negative predictive value of 93%. A dfitvalue of Sr<3.0% had a sensitivity of
80%, a specificity of 86% and a negative predetivalue of 89% for acute rejection.
Kato et at*® reported in 35 transplant recipients a predicieeuracy of 82.3% of a systolic
strain cut-off value of -27.4% for acute rejectioniB, which increased to 84.8% with the
combination of systolic strain and diastolic straite. Dandel et #’ showed that a sudden
decrease of more than 15% of the radial globalnsirapatients with stable or reduced blood
pressure was very highly predictive of acute repect

Saleh et af® evaluated strain and strain rate in 40 heart plans recipients at 1 year after
transplant, who had no histologic evidence of sewejection (Grade 2R or higher), LVEF
>55%, no severe valvular disease, and no signifi€AY, with STE using velocity vector
imaging. They reported normal values for globalgitudinal strain, strain rate and the standard
deviation of the global longitudinal strain timegeak as a synchrony parameter:13.43%+2.39%,
-0.830.15 &, and 41.67+13.53ms, respectively.

Syeda et af° studied 31 heart transplant recipients with 10e@ry post-transplantation with
STE and multislice computed tomographic coronamyi@graphy (MSCTA). They showed that
even though “healthy” transplant recipients with@&D exhibit normal global systolic function
as assessed by conventional methods, deformatiicesare altered when compared with those
of control subjects.

Eroglu et a*® studied 50 patients at 6 years post-transplamtatiith dobutamine stress
echocardiography using color myocardial Doppleoweiy. Peak systolic longitudinal strain rate
response <0.5'sduring DSE identified patients with CAV (mild asevere) with a sensitivity
of 88%, specificity of 85% and a negative predietralue of 92%.

To our knowledge, there is so far no study, that &ssessed the usefulness of speckle tracking

echocardiography in the prediction of CAV.
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3. Study

3.1. Objective

The aim of this study was to assess the relialolitg TE in distinguishing between patients with
and without CAV and to search for parameters witffigent sensitivity and specificity to allow
early recognition of functional myocardial altecats induced by focal coronary stenoses, before
any appearance of visually detectable changesréhacafunction. The final goal was to evaluate

the potential usefulness of STE to optimize thergwf coronary angiographies after HTx.

3.2. Methods

3.2.1. Patients and Study Design

We selected for evaluation all consecutive heardplanted adult patients with normal LVEF
and lack of visible regional wall motion alteratsooduring conventional echocardiography who
underwent coronary angiography between 2005 and.2Db1 this period before each heart
catheterization a comprehensive echocardiograpt@mmation, including STE, was performed.
Routine coronary angiographies were performed @sdhpatients annually or at a longer time
interval of up to 2 years, depending on renal fiomctand other acute or chronic diseases.
Additional angiographies were performed wheneveV@Athe progression of known CAV was
suspected clinically (arrhythmias, clinical symps)nor by ECG, electron beam tomography
and/or PW-TDI change¥.STE was not used for the decision making in faxfoor against the
coronary angiographies. Echcardiography includi@§E was performed in all patients before

the coronary angiography on the same day.

Criteria for exclusion from the study were acutgeeBon, donor-transmitted coronary artery
disease, bundle branch block, LV ejection fractidsb% and visible regional wall motion
abnormalities during conventional echocardiogragtigo patients with poor echocardiographic
image quality even in only one myocardial segmeerevexcluded from the study if the
computer signaled that reliable deformation anayseuld not be possible in that particular

segment.

A total of 202 heart transplant recipients fulfillthese criteria and were included in the study.
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3.2.2. Echocardiographiy

3.2.2.1. Conventional Echocardiography

Echocardiography was performed using a Vivid 7asibund system (General Electric) and
2.5MHz transducer. Interventricular septum (IVStkhess, left ventricular internal dimension
in diastole and systole (LVIR), and LV posterior wall (PW) thickness, were meadiby M-
mode or B-mode. The LV ejection fraction was catedl by the Simpson method. Pulse-wave
Doppler echocardiography was performed, and pedl €a) and late (A) transmitral filling
velocities, deceleration time (DT) of E, and isawrulc relaxation time (IVRT) were measured

from mitral inflow velocities with calculation ohe ratio (E/A).

3.2.2.2. Speckle-tracking Echocardiography

Echocardiographic images were acquired in the pares short-axis views at the level of mitral
valve (SAX), apical long-axis (APLAX), two-chamb@CH), and four-chamber (4CH) views.

A sector scan angle of 3@ 60 was chosen, and frame rates of 50 to 70 Hz wsesl. Data
were stored at the same frame rate as the agquisame rate and transferred to a workstation for
off-line analysis. Offline speckle-tracking anal/swas performed by the software for
echocardiographic quantification (EchoPAC versignGE Vingmed Ultrasound AS USA).
Endomyocardial borders of the LV were manuallyedaasing a point-and-click technique at the
end-systolic frame and epicardial tracing was aatoally performed by the computer
algorithm and, when necessary, manually adjustedot@r the whole myocardial wall. The
tracking algorithm then followed the myocardial sides during the cardiac cycle. Tracking was
accepted only if both visual inspections as wellttess EChoPAC software indicated adequate
tracking. The software automatically divided theoss-sectional image into six segments
according to an 18-segment model of the LV, as mewended by the American Heart
Association. The LV segments to be analyzed wexdtisal, middle, and apical segments of the
septum and the lateral wall in 4CH, the anteriad arferior wall in 2CH, and the anteroseptal
and posterior wall in APLAX, as well as the anteqatsl, anterior, lateral, posterior, inferior, and
septal segments in SAX. Myocardial longitudinatliad and circumferential strain and SR were
obtained in each segment. Global strain and Sr aweeeages of the strain and Sr values of six
segments in SAX, APLAX, 2CH, and 4CH, respectively.

The reproducibility of the measurements was tel{ed examiners in 15 patients.

Duration of a complete measurement for STE parasetavas tested by an experienced

examiner in 10 patients.
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The strain and strain rate parameters can be divitte the timing and magnitude parametérs.
The following parameters were obtained (figure)3, 4

Systole Diastole

iongitudinal strain

Figure 3. Curves of strain in 6 segments (4CH)

bassep E
-

Systole

Diastole

Iongit:ﬂdinal strain rate

Figure 4. Curves of strain rate in 6 segments (4CH)
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A Strain parameters

1. global peak systolic strain (GS), defined asriean value of peak systolic strains of each of
the 6 segments

2. peak systolic strain dispersion§s), defined as the difference between maximal anmdmail
strain in each of the 6 segments

3. peak systolic strain relative dispersiogs(®)), defined as the peak systolic strain dispersio
divided by the global peak systolic strain

A SR parameters

1. global peak systolic strain rate (GSr), defiasdhe mean value of peak systolic Srs of each
of the 6 segments

2. time to peak systolic strain rate (TpSr), delires the time interval from R wave on the
electrocardiogram to the global peak systolic Sr

3. acceleration of systolic deformation (GSr/Tp8gfined as the global peak systolic strain rate
divided by the time to peak systolic strain rate

4. early and late global diastolic strain rate (&81d GSk respectively ) and GEIGSH ratio

5. time to peak early global diastolic strain rélipSKe), defined as the time interval from aortic
valve closure to the peak early global diastoliaistrate (GS)

6. acceleration of early diastolic deformation (&5FpSk)

A Synchrony parameters

1. dispersion of time to peak systolic strain (fipP defined as the time difference between the
maximal and the minimal time to peak systolic stiai6 each segments

2. one standard deviation of the time to peak $igsttrain (SDps)

3. intraventricular asynchrony index (Indgxcr), defined as the standard deviation of the time

to peak systolic strain divided by averaged timpdak systolic strain

3.2.3. Cardiac catheterization

After standard hemodynamic recordings, biplanaricgrgms were acquired digitally and by
cine film on standard biplanar angiographic x-raguipment (INTEGRIS/LARC system
Philips). Angiographic evaluation of CAV was basedStanford criterixFigure 5).
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Figure 5. Stanford clssification

For analysis, heart transplant recipients weredéiinto three groups: group 1 consisted of
patients with no angiographic CAV; group 2, patsewnith type B and no type A lesions, and
group 3, patients with type A, defined as focahess>50%, and type B lesions. The patients
who had type C lesions also had type B or type & waere included in group 2 or group 3,

depending on whether the lesions were of type e B.

3.2.4. Statistics

Statistical analysis was performed using commdyc&lailable software (SPSS, version 19.0
for windows) and all data are presented as meareistandard deviation.

Differences in all parameters were evaluated usingunpaired two-sided t-test. Receiver
operating characteristics (ROC) were used to deterrthe diagnostic value of strain and Sr

parameters for the prediction of CAV. Differencesrgiconsidered significant at p <0.05.
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3.3. Results

3.3.1. Coronary angiography

The coronary angiogram was normal in 56 (27.7%ieptd (groupl). Coronary artery disease
was present in the other 146 patients. 87 (43.186¢ms had CAV with diffuse type B lesions
but no focal stenosis (group2) and 59 (29.2%) ptiewith diffuse type B lesions and focal

stenosis. The clinical characteristics and hemoaiynaata are given in table 1 and 2.

Table 1. Clinical characteristics

Group 1 Group 2 Group 3 P value

(n = 56) (n=87) (n=59) 12 | 23
Age at transplant, years 43 +13 45+ 14 45+ 14 310. 0.953
Age at examination, years 44 +13 53+14 56 £13 .000| 0.209
Post-transplant time, years 1.0+£23 7.9+4.3 445b.6 0.000| 0.001
Height, m 174.8 £ 9.7 1743+ 9.6 1742+ 78 0.761984
Weight, kg 77.3+14.4 82.6+1.8 81.5 + 1§ 0.047.72a
BSA, nf 19+0.2 20+0.2 20x0.2 0.179 0.800
BMI, kg/m’ 25.3+4.4 27.1+4.7 26.8+5.4 0.020 0.725

The mean age at transplantation did not signiflgamtiffer between the groups. The

posttransplant time increased significantly witbreased severity of angiographic lesions. The

weight and BMI (body mass index) were significardwer in group 1 than in group 2 and 3.

Table 2. Hemodynamic data

Group 1 Group 2 Group 3 P value

(n =56) (n=87) (n=59) 1:2 | 2:3
HR, bpm 88 + 10 87 £ 13 87+ 12 0.199.085
SBPoric, MMHg 130 + 20 134 + 23 141 + 22 0.2[78.060
DBPaoric, MMHg 78 £12 79+ 14 80 + 12 0.6049.468
LVEDP, mmHg 13.6 5.2 14.6 +4.6 16.7 £5.8  0.268027
PA (mean), mmHg 185+4.5 19.9+5.2 22.4+6.1 .098]0.015
RA (mean), mmHg 6.6 +£3.9 7.2+35 8.8+3.7 Q.3D.009
Cl, I min™ m* 3406 3.3+0.9 3108 0.408.242
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The heart rate, diastolic blood pressure (RBE and cardiac index (CI) did not differ
significantly between the 3 groups. None of the bdymamic parameters studied differed
significantly between group 1 and group 2. Meammrary artery pressure (PA mean), mean
right atrial pressure (RA mean) and left ventricuénd-diastolic pressure (LVEDP) were

significantly higher in group 3 than in group 1 g&hd
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3.3.2. Echocardiographic Examination

3.3.2.1. Conventional Echocardiographic Examination

3.3.2.1.1. Conventional Echocardiographic Parameters

Conventional M-mode and Doppler echocardiographiameters are given in Table 3 and 4.

Table 3. Conventional M-/B-mode echocardiogragtarameters

Group 1 Group 2 Group 3 P value

(n = 55) (n = 85) (n = 59) 12 | 23
LVID 4, cm 46+0.5 48+04 49+0.5 0.006 0.354
LVIDs, cm 28105 29104 3.0+04 0.111 0.050
IVS, cm 1.07 £0.10 1.07 £0.11 1.15 +0.09 0.922000
PW, cm 1.05+£0.11 1.07 £0.10 1.11 £0.09 0.317026.
EF, % 709+7.1 70.5+5.9 68.4+5.8 0.690 0.039
FS, % 40.1+6.9 40.2+5.0 38.4+4.6 0.900 0.031

The left ventricular internal diameter in diast@l®&/ID 4) was significantly greater in group 2 and

3 than in group 1. The ejection fraction and frawél shortening of left ventricle did not differ

significantly between group 1 and group 2, but appe to be significantly higher than in group

3. The interventricular septum and posterior waltkness were significantly greater in group 3
than in group 1 and 2.

Table 4. Conventional Doppler echocardiogrpl@icameters

Group 1 Group 2 Group 3 P value

(n = 45) (n=71) (n = 50) 1:2 | 2:3
E, cm/s 92.0+22.8 88.3+23.0 89.6 £ 20.2 0.839973D
A, cm/s 40.4+£12.5 42.0+12.7 37.3+£8.7 0.491016.
E/A 25+0.9 22+0.8 25+0.8 0.162 0.042
DT, ms 1279 + 36.4 115.0+16.4 112.0+ 155 0.0P307
IVRT, ms 67.0+11.0 64.3+7.7 62.2 + 8.7 0.107130.

The deceleration time of E wave (DT) in mitral ovil appeared to be significantly shorter with

increased severity of angiographic lesions. Thastratral A wave velocity was significantly

lower, with the ratio of transmitral velocities &/higher, in group 3 than in group 1 and 2 .
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3.3.2.1.2. Diagnostic value of conventional echocardiographic parameters for CAV

We selected the conventional echocardiographic npetiers, that were found to differ
significantly between the groups, and used the R@@etermine their diagnostic value for
CAV (table 5, 6).

Table 5. The ROC analysis of conventional eclsiographic parameters for prediction of

CAV with no focal stenosis (Group 1:2)

AUC(%) 95% ClI Cut-off Sensitivity(%)  Specificity(Y4
LVID 4, cm 63.7 0.54-0.73 >4.7 65.9 61.8
DT, ms 61.0 0.49-0.73 <118 60.6 60.0

Table 6. The ROC analysis of conventional eclaiographic parameters for prediction of
CAYV with focal stenosis (Group 2:3)

AUC(%) 95% ClI Cut-off Sensitivity(%)  Specificity(Y4
EF, % 58.8 49.3-68.3 <68.5 52.5 59.5
FS, % 59.3 49.8-68.8 <38.5 57.6 58.3
A, cm/s 60.8 50.8-70.9 <39.5 68.0 59.2
E/A 62.6 52.6-72.6 >2.1 64.0 56.3

3.3.2.2. Speckle tracking parameters
We divided the speckle tracking parameters intairstrSr, and synchrony parameters and
analyzed each of the parameters in SAX, 4CH, APLAXJ 2CH, respectively .

Observer agreements and Duration of parameter mesasat:
The intra- and interobserver variabilities were &6l 8% for global peak systolic strain, and 7%
and 10% for global peak systolic strain rate, respely.

The average duration of STE evaluation by an egpedad examiner was 5 min per patients.

3.3.2.2.1. Strain parameters
The radial global peak systolic strain (GS) did sighificantly differ between group 1 and 2, but
it was significantly greater in groups 1 and¢hadn in group 3. Radial peak systolic strain
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relative dispersion ( dgp(r)) was significantly higher in patients withone severe

angiographic lesions (table 7).

Table 7. Radial peak systolic strain and deriparameters (%)

Group 1 Group 2 Group 3 P value

(n=45) (n=69) (n=42) 1:2 | 23
Antero-septal 41.4+£13.4 38.3+12.7 29.5+12.4 .319| 0.000
Anterior 42.4+14.1 38.6+12.1 29.7+11.2 0.14%000
Lateral 445+ 149 40.7 £ 12.6 31.7+13.1 0.1&7001
Posterior 46.0 £ 13.3 46.6 +14.4 343+154 0.884000
Inferior 442 +12.7 456 +£14.5 33.1+14.4 0.563.000
Septal 419127 411 +13.6 30.9+£ 134 0.Y24000
GS 43.4+12.8 41.8+11.9 31.5+11.8 0.832.000
Stiisp. 11.1+£7.0 15.7+10.1 156 +8.6 0.006.988
Siisp-(r)-100 27.1+£16.9 38.4+254 53.4 £30.7 0.0a»010

The circumferential global peak systolic strain JG®8as significantly reduced and the
circumferential peak systolic strain relative dispen (Sisp(r)) significantly increased with

increased severity of angiographic lesions ( t&hle

Table 8. Circumferential peak systolic strain @erived parameters (%)

Group 1 Group 2 Group 3 P value

(n=45) (n=69) (n=42) 12 23
Antero-septal -24.2+45 -22.6£55 -199+5.8| .088 | 0.021
Anterior -19.2+5.6 -176£55 -13.2+6.7 0.134).001
Lateral -154+54 -11.5+6.9 -7.8+6.3 0.0p1 00&.
Posterior -17.9+5.2 -12.5+6.2 -10.8 £5.9 0.000.169
Inferior -23.2+5.4 -17.7+6.4 -154+7.0 0.00.076
Septal -249+4.8 -21.8+5.2 -18.8+5.6 0.002 006.
GS -20.8+3.5 -17.3+3.7 -143+4.1 0.000 0.000
Stisp. 12.3+6.2 148=+7.1 16.4+54 0.053 0.169
Stisp(r)+100 -60.8 £3.5 -89.2+ 44.2. -129.8 + 88.9 0.000 008.
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Table 9. Longitudinal peak systolic strain and parameters in 4 CH (%)

Group 1 Group 2 Group 3 P value
(n=56) (n=87) (n=59) 1:2 2:3
Septum
Basal -17.5+2.8 -15.8+3.7 -12.1+4.0 0.003 00.0
Mid -185+3.1 -17.4+ 3.7 -14.0+4.0 0.059 0.000
Apical -20.3+4.3 -19.6 £4.9 -15.2+6.3 0.419 oOa
Lateral wall
Apical -21.3+45 -19.7 £ 6.7 -14.7+ 6.8 0.090 oOam
Mid -18.8 +3.3 -17.7+4.0 -13.6+5.2 0.0683  0.000
Basal -17.4+£3.0 -16.2+3.9 -14.0+5.3 0.047 06.0
GS -19.0+2.8 -17.7+3.0 -13.9+3.2 0.014  0.000
Stisp. 6.4+35 8.7+4.1 11.4+4.0 0.001 0.000
Stisp(r)~100 -33.9+14.9 -48.5+19.6 -86.5+42.2 0.000 000.

Global peak systolic strain (GS) was significantlgreased and peak systolic strain dispersion

(Suisp) @and peak systolic strain relative dispersiogs§8)) were also significantly increased with

increased severity of angiographic lesions.

Table 10. Longitudinal peak systolic strain aedved parameters in APLAX (%)
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Group 1 Group 2 Group 3 P value
(n=56) (n=86) (n=57) 1:2 2:3
Posterior wall
Basal -18.2+3.5 -16.7+£4.2 -149+6.4 0.024 60.0
Mid -18.6 £ 3.6 -17.2+4.1 -15.1+5.8 0.035 0.023
Apical -21.5+3.9 -20.4+5.1 -16.7 £ 6.3 0.189 0@
Anterior septum
Apical -21.0+4.6 -20.1+5.6 -16.4+7.0 0.289 o@L
Mid -18.7 £ 3.9 -17.8+4.1 -14.2+55 0.156 0.000
Basal -17.8+£3.3 -16.3+ 3.6 -124+5.0 0.015 00.0
GS -19.3+3.1 -18.1+34 -15.0+ 3.6 0.032 0.000
Sisp. 6.6+29 85+40 124 +5.8 0.002 0.000
Suisp()+100 -33.7+13.1 -46.1 + 18.6 -84.8 425 0.000 000.



Global peak systolic strain (GS) was significantigreased and peak systolic strain dispersion
(Suisp) @and peak systolic strain relative dispersiogs§8)) were also significantly increased with

increased severity of angiographic lesions.

Table 11. Longitudinal peak systolic strain aedved parameters in 2 CH (%)

Group 1 Group 2 Group 3 P value
(n=46) (n=33) (n=40) 1:2 2:3
Inferior wall
Basal -17.7+£3.2 -16.6 £ 3.1 -135+5.6 0.147 0.0
Mid -179+ 34 -16.8+ 2.8 -149+5.2 0.143 0.041
Apical -19.6+4.2 -19.0+£ 3.9 -16.7 £ 6.2 0.558 01
Anterior wall
Apical -20.1+4.7 -20.3+4.9 -14.7+6.2 0.843 0@
Mid -18.9+3.6 -18.7+4.2 -13.1+5.7 0.849  0.000
Basal -18.0+ 3.0 -17.2+4.1 -12.7+6.6 0.355 00.0
GS -18.7+2.9 -18.1+2.7 -14.3+3.6 0.388  0.000
Skisp. 6.1+3.1 74+31 12.4+5.3 0.071  0.000
Rel.Ssp -100 -32.5+15.7 -40.5+15.6 -90.7£39.5 0.029 000.

Global peak systolic strain and peak systolic stcaspersion (&sp) did not differ significantly
between group 1 and 2, but were significantly gne#itan in group 3. The peak systolic strain
relative dispersion ,(r)) showed a significant increase with increasesliesty of

angiographic lesions.

We compared the longitudinal strain parametersachdongitudinal view to each other within
each group. No significant difference in the londihal strain parameters, except i) in
group 2, was found within each group (table 12).
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Table 12. Longitudinal peak systolic strain andkt parameters in each group (%)

4CH APLAX 2CH P value
4CH:APLAX | 4CH:2CH | APLAX:2CH
Group 1
GS -19.0x2.8 -19.3+3.1 -18.7+£2.9 0.564 0.614 18.3
Stisp. 6.4+35 6.6+29 6.1+3.1 0.802 0.586 0.395
Stisp(r)+100 -33.0+149 -33.7+x13.1 -325%+18.7 0.793 87Q. 0.683
Group 2
GS -17.7+£ 3.0 -18.1+34 -18.1+2.7 0.492 0.52( 50.9
Stisp. 8.7+4.1 85+4.0 74+31 0.671 0.055 0.118
Stisp(r)+100 -485+19.6§ -46.1+18.6 -40.5x156 0.417 20.0 0.099
Group 3
GS -13.9+£3.2 -15.0+ 3.6 -14.3+£3.6 0.114 0.646 58.3
Stisp. 11.4+£4.0 124 +£5.8 12.4 £ 5.3 0.279 0.305% 0.989
Stisp(r)+100 -86.5+42.2 -848+42bH -90.7+395 0.831 616. 0.486
3.3.2.2.2. Srain rate parameters
Table 13. Radial Sr and derived parameters
Group 1 Group 2 Group 3 P value
(n=45) (n=69) (n=42) 1:2 2:3
GSr, § 19x£04 20x05 1.7£0.6 0.574 0.002
TpSr, ms 119.4 £ 23.9 160.6 + 35.4 163.2+33/0 00.0 0.699
GSr/TpSr, m$ *100 1.7£05 1.3£05 1.1£05 0.000 0.009
GSK, s* -23+x1.0 -2.1+0.8 -1.9+0.8 0.439 0.185
GSnh, s' -0.8+04 -0.7+£0.3 -0.5+0.3 0.180 0.001
GSKE/GSiy 4.1+3.2 51+£7.1 58140 0.3538 0.509
TpSKkE, ms 119.8+34.4 131.6 £42.9 105.9+37.6 0.108 .010
GSK/TpSE, ms® *100 -21+£1.0 -19+1.2 -2.0£0.9 0.33p 0.524

Global peak systolic strain rate (GSr) did noteatif§ignificantly between group 1 and 2, but was
significantly higher than in group 3. The time ®af systolic strain rate (TpSr) was significantly
longer in group 2 than in group 1, but not sigrifidy different between group 2 and 3. The
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acceleration of systolic deformation (GSr/TpSr) wsignificantly reduced with increased
severity of angiographic lesions.

No studied radial diastolic Sr parameters showsigj@ificant difference between group 1 and 2,
but the late global diastolic Sr (G3rand time to peak early diastolic Sr (TpSaippeared to be
significantly lower in group 3 than group 1 andtafjle 13).

Table 14. Circumferential Sr and derived paranse

Group 1 Group 2 Group 3 P value

(n=45) (n=69) (n=42) 1:2 2:3
GSr, & -1.6+04 -1.3+0.3 -1.0+£0.3 0.000 0.000
TpSr, ms 116.5+20.9 154.8 + 26.2 156.1 + 24, 00.0 0.794
GSr/TpSr, m$ *100 -1,4+0.5 -0.8+0.2 -0.7+0.2 0.000  0.000
GSFE, s’ 19+0.6 1.7+05 1.4+04 0.032  0.081
GSHh, s* 0.6+0.4 04+0.3 0.2+0.2 0.013  0.0Q9
GSK/GSi 57+4.6 8.0+8.8 10.8+9.8 0.0683 0.132
TpSk, ms 120.1+41.8 122.8 +37.8 122.0 + 37. 0.735 .919
GSK/TpSk, ms”® *100 1811 1.5+0.9 1.3+0.6 0.099 0.173

Global peak systolic strain rate (GSr) and the lacagon of systolic deformation (GSr/TpSr)
were significantly reduced with increased sevesitangiographic lesions. Time to peak systolic
strain rate (TpSr) was significantly longer in goo@ than in group 1, but not significantly
different between group 2 and 3. Global diastolicp&rameters (G&r GSn) were found to

differ significantly between group 1 and 2.

In all 3 longitudinal views, global peak systolitasn rate (GSr) was significantly reduced with
increased severity of angiographic lesions. Timep&ak systolic strain rate (TpSr) was
significantly longer in group 2 than in group 1tlolid not differ significantly between group 2
and 3.

The diastolic strain rate parameters ($Sn) differed significantlyt between 2 and 3. The
comparison of the ratio of early and late diastglobal strain rate between the patient groups
showed no significant difference in all 3 longitoali views (table 15- 17).

The ratio of time to peak systolic and diastoli@st rate (TpSr/TpS$) was significantly higher

in group 2 than in group 1, but with no significatifferences between group 2 and 3 in
longitudinal and SAX views (table 13-17).
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Table 15. Longitudinal Sr and derived parametesCH

Group 1 Group 2 Group 3 P value
(n=56) (n=87) (n=59) 2:3
GSr, § -1.3+0.2 -1.1+£0.2 -0.9+0.2 0.000
TpSr, ms 118.0+17.3 162.4 + 34.2 163.9 + 31| .0 0.787
GSr/TpSr, m$ *100 -1.1+£0.2 -0.7+0.2 -0.5+0.1 0.000
GSk, s’ 18+04 16+04 1.3+£04 0.000
GSny, S° 0.5+ 0.2 0.5+ 0.2 0.4+ 0.2 0.008
GSKE/GSIy 43+3.2 53149 6.5+9.7 0.365
TpSk, ms 129.7 £ 22.7 132.4+35.7 134.1+31.4 83.76D
GSK/TpSk, ms” *100 1.4+05 1,4+0.9 1.0+04 0.001
Table 16. Longitudinal Sr and derived parametesPLAX
Group 1 Group 2 Group 3 P value
(n=56) (n=86) (n=57) 2:3
GSr, § -1.3+0.2 -1.1+0.3 -1.0+£0.2 0.004
TpSr, ms 118.9 £ 15.0 169.2 + 38.6 159.4 + 35 D 0.118
GSr/TpSr, m$ *100 -1.1+0.2 -0.7+£0.2 -0.6£0.2 0.162
GSK, s' 1.8+0.5 1.6+05 1.3+04 0.000
GSn, S° 05+0.3 05+0.2 04+0.2 0.012
GSKE/GSiy 4.2+3.0 50+54 5.7+5.3 0.445
TpSk, ms 130.7+21.1 139.4 +33.3 134.6 £ 28.8 59.36®
GSK/TpSk, ms” *100 1.4+05 1.2+05 1.0+04 0.012
Table 17. Longitudinal Sr and derived parameiteCH
Group 1 Group 2 Group 3 P value
(n=46) (n=33) (n=40) 2:3
GSr, § -1.3+0.2 -1.1+0.2 -1.0+£0.2 0.003
TpSr, ms 1159+ 16.0 168.6 + 30.9 155.6 + 27 .0 0.067
GSr/TpSr, m$ *100 -1.1+0.2 -0.7+0.2 -0.6+0.2 0.294
GSk, s’ 15+04 14+04 1.2+04 0.006
GSn, S° 0.6+0.3 0.6+0.3 04+0.2 0.007
GSKE/GSIy 3.2+1.6 3.3+x21 3.9+3.2 0.321
TpSk, ms 131.6 +22.6 137.6 £ 26.2 128.7 £ 32.6 86.199
GSK/TpSE, ms® *100 1.2+ 0.4 1.1+ 0.4 1.0 +0.4 0.251
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We compared the longitudinal systolic strain raaeameters in each longitudinal view to each

other within each group. No significant differendasthe longitudinal strain rate parameters,

except in global peak systolic strain rate (GSrjl acceleration of systolic deformation

(GSr/TpSr) in group 3, were found within each grdtable 18).

Table 18. Longitudinal Sr and derived parameteesaich group

P value
4CH APLAX 2CH
4CH:APLAX | 4CH:2CH | APLAX:2CH
Group 1
GSr, § -1.3+£0.2 -1.3+0.2 -1.3+0.2 0.568 0.153 0.065
TpSr, ms 118.0+17.3 118.9+15/0 115.9+16.0 58.7 0.535 0.332
GSr/TpSr,
5 -1.1+£0.2 -1.1+£0.2 -1.1+£0.2 0.813 0.374 0.291
ms* *100
Group 2
GSr, & -1.1+£0.2 -1.1+£0.3 -1.1+£0.2 0.788 0.776 0.986
TpSr, ms 162.4+34.2 169.2+38/6 168.6+30.9 2.2 0.352 0.924
GSr/TpSr,
5 -0.7£0.2 -0.7+£0.2 -0.7£0.2 0.675 0.679 0.960
ms* *100
Group 3
GSr, § -0.9+0.2 -1.0+£0.2 -1.0+£0.2 0.005 0.035% 0.687
TpSr, ms 163.9+31.7 159.4+35|1 155.6+27.7 64.4 0.170 0.557
GSr/TpSr,
) -0.5+0.1 -0.6 £0.2 -0.6 £0.2 0.003 0.013 0.998
ms~ *100

3.3.2.2.3. Synchrony parameters

All the studied synchrony parameters were signifiilgghigher with increased severity of

angiographic lesions in SAX and longitudinal vieftable 19, 20), showing an increasing degree

of asynchrony.
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Table 19. Strain-derived synchrony parameteSAKX

Group 1 Group 2 Group 3 P value
(n=45) (n=69) (n=42) 1.2 2:3
Radial
TpSisp, MS 27.6+22.5 47.2 +34.8 67.7 £+50.8 0.000 €.02
SDrps, Ms 13.1+£10.9 22.3+16.8 32.8+24.6 0.001 D.01
IndeXasynch. 4.2 +3.5 6.3+4.9 8.8+6.7 0.009 0.034
Circunmferential
TpSiisp, MS 48.1+34.4 84.9 + 30.6 123.4 +45.8 0.000 00.d
SDrps, Ms 229+18.1 40.2 £15.5 51.6+17.1 0.000 D.40
INndeXasynch. 7.3+£56 11.7+4.4 151+51 0.000D 0.001
Table 20. Strain-derived synchrony parameteegpinal views
P value
Group 1 Group 2 Group 3 % >3
4CH n=56 n=87 n=59
TpSiisp, MS 46.5 £ 23.3 79.7+21.1 131.6 £ 37.0 0.0p0 00.¢
SDrps, Ms 22.2+13.7 35.6+12.3 56.9+17.0 0.000 ©®.00
INndeXasynch. 72140 10.2+3.3 16.0+4.9 0.00p 0.000
APLAX n=56 n=86 n=57
TpSiisp, MS 42.8+23.5 80.9 £ 22.7 125.6 + 34.0 0.0p0 00.d
SDrps, Ms 20.2+115 37.6 £13.0 57.0+16.3 0.000 ®.00
INdeXasynch. 6.8+3.7 109 +3.7 16.3+5.4 0.00p  0.000
2CH n=46 n=33 n=40
TpSiisp, MS 546 +25.4 81.9+154 123.7 £ 27.4 0.0p0 00.¢
SDrps, Ms 2551129 36.5+8.9 52.6 +11.5 0.000 0.000
INdeXasynch. 8.0+3.8 10.3+2.3 14.8+3.3 0.00[L 0.000

We compared the longitudinal strain-derived synokingarameters in each longitudinal view to

each other within each group. No significant degfeces in the longitudinal strain synchrony

parameters, except in dispersion of time to peatosig strain (Tpgsp) and one standard

deviation of the time to peak systolic strain ¢gpin group 1, was found within each group

(table 21).
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Table 21. Longitudinal strain-derived synchronygmaeters in each group

P value
4 CH APLAX 2CH
4CH:APLAX | 4CH:2CH | APLAX:2CH
Group 1
TpSiisp, MS 46.5+23.3| 428+235% 54.6+25/4 0.409 0.10 0.018
SDrps, Ms 22.2+13.7 20.2+115% 255+ 12|9 0.410 0.21 0.033
INndeXasynch. 72140 6.8+ 3.7 8.0+ 3.8 0.505 0.356 0.109
Group 2
TpSiisp, MS 79.7+21.1 80.9+22.7 81.9 +15/4 0.713 B.52 0.781
SDrps, Ms 35.6+12.3| 37.6+13.0 36.5+8.9 0.309 B.66 0.612
INdeXasynch. 10.2+3.3 10.9+3.7 10.3+2.3 0.198 0.911 0.277
Group 3
TpSiisp, MS 131.6+37.0 125.6+34/0 123.7x27.4 0.371 229 0.758
SDrps, Ms 56.9+17.0 57.0+16.3 52.6 +11{5 0.979 9.13 0.126
INndeXasynch. 16.0+4.9 16.3+54 14.8 + 3.3 0.717 0.168 0.094
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Figure 6. Selected systolic strain, strain rate symthrony parameters
obtained from 3 longitudinal viewstire 3 patient groups.

Time to peak longitudinal systolic strain (TpS) and the acceleration of longitudinal systolic
deformation (GS/TpS) showed a significant difference between group 1 and 2, but no
significant difference between group 2 and 3. Relative dispersion of global longitudinal systolic
strain (Siis.(r)) significantly increased in group 3 compared with group 1 and 2. All the three
strain-derived synchrony parameters showed a significant increase with increased angiographic
severity.

The above parameters of each longitudinal view showed no significant difference in each group.
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3.3.2.5. Predictability of speckle tracking echaeagraphy for the prediction of CAV
We selected the strain, Sr, and derived paramdtasdiffered significantly between the three
groups, and used the ROC to determine their diagnesues for CAV.

3.3.2.5.1. The ROC analysis of strain, &, and derived parameters
The ROC analysis of STE parameters in SAX view gftbihat time to peak circumferential
systolic strain rate (TpSrC) and circumferentialcederation of systolic deformation

(GSrC/TpSrC) had relatively high diagnostic valtmsCAV with no focal stenosis (table 24).

Table 22. The ROC analysis of radial strain,@8d derived parameters for prediction of CAV

with no focal stenosis (Group 1:2)

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(p4
Sisp. 64.2 0.54-0.74 >11.7 60.9 60
Stisp (1) 63.3 0.53-0.73 | >26.7, but<41.1 62.3 62.2
TpSr 83.8 0.76-0.91 >137.5 73.9 77.8
GSr/TpSr 73.3 0.64-0.82| <1.4,but>1.1 65.2 66.7
TpSr/TpSE 66.5 0.56-0.76 >1.1 65.2 37.8

Table 23. The ROC analysis of radial strain,@8d derived parameters for prediction of CAV

with focal stenosis (Group 2:3)

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Y4
GS 72.9 0.63-0.83 <37.4 76.2 60.9
Suisp(r) 65.8 0.55-0.76 >41.1 61.9 62.3
GSr 66.6 0.56-0.77 <1.8 66.7 60.9
GSr/TpSr 65.4 0.55-0.76 <11 61.9 63.8

Table 24. The ROC analysis of circumferentiedist Sr, and derived parameters for prediction

of CAV with no focal stenosis (Group 1:2)

AUC(%) 95% ClI Cut-off Sensitivity(%)  Specificity(Yo
GS 75.0 0.66-0.84 >-19.1 69.6 68.9
Stisp (1) 69.4 0.60-0.79 |>73.7, but<99.2 63.8 66.7
GSr 75.9 0.67-0.85 >-1.4 71.0 66.7
TpSr 88.7 0.82-0.95 >136 81.2 86.7
GSr/TpSr 90.1 0.85-0.96| >-1.0, but<-0.7 81.2 80.0
TpSr/TpSE 70.5 0.61-0.80 >1.1 63.8 68.9

42



Table 25. The ROC analysis of circumferential str&r, and derived parameters for prediction

of CAV with focal stenosis (Group 2:3)

AUC(%) 95% ClI Cut-off Sensitivity(%)  Specificity(Y4
GS 71.1 0.61-0.81 [>-16.1, but<-19.1 76.2 65.2
Stisp (1) 68.0 0.58-0.78 >09.2 66.7 62.3
GSr 71.6 0.62-0.81 >-1.1 61.9 60.9
GSr/TpSr 68.1 0.58-0.78 >-0.7 66.7 60.9

The ROC analysis of longitudinal STE parameterd@i, APLAX, and 2CH showed that time
to peak systolic strain rate (TpSr) and accelematibsystolic deformation (GSr/TpSr) had high
diagnostic values for CAV with no focal stenosesblg 26,28,30) and peak systolic strain
relative dispersion (& (r)) had relatively high diagnostic values for CA¥Mth focal stenoses
(table 27, 31).

Table 26. The ROC analysis of longitudinal str&n,and derived parameters in 4CH for

prediction of CAV with no focal stenosis (Group 1.:2

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Y4
GSr 76.8 0.69-0.84 | >-1.2,but<-1.0 66.7 80.4
TpSr 90.4 0.85-0.95 >129.0 87.4 82.1
GSr/TpSr 98.5 0.97-1 >-0.9 93.1 94.6
TpSr/TpSE 80.3 0.73-0.87 >1 70.1 75.0

Table 27. The ROC analysis of longitudinal str&n,and derived parameters in 4CH for

prediction of CAV with focal stenosis (Group 2:3)

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Vo
GS 80.9 0.74-0.88 >-15.9 71.2 71.3
Stisp. 68.4 0.60-0.77 >0.8 62.7 69.0
Stisp (1) 824 0.75-0.89 <-59.0 814 74.7
GSr 78.4 0.71-0.86 >-1.0 72.9 67.8
GSk 72.3 0.64-0.81 <14 64.4 66.7
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Table 28. The ROC analysis of longitudinal str&n,and derived parameters in APLAX for

prediction of CAV with no focal stenosis (Group 1.:2

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Vo
GSr 74.3 0.66-0.82 | >-1.2,but<1.0 64.0 67.9
TpSr 91.5 0.87-0.96 >129.0 84.9 80.4
GSr/TpSr 94.7 0.91-0.98 >-0.9 89.5 91.1
TpSr/TpSE 79.6 0.72-0.87 >1 65.1 78.6

Table 29. The ROC analysis of longitudinal str&n,and derived parameters in APLAX for

prediction of CAV with focal stenosis (Group 2:3)

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Y4
GS 73.8 0.65-0.82 >-15.9 61.4 70.9
Sisp. 70.5 0.62-0.79 >90.8 64.9 66.3
Suisp(F) 83.1 0.76-0.90 <-58.0 77.2 74.4
GSr 66.8 0.58-0.76 >-1.0 56.1 68.6
GSKk 67.6 0.58-0.77 <14 61.4 64.0

Table 30. The ROC analysis of longitudinal str&n,and derived parameters in 2CH for

prediction of CAV with no focal stenosis (Group 1.:2

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Y4
GSr 69.0 0.57-0.81 | >-1.2,but<1.0 66.7 69.6
TpSr 95.9 0.91-1 >129.0 93.9 84.8
GSr/TpSr 97.2 0.94-1 >-0.9 90.9 93.5
TpSr/TpSE 85.4 0.77-0.94 >1 72.7 80.4

Table 31. The ROC analysis of longitudinal str&n,and derived parameters in 2CH for

prediction of CAV with focal stenosis (Group 2:3)

AUC(%) 95% CI Cut-off Sensitivity(%)  Specificity(Vo
GS 78.8 0.69-0.89 >-16.1 65.0 72.7
Stisp. 79.8 0.70-0.90 >0.8 62.5 75.8
Stisp (1) 90.4 0.84-0.97 <-60.2 80.0 87.9
GSr 68.0 0.56-0.80 >-1 65.0 60.6
GSk 67.3 0.55-0.80 <1.3 67.5 60.6
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Figure 7. ROC curves of longitudinal strain andistrate parameters for detection of CAV.
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deformation (GS/TpS) showed high diagnostic values for CAV with no focal stenoses.

Peak longitudinal strain relative dispersion (Sis.(r)) showed relative high diagnostic values for

CAV with focal stenoses.
The parameters of each longitudinal view showed similar diagnostic values for CAV.
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3.3.2.5.2. The ROC analysis of strain-derived synchrony parameters

The ROC analysis showed relatively low diagnosttues of parasternal short axis strain-
derived parameters for prediction of CAV (tab®).3

Table 32. The ROC analysis of strain-derived syoichparameters in SAX

CAV with no focal stenosis (Group 1:2) CAV with fdcstenosis (Group 2:3)

AUC | 95% Cut-off Sensi.| Speci.| AUC | 95% Cut- | Sensi.| Speci.

(%) Cl (%) (%) | (%) Cl off (%) (%)

Radial

0.59- >28.5,but 0.48-

TPStisp. 68.7 559 | 62.2| 59.7 >67.5| 50.0| 66.2
0.79 <67.5 0.71
0.57- >14.5,but 0.49-

SDrps 67.5 55.9 | 60.0| 60.6 >244 | 57.1| 619
0.77 <24.4 0.72
0.52- >5.0, but 0.48-

INndeXusynch.| 62.4 50.0 | 60.0| 59.9 >6.8 54.8| 60.3
0.73 <6.8 0.71

Circumferential

0.74- >61.0,but 0.65-

TPStisp. 82.1 79.4 | 79.3| 74.8 >102.5| 64.3| 73.5
0.90 <102.5 0.84
0.71- >31.2,but 0.59-

SDrps 79.7 72.1 | 75.0| 69.2 >454 | 66.7| 324
0.88 <45.4 0.79
0.67- >9.6, but 0.59-

IndeXasynch.| 76.9 735 | 75.0| 69.1 >13.1 | 64.3| 63.2
0.86 <13.1 0.79
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Table 33. The ROC analysis of strain-derived symchiparameters in apical views

CAV with no focal stenosis( Group 1:2) CAV with fdestenosis( Group 2:3)
AUC | 95% Cut-off Sensi.| Speci.| AUC | 95% Cut- | Sensi.| Speci.
(%) Cl (%) (%) | (%) Cl off (%) (%)
4CH
0.80- >62.5,but 0.86-
TPSisp. 86.3 814 | 80.4| 90.8 >100.5| 84.7| 84.9
0.93 <100.5 0.96
0.72- >27.5,but 0.80-
SDrps 80.0 76.7 | 71.4| 86.2 >448 | 79.7| 80.2
0.88 <44.8 0.92
0.65- >8.5, but 0.80-
INndeXsynch. | 74.2 709 | 75.0| 85.9 >12.7 | 81.4| 8l.4
0.83 <12.7 0.92
APLAX
0.82- >62.5,but 0.82-
TPStisp. 87.5 835 | 78.6| 88.1 >101.5| 80.7| 835
0.93 <101.5 0.94
0.78- >27.6,but 0.77-
SDrps 84.8 812 | 75.0| 83.6 >446 | 789| 74.1
0.91 <44.6 0.90
0.72- >8.4, but 0.75-
IndeXsynch.| 79.9 776 | 71.4| 81.8 >128 | 754 | 74.1
0.88 <12.8 0.89
2CH
0.74- >72.5,but 0.88-
TPpSisp. 83.3 84.4 | 80.4 | 93.7 >08.5| 85.0| 875
0.93 <98.5 0.99
0.66- >32.5,but 0.80-
SDrps 76.7 78.1 | 73.9| 88.1 >41.2 | 825| 78.1
0.87 <41.2 0.96
0.58- >10.4,but 0.83-
INndeXasynch.| 69.9 65.6 | 69.6| 89.8 >12.2 | 85.0| 875
0.82 <12.2 0.97

The ROC analysis showed relatively high diagnosgélues of longitudinal apical axis strain-
derived parameters for prediction of CAV.

Dispersion of time to peak systolic strain (higs) showed high diagnostic values for CAV with
and without focal stenoses. Indgxn showed also high diagnostic values for CAV inrfand
two chamber views.

Each parameter of each longitudinal view showedlairdiagnostic values for CAV.
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Figure 8. ROC curves of longitudinal stralerived synchrony parameters
for detection of CAV.

Dispersion of time to peak longitudinal systolic strain (TpSiisp.) Showed relative high diagnostic
values for CAV with and without focal stenoses in all longitudinal views. IndeXasynen. in 4 and
2CH views showed also relative high diagnostic values for CAV with focal stenoses.

Each synchrony parameter of each longitudinal view showed similar diagnostic values for CAV.
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3.3.2.5.3. Predictive valueof STE for CAV

Most of the STE parameters, that appeared to befisantly diagnostic for CAV, were not
significantly different in 4CH, APLAX, and 2CH iraeh of the three groups (Table 12, 18, 21).
The ROC analyses showed similar sensitivities gretificities of these parameters in 4CH,
APLAX, and 2CH (Table 26-31,33), for prediction GAV, and longitudinal STE parameters
showed higher diagnostic values than in SAX (t&tdle25). The 4CH view (see the discussion
section) was easier to record and gave imagesttalgpiality than APLAX and 2CH.

Hence, we selected the STE parameters in 4CH &ssi$ise predictive values of STE for CAV.

Time to peak longitudinal systolic strain rate (flpSand the longitudinal acceleration of
systolic deformation (GSrL/TpSrL) showed the highw®dictive values for CAV with no focal
stenosis (table 34).

The peak longitudinal systolic strain relative dispon (Slisp(r)), the dispersion of time to

peak longitudinal systolic strain (Tp&d), and the intraventricular asynchrony index

(indexasynch) showed high negative predictive values for CAV¥hwbcal stenosis (table 35).

Table 34. Predictive values of STE for the priedicof CAV with no focal stenosis

Cut-off PPV(%) NPV/(%)
TpSrL >129.0 88.4 80.7
GSrL/TpSrL >:0.9 96.4 89.8
TpSLysp. >62.5, but<100.5 73.8 84.3

Table 35. Predictive value of STE for the pradictof CAV with focal stenosis

Cut-off PPV(%) NPV/(%)
SLisp(r) <59.9 69.0 86.7
TPSLap. >100.5 79.4 89.2
INd€Xesynchr. >12.7 76.2 86.7
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On the basis of the diagnostic values of STE patarsiewe developed a flow-chart of the
prediction of CAV; it includes acceleration of lohglinal systolic deformation, longitudinal

dyssynchrony and dyssynergy parameters (Figure 9).

Prediction for CAV in heart transplant recipients
without prior evidence of coronary lesions

>-0.9
Fi Y F

-
> 62.5 but <100 I

but <100.5 =100.5

] I’ = 500

probably no probably no W% high probability
CAV focal stenoses of focal stenoses

{No indication for emergency CAG (Indication for
normal ventricular function)

* TpSrL, ® Indexdysynch.

Figure 9. The STE-based flow-chart of predictionG&\V

Longitudinal acceleration of systolic deformation (GS'L/TpS'L) can differentiate at a cutoff of
-0.9 between heart transplant recipients with normal angiogram and CAV with no focal
stenoses with very high positive and negative predictive values. Dispersion of time to peak
longitudinal systolic strain ( TpSLdisp) <62.5 can exclude CAV with no focal stenoses with a high
negative predictive value.

Definite cutoff values for TpSLgsp. and peak longitudinal systolic strain relative dispersion
(SLaisp.(r).) can distinguish between CAV with and without focal stenoses with relative high
negative predictive values.

Time to peak longitudinal systolic strain rate (TPS'L) and IndeXagyneh. can be substituted for
GSL/TpSL, and TpSLdisp., respectively, with high predictive values.
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3.4. Discussion

The lack of early clinical symptoms due to grafinelevation makes the diagnosis of CAV

difficult in heart transplant recipients. Furthemaounlike native atherosclerotic coronary artery
disease, which is usually characterized by focal accentric stenosis of epicardial coronary
vessels, CAV is characterized by diffuse and rgpplbgressive intimal thickening in the entire

coronary arteries, later leading to luminal narmgvand occlusion of small arteries. This means
that CAV can be under-diagnosed on one-time coyoaagiography, stressing that angiograms
should be interpreted serially.

The routine annual performance of coronary angggydor CAV screening, however, has the

risks associated with the invasive method and albagh risk of renal failure in heart transplant

recipients. Efforts to determine the optimal timwfgcoronary angiography by using noninvasive

methods, which are reliable and repeatable, arecated by some studies’

Echocardiographic strain reveals alterations inl watdtion and myocardial deformation, which
is not detectable by conventional echocardiography, allows distinction between active and

passive wall motiofi’

The aim of our study was to assess the reliaboftgpeckle-tracking echocardiography (STE),
which has been recently developed, in distingugstpatients with and without angiographic

CAV after heart transplantation.

3.4.1. Diagnostic value of STE for CAV

Our study showed that conventional echocardiograghinsensitive and unspecifitic in the
prediction of CAV in transplant recipients who havermal left ventricular systolic function.
Left ventricular end-diastolic diameter was sigrafitly increased in CAV patients with no focal
stenosis compared to the patients with normal gmngm (4.8+0.4cm vs. 4.6+0.5cm), and wall
thicknesses were significantly increased in CAVigrdas with focal stenosis compared to
patients with normal angiogram and with no focanssis. Left ventricular systolic function,
defined as LVEF and LVFS, appeared to be signifigareduced in group 3 than in group 1 and
2, but remained within the normal range. Theselt®stere in agreement with those of Wilhelmi
et af’ that, more than 10 years after transplantatiorti@a grafts were characterized by normal

left ventricular dimensions and ejection fractioithwieft ventricular hypertrophy. As in the
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study by St Goar et &, the restrictive pattern (E/A >2, shorter decdleratime of E wave, and
shorter isovolumetric relaxation time) was foundour groups and appeared to be worsened
with increased severity of angiographic lesionswileer, the conventional echocardiographic
parameters had a low sensitivity and a low spetjfiof 52 to 65.9% and 56.3 to 61.8%,
respectively, for prediction of angiographic CAV.

There are few studies that address the usefulnesirain and strain rate imaging in the

prediction of CAV after heart transplantation. Tss@ss the reliabilaty of strain and strain rate
imaging in predicting CAV, we analyzed 12 systaiod diastolic STE-derived parameters in
parasternal short and apical long axis views.

First, our results showed that systolic strain atchin rate parameters are capable of
distinguishing the patients with angiographic CAV.

Global peak systolic strain values were signifibaibwer in CAV patients without focal
stenoses than in heart transplant recipients watmal angiograms in circumferential, apical 4-
chamber, and apical long axis strain imagings, eetsgely. In all views studied, global peak
systolic strain values showed a significant redurctin CAV patients with focal stenosis
compared with CAV patients without focal stenoses.

Peak systolic strain relative dispersion increasaghificantly with increased severity of
angiographic lesions in all the views studied.

Global peak systolic strain rate (GSr) showed assignificant reduction in CAV patients
without focal stenoses compared with the heartsptamt recipients with normal angiograms in
the circumferential and all three longitudinal stanagings. In all views studied, global peak
systolic strain rate values showed significant otidm in CAV patients with focal stenosis
compared with CAV patients without focal stenoses.

Global peak systolic strain rate was significaikbjayed, reflected as an increase in time to peak
systolic strain rate (TpSr), in patients with amgaphic CAV with no focal stenosis in
comparison with the heart transplant recipienthwiormal angiograms, but TpSr showed no
difference between CAV groups with and without fosienosis in all the views. The
combination of GSr and TpSr, (acceleration of diststrain) showed a highly significant
reduction with increased severity of angiograpbg&idns in all the views studied.

All the strain-derived synchrony parameters, inslgddispersion of time to peak systolic strain
(TpSuisp), One standard deviation of the time to peak digsstrain (SGps), and intraventricular

asynchrony index (Indeycn), showed a significant increase in CAV patientshaut focal
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stenoses compared with the heart transplant rextgwmith normal angiograms, and in CAV
patients with focal stenosis compared to CAV pasievithout focal stenoses.

Among the strain and strain rate parameters, thfdreldd between the groups, we found that
TpSr and the acceleration of circumferential andgitudinal systolic deformation had the
highest values in prediction of diffuse CAV withdatal stenosis. &,(r) showed a relatively
high diagnostic value for CAV with focal stenosis. three longitudinal views, Tp&,. and
Indexasynch. sShowed high diagnostic values in distinguishing platients with increased severity
of angiographic lesions.

The parameters, that reflect the extent of staauh strain rate, showed a significant reduction in
angiographic CAV patients with no focal stenosimpared to angiographically normal patients
in all the views, except for the radial view, bl tdifference was not great enough to distinguish
the two groups with high diagnostic strength. Intcast, the parameters which reflect the timing
of strain and strain rate (strain-derived synchrgrgrameters and TpSr) showed highly
significant differences between the heart trangplacipients with normal angiograms and the
patients with CAV with no focal stenosis, so thiatde parameters had very high diagnostic
values for CAV with no focal stenosis. TpSr waslorger increased in CAV patients with focal
stenosis in comparison to patients without focahssis in all the views, but the strain dispersion
rose from group 1 to group 2 and again to grouphgse results suggest that the angiographic
changes in coronary arteries after heart transgi@ant might be expressed first of all by the
changes in the timing of strain and strain rated & followed, with development of
angiographic severity, by changes in its extensmeckle-tracking echocardiograms.

Because the final part of ejection occurs by iaéeifects after myocyte contraction is finished,
peak systolic global strain rate, being an earlgtdic event, is more closely related to
contractility than the EF, and impaired systoliadtion can be detected earlier by peak systolic

strain rate than by EF measureméfits.

Second, our results showed that longitudinal stiragging may be superior to parasternal short
axial strain imaging in prediction of angiograpliAV.

ROC analysis showed relative low sensitivities apécificities of the radial and circumferential
strain and strain rate parameters, except for Tgfsk the GSr/TpSr in circumferential strain
imaging, compared with those of the longitudinahist and strain rate parameters in predicting
CAV with and without focal stenosis. These differes of diagnostic performance in short axial
and longitudinal strain and strain rate may belaitted to several factors: because longitudinal

course predominates in the subendocardium, whichoi® susceptible to myocardial ischemia
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than the subepicardiumh,longitudinal strain and strain rate imaging is msuitable to assess

the myocardial ischemia in the subendocardium tharstrain and strain imaging in short axis
views. As the image quality with transthoracic exdrdiography is frequently suboptimal after
heart surgery and the heart location is changest &ftart transplantation, it was not easier to
obtain images of good quality in parasternal shai$ view than in longitudinal apical views in

heart transplant recipients. We obtained the pamaast short axis images of good quality for the
evaluation of speckle tracking imaging in 156 patsg(77%) and failed to analyze the radial and
circumferential strain and strain rate in 23% p#sebecause of poor image quality. In contrast,

all the patients had good image quality with apfoak chamber imaging.

Third, our results showed that the STE parameteapical 4 chamber view are capable to detect
CAV with high diagnostic values.

The strain and strain-derived parameters, includitabal peak systolic strain values, peak
systolic strain dispersion, and peak systolic strelative dispersion, all did not differ
significantly between all the three longitudinaéwis in each group, except that peak systolic
strain relative dispersion showed a significantedénce between the apical four chamber view
and two chamber in CAV gups with no focal stenosis ( table 12, figure 6).

Strain rate and strain-rate-derived parametersydinty global peak longitudinal systolic strain
rate, time to peak longitudinal systolic straineraand the ratio of global peak longitudinal
systolic strain rate to time to peak longitudingsétslic strain rate, did not differ significantly
between all three longitudinal views in patientsrwiormal angiograms and CAV with no focal
stenosis ( table 18, figure 6). In CAV patientshnibcal stenosis, strain rate and strain rate-
derived parameters showed a significant differebesveen apical four chamber views and
apical long axial views, and between apical foud amo chamber views.

Strain-derived synchrony parameters also did ndterdidifferent between all the three
longitudinal views in each group, except that timgeak longitudinal systolic strain dispersion
and one standard deviation of the time to peakitodmal systolic strain dispersion were did
differ significantly between the apical long axia¢ws and apical two chamber views (table 21,
figure 6).

These echocardiographic strain and strain rateimgagsults may seem to reflect the fact that
coronary allograft vasculopathy is a diffuse corgnartery disease, which affects the entire
heart vessels.

The ROC analysis showed that time to peak systohgitudinal strain rate and the ratio of

global systolic longitudinal strain rate to timepgeak systolic longitudinal strain rate in apical
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four chamber view, apical long axial view, and apitwo chamber view, respectively, had
similar sensitivities and specificities with thevgacut-off values in detecting CAV with no focal
stenosis (table 26, 28, 30 and figure 7). The rstarived synchrony parameters showed also
similar sensitivities and specificities in the #idengitudinal views with the same or similar cut-
off values in detecting CAV with and without focknosis (table 33, and figure 8).

In our study, apical long axial view images weré¢ awailable in three patients, and apical two
chamber view images not in 40% patients, for steaid strain rate imaging, reflecting that the
apical four chamber view is easier to record thendther apical views, especially the apical two
chamber view.

These results suggest that the apical four chawmiber may be substituted for the longitudinal
three apical views in strain and strain rate imgdor prediction of CAV. TpSr in apical four
chamber view of 129ms showed a positive predictive value of 88atb a negative predictive
value of 80.7% for the prediction of CAV with noctd stenosis, and the combination of GSr and
TpSr in apical four chamber view increased thetp@sand negative predictive values to 96.4%
and 89.8%, respectively (table 34). The strainw@erisynchrony parameters, including time to
peak systolic strain dispersion, one standard tiemiaf the time to peak systolic strain, and
intraventricular asynchrony index, in apical folmamber view showed high negative predictive
values for the prediction of CAV with focal stensge86.7%, 89.2%, and 86.7%, respectively)
(table 35).

Fourth, our results showed that STE-derived diassttain rate parameters may have limitations
in the prediction of CAV.

In all the groups, the ratio of global diastoliclgo late strain rate remained high (&S > 4),
reflecting the fact that diastolic function is abmal early after heart transplantation and may
persist following transplantatioli. Conventional echocardiography showed a restridilling
pattern after heart transplantation.

In the parasternal short axial view and apical ituagnal views, early and late global diastolic
strain rate showed a significant reduction or aléscy towards a reduction in the CAV patients
with no focal stenosis compared with the heartdpéant recipients with normal angiograms and
in the CAV patients without focal stenosis compangith the CAV patients with focal stenoses,
but the discrepancy was too small to distinguishghtients with high predictive strength. The
ratio of global diastolic early to late strain rateowed a tendency to an increase, with increased

severity of angiographic lesions but no significdiiterence in all the groups. The time to peak
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early diastolic strain rate showed also no sigaificdifference in all the groups, except for time
to peak radial early diastolic strain rate betwt#enpatients with and without focal stenosis.
In a study of PW-TDY, the diastolic PW-TDI parameters, including peakiyediastolic wall

motion velocity, early diastolic time and the rathowed no use for CAV diagnosis.

Last, it should be noted that the strain and straie values may be variable, depending on the
technique used for strain imaging and trackingveafe.

By using the tracking software (Echo PAC 7.0, Gi),studied 56 patients with a mean of post-
transplant duration of 1 year, who have normal rarg angiogram, and obtained the “normal”
values for strain and strain rate in parasternattséixial and apical longitudinal views: global
radial systolic strain (GSR) and strain rate (GSr&3.4+12.8% and 1.9+0.4's global
circumferential systolic strain (GSC) and staireré®&SrC): 20.8+3.5 and -1.6+0.4 sglobal
longitudinal systolic strain (GSL) and strain ré@&SrL) in four chamber, apical long axial, and
two chamber views: -19.0+2.8%, -19.3+3.1%, 18.7%2#nd -1.3+0.2°§ -1.3+0.2 &, -1.30.2
s', respectively.

Our GSR value was very similar to the GSR valuehénstudy by Marciniak et ‘af (43+11%).
However, GSrR value in the study by Marciniak etvals very high in contrast to our GSrR
value (4.0+1.0 ). Marciniak et al recorded data from the posteviail for radial strain and
used strain by TDI.

Eroglu et a** reported “normal” post-Htx regional deformationlues in 57 heart transplant
recipients with a mean post-transplantation tim&é.6fyears using a 2-D color Doppler-derived
strain technique. Their GSL values in apical fond &wo chamber views were very similar to
our values (-17+7.7%, -18.7£2.9%, respectively}, tthe GSrL values were a little higher than
our values (-1.620.6% -1.7+0.7 &).

Saleh et af® reported the normal values for strain and systsiiain rate and synchrony of
speckle-tracking echocardiography using velocitgtee imaging (syngo VVI software) in 40
heart transplant recipients at 1 year after tramdplThe GSL and GSrL values in apical four
chamber, apical long axial, and apical two chamvimws were relatively lower than our values (
apical four chamber view: -13.62+3.21%, -0.82+0s25apical long axial view: -14.79+3.73%, -
0.95+0.24 8, apical two chamber view: -12.65+3.49%, 0.74+0s2Irespectively).

Syeda et af° studied 31 transplant patients with 10.6 years-passplantation using speckle
tracking software (Echo PAC 7.0,GE). They repotteel GSL in apical four chamber, long axis,
and two chamber views in patients without CAV, defl as multislice computed tomographic
coronary angiography (MSCTA): -15+5.9%, -14+6.3%\da-14.3+7.3%, respectively. The
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differences from our results may be attributed e tifference in the standard method for
detecting of CAV. The main limitation of MSCT comns the size of the vessels and the
stenoses in small vessels, where CAV occurs eartg, would be missed.

The above study results may show the differencevdmat myocardial strain images derived
from velocity and speckle tracking and suggest diféérent speckle-tracking software for strain
and strain rate imaging may result in differenteal of strain and strain rate.

3.4.2. Pitfalls of STE diagnosis and study limitatins

In contrast to TDI, speckle tracking is an angldejpendent technique as the movement of
speckles in 2D gray-scale images can be followethindirection.

However, speckle tracking echocardiography haschnteal limitation of its dependence on
frame rates. Low frame rate of gray-scale imageyg lead to undersampling, reducing peak Sr
values, and rapid events in a cardiac cycle sucls@®lumetric phases may not appear on
images. Increasing the frame rate will result ire@uction of spatial resolution. Low frame rate
increases the spatial resolution, but with too éoffame rate the speckle pattern could be outside
of the search area, resulting in poor tracking. dp&mal frame rate for speckle tracking appears

to be 50-70 framesecond "

Changes in load conditions are important deternithahmyocardial deformation. In our study,
the possibility that reduction in strain and streéte could be due to an increased wall stress
cannot be entirely excluded. Left ventricular didistdimension increased, to a small extent, but
significantly in the CAV patients without focal stesis compared to the angiographically normal
patients (4.8+0.4mm, and 4.6£0.5mm, respectivelyyl @howed no significant difference
between CAV patients with and without focal stesosieft ventricular diastolic wall thickness
increased significantly in the CAV patients withcéd stenosis compared to the patients with
normal angiograms and CAV without focal stenosiswiver, systolic aortic blood pressure did
not differ significantly between the patients witlormal angiogram and CAV with no focal
stenoses, and between the CAV patients with antiowit focal stenoses. Diastolic blood

pressure did not differ significantly between theee groups.

The necessity of high image quality limits the metclinical applicability of the STE in all
patients, especially after heart surgery. As maetibabove, in our study especially parasternal
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short axis and apical two chamber views were netlye@ccessible to strain and strain rate
imaging.

Data were obtained from a single-center retrospecttudy of prospectively gathered
information.

Our data were also insufficient for serial longategvaluations of strain and strain rate changes
in the same patient after heart transplantationalSevaluation of strain and strain rate imaging
in the same patients will probably yield more iesting data on the potential clinical usefulness

of STE for post-transplant CAV surveillance.

3.5. Conclusion

Speckle tracking echocardiography appeared reli@bl€AV prediction and for differentiation
between patients with and without focal coronagneses.

The high predictive values of systolic strain dydyony and dyssynergy parameters
recommend two dimensional strain as a noninvaseé with the potential to facilitate early
prediction of stenoses and to enable coronary gngphies to be timed, sparing patients

frequent routine angiographies.
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Summary

Bachgroud: The coronary allograft vasculopathy (CAV) is ajonaause for the graft failure and
one of leading causes for death after heart tranggion.

The routine annual coronary angiography is thedstethfor CAV surveillance. However, in
many cases, coronary angiography may be insuftid@nearly CAV diagnosis before clinical
events, and poses the risks.

The myocardial deformation analyses by strain imggallow quantifying of change in
myocardial function, that is not recognizable aual assessment ( e.g. longitudinal myocardial
shortening), and distinction between active aaskjve wall motion.

We assessed the reliability of 2D speckle trackiegved strain imaging (STE) in distinguishing
between patients with and without angiographic CRW the optimal timing of coronary

angiography.

Methods: left ventricular (LV) radial, circumferential arldngitudinal strain and strain rate (Sr)
were obtained in heart transplant recipients, Wéth ventricular ejection fraction (LVEF) of

>55% and no visible regional wall motion abnormesti by using speckle tracking software
(EchoPAC 7.0). Dyssynchrony and dyssynergy indexee calculated from strain and strain
rate curves. Strain and Sr parameters and indexeg tested for relationships to angiographic
findings. Angiographic evaluation of CAV was basad Stanford criteria. The patients with

acute rejection, bundle branch block on ECG, an&EVWf <55% were excluded from the study.

Results: The coronary angiogram was normal in 56 pati¢gtsup 1). Angiograhic CAV was
present in the other 146 patients, of which 87gm&si had CAV with diffuse type B lesions but
no focal stenosis (group 2), 59 patients with diffulype B lesions and focal stenosis (group 3).
Whereas conventional echocardiographic parameltenwesd low sensitivities and specificities
for CAV diagnosis, systolic STE parameters appeaighly predictive for detection of CAV.
The time to peak longitudinal systolic strain rafe>129ms showed a positive predictive value
of 88.4% and a negative value of 80.7% for the iptsh of CAV with no focal stenosis. The
global longitudinal acceleration of systolic defatmn ( ratio of global peak longitudinal
systolic strain rate and time to peak longitudsyatolic strain rate) showed the highest positive
and negative predictive values (96.4% and 89.8%patively) for the prediction of CAV with
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no focal stenosis. The different dyssynchrony aygbgnergy parameters showed high negative
predictive vales for the prediction of CAV with fmcstenoses (86.7-89.2%).

Conclusions. our result showed that STE may be a reliable otetor CAV surveillance. STE
allowed differentiation between patients withouA\C and patients with CAV, but normal
LVEF and no visible regional wall motion abnormiakt The analyse of intraventricular
synchrony and synergy enabled also early prediatibteft ventricular dysfunction in CAV
patients with focal stenoses, distinguishing betweliffuse CAV with and without focal
stenoses.

The high positive and negative predictive valuesS®E parameters may enable the optimal

timing of coronary angiography for CAV surveillance
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