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Abstract

Efficacy of potential treatments for myocardial infarction (MI) is commonly assessed by histological
measurement of infarct size in rodent models. In experiments involving an acute MI setting,
measurement of the infarcted area in tissue sections of the left ventricle (LV) is a standard approach
to determine infarct size. This approach has also been used in the chronic infarct setting to measure
infarct area several weeks post-MI. We tested the hypothesis that due to wall thinning that is known
to occur in the chronic setting, the area measurement approach would be less appropriate. We
compared infarct measurements in tissue sections based on (1) infarct area, (2) epicardial and
endocardial infarct arc lengths, and (3) midline infarct arc length. Infarct size from all three
measurement approaches correlated significantly with LV ejection fraction (LVEF) and wall motion
abnormality. However, the infarct size values derived from area measurement were significantly
smaller than those from the other measurements, and the range of values obtained was compressed
0.4-fold. The midline method was able to detect the expected size differences between infarcts of
variable severity resulting from proximal vs. distal ligation of the coronary artery. Segmental infarct
size was correlated with segmental wall motion abnormality. We conclude that both area- and length-
based measurements can determine relative infarct size over a wide range of severity but the area-
based measurements are substantially more compressed due to wall thinning, and that the estimation
of infarct midlines is a simple, reliable approach to infarct size assessment.
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Introduction

Rodent models of myocardial infarction (MI) have been employed frequently to elucidate the
pathophysiological and molecular mechanisms of cardiac remodeling following the onset of
MI (5,7,18,19,23,24). In recent years, the delivery of potentially therapeutic genes and the
implantation of stem cells have attracted much interest and have been evaluated using rat or
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mouse MI models (2,4,9,12,14,21,22). In many published studies exploring these potential
therapies, success has commonly been evaluated by determination of infarct size, as well as
functional and other histological parameters. In experiments involving an acute MI setting,
infarct size is typically based on histological measurement of the area of the infarcted region
in tissue sections of the left ventricle (LV) (13,16,20,26). In contrast, histological measurement
of the arc length of the infarct scar has been commonly measured in a chronic MI setting (8,
14,18,19). Although it is well known that there is progressive thinning of the infarcted wall
with reduction in the volume of the infarcted region (Figure 1) (6), area measurement is also
used in the chronic infarct setting, taking infarct area measurements in tissue sections several
weeks post-MI (9,10,23). In this study, we have compared histological infarct size derived
from area- and length-based measurements in a chronic setting at 4 weeks after the onset of
MI. Moreover, we have validated a simplified length-based measurement of infarct size,
midline length measurement, that is comparable in sensitivity to the traditional length-based
measurement approach.

Materials and Methods

Animals

Male C57BL/6 mice, aged 10 weeks, with body weight ranging from 22—28 g, were used for
this study. All animal procedures were carried out in accordance with the guidelines of the
Institutional Animal Care and Use Committee of the University of California, San Francisco.

Induction of Myocardial Infarction

After anesthesia with isoflurane (4% induction, 2% maintenance), mice were intubated with
polyethylene-50 tube (Intramedics, Becton-Dickinson; Sparks, MD) and connected to a small
animal volume-control ventilator (Harvard Apparatus; Holliston, MA). Ventilation was done
with a tidal volume of 350 pl at 120 cycles/min. Each mouse was placed in a supine position
on a heating table to prevent hypothermia during anesthesia. The heart was then exposed via
a sternotomy with the use of a small retractor. The heart was positioned so that the LV, aorta
and left atrium were exposed for suture placement. A 7—0 suture was placed in the anterior
myocardium to occlude the left anterior descending artery (LAD). The heart was returned to
its original position and a small piece of Sepra film (Genzyme Biosurgery, Cambridge, MA)
was placed on the surface of the LV to reduce adhesions. The sternum incision was closed with
7—0 sutures and the skin incision was closed with 4-0 sutures. The endotracheal tube was
gently retracted after spontaneous breathing was restored. Relatively large infarctions were
induced by proximal ligation (4 mm from apex) of the LAD, and relatively small infarctions
were induced by distal ligation (2 mm from the apex).

Echocardiography

Transthoracic echocardiography was performed at 28 days after LAD ligation using a Vevo
660 system (VisualSonics, Toronto, Canada) equipped with a 30 MHz real time
microvisualization scan head probe at a frame rate of 65 frames/sec. Each mouse was
anesthetized with 1.5% isoflurane and placed on a heating table in a supine position, and its
extremities were fixed to 4 electrocardiography leads on the table. The chest was shaved and
further cleaned with a chemical hair remover (Nair) to minimize ultrasound attenuation.
Warmed Aquasonic 100 gel (Parker Laboratories, Fairfield, NJ) was applied to the thorax
surface to optimize visibility of the cardiac chambers. A parasternal long axis B-mode image
was acquired with appropriate position of the probe so that the maximum LV length could be
identified. Three short axis B-mode images of the LV were taken at basal, mid-ventricular, and
apical levels of the LV. Using the frames of the long axis image with the maximal and minimal
cross sectional area in a heart cycle, LV end-systolic and end-diastolic volume (LVESV,
LVEDV) were calculated respectively with the following formula: LV volume = (8 / 37) x
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(endocardial area? / endocardial long axis length) (25). Average LV volumes were calculated
from three representative measurements over multiple heart cycles. LV ejection fraction
(LVEF) was calculated as LVEF=[(LVEDV-LVESV)/LVEDV]x100. Three short axis images
were used to obtain wall motion score index (WMSI) (25). The myocardium at basal and mid-
ventricular levels was divided into 6 segments, and at the apical level into 4 segments. Regional
wall motion in each segment was scored as 1-normal, 2-hypokinetic, 3-akinetic, 4-dyskinetic
and 5-aneurysmal. WMSI was defined as the total of the wall motion scores divided by the
number of segments scored. LVEF and WMSI were used to validate infarct sizes derived from
three measurement approaches.

Preparation of Heart Sections

After echocardiography, the heart was excised under deep anesthesia with inhalation of 5%
isoflurane. In some cases described below, 0.1 ml saturated KCI was injected into the LV
chamber before the hearts were harvested to arrest them in diastole (1,3,4,10). The left and
right atria and large vessels were resected, the heart was washed with saline, embedded in
O.C.T. compound (Sakura Finetechnical USA, Inc., Torrance, CA), and frozen in a bath of 2-
methylbutane with dry ice. The hearts were stored at —80°C and sliced transversely from the
apex to the basal part of the LV with the use of a cryostat at 6 um thickness with the interval
of 300 um between each section. All sections were mounted on glass slides and stained with
Masson trichrome stain for quantitative analysis of infarct size.

Measurement of infarct size

All histological sections were examined with a Nikon Eclipse ES00 microscope using a 1x
objective. Images were captured with a Retiga CCD camera with the use of Openlab software
(Improvision, Lexington, MA). ImageJ 1.34 software was used to measure lengths and areas
of infarct and LV. The scar was measured in each section by an investigator who was blinded
to the identity of the sections using the following three approaches:

1) Area measurement—Infarct scar area and the total area of LV myocardium were traced
manually in the digital images and measured automatically by the computer.. Infarct size,
expressed as a percentage, was calculated by dividing the sum of infarct areas from all sections

by the sum of LV areas from all sections (including those without infarct scar) and multiplying
by 100.

2) Length measurement—Four lengths, including epicardial and endocardial infarct
lengths, and epicardial and endocardial circumferences, were traced manually in the digital
images and measured automatically by the computer. To define the infarct lengths, endocardial
infarct length was taken as the length of endocardial infarct scar surface that included greater
than 50% of the whole thickness of myocardium, and epicardial infarct length as the length of
the transmural infarct region (Figure 2). Epicardial infarct ratio was obtained by dividing the
sum of epicardial infarct lengths from all sections by the sum of epicardial circumferences
from all sections. Endocardial infarct ratio was calculated similarly. Infarct size derived from
this approach was calculated as [(epicardial infarct ratio+endocardial infarct ratio) /2] x100.

3) Midline length measurement—The LV myocardial midline was drawn at the center
between the epicardial and endocardial surfaces and the length of the midline was measured
as midline circumference. Midline infarct length was taken as the midline of the length of
infarct that included greater than 50% of the whole thickness of the myocardial wall. Infarct
size derived from midline length measurement was calculated by dividing the sum of midline
infarct lengths from all sections by the sum of midline circumferences from all sections and
multiplying by 100.
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Segmental histological infarct size was also measured using area and midline length
measurement. A section at mid-ventricular level was selected and the LV wall was divided
into 6 segments, similar to the assessment of echocardiographic wall motion abnormality. The
area and the midline length of each segment, and of the infarct region in each segment, were
measured in similar fashion to each measurement approach described above. The segmental
infarct size was calculated as the percentage of infarct area or length in each segment.

Statistical Analysis

Results

All data are expressed as mean + SD. Analysis of variance was used for comparison of more
than two groups. Unpaired t-test was applied to the comparison between two groups.
Correlations between infarct size and LVEF and between infarct size and WMSI were tested
by linear regression analysis. P < 0.05 was considered statistically significant.

Validation of three measurement approaches for infarct size assessment

MI was induced in 23 mice, and both LVEF and WMSI were measured by echocardiography
at 28 days post-MI, after which the hearts were harvested, sectioned, and stained with Masson
trichrome to visualize the infarct scar. We then calculated infarct size scores using the three
measurement approaches for infarct size, described in the Methods section: (1) an area
measurement approach, (2) a length measurement approach based on epicardial and
endocardial scar arc lengths, and (3) a simplified midline length measurement approach. Figure
3 shows the range of values obtained with each approach. The order of the values was mostly
consistent from method to method. However, the infarct size values obtained using area
measurement were significantly smaller than those using length measurement and midline
length measurement (area measurement 12.0+£5.9% vs. length measurement 30.1+15.5%,
midline length measurement 29.9+£16.5%, p<0.01), and the range of values obtained was
compressed 0.4-fold. Linear regression analyses showed that infarct size values from all three
measurement approaches correlated significantly with both LVEF and WMSI (Figure 4). The
segmental infarct size was measured on a histological section at mid-ventricular level in 8 of
these hearts. The segmental infarct size derived from both the area and midline length
measurement approaches also significantly increased with the severity of wall motion
abnormality in that segment (Figure 5). These results indicate that area measurement can be
used to represent the relative sizes of a group of infarct scars at 28 days after LAD ligation,
but that the resulting values are compressed compared to those obtained by both length-based
measurement approaches.

Minimum number of sections per heart required for reliable measurement of infarct size

To assess the minimum number of sections per heart required for the reliable measurement of
infarct size, we calculated infarct sizes for each heart in the previous experiment using
progressively smaller subsets of sections. As detailed in Figure 6, infarct sizes from each heart
were calculated using all, one-half (1/2), one-third (1/3), one-fourth (1/4), and one-fifth (1/5)
of the sections initially collected. (“All” refers to sections collected at 300 um intervals, see
Methods.) The average number of sections counted for each condition was 19.3+2.4 for “all”
sections, 9.9+1.1 in 1/2 sections, 6.7+0.9 in 1/3 sections, 5.2+0.6 in 1/4 sections, and 3.7+0.5
in 1/5 sections. Infarct size values for each heart remained consistent for all, 1/2, and 1/3
subsets, especially using both length-based approaches, and variability was substantially
greater starting with the 1/4 subset based on comparisons within each animal (Figure 6). To
quantify this variability for each subset of sections, we calculated the absolute value of the
deviation from the infarct size derived from all sections. The reduction of the number of
sections measured caused a significant increase in the deviation of infarct size obtained (Figure
7). The correlation coefficients between infarct size and both LVEF and WMSI were high using
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all subsets of sections. We conclude that while reasonable values can be calculated using 1/4
or 1/5 of the sections, use of 1/3 of the sections is optimal and there is little to be gained from
including more sections than 1/3 in the analysis.

The further validation of midline length measurement

Because the previous analyses were performed retrospectively in a range of infarcts from a
single group, we performed a prospective study in which infarcts of different expected sizes
were induced by ligation of the LAD in 2 different locations. MI was induced by proximal
ligation (4 mm from apex) and distal ligation (2 mm from apex) of the LAD in 8 mice per
group. All mice underwent echocardiography at 4 weeks post-MI. The infarct size was
determined using midline length measurement. Because one mouse that underwent proximal
ligation died during observation period, infarct size was measured in a total of 15 infarcted
hearts (proximal ligation; n=7, distal ligation; n=8). Midline length measurement successfully
distinguished between predicted large and small infarcts induced by different ligation sites
(proximal ligation 33.6+£8.53% vs. distal ligation 13.8+5.3%, p<0.01). The significant
correlation between infarct size and LVEF was also observed in this experiment (n=15, r=0.87,
p<0.01).

Discussion

In this study we have demonstrated that infarct size values measured by area-based and length-
based approaches at 28 days post-MI were highly correlated with cardiac systolic dysfunction,
but that infarct size values obtained with area measurement were significantly compressed
compared to those using the length-based approaches.

Cardiac remodeling following the onset of M1 is accompanied by structural changes in the LV,
such as chamber dilatation, wall thinning in the infarcted region, and hypertrophy in the viable
region (11,17,18). These changes imply that the opposing changes of wall thickness in dead
and viable myocardium may obscure the relationship between the functional severity of MI
and the resulting percentage of infarct scar volume, which is the parameter measured by area-
based approaches. In contrast, length-based approaches measure the extent to which the infarct
scar radially covers the wall of the left ventricle, without being influenced by thinning of the
wall.

Fishbein et al. (6) conducted early studies using a rat model of MI in which they quantified
histological infarct size, and determined that there was progressive thinning of the infarcted
wall with reduction in volume of the MI throughout its evolution, but no decrease in the
percentage of the surface area of the LV involved. In a mouse model of MI, Virag et al. (23)
showed that infarct size using area-based measurement reduced from 38+5% at 4 days to 20
+49% at 28 days after LAD ligation with the formation of scar tissue, and Lutgens et al. (11)
found that infarct size measured by a length-based measurement was similar from 1 week
through 5 weeks after the onset of MI despite a progressive increase in LV diameter. Although
these reports support and supplement our results, infarct sizes in these studies were not
validated by comparison to the severity of cardiac dysfunction. Kanno et al. (8) estimated
infarct size by obtaining infarct areas from sequential B-mode echocardiographic short axis
images in a mouse MI model and demonstrated significant correlations between the estimated
infarct size, the histological infarct size using area-based measurement, and LVEF. However,
they assessed infarct size only in the acute setting, at 1 day and 1 week after LAD ligation,
during which the structural changes of the L'V due to cardiac remodeling are still in progress.
Although Gao et al. (7) reported significant relationships between infarct size and fractional
shortening measured by echocardiography at 9 weeks after the onset of MI, they used only
length-based measurement. In the present study, we directly compared infarct size values
obtained using area- and length-based measurement approaches in a chronic MI setting, and
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determined that infarct sizes derived from area measurement, length measurement and midline
length measurement all reflect the severity of systolic dysfunction. However, we observed that
infarct size scores obtained from the area measurement were substantially lower compared
with those using length measurement and midline length measurement. Our results indicates
that area- and length-based measurement approaches are both reasonable, but length-based
approaches are able to document changes in the severity of the infarction with greater resolution
than area-based measurement in a chronic MI setting.

The advantage of the midline length measurement that we have proposed in this study over the
commonly-used epicardial/endocardial measurement approach is that the number of
measurements required for each tissue section is reduced 2-fold, substantially increasing time-
efficiency. Despite reducing the number of measurements per section, infarct size values
derived from midline length measurement were almost identical to those using length
measurement in 23 infarcted mouse hearts with a wide range of cardiac systolic dysfunction.
Moreover, midline length measurement successfully distinguished between large infarcts and
small infarcts induced by different LAD ligation sites. Therefore, we propose that midline
length measurement for assessment of infarct size is a relatively simple yet reliable alternative
to those approaches currently in common use.

An alternative strategy for the assessment of chronic infarct size is to estimate the amount of
missing myocardium (15). Because it is based on the extent of myocardial death, rather than
the remaining scar, this concept is quite sensible and is likely to yield the measurements that
best reflect the severity of an infarct in the ideal situation. However, it is difficult to obtain a
reliable measure of the missing myocardium without making assumptions based on the
relationships between mass, cell number, and wall thickness in average hearts, which can be
of uncertain validity for the specific hearts in a given experiment. Potentially for this reason,
most investigators have opted to base their histological assessments of chronic infarct size on
either area- or arc length-based measurement approaches. While none of these histological
measurements or even functional measurements serve as a gold standard for infarct severity,
they strengthen each other by being able to rank a series of infarcts in a relatively consistent
order. Similarly, a limitation of the functional measurement aspect of this study is that the
echocardiographic frame rate is relatively low compared to the high beat rate of the mouse
heart (~8 frames/heart cycle). However, our measurements taken over three heart cycles were
consistent with the corresponding histological measurements. Therefore, while none of the
approaches discussed here result in perfect representations of the consequences of MI, we
propose that the midline length measurement presents a simple approach that makes minimal
assumptions, and does not sacrifice sensitivity relative to the more commonly-used epicardial/
endocardial length approach.

In spite of the widespread uses of histological infarct size measurement in mouse MI models,
the studies of which we are aware have not explored the minimum number of sections to be
measured for the reliable calculation of infarct size. The most accurate infarct size
determination theoretically derives from the use of 100% of the tissue, but the standard
approach is to cut tissue sections at defined intervals and to discard the rest of the tissue. Even
for the tissue sections that are collected, we hypothesized that progressively smaller subsets of
sections could be measured with insignificant loss of accuracy, until a certain point at which
the number of sections is too small and the resulting numbers begin to deviate from the
theoretical “real” number. To address this issue, we calculated the deviation of infarct size
measurements derived from different numbers of sections per heart from those using all
sections. Our results showed that there was a significant increase or a tendency to increase in
the deviation of infarct size between 1/5 (3—4 sections per heart) and 1/2 (9—11 sections per
heart) of all sections. Although infarct size using 1/5 and 1/4 of all sections still correlates with
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the severity of cardiac dysfunction, that the point at which both simplicity and reliability are
maximized appears to be measurement of 6—8 sections (1/3 of all sections).

We conclude that (1) both area- and length-based measurements can determine relative infarct
size over a wide range of severity but the area-based measurements are substantially more
compressed; (2) midline length measurement is a reliable and simple way to assess infarct size
compared to conventional length measurement approaches; and (3) measurement of 6—8 tissue
sections per heart is optimal for the assessment of infarct size using length based methods. We
propose that this approach to assessment of chronic infarct size is well suited for experiments
involving potential therapies for MI when assessed in a chronic setting.
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Figure 1.
Comparison of infarct area in transversely sectioned hearts excised at (A) 1 day and (B) 28
days after the onset of myocardial infarction. The area surrounded by a broken line indicates

infarct area.
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Figure 2.

The infarct region of section (A) consists only of scar tissue, but that of section (B) includes
scar and viable tissue. To define the infarct lengths for the measurement of the latter case,
endocardial infarct length (green arrow) was taken as the length of infarct that includes more
than 50% of the whole thickness of myocardium, and epicardial length (red arrow) as the length
of transmural infarct region. The broken white line marks the midline of the myocardium and
the yellow arrow marks the midline length of the infarct scar. The thin solid white lines mark
the extent of the transmural infarct, and the thick solid white lines mark the extent of the infarct
that includes greater than 50% of the whole thickness of the myocardium. All measurements
were blinded.
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Figure 3.
Infarct size obtained from the three measurement approaches. The infarct size using area
measurement was significantly smaller than those using the length-based measurements. The
difference between area measurement and both length measurement methods became larger
with increasing infarct size. Mean values are denoted by open squares. #; p<0.01.
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Linear correlations between infarct size derived from the three measurement approaches and:

(A) left ventricular ejection fraction (LVEF), and (B) wall motion score index (WMSI)
measured by echocardiography.
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Figure 5.

The relation between the segmental histological infarct size and the echocardiographic wall
motion score (1=normokinesis, 2=hypokinesis, 3=akinesis, 4=dyskinesis, 5=aneurysm) in the
corresponding segment at midventricular level. No distinction is made here between scores of
3,4, and 5 because their difference applies to global wall motion, rather than motion of
individual wall segments. (A) infarct size derived from area measurement, (B) infarct size
derived from midline length measurement. The bold line indicates the mean value of each
subgroup.
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Figure 6.

(A) Infarct size obtained from the three measurement approaches using different numbers of
sections in 23 infarcted hearts. (B) An example of histological sections taken from an infarcted
heart. The sections were taken from the apex through the basal part of the left ventricle at
regular intervals according to the number of sections measured in each group. Circles indicate
the sections selected in each subset for the measurement of infarct size.
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Figure 7.

(A) The average deviation of infarct size obtained from different subsets of sections from that
obtained from all sections. This represents the variability encountered by measuring scars in
different numbers of sections. #; p<0.05, ##; p<0.01. (B) Correlation coefficients between left
ventricular ejection fraction (LVEF) and infarct size values derived from the 3 measurement
methods using 5 different numbers of sections. (C) Correlation coefficients between wall
motion score index (WMSI) and infarct size values derived from the different approaches.
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