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Effect of Ischemia Duration and Protective Interventions
on the Temporal Dynamics of Tissue Composition After
Myocardial Infarction

Rodrigo Ferndndez-Jiménez, Carlos Galdn-Arriola, Javier Sdnchez-Gonzdlez, Jaume Agiiero,
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Rationale: The impact of cardioprotective strategies and ischemia duration on postischemia/reperfusion (I/R)
myocardial tissue composition (edema, myocardium at risk, infarct size, salvage, intramyocardial hemorrhage,
and microvascular obstruction) is not well understood.

Objective: Tostudy the effect of ischemia duration and protective interventions on the temporal dynamics of myocardial
tissue composition in a translational animal model of I/R by the use of state-of-the-art imaging technology.

Methods and Results: Four 5-pig groups underwent different I/R protocols: 40-minute I/R (prolonged ischemia,
controls), 20-minute I/R (short-duration ischemia), prolonged ischemia preceded by preconditioning, or prolonged
ischemia followed by postconditioning. Serial cardiac magnetic resonance (CMR)-based tissue characterization
was done in all pigs at baseline and at 120 minutes, day 1, day 4, and day 7 after I/R. Reference myocardium at risk
was assessed by multidetector computed tomography during the index coronary occlusion. After the final CMR,
hearts were excised and processed for water content quantification and histology. Five additional healthy pigs
were euthanized after baseline CMR as reference. Edema formation followed a bimodal pattern in all 40-minute
I/R pigs, regardless of cardioprotective strategy and the degree of intramyocardial hemorrhage or microvascular
obstruction. The hyperacute edematous wave was ameliorated only in pigs showing cardioprotection (ie, those
undergoing short-duration ischemia or preconditioning). In all groups, CMR-measured edema was barely
detectable at 24 hours postreperfusion. The deferred healing-related edematous wave was blunted or absent in
pigs undergoing preconditioning or short-duration ischemia, respectively. CMR-measured infarct size declined
progressively after reperfusion in all groups. CMR-measured myocardial salvage, and the extent of intramyocardial
hemorrhage and microvascular obstruction varied dramatically according to CMR timing, ischemia duration,
and cardioprotective strategy.

Conclusions: Cardioprotective therapies, duration of index ischemia, and the interplay between these greatly
influence temporal dynamics and extent of tissue composition changes after I/R. Consequently, imaging techniques
and protocols for assessing edema, myocardium at risk, infarct size, salvage, intramyocardial hemorrhage, and
microvascular obstruction should be standardized accordingly. (Circ Res. 2017;121:439-450. DOI: 10.1161/
CIRCRESAHA.117.310901.)
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What Is Known?

e Edema formation, inflammation, and microvascular injury contribute to
irreversible loss of cardiac myocytes after myocardial I/R.

e The presence and extent of these processes and tissue healing are

associated with outcome after MI.

Evaluation of myocardial tissue composition changes by CMR imaging

(ie, tissue characterization) serves as surrogate end points in experi-

mental and clinical studies and clinical trials.

What New Information Does This Article Contribute?

By using serial CMR exams in a translational large animal model of I/R,
this study shows that the temporal dynamics and extent of post-MI tis-
sue composition changes are greatly influenced by the application of
cardioprotective interventions, the duration of the index ischemia, and
the interplay between them.

Rather than estimates of the ischemic area alone, the degree and spa-
tial extent of myocardial edema seems to be a surrogate marker of
ischemic insult severity.

Novelty and Significance

e These findings highlight the need for protocol standardization when
using post-MI imaging techniques to measure relevant end points in
experimental and clinical studies.

Post-MI tissue composition is highly dynamic and could be char-
acterized by CMR, which has been used to assess surrogate out-
comes and efficacy end points in many experimental and clinical
studies. However, there is paucity of studies tracking the tempo-
ral dynamics of these processes in a comprehensive manner. Our
current work shows that the degree and extent of post-MI tissue
composition changes (edema, necrosis, hemorrhage, and MVO)
as assessed by CMR are greatly influenced by the time of image
acquisition, duration of ischemia, cardioprotective strategies, and
the interplay between them. Therefore, clinical and experimental
imaging protocols for post-MI tissue characterization aiming at
quantifying edema, myocardial area at risk, IS, myocardial sal-
vage, IMH, and MVO should take into consideration these dynam-
ics and be as standardized as possible.

Nonstandard Abbreviations and Acronyms
CMR cardiac magnetic resonance

IMH intramyocardial hemorrhage

I/R ischemia/reperfusion

IR-TFE inversion recovery turbo field echo
IS infarct size

LAD left anterior descending

LGE late gadolinium enhancement

v left ventricle

LVEF left ventricular ejection fraction

MaR myocardium at risk

MDCT multidetector computed tomography
Mi myocardial infarction

MvO microvascular obstruction

ROI region of interest

STIR short-tau triple inversion-recovery
T2W T2-weighted

schemia/reperfusion (I/R) results in a dramatic change of myocar-

dial tissue composition, mainly in the first days after myocardial
infarction (MI)."? Edema formation, inflammation, microvascular
injury, and ultimately healing, among other phenomena, accom-
pany irreversible loss of cardiac myocytes after MI. Cardiac mag-
netic resonance (CMR) can noninvasively identify most of these
phenomena; however, accounting for the temporal dynamics and
factors affecting post-MI tissue composition might be crucial for a
precise assessment of related imaging end points. To date, this has
not been studied in a comprehensive manner.

Editorial, see p 326
Meet the First Author, see p 312

For years, the intense edematous reaction appearing in the
postischemic region early after MI was thought to persist in sta-
ble form for at least 1 week.>* On this basis, delineating the ex-
tent of post-MI edema by CMR rapidly became established as a

measure of the original occluded coronary artery perfusion terri-
tory (myocardium at risk [MaR]).> Thus, the amount of salvaged
myocardium’—a theoretically better surrogate of the effect of
cardioprotective therapies®*—has been estimated from quantifica-
tions of the extent of delayed gadolinium enhanced myocardium
(infarct size [IS]) and the extent of myocardial edema (assumed
to delineate the MaR) in the same imaging session. Consequently,
multiple clinical and experimental studies have used CMR-
measured edema and IS as end points, within a single imaging
session performed at a variety of post-MI time points.” Recent
evidence has challenged the view of a stable post-MI edema reac-
tion, demonstrating dynamic changes in edema in a pig model of
ML In this model, an initial hyperacute edema reaction on re-
perfusion resolves within 24 hours and is followed by a deferred
healing-related edema wave occurring a few days after reperfu-
sion. Notably, intramyocardial hemorrhage (IMH) and microvas-
cular obstruction (MVO) can counteract the high-intensity edema
signal on T2 sequences by reducing tissue T2 relaxation time.
The impact of IMH and MVO on the bimodal edematous reac-
tion is, thus, a matter of intense debate.'>"> Moreover, the extent/
degree of edema might be lower in patients undergoing infarct-
limiting cardioprotective interventions.'!” Another variable that
might differently affect post-MI tissue composition is ischemia
duration.'® However, CMR exams were performed at different
time points in these studies, precluding a definitive interpretation.

In summary, temporal dynamics and extent of post-I/R
key phenomena (edema, necrosis, MVO, and IMH) might be
affected by duration of the index ischemic event, by the ap-
plication of cardioprotective interventions and the interplay
between them, but to date, this has not been studied in a com-
prehensive manner. To elucidate these, we designed an experi-
mental study in which pigs underwent different myocardial I/R
protocols. CMR was performed at baseline and at 120 minutes,
24 hours, 4 days, and 7 days after I/R for the serial noninvasive
assessment of myocardial edema, extent of IMH and MVO,
IS, and myocardial salvage. Histology and quantification of
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myocardial water content by reference standard were per-
formed at sacrifice immediately after the final CMR scan.

Methods

Study Design and MI Procedure
The study population comprised 25 Large White male pigs weighing
30 to 40 kg. The study was approved by the Institutional and Regional
Animal Research Committees, and the study design is summarized
in Online Figure I. Five pigs were euthanized with no intervention
other than baseline CMR and served as reference healthy subjects.
A group of 5 pigs underwent reperfused transmural acute MI by
closed-chest I/R, consisting of 40-minute left anterior descending
coronary artery occlusion followed by balloon deflation and rees-
tablishment of blood flow,'* and were euthanized at 7 days after I/R
serving as controls. Three additional groups of 5 animals each un-
derwent modified I/R protocols incorporating different protective
strategies followed by sacrifice on day 7: preconditioning, 40-minute
I/R preceded by three 5-minute cycles of balloon inflation/deflation
in the left anterior descending; postconditioning, 40-minute I/R fol-
lowed by four 1-minute cycles of balloon inflation/deflation in the
left anterior descending; and short-duration ischemia, 20-minute I/R.
Arterial enhanced multidetector computed tomography (MDCT) was
performed during the index coronary occlusion, between minute 10 and
minute 20 of ischemia, to delineate the reference MaR (MDCT-MaR,
hypoperfused region during coronary occlusion).'” Comprehensive CMR
exams were performed at baseline and at 120 minutes, 24 hours, day 4,
and day 7 after I/R. Animals were immediately euthanized after the final
follow-up CMR scan, and myocardial tissue samples from ischemic ar-
eas were rapidly collected for histology and evaluation of water content.
Full methods are provided in the Online Data Supplement.

Arterial Enhanced MDCT Protocol and Analysis
Arterial phase MDCT studies were performed on a 64-slice com-
puted tomographic-scanner (Brilliance CT 64; Philips Healthcare,
Cleveland, OH) after intravenous administration of iodinated con-
trast media.’ MDCT images were analyzed using dedicated soft-
ware (MR Extended Work Space 2.6; Philips Healthcare, Best, The
Netherlands) by 2 observers blinded to group allocation. Short axes
orientation were obtained from volumetric computed tomographic
images by multiplanar reconstruction using equivalent anatomic co-
ordinates used for T2-weighted short-tau triple inversion-recovery
(T2W-STIR) planning acquisition. MaR and remote areas were visu-
ally identified based on contrast enhancement differences, manually
delineated, and expressed as a percentage of left ventricle (LV) area.

Detailed information about imaging MDCT protocol and analysis
is shown in the Online Data Supplement.

CMR Protocol and Analysis

Baseline CMR scans were performed immediately before MI, and
scans were subsequently repeated at all postinfarction follow-up times
until sacrifice. CMR examinations were conducted with a Philips
3-Tesla Achieva Tx whole body scanner (Philips Healthcare, Best, The
Netherlands) equipped with a 32-element phased-array cardiac coil. The
imaging protocol included a standard segmented cine steady-state free-
precession sequence to provide high quality anatomic references and as-
sessment of LV mass, wall thickness, and LV ejection fraction (LVEF);
a T2W-STIR sequence to assess the extent of edema and IMH; a T2-
gradient-spin-echo mapping sequence to provide precise myocardial T2
relaxation time properties;* and a T1-weighted inversion recovery turbo
field echo sequence acquired 10 to 15 minutes after the administration
of gadolinium contrast (late gadolinium enhancement [LGE]) to assess
IS and MVO. To avoid any interference with T2 measures at immedi-
ate reperfusion, gadolinium contrast was not administered at baseline
CMR scans. CMR images were analyzed using dedicated software
(MR Extended Work Space 2.6; QMassMR 7.6; Medis, Leiden, The
Netherlands) by 2 observers experienced in CMR analysis and blinded
to group allocation. Detailed information about imaging protocol and pa-
rameters and CMR analysis can be found in the Online Data Supplement.
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Myocardial Water Quantification and Histological
Analysis

Paired myocardial samples were collected within minutes of sacri-
fice from the ischemic myocardium of all pigs. Myocardial water
content was quantified by the desiccation technique and expressed
as a percentage of wet weight.!*!! Histological sections of the at-risk
myocardium were stained with hematoxylin and eosin, Masson tri-
chrome, and antineutrophil antibody.!' Full methods are presented in
the Online Data Supplement.

Statistical Analysis

Normal distribution of each data subset was checked using graphi-
cal methods and a Shapiro—Wilk test. Leven test was performed to
check homogeneity of variances. For quantitative variables, data are
expressed as mean+SD. A 1-way ANOVA was conducted for among-
group comparison of myocardial water content and MDCT-MaR. To
take account of repeated measures, generalized mixed models were
applied for the study and comparison of the temporal evolution of
T2, CMR-MaR, IS, IMH, MVO, and salvage myocardium within and
between groups. Pairwise comparisons among groups and time points
were performed and P value adjusted for multiple comparisons using
the Hochberg method. Post hoc test of trends over time for imaging
parameters by group was performed by using coefficients of orthogo-
nal polynomials. A Kruskal-Wallis test was conducted to compare the
number of inflammatory cells and collagen content among groups eu-
thanized at day 7. Associations between measured T2 relaxation time
and IMH, MVO, IS, and LVEF were evaluated by Pearson correlation
coefficient. All statistical analyses were performed with Stata v12.0
(StataCorp, College Station, TX). Graphs were generated with Stata
12.0 or GraphPad-Prism v6.0 (GraphPad Software, Inc, La Jolla, CA).

Results

Impact of Cardioprotective Strategies and Ischemia
Duration on T2 and Myocardial Water Content

T2 relaxation time determined at time points <7 days post-
reperfusion are summarized in Table 1. As already reported,
after 40-minute I/R, T2 relaxation times were significantly
prolonged at reperfusion, almost completely normalized at

Table 1. Time Profile of Myocardial T2 Relaxation in the
Ischemic Porcine Myocardium During the First Week After
Different I/R Protocols and Cardioprotective Strategies

T2 Relaxation Time, ms

Baseline | R-120 min | R-24h R-Day 4 R-Day 7
40-min
IR 46.5(3.0) | 74.8 (14.4) | 46.7 (4.9) | 66.4(8.3) | 78.9(11.7)
(controls)
40-min I 431 (4.1)| 73.4(8.8) | 46.1 (2.5)| 72.5(17.0) | 76.7 (16.8)
R+PostC T T o ' ' ' '
Pr'eC+40— 43.1(1.0) | 62.5(2.8)* | 49.1 (1.2) | 59.2 (10.8)* | 57.6 (10.3)*
min I/R
ﬁg'm'” 46,6 (2.0) | 58.3 (1.5 | 49.9(1.9)| 50.1 3.1)* | 48.7 (1.5

Values are mean (SD). No significant differences were found between groups
at baseline. A bimodal T2 time course was observed for all 40-min I/R pigs, with
no significant differences detected between 40-min I/R and 40-min I/R+PostC.
In contrast, PreC blunted both T2 peaks, whereas after 20-min I/R, the first peak
was blunted and the second, absent. I/R indicates ischemia/reperfusion; PostC,
postconditioning; and PreC, preconditioning.

*Statistically significant differences (P<0.05) compared with the same
time point in the 40-min I/R (control) group. P value is adjusted for multiple
comparisons among groups for each time point.
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Figure 1. Time profile of T2 relaxation time and measurements of myocardial water content in the ischemic myocardium after
different ischemia/reperfusion (I/R) protocols. A, Time profile of absolute T2 relaxation time (ms) in the ischemic myocardium of pigs
undergoing different I/R protocols. Data are shown as meanzstandard error of the mean. B, Representative serial cardiac magnetic
resonance T2-mapping images from pigs that underwent 40-min I/R (control), 40-min I/R followed by postconditioning (PostC), 40-min I/R
preceeded by preconditioning (PreC), or 20-min I/R; examinations were made at baseline, 120 min, 24 h, 4 d, and 7 d after reperfusion.
All T2 maps were scaled between 30 and 120 ms. C, Measurements of myocardial water content (%) in healthy pigs and in the ischemic
myocardium of pigs subjected to different I/R protocols and euthanized at day 7 after I/R. Myocardial water content (mean+SD, %) in
the healthy pig myocardium was 79.4+0.6%. Myocardial water content (mean+SD, %) in the ischemic myocardium of pigs undergoing
40-min I/R (controls), 40-min I/R+PostC, 40-min I/R preceded by PreC, and 20-min I/R (short-duration ischemia) at day 7 after I/R

was 85.2+0.9%, 84.7+1.4%, 82.2+1.1%, and 79.8+0.2%, respectively. Between-group differences of water content in the ischemic
myocardium remained statistically significant with the exception of 40-min I/R+PostC vs 40-min I/R and 20-min I/R vs healthy. Data

represented are meansztstandard error of the mean.

24 hours, then increasing again to reach a peak on day 7.'°
Preconditioning before 40-minute I/R resulted in a signifi-
cantly shorter T2 relaxation time at reperfusion and an ear-
lier and shorter deferred peak, occurring on day 4 rather than
day 7. Conversely, postconditioning had no effect on ede-
ma dynamics, with animals showing the standard bimodal

pattern with an initial peak at reperfusion and a deferred T2
prolongation peaking on day 7 (Figure 1A and 1B). Pigs sub-
jected to short-duration ischemia (20-minute I/R) showed a
unimodal pattern of edema, with T2 prolongation at reperfu-
sion, albeit blunted compared with 40-minute I/R, and no
deferred peak. True myocardial water content values in the
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ischemic myocardium were comparable with those estimat-
ed from T2 relaxation times on day 7 CMR (Figure 1C).

Impact of Cardioprotective Strategies and Ischemia
Duration on CMR-Measured MaR
Mean MaR measured by MDCT in the different groups was
as follows (% of LV): 40-minute I/R (controls), 28.3+4.3%;
preconditioning plus 40-minute I/R, 31.7+6.9%; 40-minute
I/R plus postconditioning, 31.3+4.0%; and short-duration
ischemia (20-minute I/R), 24.6+6.7% (statistically nonsignifi-
cant differences as compared with controls). Measurements of
MaR determined by T2W-CMR in these groups at different
times after reperfusion are summarized in Table 2.
CMR-measured MaR and T2 relaxation time showed simi-
lar time course patterns. Pigs subjected to 40-minute I/R with or
without postconditioning had significant swelling of the former-
ly ischemic myocardium at reperfusion (Online Table I; Online
Movies I through IV). Consequently, at early reperfusion, CMR-
measured MaR as delineated by T2W-STIR was significantly
higher than MaR measured by the reference standard MDCT in
these pigs (Figure 2A and 2B). Conversely, preconditioned and
20-minute I/R pigs developed edema at reperfusion but without
myocardial swelling (Online Table I; Online Movies V through
VIII), and, therefore, MaR measured by CMR was similar to
the value recorded by MDCT at this time point in these groups.
In all study groups, the initial edema wave dissipated by 24
hours postreperfusion, and CMR measurements systematically
underestimated MaR at this time point. On days 4 and 7 postre-
perfusion, CMR-measured MaR in control and postconditioned
pigs was similar to MaR measured by MDCT. Conversely, in
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preconditioned pigs, CMR- and MDCT-measured MaR values
were similar on day 4, but on day 7, CMR underestimated MaR
because of partial resolution of the deferred edema wave, which
appeared earlier, peaking on day 4. In pigs undergoing short-
duration ischemia (20-minute I/R), CMR underestimated MaR
at all time points after the first reperfusion scan because of the
absence of the deferred edema wave.

Impact of Cardioprotective Strategies and Ischemia
Duration on IS, Myocardial Salvage, IMH, and MVO
CMR measurements of IS and myocardial salvage after re-
perfusion are summarized in Table 2. IS was maximal at re-
perfusion and progressively shrank during the first week after
MI in all groups. Whereas postconditioning had no effect on
IS, preconditioning significantly reduced IS at all time points
(Figure 3A and 3B). In pigs undergoing short-duration isch-
emia, IS was negligible at all time points. In parallel with the
temporal variations in CMR-measured MaR, myocardial sal-
vage estimated by CMR dynamically changed over time and
according to the I/R protocol applied (Table 2). The time pro-
file of myocardium salvage as assessed by reference MDCT-
measured MaR and CMR IS is presented in Online Table II.

CMR measurements of IMH and MVO after reperfu-
sion are summarized in Online Table III. IMH was apparent
at 24 hours, peaking on day 4 post-I/R (Figure 2C), whereas
MVO was apparent early after reperfusion, peaking on day 1
post-I/R and progressively decreasing thereafter (Figure 3C).
Presence and extent of IMH and MVO were unaffected by
postconditioning, significantly reduced by preconditioning,
and negligible after short-duration ischemia.

Table 2. Time Profile of MaR, IS and Myocardial Salvage as Assessed by CMR During the First
Week After Reperfused Myocardial Infarction in Pigs Subjected to Different I/R Protocols and

Cardioprotective Strategies

Follow-Up
Group CMR Measure R-120 min R-24 h R-Day 4 R-Day 7
40-min I/R (controls) MaR, % of LV 42.9 (5.7) 22(1.7) 27.1(3.4) 30.1(2.3)
IS, % of LV 39.2 (3.8) 30.2 (3.1) 28.2 (4.6) 25.4 (4.0)
Myocardial salvage, % 8.3 (6.4) -1310(996) | -4.4(14.2) 15.7 (13.3)
40-min I/R+PostC MaR, % of LV 48.8 (6.2)* 1.9 (2.0) 33.9 (4.9 32.5(3.2)
IS, % of LV 46.2 (5.6)* 33.1 (3.4) 32.8 (4.5 30.4 (3.6)*
Myocardial salvage, % 5.2 (4.8) -1060 (513) 3.3(3.9) 6.6 (3.0)
PreC+40-min I/R MaR, % of LV 29.1 (1.4)* 42(1.4) 24.6 (7.5) 17.2(5.7)*
IS, % of LV 21.0(7.2)* 18.5(10.2)* 7.5 3.7 6.1 (4.7)*
Myocardial salvage, % 28.2 (22.6)* —-389 (361)* 68.0 (13.6)* 64.0 (23.9)
20-min I/R MaR, % of LV 27.7 (3.3 36(1.1) 42227 2.2 (1.9
IS, % of LV 6.1 (4.5)* 3.0 (1.0)* 2.2 (0.8)* 1.5 (0.8)*
Myocardial salvage, % 78.8(13.7 | 17.3(18.7)* | 25.2(75.5) 3.4 (79.0)

Values are mean (SD). A bimodal trend over time after reperfusion was observed for CMR-MaR and CMR-salvage ([CMR
MaR-CMR IS]/CMR MaR, %) in all groups of pigs with the exception of the 20-min I/R group in which a negative linear trend or no
clear trend was shown for CMR-MaR and salvage, respectively. In contrast, a strong negative linear trend over time was shown
for IS in all groups. P values for significant trends were all <0.01. CMR indicates cardiac magnetic resonance; I/R, ischemia/
reperfusion; IS, infarct size; LV, left ventricle; MaR, myocardium at risk; PostC, postconditioning; PreC, preconditioning; and R,

reperfusion.

*Statistically significant differences (P<0.05) as compared with the same time point in the 40- min I/R (control) group. Pvalue
is adjusted for multiple comparisons among groups for each time point and imaging parameter.
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Figure 2. Time profile of cardiac magnetic resonance (CMR)-myocardium at risk (MaR) and intramyocardial hemorrhage (IMH)
after different ischemia/reperfusion (I/R) protocols. A, Time profile of CMR-MaR measured by T2-weighted short-tau triple inversion-
recovery (T2W-STIR) in pigs undergoing different I/R protocols. Arterial enhanced multidetector computed tomography (MDCT) was
performed during coronary occlusion in all pigs as a reference measure of MaR. Data are shown as meanzstandard error of the mean.
B, Representative images from pigs that underwent 40-min I/R (control), 40-min I/R followed by postconditioning (PostC), 40-min I/R
preceeded by preconditioning (PreC), or 20-min I/R; serial CMR T2W-STIR examinations were made at 120 min, 24 h, 4 d, and 7 d after
reperfusion. Images are from the same pigs as those shown in the Figure. C, Temporal evolution of IMH in pigs subjected to different I/R
protocols and followed <7 d after reperfusion. Data are means+standard error of the mean. LV indicates left ventricle.

Impact of Cardioprotective Strategies and Ischemia had no discernable effect on lesion size, granulation tissue
Duration on Histological Features of MI content, neutrophil infiltration, or collagen content (Figure 4).
The histological analysis of pigs euthanized at day 7 postreper- Preconditioning resulted in smaller lesion areas, a higher pro-

fusion are summarized in Online Table IV. Postconditioning portion of granulation tissue, and lower neutrophil infiltration
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Figure 3. Time profile of cardiac magnetic resonance (CMR)-
measured infarct size and microvascular obstruction (MVO)
after different ischemia/reperfusion (I/R) protocols. A, Time
profile of infarct size measured by T1-weighted inversion recovery
turbo field echo (T1-IR-TFE) after administration of gadolinium

to pigs undergoing different I/R protocols. Data are shown as
meanz+standard error of the mean. B, Representative images from
pigs that underwent 40-min I/R (control), 40-min I/R followed by
postconditioning (PostC), 40-min I/R preceded by preconditioning
(PreC), or 20-min I/R; serial CMR T1-IR-TFE examinations were
made at 120 min, 24 h, 4 d, and 7 d after reperfusion. Images are
from same pigs as those shown in Figures 2 and 3. C, Temporal
evolution of MVO in pigs subjected to different I/R protocols and
followed <7 d after reperfusion. Data are meanszstandard error
of the mean. Note that pigs subjected to 20-min I/R did not show
MVO at any evaluated time point. LV indicates left ventricle.

and collagen content. Pigs undergoing short-duration isch-
emia showed no signs of tissue lesion and a low degree of
neutrophil infiltration.

Association Between T2 and IMH, MVO, IS, and
LVEF

Overall, T2 relaxation time in the ischemic region at 120 min-
utes post-I/R correlated positively with the degree of IMH and
MVO: the longer the T2 at early reperfusion, the larger the
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extent of IMH and MVO. Conversely, the deferred T2 peak
(highest value between day 4 and day 7) correlated positively
with IS and inversely with LVEF: the greater the deferred T2
peak, the larger the infarct and the lower the LVEF on day 7
(Figure 5).

Discussion

In this study, we have comprehensively characterized the im-
pact of cardioprotective strategies (preconditioning and post-
conditioning) and ischemia duration on the temporal evolution
and extent of myocardial tissue composition changes (edema,
necrosis, IMH, and MVO) by CMR. In all instances of necro-
sis (positive LGE at day 7), a bimodal edematous response is
seen, regardless of the presence and degree of IMH or MVO;
however, when necrosis is absent (in animals undergoing
short-duration ischemia with no day-7 LGE), the edematous
reaction is unimodal, with a blunted reperfusion-related edema
wave and no healing-related deferred wave. Preconditioning,
which significantly reduces IS, modulates the intensity of both
the initial and deferred edema waves. The deferred wave also
peaks earlier in preconditioned than in nonpreconditioned in-
farctions. CMR-measured IS declined progressively after re-
perfusion in all groups, whereas the extent of IMH and MVO
varied according to CMR timing and protocol applied. T2 re-
laxation time in the ischemic area early after reperfusion is
correlated with the severity of IMH and MVO, whereas the
deferred peak of T2 relaxation time is strongly associated with
IS and LVEF.

Consequently, imaging protocols for post-MI tissue char-
acterization aiming at quantifying edema, MaR, IS, myocardi-
al salvage, IMH, and MVO should account for these dynamics
and be as standardized as possible (Figure 6).

Modulation of the Post-I/R Edema by
Cardioprotecitve Strategies and Ischemia Duration
The possibility of protecting the myocardium during an acute
MI (cardioprotection) has interested the scientific commu-
nity for several decades.>?! Many studies use IS normalized
to MaR as an acute end point, on the assumption that post-
I/R edema is steady. However, recent studies suggest that the
extent of edema might be influenced by cardioprotective con-
ditioning interventions.'*"” However, these previous clinical
studies were not designed to address the effect of conditioning
interventions on edema formation, and subjects underwent a
single CMR examination that was not at the same time point
for all individuals.'®

Our results show that preconditioning (a potent cardio-
protective strategy) and short ischemia duration have a ma-
jor impact on the intensity and dynamics of post-MI edema
(Figure 1). Preconditioning reduced the initial edema wave
and also the deferred wave, which peaked early, on day 4, con-
trasting with the peak on day 7 in control animals. Shortening
the duration of coronary occlusion to 20 minutes (20-minute
I/R) also blunted initial edema wave, and in this case, the sec-
ond edema wave was absent. These CMR results are consis-
tent with histologically determined water content at day 7 after
MI, which was reduced in pigs undergoing preconditioning
and within the normal range in pigs undergoing short-duration
ischemia (Figure 1C).
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+40min-1/R
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Figure 4. Impact of cardioprotection and ischemia duration on histological features of myocardial infarction. Representative
histological images of porcine ischemic myocardium 7 d after 40-min ischemia/reperfusion (I/R; control), 40-min I/R followed by
postconditioning (PostC), 40-min I/R preceded by preconditioning (PreC), and 20-min I/R. Images show staining with hematoxylin and
eosin (H/E), antiPM1 antibody (PMN), and Masson trichrome. Stained sections were used to quantify lesion extent, proportion of necrosis
and granulation tissue, neutrophil density, and percentage of collagen within granulation tissue. Note the scarce neutrophil infiltration in
porcine myocardium subjected to PreC or 20-min I/R, accompanied by small patchy areas of granulation tissue (PreC) or its absence (20-

min I/R). Scale bars, 100puM.

Impact of IMH and MVO on the Occurrence of the
Bimodal Edematous Reaction

The extent of IMH and MVO varies as a function of time
from the acute ischemic event.''? IMH is moreover closely
associated with the development of MVO, conferring a worse
prognosis when present.'”> More importantly, in the present
study, edema followed a bimodal T2 pattern in all pigs un-
dergoing 40-minute I/R (with or without preconditioning or
postconditioning) regardless of the degree of IMH or MVO
(Figure 1), which was almost absent in preconditioned pigs
(Figures 2C and 3C). Notably, all pigs, including those un-
dergoing short-duration ischemia, showed a significant drop
in T2 from the hyperacute phase to 24 hours postreperfusion
(Figure 1). These findings suggest that the main driver of the
drop in T2 is rapid resorption of the initial reperfusion-related
edema, regardless of the degree of IMH and MVO, and re-
inforce the reality of bimodal post-MI edema. Nevertheless,
IMH exerts some influence on T2 relaxation time, as we pre-
viously conceded,'®!"'*? and might explain the slightly less
noticeable drop in T2 at 24 hours in pigs with almost no IMH
or MVO (pigs given preconditioning or short-duration isch-
emia; Figure 1).

Impact of Cardioprotective Strategies and Ischemia
Duration on CMR-Measured Myocardial Area at
Risk and Salvage

Parametric T2 mapping improves the detection and quan-
tification of myocardial edema;*® however, this methodol-
ogy is not universally available, contrasting with T2W-STIR,

which is available from all major vendors. In this regard,
CMR-measured MaR as delineated by the extent of edema
on T2W-STIR imaging paralleled T2 relaxation time profile.
The present study shows that the edema-sensitive T2W-STIR
CMR sequence overestimates MaR (as compared with the
reference standard, MDCT in this study) at early time points
(120 minutes) after reperfusion in pigs subjected to 40-minute
I/R with no protective strategies or undergoing postcondition-
ing (which did not protect in this study). This overestimation
is mainly driven by the massive swelling of the reperfused
myocardium (Online Movies I through IV). By 24 hours,
there is a systematic underestimation of MaR by CMR in all
cases, mainly driven by the substantial resorption of edema
and normalization of T2 relaxation time.'° This underestima-
tion resulted in biologically implausible negative myocardial
salvage data at 24 hours in most pigs (Table 2). This find-
ing reinforces the idea that MaR (and consequently salvaged
myocardium) may not reliably be quantified by CMR around
this time point. Conversely, on days 4 and 7, CMR-measured
MaR was similar to MaR measured by MDCT (Figure 2A).
However, the dynamics of postischemia edema are altered by
cardioprotective strategies and ischemia duration, with further
implications for CMR-measured MaR and salvage.

Thus, the smaller extent of edema at reperfusion in pigs
that underwent preconditioning or short-duration ischemia
(Figure 2) was associated with less prolonged T2 relaxation
times (Figure 1) and lower degree of myocardial swelling.
Interestingly, these 2 groups of cardioprotected animals had
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Figure 5. Association between T2, intramyocardial hemorrhage (IMH), microvascular obstruction (MVO), infarct size, and left
ventricular ejection fraction (LVEF). Scatter plots showing positive association of T2 relaxation time in the ischemic myocardium
during the hyperacute postreperfusion period (120 min) with (A) peak MVO (Pearson r=0.68) and (B) peak intramyocardial hemorrhage
(Pearson r=0.75). C and D, The deferred T2 peak in the ischemic myocardium shows a strong positive association with day-7 infarct size
(Pearson r=0.87) and a negative association with day-7 LVEF (Pearson r=-0.85). After adjustment for multiple testing, all P values for the
correlations shown remained significant (P<0.05). Graphs include 4 groups of 5 pigs each undergoing 40-min ischemia/reperfusion (I/R;
controls), 40-min I/R followed by postconditioning, 40-min I/R preceded by preconditioning, or 20-min I/R. LV indicates left ventricle.

significantly smaller infarcts on day 7 (Figure 3). The car-
dioprotection (reduced IS) afforded by preconditioning or
short-duration ischemia was demonstrated by CMR (LGE,;
Figure 3) and histology (Figure 4). In pigs undergoing short-
duration ischemia, necrosis was barely detectable, and so was
edema and CMR-measured MaR from day 1 on, supporting
the notion that the deferred edema wave is related to post-
MI healing."" This would imply that interventions that protect
the myocardium could affect edema dynamics, therefore, hav-
ing an impact on CMR estimations of MaR and salvage, as
suggested by indirect clinical evidence before.'®!” However,
whether any intervention that reduces IS diminishes myocar-
dial edema remains to be demonstrated. A paradigmatic ex-
ample of such interplay may be seen in the group subjected to
short duration of ischemia (Table 2). In this group, IS is small
and stable on day 1 (3.0% of LV), day 4 (2.2% of LV), and day
7 (1.5% of LV); however, a dramatic change is seen in CMR-
measured salvage index (17.3%, 25.2%, and 3.4% of MaR on
days 1, 4, and 7, respectively). Of note, when using the MaR
standard reference MDCT value to calculate salvage, salvage
index remains stable (87.4%, 90.0%, and 94.4% of MaR on

days 1, 4, and 7, respectively; Online Table II). The latter mea-
surements (based on MDCT-MaR) are consistent with the sig-
nificant cardioprotective effect seen by early reperfusion (ie,
short ischemia duration).

Decrease of CMR-Based IS During the First Week
After MI

Previous studies show rapid resorption of LGE myocardium
(a surrogate of IS) between ~day 1 and day 7 after ML.**
Consistent with these observations, our data show a progres-
sive decrease of CMR-based IS in all study groups (Figure 3).
The massive swelling of the early postreperfused myocardium
might explain the large IS detected in our study 120 minutes
after reperfusion. Interestingly, animals that underwent pre-
conditioning showed LGE-positive myocardial regions early
after reperfusion that became LGE negative by day 4 or day 7
CMR (Figure 3). This phenomenon might indicate early and
transient expansion of extracellular volume without irrevers-
ible myocardial injury.?> These data highlight the importance
of performing CMR infarct imaging within a consistently de-
fined and narrow time frame, preferably at the end of the first
week, when using IS as an end point in clinical trials during
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Timing of Outcome Assessment

Myocardium at risk | Microvascular
(MaR) s Obstruction (MVO)
Infarct size < Intramyocardial
(1S) l Hemorrhage (IMH)
Standard Ml

Day 4

Day 7

Figure 6. Effect of timing of evaluation, ischemia duration,
and protective interventions on cardiac magnetic resonance
(CMR)-measured individual outcomes after myocardial
infarction (Ml). By using state-of-the-art CMR imaging, we
have demonstrated that the temporal dynamics and extent of
post-MI tissue composition changes are greatly influenced by
the timing of imaging acquisition, application of cardioprotective
interventions, and the duration of the index ischemia. These
findings highlight the need for protocol standardization

when using post-MI imaging techniques to measure edema,
myocardial area at risk, infarct size (IS), myocardial salvage,
intramyocardial hemorrhage (IMH), and microvascular
obstruction (MVO) in experimental and clinical studies.
According to the data presented, establishing the appropriate
timing to measure IMH and MVO could occur somewhere
around the first 24 to 48 h post-MI; whereas the optimal timing
to measure edema, myocardium at risk (MaR), IS, and salvage
could occur somewhere between day 4 and day 7 after Ml.
Nevertheless, caution should be exercised when addressing
post-MI tissue characterization by any means given that several
components and factors might additionally impact the dynamics
and complex changes which undergo the heart after MI. y axis
numbers and graphs represent real data relative to the highest
point on the chart for the given imaging outcome (MaR, IS, MVO,
and IMH). A value of 100 is the highest value for the (Continued)

the acute post-MI period. Nevertheless, the fact that myocar-
dial edema and LGE follow a disparate dynamic pattern after
ischemia/reperfusion highlights the complexity of measuring
myocardial salvage in real practice.

T2 as a Maker of Post-I/R Myocardial Injury
The ability to predict the fate of the myocardium early af-
ter MI would be of great clinical value. Myocardial edema
contributes to impaired post-MI microvascular perfusion by
increasing extravascular compression and might contribute
to altered coronary physiology indices.!? In this study, we
show that T2 relaxation time in ischemic myocardium in the
hyperacute CMR examination (after 2 hours of reperfusion)
correlates with IMH and MVO—events that develop days
after MI (Figure SA and 5B). Conversely, the deferred T2
peak correlated directly with IS and inversely with LVEF—
parameters associated with post-MI healing (Figure 5C and
5D). Therefore, myocardial T2 relaxation time might be a
quantitative surrogate of the ischemic insult or therapeutic ef-
fect, rather than a surrogate of MaR.

However, these findings might apply only to the reperfused
MI because the bimodal edema response is less pronounced
in nonreperfused ML!'"' These findings warrant further ex-
perimental and clinical studies specifically addressing the
prognostic significance of T2 at different time points and the
perfusion status of the myocardium.

Limitations

Caution is needed when extrapolating experimental results
to the clinic. However, the pig is one of the most clinically
translatable large animal models for the study of reperfused
MI.2*2* The nature of our experimental study, that is, longitu-
dinal follow-up, precluded individual histological gold stan-
dard measurements of area at risk (ie, Evans Blue by coronary
reocclusion), IS (ie, triphenyl tetrazolium chloride), or MVO
(thioflavin-S) at each time point. In addition, the heart was har-
vested at sacrifice to perform reference standard myocardial
water content measurements and histological quantification of
different tissue components, which otherwise might be altered
by such procedures. It is fair to acknowledge that although
previous studies have used histological standards to validate
the use of CMR to measure IS and MVO*?* and MDCT to
measure MaR,'*?* there is probably no perfect noninvasive
method for such purposes. In this regard, acutely detected
LGE does not necessarily equate to irreversible injury and
may contribute to severely distort estimates of salvaged myo-
cardium when comparing against a prereperfusion reference
standard to assess MaR.?> Other reasons that might contribute
to inaccurate estimations include damage extent beyond the
boundaries of the actual MaR (defined as the hypoperfused
region during coronary occlusion); slightly shrinking of
MaR in MDCT performed during coronary occlusion because
of lack of perfusion in animal models with poor collateral
circulation; and the presence of residual edema in salvaged

Figure 6 Continued. corresponding measure in controls (ie, pigs
subjected to 40-min I/R) among all time points evaluated (120
min, day 1, day 4, and day 7 after reperfusion). A value of 50
means that the extent of the corresponding measure is half as
the former highest value.
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myocardium which might contribute to overestimate of IS ear-
ly after reperfusion.’> Hybrid imaging techniques have been
proposed to overcome some of these issues;?” however, further
validation is needed.

Our study examined only anterior MI. The reasons for
this choice include the avoidance of possible magnetic-field
nonhomogeneity related to the inferolateral wall®?® and adher-
ence to recommendations for patient selection in clinical trials
of cardioprotective interventions.>' The observed changes in
tissue composition are likely to occur regardless of MI loca-
tion; however, caution should be exercised when extrapolating
other results, especially those regarding the association of T2
with ventricular outcome.

Our results do not necessarily invalidate the reported pro-
tective effects of the majority of preclinical postcondition-
ing studies published.” However, our findings are in line with
some recent experimental and clinical data.”>* In this regard,
ischemic postconditioning did not reduce the incidence of clini-
cal events in ST-segment—elevation MI (STEMI) patients in the
DANAMI-3-iPOST trial (The Third Danish Study of Optimal
Acute Treatment of Patients With ST Elevation Myocardial
Infarction—Ischemic Postconditioning).?! Moreover, this inter-
vention did not reduce IS, myocardial salvage index, extent of
MVO, or improve LVEF in the subset of patients who underwent
CMR.?! Interspecies differences, small sample size, the lack of
comorbidities and comedications in animal experiments, and the
diversity of postconditioning protocols applied might explain the
ambivalent preclinical and clinical data.” Nevertheless, our goal
was not to test the cardioprotective effect of postconditioning,
but rather to use different protective strategies to characterize
post-MI tissue over a range of injury severities. Indeed, the use
of strategies that did not achieve cardioprotection reinforced our
earlier results obtained by the standard I/R procedure.!*!!

The regions of interest used to quantify T2 relaxation time
in this study included the full wall thickness. The regions of
interest might, therefore, include different myocardial states
(such as hemorrhage or MVO). We took this approach to
match our previous experimental work and because the differ-
entiation of such small areas might be challenging. This might
have contributed to the differences in absolute T2 relaxation
time between our study and others taking a different approach
to region of interest selection.

Conclusions
In a translational large animal model of myocardial I/R and by
using CMR, we have shown that the temporal dynamics and
extent of post-MI tissue composition changes are greatly in-
fluenced by application of cardioprotective interventions and
the duration of the index ischemia. Post-MI LGE areas do not
necessarily equate to necrotic myocardium because the extent
of hyperenhanced ischemic tissue evolves rapidly during the
first week after reperfusion. The magnitude of IMH and MVO
varies according to ischemia duration and cardioprotection.
The greatest divergences are seen in the degree and spatial
extent of myocardial edema during the first week after MI,
which seem to be a quantitative surrogate marker of ischemic
damage or therapeutic effect.

These data highlight the need for protocol standardization
when using post-MI imaging techniques to measure edema,
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MaR, IS, myocardial salvage, IMH, and MVO in experimental
and clinical studies.
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