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Strain analysis is superior to wall thickening
in discriminating between infarcted myocardium
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Abstract
Objectives The aim of the present study was to evaluate the diagnostic performances of strain and wall thickening analysis in
discriminating among three types of myocardium after acute myocardial infarction: non-infarcted myocardium, infarcted myo-
cardium without microvascular obstruction (MVO) and infarcted myocardium with MVO.
Methods Seventy-one patients with a successfully treated ST-segment elevation myocardial infarction underwent cardiovascular
magnetic resonance imaging at 2-6 days after reperfusion. The imaging protocol included conventional cine imaging, myocardial
tissue tagging and late gadolinium enhancement. Regional circumferential and radial strain and associated strain rates were
analyzed in a 16-segment model as were the absolute and relative wall thickening.
Results Hyperenhancement was detected in 418 (38%) of 1096 segments and was accompanied by MVO in 145 (35%) of
hyperenhanced segments. Wall thickening, circumferential and radial strain were all significantly diminished in segments
with hyperenhancement and decreased even further if MVO was also present (all p < 0.001). Peak circumferential strain
(CS) surpassed all other strain and wall thickening parameters in its ability to discriminate between hyperenhanced and
non-enhanced myocardium (all p < 0.05). Furthermore, CS was superior to both absolute and relative wall thickening in
differentiating infarcted segments with MVO from infarcted segments without MVO (p = 0.02 and p = 0.001,
respectively).
Conclusions Strain analysis is superior to wall thickening in differentiating between non-infarcted myocardium, infarcted myo-
cardium withoutMVO and infarcted myocardiumwithMVO. Peak circumferential strain is the most accurate marker of regional
function.
Key Points
• CMR can quantify regional myocardial function by analysis of wall thickening on cine images and strain analysis of tissue
tagged images.

• Strain analysis is superior to wall thickening in differentiating between different degrees of myocardial injury after acute
myocardial infarction.

• Peak circumferential strain is the most accurate marker of regional function.
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Abbreviations
AbsWT Absolute wall thickening
AUC Area under the curve
CMR Cardiovascular magnetic resonance imaging
CS Peak circumferential strain
CSPAMM Complementary spatial modulation

of magnetization
CSR Peak circumferential strain rate
LAD Left anterior descending artery
LGE Late gadolinium enhancement
LV Left ventricle
LVEF Left ventricular ejection fraction
LVEDV Left ventricular end-diastolic volume
LVESV Left ventricular end-systolic volume
MI Myocardial infarction
MVO Microvascular obstruction
PCI Percutaneous coronary intervention
RelWT Relative wall thickening
RCA Right coronary artery
ROC Receiver-operating characteristic
RS Peak radial strain
RSR Peak radial strain rate
SinMod Sine-wave modeling
SSFP Steady-state free precession
STEMI ST-segment elevation myocardial

infarction

Introduction

Although emergency percutaneous coronary intervention
(PCI) in acute myocardial infarction (MI) restores epicardial
coronary blood flow, microvascular perfusion is not restored
in up to 40% of patients because of microvascular injury [1].
The presence of microvascular injury after primary PCI is
associated with poor functional recovery and adverse events,
with higher incidences of congestive heart failure and death
[1–3]. Cardiovascular magnetic resonance imaging (CMR)
allows accurate visualization of the region of microvascular
injury, the so-called areas with microvascular obstruction
(MVO) [4–7]. Among the range of available CMR tech-
niques, late gadolinium enhancement (LGE) is the reference
method for diagnosing MVO as it has been studied most
extensively.

Although the detrimental effect of MVO on functional
outcome is well established, there are limited data on the
relationship between regional function and MVO [8].
Regional function can be assessed with CMR by analysis
of wall thickening on steady-state free precession (SSFP)
cine imaging [9]. Alternatively, regional function is quan-
tified by analysis of strain using myocardial tissue tagging.
In the pre-LGE era, myocardial strain was reported to be
superior to wall thickening in differentiating dysfunctional

from functional myocardium [10]. The accuracy of strain
analysis in discriminating between different degrees of
myocardial injury, as determined using LGE, is still un-
known. Therefore, the aim of the present study was to
compare the diagnostic performances of strain and wall
thickening analysis in discriminating among three types
of tissue: non-infarcted myocardium, infarcted myocardi-
um without MVO and infarcted myocardium with MVO.

Methods

Patient population

This study is a pooled substudy of data from the PREDICT-
MVO trial and from patients enrolled in the HEBE trial in the
VU University Medical Center. The main results of these
trials have been published before [11, 12]. In both studies,
patients with a first ST-segment elevation myocardial in-
farction successfully treated by primary PCI within 12 h
after onset of symptoms were included. The exclusion
criteria were: (supra-)ventricular arrhythmias, cardiogenic
shock, anticipated additional PCI or coronary artery bypass
grafting within the next 4 months, unsuccessful PCI and
known contraindications to CMR. Acute management and
subsequent medical care followed contemporary guide-
lines [13]. Both trials were conducted in accordance with
the Declaration of Helsinki, and protocols were approved
by the Institutional Review Committee. All patients gave
written informed consent for the study.

CMR image acquisition

CMR was performed on a 1.5-T clinical scanner (Avanto,
Siemens Healthineers) using a phased-array cardiac receiver
coil. Imaging was scheduled between 3 to 6 days after
reperfusion.

Cardiac function was assessed with cine imaging by using
a segmented SSFP pulse sequence. Typical in-plane resolution
was 1.3 × 1.3 mm2, with a slice thickness of 5 mm (repetition
time 41-47 ms, echo time 1.6 ms, flip angle 60-75°, matrix 256
× 208 mm, temporal resolution < 40 ms).

Myocardial tissue tagging was performed using a multiple
breath-hold retrospectively gated complementary spatial mod-
ulation of magnetization pulse (CSPAMM) sequence. The
end-systolic phase of the horizontal long-axis cine series was
used for planning tagged images in three parallel short-axis
planes at the basal, mid and apical levels. Typical in-plane
resolution was 1.2 × 1.2 mm2, with a 7-mm tag-tag distance
and a slice thickness of 6 mm (repetition time 15-42 ms, echo
time 1.2 ms, flip angle 20°, matrix 256 × 256 mm, temporal
resolution 15-30 ms).
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LGE was performed 12-15 min after administration of a
gadolinium-based contrast agent (Dotarem®, Guerbet; 0.2
mmol/kg) using a two-dimensional segmented inversion
recovery gradient-echo pulse sequence. The slice position
was identical to the cine images. Typical in-plane resolu-
tion was 1.3 × 1.3 mm2, with a slice thickness of 5-6 mm
(repetition time 8-9 ms, echo time 4.4 ms, flip angle 25°,
matrix 256 × 200 mm, triggering every other heartbeat).
The inversion time was set to null the signal of viable
myocardium and typically ranged from 250-300 ms.

CMR image analysis

Post-processing of CMR images was performed offline
using dedicated software. Cine and LGE images were an-
alyzed using Qmass (version 7.6, Medis Medical Imaging
Systems). Tagged images were analyzed using inTag
(Creatis Medical Imaging Research Center), which runs
as a plug-in for OsiriX (version 6.5, Pixmeo) and is based
on the sine-wave modeling (SinMod) technique [14].
Segmental data were analyzed using the 17-segment model
of the American Heart Association [15], excluding seg-
ment 17 (apex).

On the short axis cine images, the endocardial and epicar-
dial borders were manually outlined on the end-diastolic and
end-systolic phase. From these, the end-diastolic volume
(LVEDV), end-systolic volume (LVESV) and left ventricular

ejection fraction (LVEF) were calculated. Segmental absolute
and relative wall thickening (absWTand relWT) was comput-
ed by comparing end-diastolic and end-systolic wall
thickness.

Strain analysis was performed by manually drawing the
endocardial and epicardial borders on the end-systolic phase
of the tagged images and propagating the contours to the other
phases. Radial and circumferential strain were computed for
every segment at each given phase of the cardiac cycle and
plotted against time (Fig. 1A). Peak radial strain (RS) and
peak circumferential strain (CS) were defined as the maxi-
mum and minimum of the radial and circumferential strain
curves, respectively. Next, the slope of the strain curves was
calculated at each phase and plotted against time (Fig. 1B).
From these strain rate curves, the peak systolic and diastolic
circumferential and radial strain rates (CSR and RSR, respec-
tively) were determined.

Infarct size was calculated on the short-axis LGE images
by using the full-width-at-half maximum method and is
expressed as percentage of LV mass [16]. For every segment,
the transmural extent of infarction was calculated by dividing
the hyperenhanced area by the total area of the predefined
segment. Segments were considered infarcted if ≥ 1%
hyperenhancement was present. MVO was identified on the
LGE images as a hypointense core within hyperenhanced
myocardium. Areas of MVO were incorporated in the calcu-
lation of total infarct size. Remote myocardiumwas defined as

Fig. 1 Example of strain and
strain rate analysis in a patient
after acute anterior myocardial
infarction. Short-axis images (A
and B) on identical locations 4
days after acute anterior
myocardial infarction. The LGE
image (A) demonstrates extensive
hyperenhancement and MVO
(arrows) of the anterior and
anteroseptal wall. The end-
systolic tagging image (B) shows
limited deformation of the infarct
zone (arrows), which is confirmed
after strain analysis by a
diminished peak circumferential
strain (C) and reduced peak
systolic and diastolic
circumferential strain rates (D).
AN = anterior, AS = anteroseptal,
IS = inferoseptal, IN = inferior, IL
= inferolateral, AL =
anterolateral, MVO =
microvascular obstruction
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the myocardial segments contralateral to the infarcted zone,
without presence of hyperenhancement.

Analyses of cine, tagging and LGE images were performed
independently from the results of the other techniques by a
single observer (HE).

Statistical analysis

Continuous variables are presented as mean ± standard
deviation or median with interquartile range, whereas cat-
egorical variables are expressed as frequency with percent-
age. Log transformation was applied for total infarct size
and transmural extent of infarction to achieve normal dis-
tribution for parametric testing. Pearson’s correlation was
used to quantify the association between continuous vari-
ables. Means of continuous variables were compared be-
tween patients with and without MVO by using the Student
t test. Means of segmental strain and wall thickening were
compared between hyperenhanced and non-enhanced seg-
ments by means of a mixed linear model with a random
effect for patient and slice nested within patient. A similar
multilevel analysis was performed for comparing means of
hyperenhanced segments with and without MVO and for
comparing means of remote segments from patients with
and without MVO. To correct for the transmural extent of
infarction, an additional multilevel analysis was performed
in which the transmural extent of infarction was added as a
fixed factor. Furthermore, a mixed model analysis with the
two-way interaction between MVO and transmural extent
of infarction was performed to determine the effect of
MVO on the relationship between CS and transmural ex-
tent of infarction. A receiver-operator characteristic (ROC)
curve analysis and the Youden index were used to define
cutoff values with the highest discriminative ability.
Comparison of ROC curves was performed by using the
method of deLong [17]. All statistical tests were two tailed,
and p < 0.05 was considered statistically significant.
Statistical analysis was done with SPSS (IBM SPSS
Statistics 22 for Windows).

Results

Myocardial tagging was performed in 50 of the 60 patients in
the PREDICT-MVO trial and in all 23 patients of the HEBE
trial enrolled in the VU University Medical Center. One pa-
tient was excluded from analysis because of contrast enhance-
ment in a second coronary vascular territory and another pa-
tient was excluded because of poor image quality. Therefore,
data of 71 patients were included in this analysis. In four
patients, myocardial tissue tagging was only performed at
the mid-level to reduce patient discomfort caused by repeated

breath holding and therefore only 6 instead of 16 segments per
patient were included.

Baseline characteristics of the patient cohort are listed in
Table 1. Sixty-three percent of infarctions were related to
the left anterior descending artery (LAD), 8% percent to
the left circumflex artery (LCx) and 28% to the right cor-
onary artery (RCA). MVO was present in 37 (52%) pa-
tients and was associated with higher peak CK-MB [208
U/l (112-324) vs. 120 U/l (33-209), p = 0.03]. Patients with
MVO had larger LV ESV and LV EDV and lower LVEF
(all p < 0.001). Additionally, infarct size was more than
two-fold larger if MVO was present (25 ± 9 % vs. 11 ± 8
%; p < 0.001) and the amount of MVO correlated with
infarct size (r = 0.65; p < 0.001).

Table 1 Baseline characteristics

Characteristic n = 71

Age (years) 57 ± 10

Male gender 57 (80%)

Body mass index (kg/m2) 27 ± 3

Risk factors

Family history of CAD 32 (45%)

Hypertension 17 (24%)

Hypercholesterolemia 9 (13%)

Diabetes mellitus 24 (34%)

Smoking 57 (80%)

Maximum CK-MB (U/l) 212 ± 224

Time to reperfusion (h) 2.4 [1.5-3.6]

TIMI flow grade 3 post PCI 67 (94%)

GP IIb/IIIa inhibitor used 24 (34%)

Infarct related artery

LAD 45 (63%)

LCx 6 (8%)

RCA 20 (28%)

Medication at discharge

ACE inhibitor or ATII antagonist 65 (92%)

Aspirin 71 (100%)

Beta-blocker 70 (99%)

P2Y12 inhibitor 71 (100%)

Statin 71 (100%)

LV volumes and LV function

LV ED volume (ml/m2)* 93 ± 15

LV ES volume (ml/m2)* 49 ± 14

LV EF (%) 49 ± 8

Microvascular obstruction 37 (52%)

Data are mean ± standard deviation, absolute number (%) or median
[interquartile range]. CAD = coronary artery disease; CK-MB = creatine
kinase myocardial band; GP = glycoprotein; ACE = angiotensin-
converting enzyme; ATII = angiotensin II receptor; LV ED = left ventric-
ular end-diastolic; LV ES = left ventricular end-systolic; LV EF = left
ventricular ejection fraction; * = indexed for body surface area
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Discriminating between infarcted and non-infarcted
myocardium

A total of 1096 segments were analyzed of which 418 (38%)
demonstrated hyperenhancement. As shown in Table 2, in-
farcted segments had reduced wall thickening and strain (all
p < 0.001).

Figure 2 (left column) shows the ROC curves of wall
thickening, circumferential and radial strain for discrimi-
nating between hyperenhanced and non-enhanced seg-
ments. Analysis of the ROC curves of wall thickening
parameters revealed that the area under the curve (AUC)
of absWT was significantly greater than the AUC of
relWT (p = 0.004). CS had the highest test performance
of the circumferential strain parameters, with a significant-
ly greater AUC than both systolic CSR (p < 0.001) and
diastolic CSR (p = 0.001). Within the group of radial strain
parameters, RS outperformed systolic and diastolic RSR
(both p < 0.001).

To define the optimal parameter for discriminating be-
tween non-infarcted and infarcted myocardium, we select-
ed the most accurate wall thickening, radial strain and cir-
cumferential strain parameters and compared their diag-
nostic performances. CS surpassed RS and absWT in its
ability to discriminate hyperenhanced from non-enhanced
myocardium (both p < 0.001). No difference was observed
between the test performance of RS and absWT (p = 0.12).
Regarding diastolic function, CSR outperformed RSR (p <
0.001) in discriminating between infarcted and non-
infarcted myocardium.

Discriminating between infarcted myocardium
with and without MVO

Of the 418 segments with hyperenhancement, 145 (35%)
demonstrated MVO. As shown in Table 3, infarcted

segments with MVO had impaired strain and wall thicken-
ing compared with infarcted segments without MVO (all p
< 0.001). However, transmural extent of infarction was
significantly higher in segments with MVO [65% (42-85)
vs. 14% (5-35), p < 0.001]. After correcting for transmural
extent of infarction, segments with MVO were still found
to have reduced circumferential strain parameters and ra-
dial strain rates compared with segments without MVO
(Table 3). In contrast, wall thickening parameters and RS
no longer differed between segments with and without
MVO (all p > 0.05).

Figure 2 (right column) shows the ROC curves of wall
thickening, circumferential and radial strain for differentiating
between hyperenhanced segments with and without MVO.
The test performance of absWT was similar to relWT (p =
0.74). For circumferential strain, CS had greater diagnostic
potential than systolic CSR (p = 0.004) and diastolic CSR (p
= 0.02). RS was the most accurate radial strain parameter,
outperforming systolic RSR (p = 0.02) as well as diastolic
RSR (p = 0.01).

To reveal the parameter with the highest discriminative
power, we compared the diagnostic performances of CS, RS
and absWT. CS had a significantly greater AUC than both
absWT (p = 0.02) and relWT (p = 0.01), but was comparable
to RS (p = 0.43) in its ability to differentiate between
hyperenhanced segments with and without MVO.

Figure 3 displays the relationship between CS and
transmural extent of infarction in hyperenhanced segments
with and without MVO. Presence of MVO was a significant
effect modifier in the relation between CS and transmural
extent of infarction (p = 0.009). In segments with MVO the
fitted linear model was CS = -6.11 + 0.02 × transmural extent
of infarction (p-value for the regression coefficient of
transmural extent of infarction < 0.001), whereas in segments
without MVO: CS = -9.81 + 0.06 × transmural extent of in-
farction (p < 0.001).

Table 2 Segmental function,
stratified by presence of
hyperenhancement

Characteristic Hyperenhanced (n = 418) Non-enhanced (n = 678) p value

Wall thickening

absWT (mm) 1.9 ± 1.7 4.0 ± 1.8 < 0.001

relWT (%) 27 ± 31 65 ± 41 < 0.001

Circumferential strain

CS (%) -6.6 ± 3.8 -12.7 ± 4.5 < 0.001

Systolic CSR (%/ms) -4.6 ± 2.6 -7.6 ± 3.1 < 0.001

Diastolic CSR (%/ms) 5.0 ± 6.1 9.1 ± 4.6 < 0.001

Radial strain

RS (%) 7.4 ± 6.5 15.6 ± 10.6 < 0.001

Systolic RSR (%/ms) 5.8 ± 5.0 9.4 ± 5.2 < 0.001

Diastolic RSR (%/ms) -6.6 ± 4.0 -10.7 ± 6.0 < 0.001

Data as mean ± standard deviation. AbsWT= absolute wall thickening; relWT= relative wall thickening; CS =
peak circumferential strain; CSR = circumferential strain rate; RS = peak radial strain; RSR = radial strain rate
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Optimal cutoff values and diagnostic accuracies

Table 4 lists the optimal cutoff values of strain and wall thick-
ening parameters for differentiating among the three types of
tissue. The sensitivity, specificity, positive predictive value,

negative predictive value and accuracy achieved when using
these cutoff values are also shown. CS had an optimal cutoff
value of -6.2% for differentiating between hyperenhanced seg-
ments with andwithoutMVO.Using this cutoff, CS achieved an
accuracy of 78%.Wall thickening analysis on the other hand had

Fig. 2 Receiver-operator characteristic curves of wall thickening and
strain. Receiver-operator characteristic (ROC) curves with
corresponding area under the curves (AUCs) and 95% confidence
intervals of wall thickening (top row), circumferential strain (middle
row) and radial strain (bottom row) for detecting hyperenhancement

(left column) and microvascular obstruction (right column). AbsWT =
absolute wall thickening; relWT = relative wall thickening; CS = peak
circumferential strain; CSR = peak circumferential strain rate; RS = peak
radial strain; RSR = peak radial strain rate
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modest accuracies of 65% (absWT) and 66% (relWT) for dis-
criminating between infarcted segments with andwithoutMVO.

Strain in remote myocardium

Strain and wall thickening in remote segments did not differ
between patients with and without MVO (all p > 0.05; -12.8 ±
4% vs. -12.6 ± 4% for CS). In addition, strain and wall thick-
ening of remote segments were not associated with infarct size
(all p > 0.05; CS = - 14.61 + 0.04 × infarct size).

Discussion

Our study is the largest to date in which myocardial tissue
tagging was performed in patients after successful primary

stenting for acute MI. We compared the diagnostic perfor-
mances of multiple strain and wall thickening parameters in
differentiating among three types of tissue: non-infarcted
myocardium, infarcted myocardium without MVO and in-
farcted myocardium with MVO. Our main findings can be
summarized as follows:

(1) Circumferential strain is superior to radial strain and
wall thickening in discriminating infarcted from non-
infarcted myocardium as well as in discriminating between
infarcted myocardium with and without MVO. (2) CS is su-
perior to systolic and diastolic CSR and consequently is the
most accurate tool for quantifying regional function. (3) After
correcting for transmural extent of infarction, circumferential
strain parameters and peak radial strain rates are still reduced
in segments withMVO. (4) Strain in remotemyocardium does
not differ between patients with and without MVO and is not
associated with infarct size.

Wall thickening

Functional loss of myocardium is the hallmark of acute MI
[18, 19], and although global measures yield important prog-
nostic information, they have low sensitivity for detecting
regional dysfunction [20, 21]. Analysis of wall thickening
on cine images has traditionally been used as the reference
technique for quantifying regional function [9, 22, 23]. This
technique, however, has several limitations. The conical shape
of the LV causes the short-axis images and myocardial wall to
intersect at an oblique angle, leading to overestimation of wall
thickness [24]. In addition, folding of trabeculae during sys-
tole makes it difficult to identify the end-systolic endocardial
border and, as a consequence, wall thickening analysis is sub-
ject to high interobserver variability [25]. Myocardial tissue
tagging overcomes these limitations by allowing direct

Table 3 Deformation of infarcted
segments, stratified by presence
of MVO

Characteristic MVO (n = 145) No MVO (n = 273) Uncorrected

p value

Corrected

p value

Wall thickening

absWT (mm) 1.4 ± 1.4 2.3 ± 1.7 < 0.001 0.657

relWT (%) 17 ± 22 34 ± 34 < 0.001 0.148

Circumferential strain

CS (%) -5.3 ± 3.4 -7.6 ± 3.7 < 0.001 <0.001

Systolic CSR (%/ms) -4.0 ± 2.7 -5.1 ± 2.4 < 0.001 <0.001

Diastolic CSR (%/ms) 4.0 ± 4.2 5.8 ± 7.1 < 0.001 0.019

Radial strain

RS (%) 4.9 ± 4.6 9.3 ± 7.0 < 0.001 0.152

Systolic RSR (%/ms) 4.6 ± 4.0 6.8 ± 5.5 < 0.001 0.011

Diastolic RSR (%/ms) -5.4 ± 3.5 -7.5 ± 4.2 < 0.001 0.024

Transmural extent of infarction (%) 64.9 [42.3-84.7] 13.9 [4.7-34.8] < 0.001

Data as mean ± standard deviation or median [interquartile range]. The far right column displays the p values after
correction for transmural extent of infarction. Abbreviations as in Table 2

Fig. 3 Relationship between CS and transmural extent of infarction.
Scatterplot demonstrating the relationship between CS and transmural
extent of infarction in hyperenhanced segments with (red) and without
MVO (blue). Abbreviations as in Figs. 1 and 2
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tracking of intramural deformation after application of a satu-
ration grid [26, 27]. Götte et al. were the first to compare the
diagnostic capabilities of strain and wall thickening in patients
after reperfused MI [10]. As contrast-enhanced CMR was not
performed, segments were classified as pertaining to the in-
farct-related, adjacent or remote area according to a pre-
specified distribution of coronary perfusion. Wall thickening
in the infarct-related area was not significantly lower than wall
thickening in the remote area, whereas both circumferential
and radial strains were severely impaired. In the present study,
the infarct-related area was defined as all segments containing
hyperenhancement. We did find a significant decrease of wall
thickening in segments with hyperenhancement. Strain anal-
ysis outperformed wall thickening nonetheless. We also found
that circumferential strain was superior to radial strain in dif-
ferentiating between different degrees of myocardial injury.
This is not surprising as contraction of the myocardial fibers
is predominantly oriented in the circumferential direction [28,
29]. In addition, the distance between the endo- and epicardi-
um is relatively small compared with the circumferential di-
ameter, resulting in fewer intersection points of the tagging
grid in the radial dimension. This is even more problematic
in the chronic phase of infarction, as post-infarct LV re-
modeling results in thinning of transmurally infarcted
myocardium. Radial strain is therefore more sensitive to
noise, and this also explains the higher standard deviation
of radial strain parameters reported in previous studies and
observed in the present study [10, 30]. On the other hand,
myocardial tethering of the peri-infarct zone affects cir-
cumferential strain more than radial strain.

Detrimental effect of MVO

Previous studies investigating the effect of MVO on myocardi-
al function have reported that microvascular injury is indepen-
dently associated with poor prognosis and reduced global func-
tion [2, 3, 31, 32]. Limited data exist on the relationship be-
tweenMVO and regional function. Nijveldt et al. demonstrated
that transmurally infarcted segments with MVO are less likely
to recover at 3-month follow-up than transmurally infarcted
segments without MVO [8]. Kidambi et al. obtained serial
CMR scans in 39 STEMI patients and observed that from
day 7 onwards MVO was independent from infarct size asso-
ciated with attenuated strain in the infarct zone [33]. Finally,
Bergerot et al. performed contrast-enhanced CMR and echo-
cardiography speckle tracking in the acute phase of infarction.
Segmental longitudinal strain was reduced in infarcted seg-
ments with MVO, independent from the transmural extent of
infarction [34]. The findings of the present study also indicate
that MVO reduces contractile function in the early phase after
reperfusion. At 3-6 days after infarction, strain parameters were
reduced in segments with MVO, even after correcting for
transmural extent of infarction. Furthermore, MVO was a sig-
nificant effect modifier in the relationship between CS and
transmural extent of infarction. In contrast, strain in remote
myocardium was unaltered in the presence of MVO, a finding
that is also in line with previous observations [33]. MVO con-
fers its detrimental effect directly to the infarcted myocardium,
and this process starts within days after reperfusion. However,
the pathophysiological mechanisms by which MVO affects
contractile function have yet to be elucidated.

Table 4 Optimal cut-off values and diagnostic performance of strain and wall thickening for detecting hyperenhancement and detecting microvascular
injury within hyperenhanced segments

Characteristic
Hyperenhancement MVO

Optimal
cut-off

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

Accuracy
(%)

Optimal
cut-off

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

Accuracy
(%)

Wall thickening

absWT 2.7 mm 72 79 68 82 76 2.1 mm 75 61 51 82 65

relWT 48 % 81 70 63 86 74 31 % 79 60 51 84 66

Circumferential strain

CS -9.6 % 81 76 68 87 78 -6.2 % 75 74 60 85 74

Systolic
CSR

-5.9 %/ms 72 78 67 82 76 -4.7 %/ms 71 68 54 82 69

Diastolic
CSR

5.5 %/ms 68 84 72 81 77 3.5 %/ms 61 77 58 79 71

Radial strain

RS 8.1 % 68 80 67 80 75 5.7 % 68 74 58 81 72

Systolic
RSR

5.8 %/ms 64 74 61 77 70 5.0 %/ms 70 65 51 80 66

Diastolic
RSR

-6.8 %/ms 63 76 62 77 71 -4.7 %/ms 50 82 59 75 70

PPV = positive predictive value; NPV = negative predictive value; other abbreviations as in Table 2 and 3
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Strain analysis

Strain analysis using myocardial tissue tagging is the current
gold standard for quantifying regional myocardial function.
The disadvantage of tissue tagging however is that dedicated
sequences are needed, which prolong scanning duration and
are not available at every imaging center. Additionally, laborious
post-processing is required. Myocardial tagging acquisition has
therefore primarily been confined to the research environment.
Myocardial feature tracking is a promising novel technique that
allows for analysis of myocardial strain using standard cine im-
ages, which are routinely part of almost every CMR examination
[35]. Thus far, studies comparing feature tracking and tissue
tagging strain have yielded conflicting results, ranging from very
poor to excellent agreement [36–38]. In these studies however,
feature tracking was performed using cine images acquired at
relatively low spatial and temporal resolution. At these low res-
olutions, CMR is not able to differentiate features within the
myocardial wall and feature tracking may not be performed re-
liably. New studies are therefore warranted, in which tissue tag-
ging and feature tracking strain, derived from high temporal
resolution cine images, are compared head to head in relation
to findings on LGE images. In these studies, our reported diag-
nostic accuracies and cutoff values could serve as a guide.
Finally, automated post-processing software has to be developed
before strain analysis can be adopted into the clinic.

Study limitations

Our study has several limitations. Strain was calculated for the
entire radial dimension of the LV wall. In acute MI, irrevers-
ible myocyte damage develops in the subendocardium and
progresses toward the subepicardium with increasing duration
of coronary occlusion, the so-called wavefront phenomenon
[39]. We may have underestimated the full diagnostic poten-
tial of strain parameters by not stratifying strain according to
myocardial layer. Second, our defined cutoff values are based
on the presence of hyperenhancement on LGE images, even
though severe contractile dysfunction after MI can also occur
in the absence of myocyte necrosis, a phenomenon known as
myocardial stunning [40]. Conversely, contractile function
may be prese rved in myocard ium wi th l imi ted
hyperenhancement. Furthermore, strain parameters describe
myocardial deformation, which is determined by both active
contraction of myocardial fibers and passive movement.
Myocardial deformation is therefore dependent on loading
conditions and does not equate to intrinsic contractile func-
tion. In addition, strain analysis is susceptible to significant
user dependency. In normal hearts, both radial and circumfer-
ential strain increase tremendously from the epicardium to the
endocardium, making accurate and reproducible delineation
of contours extremely important [30].

Conclusions

Strain analysis is superior to wall thickening in discriminating
between infarcted and non-infarcted myocardium and in dis-
criminating infarcted myocardium with MVO from infarcted
myocardium without MVO. Peak circumferential strain is the
most accurate marker of regional function.

Funding This study is a pooled analysis of data from patients enrolled in
the HEBE trial and the PREDIC-MVO trial. The HEBE trial was initiated
by The Netherlands Heart Institute with financial support from
The Netherlands Heart Foundation and unrestricted grants from
Biotronik Boston Scientific, Guerbet, Guidant, Medtronic, Novartis,
Pfizer and Sanofi. The PREDICT-MVO trial was supported by unrestrict-
ed research grants from Volcano Corp. and Biotronik.

Compliance with ethical standards

Guarantor The scientific guarantor of this publication is Robin Nijveldt,
MD PhD.

Conflict of interest Dr. van Royen received unrestricted research grants
from Volcano Corp. The other authors report no conflicts of interest.

Statistics and biometry Peter van de Ven kindly provided statistical
advice for this manuscript and performed advanced statistical analysis.

Informed consent Written informed consent was obtained from all pa-
tients in this study.

Ethical approval Both trials were approved by the Institutional review
board of the VU University Medical Center.

Study subjects overlap This study is a pooled analysis of data from
patients enrolled in the HEBE trial and the PREDIC-MVO trial. The main
results of these trials have been published before (Teunissen et al. Circ
Cardiovasc Interv 2015 and Hirsch et al. European Heart Journal 2011).

Methodology
• prospective
• observational
• performed at one institution

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Ito H,Maruyama A, Iwakura K et al (1996) Clinical implications of
the ‘no reflow’ phenomenon. A predictor of complications and left
ventricular remodeling in reperfused anterior wall myocardial in-
farction. Circulation 93(2):223–228

2. Wu KC, Zerhouni EA, Judd RM et al (1998) Prognostic signifi-
cance of microvascular obstruction by magnetic resonance imaging

Eur Radiol



in patients with acute myocardial infarction. Circulation 97:765–
772

3. Carrick D, Haig C, Ahmed N et al (2016) Myocardial hemorrhage
after acute reperfused ST-segment-elevation myocardial infarction:
relation to microvascular obstruction and prognostic significance.
Circ Cardiovasc Imaging 9:e004148

4. Nijveldt R, Hofman MB, Hirsch A et al (2009) Assessment of
microvascular obstruction and prediction of short-term remodeling
after acute myocardial infarction: cardiac MR imaging study 1.
Radiology 250:363–370

5. Kumar A, Green JD, Sykes JM et al (2011) Detection and quanti-
fication of myocardial reperfusion hemorrhage using T2*-weighted
CMR. JACC Cardiovasc Imaging 4:1274–1283

6. Robbers LF, Eerenberg ES, Teunissen PF et al (2013) Magnetic
resonance imaging-defined areas of microvascular obstruction after
acute myocardial infarction representmicrovascular destruction and
haemorrhage. Eur Heart J 34:2346–2353

7. Beek AM, Nijveldt R, van Rossum AC (2010) Intramyocardial
hemorrhage and microvascular obstruction after primary percuta-
neous coronary intervention. Int J Cardiovasc Imaging 26:49–55

8. Nijveldt R, Beek AM, Hirsch A et al (2008) Functional recovery
after acute myocardial infarction: comparison between angiogra-
phy, electrocardiography, and cardiovascular magnetic resonance
measures of microvascular injury. J Am Coll Cardiol 52:181–189

9. Holman ER, Buller VG, de Roos A et al (1997) Detection and
quantification of dysfunctional myocardium bymagnetic resonance
imaging. Circulation 95:924–931

10. Götte MJ, van Rossum AC, Twisk JW, Kuijer JP, Marcus JT, Visser
CA (2001) Quantification of regional contractile function after in-
farction: strain analysis superior to wall thickening analysis in dis-
criminating infarct from remote myocardium. J Am Coll Cardiol
37:808–817

11. Teunissen PF, de Waard GA, Hollander MR et al (2015) Doppler-
derived intracoronary physiology indices predict the occurrence of
microvascular injury and microvascular perfusion deficits after an-
giographically successful primary percutaneous coronary interven-
tion. Circ: Cardiovasc Interv 8:e001786

12. Hirsch A, Nijveldt R, van der Vleuten PA et al (2011) Intracoronary
infusion of mononuclear cells from bone marrow or peripheral
blood compared with standard therapy in patients after acute myo-
cardial infarction treated by primary percutaneous coronary inter-
vention: results of the randomized controlled HEBE trial. Eur Heart
J 32:1736–1747

13. Steg PG, James SK, Atar D et al (2012) ESC Guidelines for the
management of acute myocardial infarction in patients presenting
with ST-segment elevation. Eur Heart J 33:2569–2619

14. Arts T, Prinzen FW, Delhaas T, Milles JR, Rossi AC, Clarysse P
(2010) Mapping displacement and deformation of the heart with
local sine-wavemodeling. IEEE TransMed Imaging 29:1114–1123

15. Cerqueira MD,Weissman NJ, Dilsizian Vet al (2002) Standardized
myocardial segmentation and nomenclature for tomographic imag-
ing of the heart a statement for healthcare professionals from the
cardiac imaging committee of the Council on Clinical Cardiology
of the American Heart Association. Circulation 105:539–542

16. Flett AS, Hasleton J, Cook C et al (2011) Evaluation of techniques
for the quantification of myocardial scar of differing etiology using
cardiac magnetic resonance. JACC Cardiovasc Imaging 4:150–156

17. DeLong ER, DeLong DM, Clarke-Pearson DL (1988) Comparing
the areas under two or more correlated receiver operating charac-
teristic curves: a nonparametric approach. Biometrics 44:837–845

18. Heikkilä J, Tabakin BS, Hucenholtz PC (1972) Quantification of
function in normal and infarcted regions of the left ventricle.
Cardiovasc Res 6:516–531

19. Lieberman AN, Weiss JL, Jugdutt B et al (1981) Two-dimensional
echocardiography and infarct size: relationship of regional wall

motion and thickening to the extent of myocardial infarction in
the dog. Circulation 63:739–746

20. GroupMPR (1983) Risk stratification and survival after myocardial
infarction. N Engl J Med 1983:331–336

21. Rouleau JL, Talajic M, Sussex B et al (1996) Myocardial infarction
patients in the 1990s—their risk factors, stratification and survival
in Canada: the Canadian Assessment of Myocardial Infarction
(CAMI) Study. J Am Coll Cardiol 27:1119–1127

22. Van Rugge F, Van der Wall E, Spanjersberg SJ et al (1994)
Magnetic resonance imaging during dobutamine stress for detec-
tion and localization of coronary artery disease. Quantitative wall
motion analysis using a modification of the centerline method.
Circulation 90:127–138

23. Holman ER, Vliegen HW, Van Geest RJD et al (1995) Quantitative
analysis of regional left ventricular function after myocardial infarc-
tion in the pig assessed with cine magnetic resonance imaging.
Magn Reson Med 34:161–169

24. HaagU,Hess O,Maier S et al (1991) Left ventricular wall thickness
measurements bymagnetic resonance: a validation study. Int J Card
Imaging 7:31–41

25. Papavassiliu T, Kühl HP, Schröder M et al (2005) Effect of endo-
cardial trabeculae on left ventricular measurements and measure-
ment reproducibility at cardiovascular MR imaging. Radiology
236:57–64

26. Axel L, Dougherty L (1989) MR imaging of motion with spatial
modulation of magnetization. Radiology 171:841–845

27. Zwanenburg JJ, Kuijer J, Marcus JT, Heethaar RM (2003) Steady-
state free precession with myocardial tagging: CSPAMM in a single
breathhold. Magn Reson Med 49:722–730

28. Waldman LK, Fung Y, Covell JW (1985) Transmural myocardial
deformation in the canine left ventricle. Normal in vivo three-
dimensional finite strains. Circ Res 57:152–163

29. Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH
(1981) Left ventricular fibre architecture inman. BrHeart J 45:248–
263

30. Moore CC, Lugo-Olivieri CH, McVeigh ER, Zerhouni EA (2000)
Three-dimensional systolic strain patterns in the normal human left
ventricle: characterization with tagged MR imaging. Radiology
214:453–466

31. Regenfus M, Schlundt C, Krahner R et al (2015) Six-year prognos-
tic value of microvascular obstruction after reperfused ST-elevation
myocardial infarction as assessed by contrast-enhanced cardiovas-
cular magnetic resonance. Am J Cardiol 116:1022–1027

32. Klug G, Mayr A, Schenk S et al (2012) Prognostic value at 5 years
of microvascular obstruction after acute myocardial infarction
assessed by cardiovascular magnetic resonance. J Cardiovasc
Magn Reson 14:46

33. Kidambi A, Mather AN, Motwani M et al (2013) The effect of
microvascular obstruction and intramyocardial hemorrhage on
contractile recovery in reperfused myocardial infarction: in-
sights from cardiovascular magnetic resonance. J Cardiovasc
Magn Reson 15:58

34. Bergerot C, Mewton N, Lacote-Roiron C et al (2014) Influence of
microvascular obstruction on regional myocardial deformation in
the acute phase of myocardial infarction: a speckle-tracking echo-
cardiography study. J Am Soc Echocardiogr 27:93–100

35. Maret E, Todt T, Brudin L et al (2009) Functional measurements
based on feature tracking of cine magnetic resonance images iden-
tify left ventricular segments with myocardial scar. Cardiovasc
Ultrasound 7:53

36. Wu L, Germans T, Güçlü A, Heymans MW, Allaart CP, van
Rossum AC (2014) Feature tracking compared with tissue tagging
measurements of segmental strain by cardiovascular magnetic res-
onance. J Cardiovasc Magn Reson 16:10

37. Moody WE, Taylor RJ, Edwards NC et al (2015) Comparison of
magnetic resonance feature tracking for systolic and diastolic strain

Eur Radiol



and strain rate calculation with spatial modulation of magnetization
imaging analysis. J Magn Reson Imaging 41:1000–1012

38. Hor KN, Gottliebson WM, Carson C et al (2010) Comparison
of magnetic resonance feature tracking for strain calculation
with harmonic phase imaging analysis. JACC Cardiovasc
Imaging 3:144–151

39. Reimer KA, Lowe JE, Rasmussen MM, Jennings RB (1977) The
wavefront phenomenon of ischemic cell death. 1. Myocardial in-
farct size vs duration of coronary occlusion in dogs. Circulation 56:
786–794

40. Braunwald E, Kloner RA (1982) The stunned myocardium:
prolonged, postischemic ventricular dysfunction. Circulation 66:
1146–1149

Eur Radiol


	Strain...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Patient population
	CMR image acquisition
	CMR image analysis
	Statistical analysis

	Results
	Discriminating between infarcted and non-infarcted myocardium
	Discriminating between infarcted myocardium with and without MVO
	Optimal cutoff values and diagnostic accuracies
	Strain in remote myocardium

	Discussion
	Wall thickening
	Detrimental effect of MVO
	Strain analysis
	Study limitations

	Conclusions
	References


