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Peak longitudinal strain most accurately reflects
myocardial segmental viability following acute
myocardial infarction - an experimental study
in open-chest pigs
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Abstract

Background: The extension and the transmurality of the myocardial infarction are of high predictive value for
clinical outcome. The aim of the study was to characterize the ability of longitudinal, circumferential and radial
strain measured by 2-dimensional speckle tracking echocardiography (2D-STE) to predict the extent of necrosis in
myocardial segments following acute myocardial infarction and to separate transmural necrotic segments from
non-transmural necrotic segments in a full 18-segment porcine model.

Methods: 2D-STE strain was assessed in long- and short-axis following myocardial infarction in ten open-chest
anesthetized pigs. Strain was defined according to systolic peak values. In segments displaying both negative
and positive peaks, only the peak with the highest absolute value was utilized. Necrosis was measured by
2,3,5-triphenyltetrazolium chloride (TTC) staining and expressed as percent of each myocardial segment.

Results: Significant correlations were found between the extension of necrosis and all measured parameters of
myocardial deformation (p< 0.001), but was stronger for longitudinal strain (r2 = 0.52) than circumferential strain
(r2 = 0.38) and radial strain (r2 = 0.23). The area under the receiver operator characteristic curve (AUC) for separating
transmural necrotic segments (>50% necrosis) from predominantly viable segments (0–50% necrosis) was
significantly larger for longitudinal strain (AUC= 0.98, CI = 0.97–1.00) when compared with circumferential strain
(AUC= 0.91, CI = 0.84–0.97, p< 0.05) and radial strain (AUC= 0.90, CI = 0.83 – 0.96, p< 0.01), indicating a stronger
ability of longitudinal strain to identify segments with transmural necrosis.

Conclusion: Peak strain values derived from 2D-STE correlate well with the extent of necrosis in myocardial
segments following acute myocardial infarction. Longitudinal strain most accurately reflects myocardial segmental
viability in this setting.
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Background
Two-dimensional speckle tracking echocardiography
(2D-STE) is an increasingly recognized technique that
measures myocardial deformation by automatic track-
ing of interference patterns from conventional gray scale
B-mode images during the cardiac cycle. In contrast to
tissue Doppler derived strain, 2D-STE has the advantage
of being relatively independent of insonation angle, and
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can therefore assess motion in three dimensions [1,2].
2D-STE has been validated against sonomicrometry in
experimental studies of myocardial ischemia [2,3] and
magnetic resonance imaging in patients with ischemic
heart disease and the results have been encouraging [4,5].
The extent of the necrotic myocardium following

myocardial infarction (MI) has prognostic as well as
therapeutic implications [6]. Traditionally, the presence
of ST-elevation in the electrocardiogram has been used
as a criterion for selection of patients with extensive
myocardial damage who should be scheduled for urgent
coronary angiography and revascularization. However,
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30% of patients with acute coronary occlusion do not
develop ST-segment elevation, but may still suffer sub-
stantial myocardial necrosis [7]. 2D-STE is a non-invasive
method that might be utilized in the acute clinical
setting to detect the extent and transmurality of infarc-
tions and hence to select patients with non-ST-elevation
MIs who should be scheduled for urgent revasculariza-
tion. Experimental studies in rodents have shown that
the orthogonal strain components derived from short
axis images, i.e. circumferential strain and radial strain,
are strongly correlated to both left ventricular scarring
and necrosis following MI [8,9]. Chan et al. examined
short-axis derived strain parameters as well as longitu-
dinal strain in patients with chronic ischemic left ven-
tricular dysfunction. According to the study by Chan
et al., longitudinal strain distinguished subendocardial
necrosis from late-enhancement negative myocardium,
but in contrast to circumferential strain, longitudinal
strain was unable to discriminate between subendocar-
dial and transmural necrosis [10]. Sjøli et al. demon-
strated in a clinical study involving patients with first
time MI that circumferential strain better separated be-
tween subendocardial necrosis and transmural necrosis
on a segmental level than longitudinal strain [11]. How-
ever, none of these studies included apical or basal short-
axis images. The aim of the present study was therefore
to examine the ability of longitudinal strain, circum-
ferential strain and radial strain to separate transmural
necrotic segments from non-transmural necrotic seg-
ments in a full 18-segment porcine model with short axis-
images from the base, middle and apical parts of the
left ventricle following acute MI.

Methods
Protocol
The experimental protocol was approved by the local
steering committee of the Norwegian Animal Experi-
ments Authority. Animal care was done in accordance
with guidelines from the U.S. National Institute of
Health (NIH Publication No. 85–23, revised 1996). Ten
pigs fasted overnight, but with free access to water were
premedicated with im. ketamine (20 mg/kg, Warner
Lambert Nordic, Sweden) and atropine (2 mg/kg,
Nycomed Pharma, Norway) and transferred to the oper-
ating room. After iv. bolus injections of fentanyl (Phar-
malink, Sweden) and pentobarbital (Nycomed Pharma),
the pigs were tracheostomized and ventilated on a res-
pirator (Servo Ventilator 900D, Siemens, Sweden). Tidal
volume was controlled by repeated blood gas analysis,
and pCO2 was kept between 4 and 6 kPa. Continous
anesthesia with midazolam 0.3 mg/Kg/hour (Alpharma,
Norway), fentanyl 0.02 mg/kg/hour (Pharmalink) and
pentobarbital 4 mg/Kg/hour (Nycomed Pharma) was
established through a central venous catheter in the
left jugular vein. The pigs received amiodarone as
arrhythmia prophylaxis and 2500 IU of heparin to pre-
vent from clotting of vascular catheters. Blood pressure
was measured in the descending aorta with a polyethyl-
ene catheter through the right femoral artery and the
bladder was drained through a cystostoma. The pigs
received 10 ml/Kg/hour glucose enriched sodium chlor-
ide (1.25 g glucose/l sodium chloride) as basal fluid
replacement. The heart was exposed through a median
sternotomy. The pericardium was opened and a flow
probe was placed snugly around the pulmonary trunk
for continuous measurements of cardiac output. After
baseline measurements of basic hemodynamics, MI was
induced by placing a small metal clamp on the left
anterior descending coronary artery (LAD) 6 cm distal
to the division of the left main coronary artery. The pos-
ition of the LAD clamp was determined from pilot
experiments, which indicated that a substantial number
of pigs developed ventricular fibrillation during ischemia
when the LAD was clamped within a shorter distance
from the division of the left main coronary artery. After
one hour of ischemia, the clamp was removed and the
infarcted area was reperfused for three hours.

Two-dimensional speckle tracking echocardiography
All images were obtained after opening of the pericar-
dium and the recordings were performed at baseline and
following 3 hours of reperfusion. The thoracic cavity was
filled with 38°C of saline, in order to provide air-free
insonation. The left ventricle was visualized by basal,
middle and apical short axis images as well as long axis
images in 2-, 3- and 4-chamber views (Figure 1). A Phi-
lips iE33-ultrasound-machine (Philips Medical Systems,
Andover, MA, U.S.) was used with a 5 MHz transeso-
phageal probe that was positioned epicardially. Apical,
middle and basal short axis views were taken from
the right ventricular side in order to depict the left ven-
tricle at a lower sector-angle. Apical views were taken
also from an apical right ventricular approach for 4- and
3-chamber views, while imaging loops of the anterior
and posterior wall were acquired positioning the probe
towards the posterior apical and anterior apical segment
respectively. By reducing imaging depth and insonation
angle without reducing spatial resolution, the technique
provided images with a frame rate of 78 ± 11 Hz. All
images were analyzed off-line by dedicated software
(SyngoW Velocity Vector Imaging, Siemens, Erlangen,
Germany). Three cardiac cycles were acquired and aver-
aged by the software. The correct tracking of border-
zones was visually controlled and manually corrected.
Ejection time was defined by Doppler-registered aortic
valve opening and closure. Quality was assessed on 2D
images only. Peak positive or peak negative strain was
extracted from each strain curve. For segments displaying



Figure 1 Representative cross sections of porcine hearts stained with Evan’s blue and TTC following myocardial infarction (A–C) and
the corresponding areas of the left ventricle depicted by echocardiography in short-axis (D–F) and long-axis (G–I). 1, 7, 13 = anterior;
2, 8, 14 = antero-septum; 3, 9, 15 = inferoseptum; 4, 10, 16 = inferior; 5, 11, 17 = infero-lateral; 6, 12, 18 = antero-lateral.

Aarsæther et al. Cardiovascular Ultrasound 2012, 10:23 Page 3 of 10
http://www.cardiovascularultrasound.com/content/10/1/23
biphasic strain curves, i.e. strain curves with both positive
and negative peaks (Figure 2), only the peak with the
highest absolute value was utilized, irrespective of sign.

Staining of the hearts
After three hours of reperfusion, the pigs received bolus
injections of pentobarbital. The aorta was clamped and
the hearts were perfused with 3 L of saline through a can-
nulla in the ascending aorta to wash out the blood from
the myocardium, which would otherwise interfere with
the tetrazolium staining [12]. After saline perfusion, the
LAD clamp was replaced and Evans blue was injected into
the ascending aorta to separate the non-at-risk area from
the risk area. The hearts were cut out and frozen over-
night. After 12 hours of freezing, the hearts were thawed
and cut in six 1 cm slices from apex to base parallel to the
atrioventricular groove. The slices were incubated for 15
minutes in 2,3,5-triphenyltetrazolium chloride (TTC) at
37°C followed by bleaching in formalin for 30 minutes.
The slices were fixed between two glass sheets and non-
at-risk area, the area at risk and the necrotic area were
determined by planimetry. The basal side of the slices was



Figure 2 Representative strain curves following MI derived from circumferential strain (top) and longitudinal strain analysis (bottom).
The infarcted apical anteroseptum exhibits biphasic strain curves (black) following circumferential and longitudinal strain analysis. In contrast to
peak circumferential strain, peak longitudinal strain is a positive strain value. AVC=Aortic valve closure.
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measured for technical purposes, thus avoiding measure-
ments of the apical side of the apex, where it was difficult
to distinguish between myocardium stained by Evans blue
and TTC. Scanned drawings of the slices were geometric-
ally divided into an 18-segment model using the papillary
muscles and the anterior and inferior insertion of the right
ventricle to the left ventricle as markers, with six segments
at each left ventricular level [13]. Apical, middle and basal
necrosis was defined as the sum of the necrosis measured
in the two apical, two middle and two basal slices respect-
ively. The segments were divided into the following
groups on the background of the distribution of necrotic
myocardium: transmural necrotic (necrosis> 50%), sub-
endocardial necrotic (1–50% necrosis) and viable (necro-
sis = 0). The combination of the two latter groups is
referred to as predominantly viable (0–50%).

Variability analysis
To estimate intra- and interobserver variability, the full 18-
segment model was re-analyzed for longitudinal, circum-
ferential and radial strain in five randomly chosen pigs.
Variability was assessed by intraclass correlation coeffi-

cients. Intraclass correlation coefficients were analyzed
with SPSS (Chicago, IL, U.S.) using two-way random sin-
gle measures with absolute agreement according to intra
class correlation coefficient 2.1 by Shrout and Fleiss [14].
Intra-observer variability was determined by comparison
of analyses recalculated by the same observer after a
minimum of four weeks. Interobserver variability was
obtained by comparing analysis of the same segments
from identical images by two different observers. The
intraclass correlation coefficient was considered fair when
between 0.4 and 0.59, good when between 0.60 and 0.74
and excellent when≥ 0.75.

Statistical methods
Data are presented as mean± standard deviation, unless
otherwise noted. Differences in hemodynamic variables
between baseline and following ischemia and reperfusion
were analyzed with paired samples t tests. The relationship
between necrosis and strain was assessed by linear regres-
sion. Comparison of the number of segments exhibiting
positive strain values between longitudinal and short-axis
derived parameters of myocardial deformation were ana-
lyzed with Fisher’s exact test. Comparisons of strain values
obtained from segments at baseline, and in viable, suben-
docardial and transmural necrotic segments following MI
were analyzed with one way analysis of variance and the
Bonferroni posthoc test. The optimal cut off values for
longitudinal, circumferential and radial strain were deter-
mined from the receiver operator characteristic (ROC)
curve by choosing values that combined the highest sensi-
tivity with the highest possible specificity. Diagnostic ac-
curacy was defined as true negative and true positive
segments divided by all segments. Comparison of ROC
curves was performed with the Medcalc 11.1 statistical



Aarsæther et al. Cardiovascular Ultrasound 2012, 10:23 Page 5 of 10
http://www.cardiovascularultrasound.com/content/10/1/23
program (MedCalc, Gent, Belgium) according to the
method described by DeLong et al. [15]. All other statis-
tical analysis was performed with the SPSS 16.0 statistical
software program (Chicago, IL, U.S.).

Results
Basic hemodynamics
Basic hemodynamic data, ejection fraction, end diastolic
volume and end systolic volume at baseline and follow-
ing ischemia and three hours of reperfusion are sum-
marized in Table 1. Mean arterial pressure, cardiac
output, stroke volume and end diastolic volume dropped
significantly following ischemia and reperfusion, whereas
a significant increase was found with respect to heart
rate and central venous pressure. Mean ejection fraction
and end systolic volume dropped following ischemia
and reperfusion, but the difference failed to reach statis-
tical significance.

Necrosis
Representative cross sections of the heart following
staining with Evan’s blue and TTC are demonstrated in
Figure 1A–C. The necrosis was exclusively confined to
midventricle and the apex (Figure 3). Necrosis com-
prised 10.1%± 3.2 of the left ventricle and was most pro-
nounced in the antero-septal (73%± 16) and anterior
(55%± 36) parts of the apical sections.

Relationship between necrosis and strain
Highly significant correlations were found between
necrosis and longitudinal, circumferential and radial strain
respectively (Table 2). The strongest correlation was found
between necrosis and longitudinal strain (r2 = 0.52), fol-
lowed by circumferential strain (r2 = 0.38) and radial strain
(r2 = 0.23).
Table 1 Basic hemodynamic data, ejection fraction, end
diastolic volume and end systolic volume for ten pigs at
baseline and following one hour of regional ischemia and
three hours of reperfusion

Index Baseline Following ischemia
and reperfusion

MAP (mm Hg) 94.5 ± 5.5 77.2 ± 13.7*

HR (beat/min) 86.8 ± 9.7 148.8 ± 18.3#

CO (l/min) 3.6 ± 0.5 2.9 ± 0.5*

SV (ml) 42.6 ± 8.1 19.8 ± 4.3#

CVP (mmHg) 6.3 ± 1.7 7.9 ± 1.6}

EF (%) 56.4 ± 8.3 45.8 ± 13.5

EDV (ml) 82.0 ± 17.0 53.4 ± 16.2}

ESV (ml) 36.2 ± 10.5 28.1 ± 7.5

Data are presented as mean ± standard deviation. *p< 0.05, }p< 0.01,
#p< 0.001 vs baseline. CO =Cardiac output, CVP =Central venous pressure,
EF = Ejection fraction, EDV = End diastolic volume, ESV = End systolic volume,
HR =Heart rate, MAP=mean arterial pressure, SV = Stroke volume.

Figure 3 Distribution of necrosis in each of the 18 myocardial
segments in the apex (top), middle (middle) and base (bottom).
A-lat = antero-lateral; Ant = anterior; A-sep= antero-septum;
I- lat = infero-lateral; Inf = inferior; I-sep = infero-septum.
Myocardial deformation parameters at baseline and
following MI in viable, subendocardial and transmural
necrotic segments
VPeak strain values obtained at baseline and following
MI from long- and short-axis images are displayed in Fig-
ure 4. No significant differences were found between lon-
gitudinal strain at baseline and longitudinal strain in
viable segments following MI. In contrast, viable segments



Table 2 Correlations between strain and the extension of
necrosis in 180 segments following acute myocardial
infarction in pigs

Index r2 p

Longitudinal strain 0.52 <0.001

Circumferential strain 0.38 <0.001

Radial strain 0.23 <0.001
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following MI exhibited significant lower circumferential
strain and radial strain when compared with baseline.
Subendocardial necrotic segments exhibited significantly
lower strain when compared to baseline strain for all
examined myocardial deformation parameters. Longitu-
dinal strain and circumferential strain, but not radial
strain separated subendocardial necrotic segments from
viable on a significant level. For all three dimensions of
strain, transmural necrotic segments were significantly dif-
ferent from subendocardial necrotic as well as viable
segments.
Figure 4 Longitudinal strain (A), circumferential strain (B) and
radial strain (C) in baseline segments (black), in segments
Transmural necrotic segments exhibited biphasic strain
curves
Representative strain curves from viable (gray) and trans-
mural necrotic myocardial segments (black) are displayed
in Figure 2. As illustrated in this figure, transmural nec-
rotic segments displayed a biphasic pattern, in which both
negative and positive peaks are frequently observed. Strain
is defined as (L(t) –L0)/L0, in which L0 represents the end
diastolic distance between to pixels and L(t) the longest
distance between these two pixels during systole. Accord-
ingly negative strain values indicate shortening of the
myocardium, which is normally seen in the circumferen-
tial and longitudinal projections. In contrast, there is a
thickening of the myocardial wall in the radial direction,
which results in positive radial strain under normal condi-
tions. The positive peaks displayed by the transmural nec-
rotic segments in Figure 2 typically represent abnormal
lengthening of the myocardium during systole.
without necrosis following MI (dark gray), segments with
1–50% necrosis (gray) and in segments with more than 50%
necrosis (white). #p< 0.001 vs. baseline, †p< 0.001 vs. 0 necrosis,
{p< 0.001 vs. 1–50% necrosis, *p< 0.01 vs. baseline, }p< 0.05 vs.
0 necrosis.
Peak longitudinal strain more often detected abnormal
systolic lengthening following MI
As illustrated in Figure 2, the first part of the biphasic
strain curve, i.e. the one that represents the abnormal sys-
tolic lengthening, was often more pronounced in trans-
mural necrotic segments analyzed by longitudinal images
than by images recorded in the short-axis, leading to more
positive peak strain values following longitudinal strain
analysis. Positive longitudinal strain was found in 15 trans-
mural necrotic segments, indicating stretching of the tis-
sue during systole. In contrast, positive circumferential
strain and negative radial strain, indicating stretching of
the tissue during systole were only found in six transmural
necrotic segments (p< 0.01 compared with longitudinal
strain).

Diagnostic accuracy
Diagnostic accuracies for these myocardial deformation
parameters to discriminate between transmural necrocis
and predominantly viable segments were assessed by ROC
curves. The corresponding cut off values, sensitivities,



Table 3 Inter- and intra-observer variability

Index Inter-observer
variability

Intra-observer
variability

Longitudinal strain 0.76 (0.65–0.84) 0.89 (0.83–0.93)

Circumferential strain 0.77 (0.66–0.84) 0.75 (0.63–0.83)

Radial strain 0.82 (0.72–0.88) 0.86 (0.79–0.91)

Inter- and intra-observer variability as determined by intraclass correlation
coefficients with 95% confidence intervals.
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specificities and diagnostic accuracies are summarized in
Figure 5. Longitudinal strain had the highest diagnostic ac-
curacy to separate transmural necrotic from predominantly
viable myocardial segments (97.5%, Figure 5). The area
under the ROC curve indicated that peak longitudinal
strain separated transmural necrotic segments from pre-
dominantly viable myocardial segments significantly bet-
ter than circumferential strain (p< 0.05) and radial strain
(p< 0.01). Longitudinal strain also had the highest diag-
nostic accuracy to separate transmural necrotic segments
from subendocardial necrotic segments, but the area
under the ROC curve failed to reach statistical signifi-
cance when compared with circumferential strain and ra-
dial strain (data not shown).

Inter- and intra-observer variability
Results from inter- and intraobserver variability analysis
are summarized in Table 3. The intraclass correlation
coefficients indicated excellent reproducibility for all
parameters of myocardial deformation.
Figure 5 A. ROC-curve for longitudinal strain, circumferential strain a
segments (0–50% necrosis) and transmural necrotic segments (>50%
longitudinal strain when compared to circumferential strain (p< 0.05) and
separate transmural necrotic segments (>50% necrosis) from predominant
interval; CS = Circumferential strain; LS = Longitudinal strain; RS = Radial strai
Discussion

The present study is to our knowledge the first that has com-
pared circumferential strain, radial strain and longitudinal
strain with respect to the extension of necrosis in acute ische-
mia in a complete model, covering all segments of the left
ventricle. Our results indicate that peak longitudinal strain
better separates transmural necrotic segments from predom-
inantly viable segments compared with circumferential strain
nd radial strain to discriminate between predominantly viable
necrosis). The area under the curve is significantly larger for
radial strain (p< 0.01). B. ROC curve analysis for strain parameters to
ly viable (0–50% necrosis). AUC=Area under the curve; CI = Confidence
n. *p< 0.05 versus circumferential strain. #p< 0.01 versus radial strain.
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and radial strain. Chan et al. have previously examined the
diagnostic accuracy of circumferential strain and longitudinal
strain in patients with chronic ischemic ventricular dysfunc-
tion. In that study it was demonstrated that circumferential
strain was able to differentiate transmural and subendocardial
necrotic segments as well as transmural necrotic and normal
myocardial segments [10]. Furthermore, it was shown that
longitudinal strain discriminated between normal and suben-
docardial necrotic segments, but not between subendocardial
and transmural necrotic segments. The high sensitivity of lon-
gitudinal strain to detect functional impairment due to subtle
ischemia could be explained by the predominant longitudinal
orientation of subendocardial fibres, which are more suscep-
tible to ischemia [16,17].
In contrast to the study by Chan et al., the present

study has utilized peak positive or negative systolic strain
values in acute ischemia, which resulted in positive
longitudinal strain values in a substantial number of
the transmural necrotic segments, indicating systolic
stretching of the myocardium. Positive peak longitudinal
strain has previously been demonstrated in necrotic
myocardium from dogs subjected to occlusion and
reperfusion [18] and was reported in 16 of 17 patients
following LAD occlusion during angioplasty [19]. Posi-
tive strain to assess myocardial viability has also been
used previously [11,20-22]. Gjesdal and colleagues exam-
ined the ability of longitudinal, circumferential and
radial strain to identify global infarct mass ≥ 30 g in
patients with ST-elevation MIs [21]. Using ROC analysis,
they found that longitudinal strain by 2D-STE revealed
the highest sensitivity and specificity for detection of
transmural segmental MI. But in contrast to the present
study, the measurement of strain and infarction mass in
the work by Gjesdal and colleagues was undertaken a
mean of 8.5 months following index ischemia. Although
their results may resemble those of the present study,
the mean longitudinal strain values are much lower than
those of the present study, which probably reflects pro-
found differences in contractile and elastic properties
between scarred myocardial tissue and acute ischemia.
In contrast to the present study, Sjøli et al. utilized

peak strain in acute ischemia to demonstrate that cir-
cumferential strain separated transmural from subendo-
cardial necrosis better than longitudinal strain on a
segmental level. It is noticeable that the mean longitu-
dinal strain values from transmural necrotic segments in
the study by Sjøli’s group are considerably lower than
those of the present study. As illustrated in Figure 2,
the results from the analysis of biphasic strain curves
are highly dependent on whether the strain values are
extracted from the positive peak or from the subsequent
negative peak. The mean longitudinal strain value from
transmural necrotic segments in the study by Sjøli’s
group, resemble those from the present study when only
negative peaks were extracted from the strain curves
(data not shown), indicating that the number of positive
strains chosen for analysis probably were much lower
than in our study. In Figure 2, the black curve in the
top of the figure indicates that circumferential strain in
the transmural necrotic segment is found to display a
slightly higher negative value than longitudinal strain,
represented by the black curve in the bottom of the
figure. Although both strain curves share a common
biphasic pattern, the bottom panel shows that peak lon-
gitudinal strain is positive, resulting in much higher dif-
ferences between peak values of predominantly viable
and transmurally necrotic tissue compared to circumfer-
ential strain. Thus, when peak negative strain was used,
instead of peak systolic strain in the present study, the
difference between longitudinal strain and circumferen-
tial strain to separate transmural necrotic from predom-
inantly viable segments was lost. We assume that Sjøli’s
group found slightly higher negative peaks or chose only
positive peaks for analysis when negative peaks were not
present. The ischemic time and the length of reperfusion
time is also of importance, since longitudinal strain has
been shown to reach a maximum positive peak following
15 minutes of ischemia, gradually dropping following
ischemia beyond 15 minutes and also following reperfu-
sion [18]. The time from thrombolytic therapy to echo-
cardiographic examination in the study by Sjøli’s group
was similar to that of the reperfusion time in the present
study. However, the mean ischemic time was 163 min-
utes compared to only 60 minutes in the present study.
We therefore suggest that the relatively longer ischemic
time in the work by Sjøli et al. may contribute to more
dominant negative peaks, and hence lower mean longi-
tudinal strain values than those of the present study.
Another theoretical assumption for finding differences

between humans and pigs could be that the porcine left
ventricle has different myocardial fiber orientation com-
pared to humans. However, studies of human and por-
cine myocardial architecture have reported that they are
essentially similar [23-27]. Furthermore the size of the
MI was larger in the study by Sjøli’s group compared to
the present study (15%±11 versus 10%±3). Larger MIs
probably involve more segments in the mid-ventricular
short axis, where circumferential strain might be most
affected. In the present study, the largest infarct zones were
present in the apical segments, where the mid-myocardial
layers change from circumferential to an oblique align-
ment. Thus, necrosis in the apex might affect longitudinal
motion more than in the mid-ventricular parts.
Positive longitudinal strain and negative circumferen-

tial strain reported from an identical myocardial segment
might seem as a contradiction to the incompressibility
of the myocardial tissue. However, as previously demon-
strated segments with acute transmural necrosis
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exhibited biphasic strain curves in all three dimensions,
indicating tissue stretch in the first part of systole and a
contraction like deformation in opposite direction in the
end of systole. Thus, peak positive and negative systolic
strain in the three dimensions was measured at different
time points during ejection time period. The abnormal
systolic longitudinal lengthening (positive strain) seems as
an accurate indicator of transmural necrotic segments in
the acute phase, while circumferential or radial strain to a
significant lesser extent develop abnormal systolic length-
ening and radial thinning despite transmural necrosis.
The relatively high number of transmural necrotic seg-

ments exhibiting positive peak longitudinal strain values
when compared with circumferential strain and radial
strain may reflect differences in wall stress sustained
by the myocardium in long and short axis. According
to the law of Laplace, local wall stress increases with
increasing radius of the curvature. Longitudinal fibres,
might therefore be exposed to higher wall stress com-
pared to the wall stress generated by the relatively smal-
ler radii of the short-axis curvatures, which are relevant
for circumferential and radial strain [28]. Thus, differ-
ences in wall stress due to differing wall curvatures be-
tween longitudinal, radial and circumferential axes may
possibly explain the more frequently observed abnormal
systolic lengthening for longitudinal strain, when com-
pared with circumferential strain and radial strain. Even
though the contractile state of all fibres in transmural
necrotic myocardium is the same, tethering and smaller
wall curvatures prohibit regional stretching in the cir-
cumferential and radial direction.

Limitations of the study
The pig as a research animal is a limitation to this study.
The porcine heart’s poor tolerance to ischemia restricted
us to induce relatively small infarctions, which resulted in
the vast majority of the transmural necrotic segments
being located in the apex. Although our results indicate
that peak longitudinal strain better separates transmural
necrotic segments from predominantly viable segments
than circumferential strain and radial strain in acute
ischemia, more research is needed to establish whether
this is true also for larger infarctions and in the human
heart. On the other hand, 2D-STE might be of more bene-
fit to those patients suffering from ischemia with small
infarctions, than patients with large infarctions and obvi-
ous signs of extensive myocardial ischemia, such as ST-
elevation.
The 18-segment model in the present study with six ap-

ical segments also makes it difficult to directly compare
our results with other studies which have employed 16-
segment models. Since the 18-segment model consists of
two more apical segments than the 16-segment model, it
may be argued that the two extra apical segments are
decisive for our results. To examine whether our results
would change with four segments in the apex, a modified
16-segment model was created by averaging strain values
from both septal and lateral segments. Measurements of
necrosis was then recalculated for the two 120° apical
septal and apical lateral segments, yielding a modified
16-segment apical model with 4 segments in the apex
(2x60° + 2x120°). When ROC curve analysis was per-
formed on this modified 16-segment model, the area
under the curve for longitudinal strain was still found to
be significantly larger than for circumferential strain and
radial strain, for separating transmural necrotic segments
from predominantly viable segments.

Conclusions
We conclude that 2D-STE provides reliable and repro-
ducible estimates of the extent of segmental necrosis. By
measuring peak positive or negative strains during ejec-
tion time, our data suggest that longitudinal strain pro-
vides the most accurate estimate of the degree of
transmurality in an acute ischemia-reperfusion model.

Abbreviations
AUC: Area under the curve; LAD: Left anterior descending coronary artery;
MI: Myocardial infarction; ROC: Receiver operator characteristic; 2D-STE: Two-
dimensional speckle tracking echocardiography; TTC: 2,3,5-
triphenyltetrazolium chloride.

Competing interests
The author(s) declare that they have no competing interests.

Acknowledgements
The authors are greatly indebted to the staff at the Surgical Research
Laboratory at the University of Tromsø for excellent technical assistance.
Professor Truls Myrmel and Professor Dag Sørlie are acknowledged for vital
advice in the writing process. The work was supported by a grant from the
Northern Norway Regional Health Authority Trust.

Authors’ contributions
The authors contributions were as follows: EA, ES and RB designed the study.
EA and ES performed the experiments. AR obtained all echocardiographic
images. EA and AR performed the echocardiographic analysis. EA carried out
statistics and wrote the first manuscript draft. AR, RB and ES were all
involved in the revision of the first manuscript draft. All authors read and
approved the final manuscript.

Received: 30 January 2012 Accepted: 29 May 2012
Published: 29 May 2012

References
1. Li Y, Garson CD, Xu Y, Beyers RJ, Epstein FH, French BA, Hossack JA:

Quantification and MRI validation of regional contractile dysfunction in
mice post myocardial infarction using high resolution ultrasound.
Ultrasound Med Biol 2007, 33:894–904.

2. Urheim S, Edvardsen T, Torp H, Angelsen B, Smiseth OA: Myocardial strain
by Doppler echocardiography. Validation of a new method to quantify
regional myocardial function. Circulation 2000, 102:1158–1164.

3. Langeland S, D’hooge J, Wouters PF, Leather HA, Claus P, Bijnens B,
Sutherland GR: Experimental validation of a new ultrasound method for
the simultaneous assessment of radial and longitudinal myocardial
deformation independent of insonation angle. Circulation 2005,
112:2157–2162.

4. Amundsen BH, Helle-Valle T, Edvardsen T, Torp H, Crosby J, Lyseggen E,
Stoylen A, Ihlen H, Lima JA, Smiseth OA, Slordahl SA: Noninvasive
myocardial strain measurement by speckle tracking echocardiography:



Aarsæther et al. Cardiovascular Ultrasound 2012, 10:23 Page 10 of 10
http://www.cardiovascularultrasound.com/content/10/1/23
validation against sonomicrometry and tagged magnetic resonance
imaging. J Am Coll Cardiol 2006, 47:789–793.

5. Cho GY, Chan J, Leano R, Strudwick M, Marwick TH: Comparison of two-
dimensional speckle and tissue velocity based strain and validation with
harmonic phase magnetic resonance imaging. Am J Cardiol 2006,
97:1661–1666.

6. Burns RJ, Gibbons RJ, Yi Q, Roberts RS, Miller TD, Schaer GL, Anderson JL,
Yusuf S: The relationships of left ventricular ejection fraction, end-systolic
volume index and infarct size to six-month mortality after hospital
discharge following myocardial infarction treated by thrombolysis. J Am
Coll Cardiol 2002, 39:30–36.

7. Eek C, Grenne B, Brunvand H, Aakhus S, Endresen K, Hol PK, Smith HJ,
Smiseth OA, Edvardsen T, Skulstad H: Strain echocardiography and wall
motion score index predicts final infarct size in patients with non-ST-
segment-elevation myocardial infarction. Circ Cardiovasc Imaging 2010,
3:187–194.

8. Popovic ZB, Benejam C, Bian J, Mal N, Drinko J, Lee K, Forudi F, Reeg R,
Greenberg NL, Thomas JD, Penn MS: Speckle-tracking echocardiography
correctly identifies segmental left ventricular dysfunction induced by
scarring in a rat model of myocardial infarction. Am J Physiol Heart Circ
Physiol 2007, 292:H2809–H2816.

9. Migrino RQ, Zhu X, Pajewski N, Brahmbhatt T, Hoffmann R, Zhao M:
Assessment of segmental myocardial viability using regional
2-dimensional strain echocardiography. J Am Soc Echocardiogr 2007,
20:342–351.

10. Chan J, Hanekom L, Wong C, Leano R, Cho GY, Marwick TH: Differentiation
of subendocardial and transmural infarction using two-dimensional
strain rate imaging to assess short-axis and long-axis myocardial
function. J Am Coll Cardiol 2006, 48:2026–2033.

11. Sjoli B, Orn S, Grenne B, Ihlen H, Edvardsen T, Brunvand H: Diagnostic
capability and reproducibility of strain by Doppler and by speckle
tracking in patients with acute myocardial infarction. JACC Cardiovasc
Imaging 2009, 2:24–33.

12. Khalil PN, Siebeck M, Huss R, Pollhammer M, Khalil MN, Neuhof C, Fritz H:
Histochemical assessment of early myocardial infarction using
2,3,5-triphenyltetrazolium chloride in blood-perfused porcine hearts.
J Pharmacol Toxicol Methods 2006, 54:307–312.

13. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK,
Pennell DJ, Rumberger JA, Ryan T, Verani MS: Standardized myocardial
segmentation and nomenclature for tomographic imaging 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 2002, 105:539–542.

14. Shrout PE, Fleiss JL: Intraclass correlations: uses in assessing rater
reliability. Psychol Bull 1979, 86:420–428.

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

16. Reant P, Labrousse L, Lafitte S, Bordachar P, Pillois X, Tariosse L, Bonoron-
Adele S, Padois P, Deville C, Roudaut R, Dos SP: Experimental validation of
circumferential, longitudinal, and radial 2-dimensional strain during
dobutamine stress echocardiography in ischemic conditions. J Am Coll
Cardiol 2008, 51:149–157.

17. Jones CJ, Raposo L, Gibson DG: Functional importance of the long axis
dynamics of the human left ventricle. Br Heart J 1990, 63:215–220.

18. Lyseggen E, Skulstad H, Helle-Valle T, Vartdal T, Urheim S, Rabben SI, Opdahl
A, Ihlen H, Smiseth OA: Myocardial strain analysis in acute coronary
occlusion: a tool to assess myocardial viability and reperfusion.
Circulation 2005, 112:3901–3910.

19. Edvardsen T, Skulstad H, Aakhus S, Urheim S, Ihlen H: Regional myocardial
systolic function during acute myocardial ischemia assessed by strain
Doppler echocardiography. J Am Coll Cardiol 2001, 37:726–730.

20. Sjoli B, Orn S, Grenne B, Vartdal T, Smiseth OA, Edvardsen T, Brunvand H:
Comparison of left ventricular ejection fraction and left ventricular
global strain as determinants of infarct size in patients with acute
myocardial infarction. J Am Soc Echocardiogr 2009, 22:1232–1238.

21. Gjesdal O, Helle-Valle T, Hopp E, Lunde K, Vartdal T, Aakhus S, Smith HJ,
Ihlen H, Edvardsen T: Noninvasive separation of large, medium, and small
myocardial infarcts in survivors of reperfused ST-elevation myocardial
infarction: a comprehensive tissue Doppler and speckle-tracking
echocardiography study. Circ Cardiovasc Imaging 2008, 1:189–96. 2.
22. Rosner A, Avenarius D, Malm S, Iqbal A, Baltabaeva A, Sutherland GR,
Bijnens B, Myrmel T: Persistent dysfunction of viable myocardium after
revascularization in chronic ischaemic heart disease: implications for
dobutamine stress echocardiography with longitudinal systolic strain
and strain rate measurements. Eur Heart J Cardiovasc Imaging 2012,
in press.

23. Streeter DD Jr, Basset DL: An Engineering Analysis of Myocardial Fiber
Orientation in Pig’s Left Ventricle in Systole. Anat Rec 1966, 155:503–511.

24. Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH: Left
ventricular fibre architecture in man. Br Heart J 1981, 45:248–263.

25. Sanchez-Quintana D, Garcia-Martinez V, Climent V, Hurle JM: Morphological
changes in the normal pattern of ventricular myoarchitecture in the
developing human heart. Anat Rec 1995, 243:483–495.

26. Stevens C, Remme E, LeGrice I, Hunter P: Ventricular mechanics in diastole:
material parameter sensitivity. J Biomech 2003, 36:737–748.

27. Smiseth OA, Remme EW: Regional left ventricular electric and mechanical
activation and relaxation. J Am Coll Cardiol 2006, 47:173–174.

28. Baltabaeva A, Marciniak M, Bijnens B, Moggridge J, He FJ, Antonios TF,
MacGregor GA, Sutherland GR: Regional left ventricular deformation and
geometry analysis provides insights in myocardial remodelling in mild to
moderate hypertension. Eur J Echocardiogr 2008, 9:501–508.

doi:10.1186/1476-7120-10-23
Cite this article as: Aarsæther et al.: Peak longitudinal strain most
accurately reflects myocardial segmental viability following acute
myocardial infarction - an experimental study in open-chest pigs.
Cardiovascular Ultrasound 2012 10:23.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Protocol
	Two-dimensional speckle tracking echocardiography
	Staining of the hearts

	link_Fig1
	Variability analysis
	Statistical methods

	link_Fig2
	Results
	Basic hemodynamics
	Necrosis
	Relationship between necrosis and strain
	Myocardial deformation parameters at baseline and following MI in viable, subendocardial and transmural necrotic segments

	link_Tab1
	link_Fig3
	Transmural necrotic segments exhibited biphasic strain curves
	Peak longitudinal strain more often detected abnormal systolic lengthening following MI
	Diagnostic accuracy

	link_Tab2
	link_Fig4
	Inter- and intra-observer variability

	Discussion
	link_Fig5
	link_Tab3
	Limitations of the study

	Conclusions
	Competing interests
	Acknowledgements
	Authors&rsquo; contributions
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


