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Aims Pixel tracking-derived myocardial deformation imaging is a new echocardiographic modality which
allows quantitative analysis of segmental myocardial function on the basis of tracking of natural acous-
tic markers in 2D echocardiography. This study evaluated whether myocardial deformation parameters
calculated from 2D echocardiography allow assessment of transmurality of myocardial infarction as
defined by contrast-enhanced cardiac magnetic resonance imaging (ceMRI).
Methods In 47 patients with ischaemic left ventricular dysfunction, transmurality of myocardial infarc-
tion was assessed using pixel-tracking-derived myocardial deformation imaging and ceMRI. For each left
ventricular segment in a 16-segment model, peak systolic radial strain, circumferential strain, radial
strain rate, and circumferential strain rate were calculated from parasternal 2D echocardiographic
views using an automatic frame-by-frame tracking system of natural acoustic echocardiographic
markers (EchoPAC, GE Ultrasound). Myocardial deformation parameters were related to the segmental
extent of hyperenhancement by ceMRI. The relative amount of contrast-enhanced myocardial tissue per
segment was used to define no infarction (0% hyperenhancement), non-transmural infarction (1–50%
hyperenhancement), or transmural infarction (51–100% hyperenhancement).
Results Analysis of myocardial deformation parameters was possible in 659 segments (88%). Systolic
strain and strain rate parameters decreased with increasing relative hyperenhancement defined by
ceMRI. Radial strain was 27.7+ 8.0, 20.5+ 9.7, and 11.6+ 8.5% for segments with no infarction
(n ¼ 422), non-transmural infarction (n ¼ 106), and transmural infarction (n ¼ 131), respectively
(P, 0.0001). Radial strain allowed distinction of non-transmural infarction from transmural infarction
with a sensitivity of 70.0% and a specificity of 71.2% (cut-off value for radial strain 16.5%).
Conclusion Frame-to-frame tracking of acoustic markers in 2D echocardiographic images for the
analysis of myocardial deformation allows discrimination between different transmurality states of
myocardial infarction.
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Introduction

The identification of myocardial viability in patients with
depressed left ventricular (LV) function has important thera-
peutic and prognostic implications.1 Different imaging mod-
alities analysing the functional, cellular, or metabolic
integrity have been used for the assessment of myocardial
viability in patients with chronic myocardial infarction.2–4

Contrast-enhanced magnetic resonance imaging (ceMRI)
has evolved into the non-invasive reference technique for
the analysis of myocardial viability in chronic ischaemic
heart disease, as it allows direct visualization of the trans-
mural extent of necrotic non-viable tissue.5–7

Doppler ultrasound-based myocardial strain imaging
allows accurate quantification of regional myocardial
deformation.8,9 In experimental studies, Doppler ultrasound-
based strain-imaging modalities have proved to permit
differentiation of transmural myocardial infarction from
non-transmural myocardial infarction.10,11 However,
Doppler-based strain imaging is affected by a significant
angle dependency and possible noise artefacts.12 Thus,
although a very valuable method in experimental studies,
the difficulties of Doppler-based strain analysis have limited
its use in clinical practice.

Recently, a 2D echocardiographic imaging technique has
been described, which allows quantification of myocardial
deformation on the basis of tracking of acoustic markers
from frame-to-frame.13,14 Because of the conceptual differ-
ence of this method from Doppler-based techniques, it is
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angle-independent. It may allow an accurate assessment of
regional myocardial deformation and thereby a reliable
analysis of the transmural extent of necrosis even under
challenging clinical circumstances.
In this study, we sought to evaluate whether myocardial

deformation parameters derived from the tracking of acous-
tic markers within 2D echocardiographic images allow accu-
rate assessment of the transmural extent of myocardial
necrosis in patients with LV dysfunction due to chronic
ischaemic heart disease. The transmural extent of necrosis
was defined by ceMRI.

Methods

Study population

Between August 2004 and July 2005, 109 patients with impaired LV
function underwent MRI for the definition of myocardial viability.
Fifty-nine patients with non-ischaemic cardiomyopathy or acute
coronary syndromes were excluded from the study to avoid possible
stunning or acute ischaemia. Within the 50 patients with chronic
ischaemic heart disease, three patients refused participation in
the current study and 47 patients gave written informed consent.
Coronary angiography, cineventriculography, and 2D echocardiogra-
phy with myocardial deformation imaging were performed in all
these patients. This study was approved by the local Ethical
Committee.

Echocardiography

Within a few hours after MRI, echocardiograms were performed with
a Vivid Seven System (GE Vingmed, Horton, Norway) equipped with
a 2.5 MHz transducer. LV parasternal short-axis views at basal, mid-
ventricular, and apical levels were acquired and processed. The
frame rate for these studies was between 56 and 92 frame(s)
using tissue harmonic imaging. LV ejection fraction was determined
by manual tracing of end-systolic and end-diastolic endocardial
borders, using apical four-chamber and two-chamber views,
employing biplane Simpson’s method. The LV was divided according
to the 16-segment model of the American Society of
Echocardiography.15

Pixel-tracking-based strain and strain rate analysis

The three acquired parasternal short-axis views at basal, midventri-
cular, and apical level were analysed considering the 16-segment
model (six segments for the basal and midventricular short-axis
view and four segments for the apical short-axis view). Analysis
was performed offline with the aid of a dedicated software
package (EchoPAC BT 05.2, GE Vingmed, Horton, Norway). This
system allows analysis of peak systolic radial strain and circumferen-
tial strain and strain rate (SR) on the basis of the detection of
natural acoustic markers. These markers are acoustic speckles
that are equally distributed within the myocardium and can be
identified as well as followed frame-to-frame during several con-
secutive images.13,14 The natural acoustic markers are expected
to change their position from frame-to-frame in accordance with
the surrounding tissue motion.14 The system calculates mean
strain and SR values for whole predefined LV segments, including
all myocardial layers from the endocardium to epicardium.

Regarding the tracking quality, the system automatically gener-
ates a scale ranging from 1.0 for optimal to 3.0 for unacceptable
for each analysed segment, as described earlier.14 We systematically
dismissed segments with suboptimal tracking quality (grading .2.0
by the system) from the analysis. For the remaining segments, visual
control of tracking quality was performed to ensure adequate auto-
matic tracking. End-systole was determined in the apical long-axis
view as aortic valve closure. The time difference from the QRS

complex was transferred to the other views. A medium degree of
spatial and temporal smoothing was selected in the analysis algor-
ithm of deformation parameters.
For each LV segment with adequate tracking quality, peak systolic

radial strain, peak systolic circumferential strain, peak systolic
radial SR, and peak systolic circumferential SR were automatically
calculated. Circumferential strain and SR as parameters of circum-
ferential deformation relate to deformation along the curvature of
the left ventricle in the parasternal short axis. Radial strain and SR
relate to deformation (thickening or thinning) from the endocar-
dium to the epicardium. SR is equivalent to the spatial gradient of
pixel movements. Thus, it resembles the equation for SR reported
for Doppler imaging techniques.
To determine the relation between radial strain and systolic wall

thickening, segmental systolic wall thickening was determined
from end-systolic and end-diastolic images and related to radial
strain in 145 segments with sufficient image quality from 10
patients. There was a good correlation between radial strain and
systolic wall thickening (r ¼ 0.93, P, 0.001). To define intraobser-
ver and interobserver agreement in acquisition of myocardial
deformation parameters, in 10 subjects, strain and SR analysis
was repeated 4 weeks apart by the same observer on the same
2D echocardiographic loop and the same cardiac cycle and
performed in addition by a second independent observer. As an
aggregate measure for agreement, a coefficient according to
Lin,16 with maximum range between 21 and þ1, was calculated.
It represents for continuous data an analogue of the weighted k

coefficient determined for ordinal data. For intraobserver agree-
ment, the Lin coefficient was 0.95 [95% confidence interval (CI)
0.90–1.00] for circumferential strain, 0.92 (95% CI 0.88–0.96) for
circumferential SR, 0.99 (95% CI 0.98–0.99) for radial strain, and
0.96 (95% CI 0.93–0.98) for radial SR. For interobserver agreement,
the Lin coefficient was 0.93 (95% CI 0.89–0.97) for circumferential
strain, 0.73 (95% CI 0.62–0.84) for circumferential SR, 0.96 (95%
CI 0.94–0.98) for radial strain, and 0.84 (95% CI 0.77–0.91) for
radial SR.

Contrast-enhanced cardiac magnetic
resonance imaging

All patients underwent ceMRI within a few hours of the echocardio-
graphic study on a 1.5 T whole-body MR scanner (Intera, Best,
Philips, the Netherlands) using a five-element phased-array
cardiac coil, with the patient placed supine. Fifteen minutes after
intravenous injection of 0.2 mmol/kg body-weight Gd-DTPA
(Magnevist, Schering, Berlin, Germany), 8 mm short-axis slices
were acquired with a prospectively electocardiogram-gated gradi-
ent echo sequence with inversion prepulse. Imaging parameters
were as follows: repetition time (TR) two heartbeats, echo time
(TE) 5.0 ms, flip angle 258, field of view 380 � 380 mm2, 256 � 256
matrix, and in-plane resolution 1.5 mm2. The inversion time of
the pre-pulse varied according to subjective visual judgement
from 275 to 300 ms in order to achieve optimal signal suppression
of normal myocardium and, consequently, optimal image contrast
between infarcted and viable myocardium. Images were sub-
sequently transferred to a workstation equipped with a dedicated
cardiac software package (MassSoftware, Medis, Leiden, the
Netherlands) for further analysis. Magnetic resonance imaging
data were assessed by an experienced reader blinded to clinical
data and results of the other imaging technique. LV mass and
infarct mass were determined by manual tracing of endocardial
and epicardial border as well as tracing of hyperenhancement
borders, using systolic short-axis views, employing Simpson’s
method.
The assignment to a hyperenhancement category reflects the

extent of hyperenhancement within each segment by visual assess-
ment considering a five-group scale proposed by Kim et al.17: 0%
hyperenhancement (group 1), 1–25% hyperenhancement (group 2),
26–50% hyperenhancement (group 3), 51–75% hyperenhancement
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(group 4), and 76–100% hyperenhancement (group 5); 0% hyperen-
hancement was considered to reflect non-infarction; groups 2 and
3 (hyperenhancement 1–50%) were combined and were considered
to reflect non-transmural infarction, whereas groups 4 and 5 (hyper-
enhancement 51–100%) were combined and considered to reflect
transmural infarction as proposed before.18 Intraobserver and inter-
observer agreement in the visual analysis of ceMRI was tested in 10
ceMRI studies (160 segments). The weighted k coefficient for ordinal
data was used considering all five hyperenhancement categories.
Cohen’s k coefficient for nominal data was calculated considering
only assessment as non-transmural or transmural.19 The intraobser-
ver agreement was found to be weighted k ¼ 0.78 (95% CI
0.56–0.99) considering all five hyperenhancement groups and
k ¼ 0.85 (95%CI 0.77–0.93) considering only assessment as non-
transmural or transmural. The interobserver agreement was
found to be weighted k ¼ 0.75 (95% CI 0.54–0.96) considering all
five hyperenhancement groups and k ¼ 0.83 (95%CI 0.75–0.91) con-
sidering only assessment as non-transmural or transmural. In
addition, the maximal thickness of myocardial tissue without late
hyperenhancement was determined for each LV segment. This
was considered to be a parameter of the remaining viable
myocardium.

Coronary angiography and cineventriculography

The severity of coronary stenosis was determined quantitatively
using a commercially available software (QuantCor, CASS II,
Siemens, Erlangen, Germany). Significant coronary artery stenosis
was considered present when .50% reduction of vessel diameter
was observed in at least one major coronary artery. Monoplane pla-
nimetry of cineventriculograms was performed to determine LV
ejection fraction.

Statistics

Data are expressed as means+ standard deviation. A reasonable
assumption is that the observations in a patient are correlated;
therefore, a repeated measures analysis of variance (rmANOVA)
was applied to compare mean deformation values among patients
with hyperenhancement 0% (normal), 1–50% (non-transmural), and
51%–100% (transmural infarction). The fitted covariance structure
of compound symmetry implies that the covariance between
repeated measures is due to the patient contribution. Only fixed
effects are included in the model. For each parameter, the
effect of late enhancement group, segment, and late enhance-
ment group by segment interaction was assessed. In the case of
significant group effect, post hoc comparisons between groups of
normal and non-transmural and non-transmural and transmural
segments were added.
For estimating sensitivity and specificity, a generalized estimating

equation (GEE) approach was used with a Bernoulli variance func-
tion, a logistic link, and a working correlation matrix with exchange-
able correlation assumption. This GEE model is identical to a logistic
regression model logit P ¼ b0þ b1X1 (with (1) P the probability that
the observed value is less or equal than the actual cut off value, X1
the late enhancement 0 respectively 1 or 2 for discrimination
between no infarction vs. non-transmural infarction or (2) P the
probability that the observed value is greater than the actual cut
off value, X1 the late enhancement 1 or 2 respectively 3 or 4 for dis-
crimination between non-transmural vs. transmural infarction, b0

the intercept, b1 the regression coefficient of late enhancement)
in which correlation between observations in a patient is taken
into account. Therefore, sensitivity may be calculated as [exp(b0þ

b1)]/[1þ exp(b0þ b1)] and specificity as 1/[1þ exp(b0)]. To
increase the accuracy for the detection of segments with non-
transmural infarction vs. segments with transmural infarction or
non-infarcted segments, we decided to keep the sensitivity fixed.
The cut-off values for circumferential strain, circumferential SR,
radial strain, and radial SR were therefore set in order to obtain a

minimum sensitivity of 70% and maximize specificity over the set
of eligible cut-off values such that sensitivity does not fall below
this minimum. Because of the fact that cut-off values with repeated
estimation of regression coefficients and calculation of sensitivities
and specificities were based on the same data, obtained results may
be too optimistic. To evaluate the degree of overoptimism, we
calculated sensitivity and specificity from bootstrap samples and
provided mean and, additionally, confidence limits on the basis of
bootstrap percentiles.20 To give a description of the possible
dispersion of cut-off values, we derived for each bootstrap sample
the value for which a minimum sensitivity of 70% attains
maximum specificity and calculated mean values as well as confi-
dence limits. For all calculations, we included 1000 bootstrap
samples of the original data in which sample size equals the
sample size of the original data and estimated for each sample
regression coefficients to calculate sensitivity and specificity in
the earlier-described model.

To assess the influence of wall thickness without hyperenhance-
ment on circumferential strain, circumferential SR, radial strain,
and radial SR, a repeated measures analysis of covariance (rmAN-
COVA) with compound symmetry correlation assumption was con-
ducted. For each parameter, the fixed effect of wall thickness as
covariate, segment, and wall thickness by segment interaction
was assessed. Applied tests were two-sided, and resulting P-values
less than an alpha level of 0.05 were considered to indicate statisti-
cal significance. In the case of post hoc comparisons, Bonferroni cor-
rection was applied. All statistical analyses were performed using
SAS Release 8.02 (SAS Institute Inc., Cary, NC, USA).

Results

Clinical baseline characteristics of the patients are given in
Table 1. Significant coronary artery stenosis (.50% diameter
stenosis) was documented in all patients. The image quality
allowed analysis of strain and SR parameters by tracking of
acoustic markers in the 2D echocardiographic images in
659 segments (88%).

Cardiac magnetic resonance imaging

Total LV mass defined by MRI was 146+ 35 g and total infarct
size 27+ 20 g (18.5+ 13.5%). Among the 659 segments
with adequate tracking of acoustic markers, segmental
analysis of ceMRI indicated 0% hyperenhancement in
422 segments, 1–25% hyperenhancement in 56 segments,
26–50% hyperenhancement in 50 segments, 51–75% hyper-
enhancement in 80 segments, and 76–100% hyperenhance-
ment in 51 segments. There were 106 segments with late
hyperenhancement 1–50% (non-transmural infarcts) and
131 segments with late hyperenhancement 51–100%
(transmural infarcts).

Table 1 Clinical characteristics

Patients (n ¼ 47)

Age (years) 57.5+ 8.3
Gender (males) 36
Heart rate (b.p.m.) 73.3+ 10.2
History of myocardial infarction, n (%) 37 (86)
Ejection fraction (%) 41+ 11
Coronary artery disease

One-vessel disease, n (%) 12 (26)
Two-vessel disease, n (%) 17 (36)
Three-vessel disease, n (%) 18 (38)
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Strain and SR related to hyperenhancement
by ceMRI

The results of peak systolic radial and circumferential strain
and SR related to segmental hyperenhancement defined by
ceMRI are given in Table 2. There were significant differences
in all myocardial deformation parameters among non-
infarcted segments, segments with non-transmural infarc-
tion, and transmural infarction. The greater the transmural
degree of hyperenhancement, the lower the myocardial
deformation values. In segments with 51–100% hyperen-
hancement by ceMRI, the radial strainwas 44% lower (relative
deviation) compared with radial strain of segments with
1–50% late enhancement. Radial strain was 27.7+ 8.0,
20.5+ 9.7, and 11.6+ 8.5% for non-infarcted segments,
segments with non-transmural infarction, and transmural
infarction, respectively (P, 0.0001). Post hoc analysis
demonstrated also significant differences in myocardial
deformation parameters of non-infarcted segments com-
pared with segments with non-transmural infarction and
between segments with non-transmural infarction compared
with segments with transmural infarction (Table 2).
Figures 1 and 2 demonstrate transmural hyperenhance-

ment by ceMRI, with the corresponding radial strain image
showing low segmental radial strain, and Figures 3 and 4
demonstrate non-transmural hyperenhancement by ceMRI,
with the corresponding radial strain image showing consider-
ably higher segmental radial strain.

Distinction of non-transmural
vs. transmural infarction

Considering the hyperenhancement findings by ceMRI, radial
and circumferential strain and SR analysis allowed distinction
of segments with non-transmural vs. transmural infarction. A
peak systolic radial strain.16.5% had a data-based sensitivity
of 70.0% and a specificity of 71.2% to detect non-transmural
infarction defined by ceMRI (Table 3). For the peak systolic
radial SR, a sensitivity of 70.1% and a specificity of 70.6% to
detect non-transmural infarction defined by ceMRI were calcu-
lated considering a cut-off value of 1.06 s21. Similar sensi-
tivities and specificities for the detection of non-transmural
hyperenhancement were determined for circumferential
strain and SR. Data-based and bootstrap-based sensitivities
and specificities aswell as the corresponding 95%CI for allmyo-
cardial deformation parameters are given in Table 3.

Table 2 Myocardial deformation parameters related to relative degree of myocardial hyperenhancement by ceMRI

Segmental hyperenhancement Circumferential
strain (%)

Radial
strain (%)

Circumferential
SR (s21)

Radial
SR (s21)

0%, non-infarcted (n ¼ 422) 218.6+ 5.6 27.7+ 8.0 21.42+ 0.34 1.43+ 0.55
1–50%, non-transmural infarction (n ¼ 106) 212.8+ 6.7 20.5+ 9.7 21.07+ 0.48 1.12+ 0.37
51–100%, transmural infarction (n ¼ 131) 28.1+ 5.3 11.6+ 8.5 20.81+ 0.44 0.79+ 0.45
rmANOVA (all groups of hyperenhancement) ,0.0001 ,0.0001 ,0.0001 ,0.0001
Post hoc test [normal (group 1) vs.
non-transmural late enhance-ment (groups 2 and 3)]

,0.0002 ,0.0002 ,0.0002 ,0.0002

Post hoc test [non-transmural (groups 2 and 3)
vs. transmural late enhancement (groups 4 and 5)]

0.0016 0.0458 ,0.0002 0.0020

Figure 1 Colour-coded short-axis radial strain image at end-systole (left
panel) and ceMRI image (right panel) of a patient with akinesia and trans-
mural infarction of the septal wall by ceMRI (.50% hyperenhancement).
There is red colourization in the normal contracting segments with no hyper-
enhancement, whereas there is only purple colourization in the segment
showing no wall thickening and a high amount of hyperenhancement in the
ceMRI image.

Figure 2 Radial strain tracings for one cardiac cycle obtained from the para-
sternal short-axis view in the patient with akinesia of the septal wall. There
are six tracings for the six evaluated segments within the circumference. The
SR tracing of the septal segment demonstrates a low peak systolic radial
strain compared with the other segments.
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Distinction of non-transmural infarction
vs. no infarction

Additionally, radial and circumferential strain and SR analysis
allowed distinction of segments with non-transmural infarc-
tion vs. non-infarcted tissue. A peak systolic radial strain
,27.1% had a sensitivity of 70.1% and a specificity of 57.2%
to detect non-transmural infarction defined by ceMRI. A
peak radial SR ,1.35 s21, circumferential strain .216.5%,
and circumferential SR .21.40 s21 had a sensitivity of
71.6, 71.4, and 72.0%, respectively, and a specificity of
55.5, 64.3, and 51.2%, respectively, to detect non-transmural

infarction defined by ceMRI. Data-based and bootstrap-based
sensitivities and specificities as well as the corresponding 95%
CI for all myocardial deformation parameters are given in
Table 4. Data-based and bootstrap-based sensitivities and
specificities are almost identical for all deformation
parameters.

Strain and SR related to myocardial wall thickness
without hyperenhancement

Remaining myocardial wall thickness without hyperenhance-
ment had a significant impact on circumferential (rmAN-
COVA, P, 0.001) and radial strain (rmANCOVA, P, 0.001)
as well as on circumferential SR (rmANCOVA, P, 0.001)
and radial SR (rmANCOVA, P, 0.001). The thicker the
remaining myocardial wall thickness without hyperenhance-
ment, the higher the myocardial deformation parameters
(Figure 5).

Discussion

This study demonstrates that (i) myocardial deformation
parameters obtained from frame-to-frame tracking of
acoustic markers in 2D echocardiographic images allow dis-
tinction between different degrees of myocardial hyperen-
hancement defined by ceMRI; (ii) myocardial deformation
parameters allow a reliable differentiation of transmural
myocardial necrosis from non-transmural myocardial necro-
sis; (iii) the level of myocardial deformation relates to the
wall thickness without hyperenhancement by ceMRI.

Figure 3 Colour-coded short-axis radial strain images at end-systole (left
panel) and ceMRI images (right panel) of a patient with severe hypokinesia
and non-transmural infarction of the septal wall by ceMRI (�50% hyperen-
hancement). There is red colourization in the normal contracting segments
with no hyperenhancement, whereas there is light red colourization in the
segment showing less wall thickening and hyperenhancement in the ceMRI
images.

Figure 4 Radial strain tracings for one cardiac cycle obtained from the para-
sternal short-axis view in the patient with severe hypokinesia of the septal
wall. There are six tracings for the six evaluated segments within the circum-
ference. The SR tracing of the septal segment demonstrates a reduced peak
systolic radial strain.

Table 3 Sensitivity and specificity of myocardial deformation
parameters for distinction between non-transmural infarction
defined as hyperenhancement 1–50% and transmural myocardial
infarction defined as .50% hyperenhancement by ceMRI

Data-
based
estimate

Bootstrap-
based
estimate

95% Bootstrap CI

Lower
limit

Upper
limit

Circumferential strain
Sensitivity (%) 70.4 69.3 64.4 74.5
Specificity (%) 71.2 69.7 65.3 74.7
Cut-off
value (%)

�211.10 �210.70 211.30 210.40

Circumferential SR
Sensitivity (%) 70.6 70.2 65.2 75.1
Specificity (%) 60.1 58.9 54.8 63.0
Cut-off
value (s21)

�21.00 �21.00 21.03 20.95

Radial strain
Sensitivity (%) 70.0 66.8 61.7 72.0
Specificity (%) 71.2 68.4 63.8 72.9
Cut-off
value (%)

.16.50 15.08 13.30 17.00

Radial SR
Sensitivity (%) 70.1 69.2 64.3 74.1
Specificity (%) 70.6 69.7 65.0 74.0
Cut-off
value (s21)

.1.06 .1.05 1.01 1.10
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Assessment of myocardial viability

The accurate evaluation of myocardial viability in segments
with impaired function has important clinical implications.
Revascularization procedures are beneficial only in case of
sufficient viable myocardium, whereas transmurally
infarcted myocardium does not benefit.
Experimental echocardiographic studies using Doppler-

derived myocardial deformation parameters have allowed

differentiation of non-transmural infarcts from transmural
infarcts.10,11,21 Most Doppler-based deformation imaging
techniques have been performed in the experimental
setting, with analysis limited to myocardial segments per-
pendicular to the Doppler beam allowing undisturbed analy-
sis of myocardial deformation between endocardium and
epicardium. The clinical setting is characterized by more
complex imaging conditions. In particular, there may be a
considerable angle between Doppler beam and the connect-
ing line between endocardium and epicardium in many
cases. However, experimental studies have demonstrated
Doppler-based myocardial strain and SR analysis to be sig-
nificantly angle-dependent.12 Furthermore, Doppler-based
SR analysis is affected by significant noise artefacts. Thus,
analysis of myocardial deformation between endocardium
and epicardium on the basis of tissue Doppler imaging tech-
niques, although very helpful in the experimental setting,
has found only limited application in clinical practice.

Current study

The technique applied in this study on the basis of 2D echocar-
diography tracks acoustic markers from frame-to-frame.
Compared with previous Doppler-based studies which deter-
mined strain and SR on the basis of velocity gradients
between different points in space, definition of deformation
parameters based on the tracking of acoustic markers
relates to different distances in movement over time
between different points in space. Because of the association
of velocity and distance by the factor time, strain and SR
defined on Doppler-based analysis or pixel-tracking-based
analysis come to similar results, as has been shown pre-
viously.22 However, the technique allows an angle-independent
determination of strain and SR parameters.23

In the present study, an accurate differentiation between
different degrees of transmurality in myocardial infarction
could be obtained by the analysis of peak systolic strain
and SR values. Furthermore, the level of myocardial defor-
mation defined by the strain and SR parameters related
also to the wall thickness without hyperenhancement. In
particular, in chronic myocardial infarction with reduction
of the total wall thickness, the thickness of the remaining
myocardium without hyperenhancement may be a better
parameter to define myocardial viability and the potential
for functional recovery after revascularization than the rela-
tive amount of hyperenhancement.
The results of this study extend previous reports on this

new imaging modality which have demonstrated that myo-
cardial deformation parameters based on tissue pixel track-
ing allow differentiation of normal and clinically defined
infarcted myocardium. In a study on 20 patients with myo-
cardial infarction and 10 healthy volunteers, a significant
difference in peak systolic strain and SR parameters could
be shown between normal segments and infarct segments.14

Future studies will have to show whether myocardial
deformation parameters allow also prediction of functional
recovery after revascularization procedures with similar
accuracy as well-established imaging techniques.

Limitations

As in all studies comparing different imaging modalities,
there was the possibility of misalignment in segmental

Table 4 Sensitivity and specificity of myocardial deformation
parameters for distinction between non-infarction defined as
hyperenhancement 0% and non-transmural myocardial infarction
defined as 1–50% hyperenhancement by ceMRI

Data-
based
estimate

Bootstrap-
based
estimate

95% Bootstrap CI

Lower
limit

Upper
limit

Circumferential strain
Sensitivity (%) 71.4 70.4 62.2 78.3
Specificity (%) 64.3 63.9 60.1 67.7
Cut-off

value (%)
.216.50 .216.68 217.60 215.70

Circumferential SR
Sensitivity (%) 72.0 71.5 63.6 78.9
Specificity (%) 51.2 51.1 48.1 54.3
Cut-off

value (s21)
.21.40 .21.40 21.44 21.33

Radial strain
Sensitivity (%) 70.1 69.5 60.7 78.7
Specificity (%) 57.2 56.9 53.4 60.4
Cut-off

value (%)
�27.10 �27.40 25.50 29.40

Radial SR
Sensitivity (%) 71.6 71.2 62.9 78.8
Specificity (%) 55.5 55.4 52.2 58.8
Cut-off

value (s21)
�1.35 �1.36 1.29 1.44

Figure 5 Correlation between wall thickness without late enhancement
determined by cardiac magnetic resonance imaging and radial strain.
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data obtained by ceMRI and myocardial deformation
imaging. Analysis of myocardial hyperenhancement by
ceMRI sequence is prone to artefacts associated with the
patient movements or inadequate breath-holding, which
can be interpreted as areas of hyperenhancement by
mistake. Quantitative analysis of the extent of hyperen-
hancement has been described.24,25 However, visual analysis
of hyperenhancement in ceMRI has been used in multiple
previous studies and is considered very reliable due to the
excellent image quality in most cases.5 In this study, visual
analysis of ceMRI was associated with a little inter- and
intraobserver variability. Strain values were not zero in com-
pletely non-viable segments. This may be due to measure-
ment artefacts related to tethering from adjacent
segments. These artefacts are likely to have affected in par-
ticular segments with low myocardial deformation.
However, in spite of these artefacts, a distinction of hyper-
enhancement categories was still possible.
The detection of non-transmural infarction vs. no infarc-

tion was associated with a low specificity for all parameters.
However, in clinical practice, distinction of non-transmural
vs. no infarction is of less importance than distinction of
transmural vs. non-transmural infarction. Despite the good
results in the bootstrap analysis, validation of results in an
independent study is recommended.

Conclusion

This study demonstrates that myocardial deformation par-
ameters obtained by tracking of acoustic markers within
2D echocardiographic images can be used to analyse trans-
murality of myocardial necrosis in patients with chronic
depression of LV function due to myocardial infarction.
The high applicability and reliable measurements obtained
by this technique may make it a very helpful clinical tool
to determine transmurality of myocardial necrosis.

Conflict of interest: none declared.
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