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Defining the Transmurality of a Chronic Myocardial
Infarction by Ultrasonic Strain-Rate Imaging

Implications for Identifying Intramural Viability
An Experimental Study

Frank Weidemann, MD; Christoph Dommke, MD; Bart Bijnens, PhD; Piet Claus, PhD;
Jan D’hooge, PhD; Paul Mertens, MD; Eric Verbeken, MD, PhD; Alex Maes, MD, PhD;

Frans Van de Werf, MD, PhD; Ivan De Scheerder, MD, PhD; George R. Sutherland, FESC

Background—In a correlative functional/histopathologic study, we investigated the regional deformation characteristics of
both chronic nontransmural and transmural infarctions before and after a dobutamine challenge.

Methods and Results—After stenosing copper-coated stent implantation to produce circumflex artery endothelial
proliferation, 18 pigs were followed up for 5 weeks. Posteuthanasia histology showed 10 to have a nontransmural and
8 a transmural infarction. Eight nonstented animals served as controls. Regional radial function was monitored by
measuring ultrasound-derived peak systolic strain rates (SRSYS) and systolic strains (�SYS) (1) before stent implantation
and (2) at 5 weeks, at baseline (bs) and during an incremental dobutamine infusion. In controls, dobutamine induced a
linear increase in SRSYS (dobutamine: bs, 4.8�0.4 s�1; 20 �g · kg�1 · min�1, 9.9�0.7 s�1; P�0.0001) and an initial
increase of �SYS at low dose (bs, 58�5%; at 5 �g · kg�1 · min�1, 78�6%; P�0.05) but a subsequent decrease during
higher infusion rates. In the nontransmural group, bs SRSYS and �SYS were significantly lower than prestent values (SRSYS,
2.9�0.5 s�1 and �SYS, 32�6%, P�0.05 versus prestent). During dobutamine infusion, SRSYS increased slightly at 5 �g
· kg�1 · min�1 (4.7�0.6 s�1, P�0.05) but fell during higher infusion rates, whereas �SYS showed no change. For
nontransmural infarctions, transmural scar extension correlated closely with �SYS at bs (r�0.88). For transmural
infarctions, SRSYS at bs was significantly reduced and �SYS was almost not measurable (SRSYS, 1.8�0.3 s�1; �SYS, 3�4%).
Both deformation parameters showed no further change during the incremental dobutamine infusion.

Conclusions—Ultrasonic deformation values could clearly differentiate chronic nontransmural from transmural myocar-
dial infarction. The transmural extension of the scar could be defined by the regional deformation response.
(Circulation. 2003;107:883-888.)
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The noninvasive differentiation of ischemic (but viable)
from infarcted myocardium is important in clinical prac-

tice. Ultrasonic strain-rate imaging has been introduced as a
new noninvasive method of quantifying regional myocardial
deformation.1 Myocardial strain measurements have been
validated in correlative experimental sonomicrometric stud-
ies.2 A series of experimental and clinical strain-rate imaging
studies have suggested that this approach may be an improve-
ment in the noninvasive quantification of regional function by
ultrasound.1–4 With ultrasonic strain-rate imaging, both the
amount of deformation (strain) and the rate of local deforma-
tion (strain rate) can be quantified.5

The aim of the present study was to compare the deforma-
tion properties of chronic nontransmural and transmural

infarcted myocardium both at rest and during a dobutamine
challenge in a closed-chest animal model and to determine
whether the induced changes could reliably distinguish viable
from infarcted myocardium.

Methods

Experimental Protocol
A copper-coated stent was implanted to induce either severe coro-
nary stenosis or vessel occlusion by reactive intima hyperplasia in a
series of animals. The chronically ischemic animals were then
followed up for 5 weeks. Regional radial deformation was quantified
noninvasively (under anesthesia) by ultrasonic strain-rate imaging
both before stent implantation (prestent) and 5 weeks after implan-
tation. Postimplantation data were collected at baseline (bs) and
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during an incremental dobutamine infusion (2.5, 5, 10, and 20 �g ·
kg�1 · min�1 for 5 minutes each). During each step of the dobutamine
protocol, left ventricular pressure and its first derivative (dP/dt) were
measured by a Millar catheter. After the dobutamine challenge,
control angiography was performed to quantify stented vessel
stenosis. One day later, a correlative positron emission tomography
(PET) study was performed to quantify myocardial flow.6 All studies
were followed by euthanasia with an overdose of pentobarbital.
Hearts were then excised for histopathology.

Stent Coating
The stents used induce severe stenosis/occlusion were constructed of
a single stainless steel wire (0.127 mm in diameter) and were coated
with copper by use of an electroplating technique.7 Stent implanta-
tion typically induced either severe nonthrombotic stenosis or vessel
occlusion.

Animal Instrumentation
Eighteen crossbred pigs (27 to 32 kg, Animalium Ku Leuven,
Leuven, Belgium) were anesthetized with intravenous propofol (0.3
mg · kg�1 · min�1) and fentanyl (0.5 �g · kg�1 · min�1), intubated, and
then ventilated with an air/oxygen mixture. All animals were treated
in accordance with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals. A copper-coated stent was
placed in the proximal segment of the left circumflex coronary artery
by use of standard catheterization techniques. Eight additional
animals without stent implantation were used as controls.

Echocardiographic Data Acquisition
Transthoracic echocardiography was performed with a Vingmed
System 5 (GE Ultrasound). B-mode color Doppler myocardial
velocity data were acquired during brief apnea in parasternal
short-axis views. Data were acquired at 180 frames per second by
use of a previously described methodology.8

Echocardiographic Data Analysis
Myocardial end-diastolic wall thickness was measured by the
M-mode technique. Color Doppler myocardial imaging data were
analyzed with dedicated software (TVI, GE Ultrasound).8 In sum-
mary, radial strain rate was estimated by measuring the spatial
velocity gradient over a computation area of 3 to 5 mm (the area used
being dependent on the wall thickness). A septal myocardial velocity
profile was used to time end diastole (onset of isovolumic contrac-
tion) and end systole (aortic valve closure).8 Strain-rate profiles were
averaged over 3 consecutive cardiac cycles and integrated over time
to derive the natural strain profile using end diastole as the reference
point (Speqle, K.U. Leuven, Belgium).5 From the averaged strain-
rate and strain data, peak systolic strain rate (SRSYS), systolic strain
(�SYS), and maximal strain (�MAX) were calculated (Figure 1).

�SYS was defined to be the magnitude of deformation measured
from end diastole to end systole. �MAX was defined to be the
magnitude of deformation from end diastole to maximal thickening.
From these 2 measurements, a postsystolic strain index (PSI) was
calculated by use of the following equation: PSI�(�MAX��SYS)/�SYS).

PET Measurements
Correlative perfusion studies were performed with a PET camera
(CTI Siemens) as previously described.6 Myocardial flow was
calculated in both the region of interest and the remote region.6

Histopathologic Studies
After euthanasia, hearts were perfusion-fixed, and the left ventricular
inferolateral region of interest was identified. Histological sections
were taken and examined for ischemic cells, scarring, and the
extension of scar (expressed as percentage, 100% being transmural).9

Statistical Methods
Data are presented as mean�SEM. Multiple comparisons between
different groups were performed by use of ANOVA with post hoc

Duncan’s test. Within each of the 3 groups, the comparison between the
different stages was performed by 2-way ANOVA for repeated mea-
surements. A linear Pearson correlation was used to compare regional
deformation parameter with the extension of transmural scar distribu-
tion. Statistical significance was inferred for a value of P�0.05.

Results
At death, 10 stented pigs had developed a histologically
confirmed nontransmural infarction and 8 stented pigs a
transmural infarction. In the nontransmural group, the trans-
murality of the scar averaged 62�8% (range, 20% to 90%).
In nontransmural infarct epicardial layers, staining docu-
mented increased glycogen storage within cells, indicating
typical chronic ischemic changes. In the 8 nonstented con-
trols, histology was normal. Typical examples of the patho-
logical findings for both nontransmural and transmural in-
farcts are shown in Figure 2.

Left ventricular inferolateral wall thickness was signifi-
cantly reduced in transmural (3.5�0.4) but not in nontrans-
mural infarcts (4.6�0.4) compared with controls (5.1�0.1;
P�0.05 versus transmural infarctions). The degree of steno-
sis in the circumflex artery in the nontransmural infarction
group was 93�3%.

Figure 1. Top, 2D echocardiographic image obtained from a
parasternal short-axis view at midventricular level. Arrow indi-
cates area of computation from which strain-rate curve was
extracted. Middle, Normal strain-rate profile during 1 cardiac
cycle of radial deformation, derived before stent implantation
from inferolateral wall. Arrow indicates measurement point used
for peak systolic strain-rate estimation. Bottom, Normal radial
strain profile during 1 cardiac cycle derived from inferolateral
wall by integrating strain-rate curve. Arrows indicate measure-
ment points used for systolic strain and maximal strain. AVC
indicates aortic valve closure; Sys., systolic; Max., maximal.
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Hemodynamic Data
The findings with regard to heart rate and �dP/dtmax are
summarized in Table 1. Heart rate and �dP/dtmax increased
gradually in all 3 groups during the incremental dobutamine
infusion.

Myocardial Perfusion
Correlative PET studies were performed in a subset of 3
controls and 7 nontransmural infarction pigs. In controls,
myocardial perfusion was 1.08�0.14 mL · g�1 · min�1 in the
inferolateral wall and 1.05�0.1 mL · g�1 · min�1 in the
septum. In the nontransmural infarction pigs, perfusion in the
region of interest was significantly lower than in the remote
region (inferolateral, 0.55�0.07 mL · g�1 · min�1; septum,
0.9�0.07 mL · g�1 · min�1; P�0.01).

Echocardiographic Data

Deformation in the Control Group
At baseline, SRSYS and �SYS in the inferolateral wall averaged
5�0.2 s�1 and 60�2%, respectively. SRSYS increased linearly
with incremental dobutamine infusion and returned to near
baseline levels at recovery (at 2.5 �g · kg�1 · min�1, 6.1�0.5
s�1, P�0.05 versus dobutamine bs; at 20 �g · kg�1 · min�1,
9.9�0.7 s�1, P�0.0001 versus dobutamine bs; recovery,

4.7�0.8 s�1, P�NS versus dobutamine bs). In contrast,
during dobutamine infusion, �SYS values initially increased (at
5 �g · kg�1 · min�1, 78�6%, P�0.05), but with further
dobutamine infusion (10 and 20 �g · kg�1 · min�1), �SYS values
decreased and were not significantly different from baseline
values at 20 �g · kg�1 · min�1 (Figure 3). There was almost no
PSI in the normally perfused inferolateral wall either at study
entry or during the incremental dobutamine infusion (PSI at
prestent, 3�1%) (Figure 4).

Deformation in the Nontransmural Infarction Group
Figure 5 shows the typical radial strain profile response
recorded from a nontransmurally infarcted inferolateral wall
during the incremental dobutamine infusion. At baseline, the
magnitude of systolic thickening was slightly reduced com-
pared with controls, and myocardial thickening continued
after aortic valve closure (postsystolic thickening). This
resulted in a delay in peak thickening. During dobutamine
infusion, the systolic thickening of the inferolateral wall
decreased incrementally, whereas postsystolic thickening in-
creased progressively. By 20 �g · kg�1 · min�1, most
myocardial thickening occurred after end ejection.

At study entry, inferolateral wall SRSYS and �SYS values
averaged 5�0.5 s�1 and 59�3%, respectively. These were
comparable to baseline values in the controls (P�NS).
Five weeks after stent implantation, SRSYS was signifi-
cantly lower in the nontransmurally infarcted inferolateral
wall compared with prestent values (5�0.5 versus 2.9�0.5
s�1; P�0.05) (Figure 3). In this group, the dobutamine
infusion induced a biphasic SRSYS response with an initial

Figure 2. Example of histological findings in this study that
characterized either a nontransmural or a transmural infarcted
wall. Top, Nontransmural myocardial infarction: transmural his-
tology sections of inferolateral wall with infarcted nonviable
endocardial layer and viable epicardial layer. Magnification of
both layers shows scar formation at endocardial layer and peri-
odic acid–Schiff–positive viable myocardium at epicardial layer.
Bottom, Transmural myocardial infarction: transmural histology
sections of inferolateral wall with infarcted endocardial and epi-
cardial layers. Magnification of both layers shows scar formation
in both endocardial and epicardial layers. Endo indicates endo-
cardial layer; Epi, epicardial layer.

TABLE 1. Hemodynamic Response to Dobutamine Infusion

Heart Rate, bpm dP/dtmax (mm Hg/s)

Controls

Baseline 100�3 1910�182

Dobu 2.5 121�3* 2823�249*

Dobu 5 140�3* 3651�241*

Dobu 10 158�4* 4249�287*

Dobu 20 175�5* 4804�257*

Recovery 101�4 1549�270*

Nontransmural infarction

Baseline 97�5 1601�314

Dobu 2.5 106�5 2823�228*

Dobu 5 122�5* 3996�341*

Dobu 10 149�5* 4538�315*

Dobu 20 173�7* 4633�285*

Recovery 118�6* 1545�396

Transmural infarction

Baseline 100�6 1379�222

Dobu 2.5 107�5 2581�343*

Dobu 5 122�5* 3822�452*

Dobu 10 146�7* 4478�299*

Dobu 20 165�7* 4615�290*

Recovery 121�5* 1689�498

Dobu indicates dobutamine infusion (�g � kg�1 � min�1).
*P�0.05 vs baseline.
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increase at 5 �g · kg�1 · min�1 (4.7�0.6 s�1, P�0.05 versus
dobutamine bs). With a further increase in dobutamine
infusion rates (10 and 20 �g · kg�1 · min�1), SRSYS values
decreased and were not significantly different from base-
line values at 20 �g · kg�1 · min�1. �SYS decreased to
32�6% in the nontransmurally infarcted inferolateral wall
(P�0.001 versus prestent). During the incremental dobu-

tamine infusion, �SYS remained at this abnormally low
level. The PSI increased significantly in the nontransmu-
rally infarcted inferolateral wall compared with prestent
values (4�2% versus 40�6%; P�0.01). During the dobu-
tamine challenge, PSI increased further and was highest at
20 �g · kg�1 · min�1 (121�20%; P�0.01 versus dobuta-
mine bs) (Figure 4). For each dobutamine stage, SRSYS and
�SYS were significantly lower and PSI was significantly
higher (P�0.05) than in controls.

In nontransmural infarcts, there was a significant correla-
tion between the transmural extension of scar and �SYS in the
inferolateral wall at dobutamine baseline (r�0.88, P�0.001)
(Figure 6). A weaker correlation was found between the
transmural scar extension and SRSYS (r�0.76, P�0.01).

Figure 3. Changes in regional peak systolic strain rate (units of s�1)
(A) and systolic strain (unit %) (B) in controls, in nontransmural
myocardial infarction group, and in transmural myocardial infarction
group. Measurements were made first before stent implantation
(Pre-Stent) and then 5 weeks after intervention during each step of
dobutamine protocol and after recovery of dobutamine challenge.
bs indicates dobutamine baseline; MI, myocardial infarction.
*P�0.05 vs bs values; #P�0.05 bs vs prestent.

Figure 4. Changes in PSI (units of percent) in controls, in non-
transmural myocardial infarction group, and in transmural myo-
cardial infarction group. Measurements were made first before
stent implantation (Pre-Stent) and then 5 weeks after interven-
tion during each step of dobutamine protocol and after recovery
of dobutamine challenge. Note different y scales for high values
in transmural myocardial infarction group and for low values in
control pigs. bs indicates dobutamine baseline; MI, myocardial
infarction. *P�0.05 vs bs values; #P�0.05 bs vs prestent.

Figure 5. Example of changes in radial strain profiles over 1 heart
cycle in a nontransmural and a transmural infarcted wall. Left, Non-
transmural myocardial infarction: At dobutamine baseline, systolic
thickening (strain) of nontransmural infarcted myocardium is
reduced, and after aortic valve closure, “at-risk” wall continues to
thicken during isovolumic relaxation period (postsystolic thicken-
ing), resulting in a delayed thickening peak. Incremental dobuta-
mine challenge resulted in a stepwise reduction in systolic thicken-
ing, whereas postsystolic thickening increased progressively with
increasing dobutamine dose. After dobutamine administration was
discontinued, deformation returned to predobutamine baseline pro-
file. Right, Transmural myocardial infarction: At baseline, there is no
systolic thickening (strain) of transmural infarcted inferolateral wall.
During incremental dobutamine challenge, systolic deformation
properties of “at-risk” wall did not change. AVC indicates aortic
valve closure; BS, baseline; Dobu, dobutamine infusion (�g · kg�1 ·
min�1); REC, recovery.
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Deformation in the Transmural Infarction Group
Figure 5 shows a typical example of the radial strain profile
response during an incremental dobutamine infusion derived
from the transmural infarctions. At baseline, there was almost
no deformation in the infarcted wall during the cardiac cycle.
During the dobutamine infusion, deformation did not change
in the infarct zone.

At study entry (ie, before stent implantation), inferolateral
wall SRSYS and �SYS in animals that subsequently developed a
transmural infarction averaged 4.8�0.4 s�1 and 58�2%,
respectively. These were comparable to control values
(P�NS). Five weeks after stenting, SRSYS was significantly
reduced, with almost no �SYS in the infarcted inferolateral wall
before the dobutamine challenge (SRSYS, 1.8�0.3 s�1, �SYS,
3�4%; P�0.01 versus prestent) (Figure 3). Both deformation
parameters showed no change during the dobutamine infu-
sion (at 20 �g · kg�1 · min�1: SRSYS, 2.1�0.4 s�1 and �SYS,
3�3%; P�NS versus dobutamine bs). For each dobutamine
stage, SRSYS and �SYS were significantly lower and PSI was
significantly higher (P�0.01) than in controls.

Deformation in the Remote Region
At baseline and during each dobutamine stage, SRSYS, �SYS, and
PSI in the remote region (septum) were not significantly differ-
ent from those in controls or in nontransmural or transmural
infarcts. At baseline, the SRSYS, �SYS, and PSI in the septum
averaged 3.5�0.2 s�1, 28�1%, and 4�1%, respectively. In all 3
groups, the remote region response was similar and corre-
sponded to normal myocardium, with SRSYS increasing linearly
with incremental dobutamine infusion (at 20 �g · kg�1 · min�1:
SRSYS, 10.8�0.5 s�1; P�0.0001 versus dobutamine bs). The
septal �SYS showed a normal biphasic response, with the highest
value occurring at an infusion rate of 10 �g · kg�1 · min�1

(52�3% P�0.0001 versus dobutamine bs).

Discussion
The fact that contractile function is reduced in either infarcted
or ischemic myocardium is well established.3,8,10–13 However,
for the first time, this study has demonstrated that the
measurement of regional deformation by strain-rate imaging
can accurately differentiate between nontransmural and trans-
mural infarction in a closed-chest chronic animal model that
closely mimics the clinical setting.

This finding is a logical extension of the work of Derumeaux
et al,11 who had previously shown that in an open-chest,
open-pericardium acute infarct model, Doppler myocardial im-
aging, by determining the radial transmural velocity gradient,
could differentiate nontransmural from transmural infarction.

Our results are consistent with their acute infarct findings and
show that in the different setting of chronic infarction, the
noninvasive measurement of deformation properties can charac-
terize both the functional and pathological changes in the
underlying tissue. In addition, the chronic experimental closed-
chest model used in this study better mimics the clinical setting,
because opening and closing the pericardium can induce impor-
tant changes in regional deformation.14

For chronic nontransmural infarctions, the local deformation
indices SRSYS and �SYS were reduced at rest. This decrease was
probably related to the combination of changes induced by the
presence of nondeforming scar tissue in the endocardium to-
gether with reduced thickening in the chronically ischemic
myocardium in the outer wall. This study also showed that the
transmural extension of scar distribution in the infarct zone was
proportionally related to the measured reduction in systolic
function. During a dobutamine challenge, the typical response
pattern of the nontransmural infarct zone was similar to that
previously described in our work for acute ischemia.8 This
“ischemic” response is characterized by a dose-dependent in-
crease in postsystolic thickening that is associated with either a
reduction or no change in �SYS.8 In the present study, the
“ischemic” response of the nontransmural infarct zone would
suggest that myocardial perfusion to the midmyocardial and
epicardial layers via the severely stenotic circumflex artery was
inadequate and that any collaterals that had developed were
insufficient to support the increased oxygen demand during the
dobutamine challenge. This postulate was supported by histo-
logical studies of the epicardial layer of the nontransmural
infarction, which showed the typical histological changes asso-
ciated with chronic ischemia. The presence of “ischemia-
related” postsystolic thickening after 5 weeks of chronic ische-
mia would again suggest that this may be a marker of segmental
viability.15,16 It also emphasizes the importance of the precise
timing of regional deformation when analyzing function in
complex ischemic substrates.

In all transmural infarcts, histology confirmed the transmural-
ity of the scar in the region of interest. Such transmural scar
distribution was characterized by no measurable systolic thick-
ening either at rest or during the graded dobutamine infusion.
Because the calculated PSI is related to the amount of systolic
deformation, we extracted high values of PSI in the transmural
myocardial infarction group. Thus, when assessing ischemic
myocardium, it is the measurement of systolic deformation and
not maximal deformation that is necessary to distinguish be-
tween viable versus nonviable myocardium.

For both nontransmural infarcts and stunned myocardium,
regional deformation is reduced at rest. For both ischemic
substrates, the myocardium will continue to thicken during
the isovolumic relaxation period (this phenomenon has been
called postsystolic thickening).4 However, in contrast to
nontransmural infarcts (which show an ischemic dobutamine
response), stunned myocardium is characterized by a normal-
ization of the strain curve with a progressive decrease in
postsystolic thickening during a dobutamine challenge.4

Thus, to distinguish between these different ischemic sub-
strates, it is necessary to measure both systolic and postsys-
tolic deformation both at rest and during a graded dobutamine
infusion (Table 2).

Figure 6. Correlation between transmural extension of scar and
systolic strain in region of interest at dobutamine baseline in
nontransmural infarction group.
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Clinical Implications
In an attempt to overcome the limitations inherent in the visual
scoring of wall motion in hearts with regional ischemia, several
noninvasive quantitative imaging methods have been devel-
oped.4,8,17–19 Motion-based techniques, such as Doppler myocar-
dial velocity measurement17 or endocardial border detection by
color kinesis,18 are influenced by tethering effects and thus may
not represent regional function. In contrast, ultrasonic strain-rate
imaging provides several advantages for the quantification of
rest or stress-induced ischemia: (1) it quantifies regional myo-
cardial deformation at high temporal resolution; (2) it can
quantify regional longitudinal deformation for all left and right
ventricular segments; (3) changes in SRSYS have been shown to
parallel changes in global contractility20,21 and to be relatively
heart rate independent20; and (4) �SYS is related to global ejection
performance as assessed by either stroke volume22 or ejection
fraction.20

This study showed that either resting SRSYS or �SYS values can
clearly differentiate nontransmural from transmural infarction.
However, to distinguish between the differing ischemic sub-
strates,4,8,20 the use of only 1 deformation parameter is insuffi-
cient. To do this, it is necessary to measure SRSYS, �SYS, and PSI
both at rest and during a graded dobutamine infusion (Table 2).

In addition, in nontransmural infarcts, deformation would
seem to be closely related to the transmural distribution of
scar. Thus, the lower the systolic deformation, the greater the
regional transmural extension of the scar.

Study Limitations
The methodology used does not allow quantification of
deformation in differing myocardial layers but does measure
averaged deformation across the whole wall.

Another potential limitation is that no correlative PET data
could be acquired in transmural infarctions. However, histo-
logical studies in this group confirmed a transmural scar
distribution. Thus, information on perfusion in the region of
interest in this group was not essential to the understanding of
the deformation properties of the transmurally infarcted wall.

Conclusions
This study shows that in an experimental setting, the quantifi-
cation and timing of regional deformation can differentiate
chronic nontransmural from transmurally infarcted myocardium.
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TABLE 2. Summary of Deformation Characteristics at Rest
and During Dobutamine Stress for Each Ischemic Substrate

Rest Dobutamine Stress

SRSYS �SYS PSI SRSYS �SYS PSI

Control 5/s 60 % 2 % m }n 3

Stunning 2 2 1 m m n

Acute ischemia 2 2 1 n n m

Nontransmural MI 2 2 1 }n 3 m

Transmural MI 22 22 11 3 3 3

MI indicates myocardial infarction; 2, lower vs controls; 1, higher vs
controls; 3, no change vs rest values; m, increase vs rest values; n,
decrease vs rest values; and}n, initial increase at low-dose dobutamine and
a further decrease with higher dobutamine dose.

The responses included in the Stunning and Acute ischemia rows are taken
from our prior work on stunning and acute ischemia. See Jamal et al.4,8
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