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Abstract

Objectives We sought to evaluate the effectiveness of post-mortem cardiac magnetic resonance (PM-CMR) for the identification

of myocardial ischemia as cause of sudden cardiac death (SCD) when the time interval between the onset of ischemia and SCD is

<90 min.

Methods PM-CMR was performed in 8 hearts explanted from pigs with spontancous death caused by occlusion of the left

anterior descending coronary artery: 4 with SCD after < 40 min of coronary occlusion and 4 between 40 and 90 min. PM-CMR

included conventional T1 and T2-weighted image and T1, T2, and T2* mapping techniques. Imaging data were compared and

validated with immunohistochemical evaluation of the altered proportion and redistribution of phosphorylated versus non-

phosphorylated connexin 43 (CX43 and npCX43, respectively), an established molecular marker of myocardial ischemia.

Results At T2-weighted images, the ischemic core was hypointense (core/remote ratio 0.67 + 0.11) and surrounded by

and hyperintense border zone. Compared to remote myocardium, the ischemic core had higher T1 (»p = 0.0008), and lower T2

(p = 0.007) and T2* (p = 0.002). Cytoplasmatic npX43 and the npCX43/CX43 ratio were significantly higher in animals

deceased > 40 min than in others.

Conclusion PM-CMR can reliably detect early signs of myocardial damage induced by ischemia, based on conventional pulse

sequences complemented by a novel ad hoc application of quantitative mapping techniques.

Key Points

* Post-mortem MRI may help to understand cause of sudden cardiac death.

* Post-mortem MRI allows detection of signs of myocardial ischemia as cause of sudden cardiac death within 90 and 40 min
following coronary occlusion as demonstrated in a pig model of myocardial ischemia.

* Signs of myocardial ischemia using conventional and mapping MRI technique are associated with the immunohistochemical
changes of phosphorylated and dephosphorylated connexin-43 which is an established molecular marker of myocardial
ischemia.
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PM-MRI Post-mortem cardiac magnetic resonance
SCD Sudden cardiac death

SSFP Steady-state free precession
Introduction

Sudden cardiac death (SCD) is defined as the unexpected
natural death from a cardiac cause within a short time
period, generally < 1 h from the onset of symptoms, in a
person without any prior condition that would appear fatal
[1]. Acute myocardial ischemia caused by partial or total
occlusion of a coronary artery is the leading cause of ma-
lignant ventricular arrythmias and SCD in Western coun-
tries [2]. The autoptic evaluation based on traditional
methods of organ examination is very challenging when
SCD occurs within the first hours of ischemia, since car-
diac lesions need more time to develop [3]. Acute myo-
cardial infarction is usually unapparent on macroscopic
examination if survival time after coronary occlusion is
<12 h, while early histological markers such as
hypereosinophilia, loss of cross striation, and wavy aspect
of myocyte fibers, presumably due to changes in pH, myo-
cardial water content, and disrupted calcium homeostasis
appear no sooner than 4-6 h [4].

Customary histochemical staining procedures allow for
detection of markers of acute myocardial ischemic damage
only after 2 h of survival time [5]. Nonetheless, more recent
techniques of immunostaining of the gap junction protein
connexin-43 (CX43) seem to be able to identify the initial
cardiomyocyte alterations caused by the ischemic insult [6].
In normal hearts, CX43 is phosphorylated and localized in
the intercalated discs (ID), but insults such as ischemia, hyp-
oxia, and hypothermia induce its dephosphorylation
(npCX43) and redistribution of the npCX43 in the cyto-
plasm (CP) and lateral border (LCB) of cardiomyocytes [7,
8]. The increased npCX43/CX43 ratio at ID and in the CP
and the drop of the respective CX43 levels is presently con-
sidered a reliable marker of myocardial ischemia [6].
Preliminary studies showed a good correlation between
autoptic findings and post-mortem magnetic resonance
(PM-MRI) in cases of acute, sub-acute, and chronic myocar-
dial infarction [8—10]. Two different approaches were tested
for PM-MRI scanning: whole-body or explanted hearts
fixed in formalin.

In conventional T2-weighted images, acute ischemia/infarct is
identifiable as a hypointense central core surrounded by a thin
hyperintense border [11]. The hyperintense border, caused by
edema and cellular reactions, progressively thickens during is-
chemia and, in the subacute phase, myocardial lesions appear
diffusely hyperintense compared to remote myocardium. To
date, no studies have tested the effectiveness of PM-MRI for

the identification of myocardial ischemia as the cause of SCD
within the first 90 min of coronary artery occlusion.

Moreover, T1, T2, and T2* mapping techniques, diffusely
used in clinical MRI for the evaluation of myocardial tissue
abnormalities, have not been exploited in PM-MRI to improve
the evaluation of ischemic damage occurring within the first
hours of coronary occlusion.

The aims of this study, performed in a pig model of myo-
cardial infarction causing SCD, were as follows: (1) to com-
pare the effectiveness of conventional and mapping PM-MRI
techniques for the detection of myocardial markers of ische-
mic damage developing within 90 min of coronary artery oc-
clusion; (2) to test possible correlations between PM-MRI and
CX43/npCX43 alterations.

Material and methods
Cardiac arrest model

The hearts were obtained from pigs utilized in concomitant
studies on experimental therapies for myocardial infarction.
All the animals died before the randomization (treated vs con-
trols) and did not receive any treatment. These protocols were
compliant with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). The protocol for
the animal studies (no. 76/2014 PR) was approved by the
Italian Ministry of Health and was in accordance with the
Italian law (D.Igs. 26/2014).

To induce myocardial infarction, male farm pigs (35-40
kg) were sedated with a cocktail of tiletamine hydrochloride
(4 mg/kg, im) and zolazepam hydrochloride (4 mg/kg, im) and
premedicated with atropine sulfate (0.1 mg/kg, im). General
anesthesia was subsequently induced with propofol (2—4
mg/kg, iv) and maintained with 1-2% isoflurane in 60% air
and 40% oxygen. After thoracotomy at the fifth intercostal
space, the left anterior descending coronary artery was ligated
below the second diagonal branch for 90 min, followed by
reperfusion [12, 13].

During the 90 min of coronary artery occlusion, most pigs
developed ventricular fibrillation treated with a standard re-
suscitation protocol, which included defibrillation. The resus-
citation protocol included direct cardiac massage, with a fre-
quency of 100/min. The massage was continuous during ar-
rhythmia. Pigs were ventilated at a rate of 12 breaths per
minute. The animals received open-chest epicardial defibrilla-
tions (40 J). Amiodarone (100 mg bolus iv) and adrenaline
(0.1 mg/kg/iv) were administered between electrical dis-
charges at 5-min intervals. Resuscitation maneuvers were
attempted for 30 min after the start of ventricular fibrillation.
After that time, cardiac arrest was considered irreversible, the
heart was explanted, washed with physiological saline
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solution, and fixed in 10% buffered formalin. The time
elapsed between the start of coronary occlusion and the oc-
currence of ventricular fibrillation was recorded. Overall, 8
hearts from pigs that died within the first hour of coronary
occlusion were included in the present study and divided into
2 groups: (1) death that occurred within the first 40 min (n =4)
and (2) death that occurred between 40 min and 1 h (n = 4).

The study on explanted hearts included two phases, first
PM-MRI and then macroscopic examination, histopathologi-
cal and immunochemical analyses of myocardial samples tak-
en from the ischemic area and from the remote area.

PM-MRI

PM-MRI imaging was performed 7 days after heart fixation
using a 1.5-Tesla magnetic resonance scanner (Signa HD CVi
and Signa Artist, GE Healthcare) with a multichannel head-
birdcage coil. The protocol included a whole-heart 3D steady-
state free precession (SSFP) pulse sequence with the following
parameters: FOV 200 mm, matrix 512 X 512, thickness 1 mm
(interleaved to 0.3 mm), TR =9 ms, TE =4 ms, with a final voxel
size of 0.3 x 0.3 x 0.3 mm. T1 mapping was performed using a
modified Lock-Locker (MOLLI) pulse sequence with a
3(3)3(3)5 approach, acquired in short axis images using the
following parameters: TE = 3 ms, thickness 4 mm, matrix
224 x 244, T2 mapping was performed using a multi-echo fast
spin echo (FSE) pulse sequence in the same short axis views with
the following parameters: thickness 4 mm, matrix 224 x 244.
T2* mapping was performed using a multi-echo T2* pulse se-
quence, in the same short axis views, with the following param-
eters: thickness 4 mm, matrix 224 x 244. A MAGIC fingerprint-
ing technique was also used to reconstruct a set of 20 images
(FOV 200 mm, matrix 512 x 512, slice thickness 2 mm, no gap)
of Tl-weighted, T2-weighted, T2-STIR, and PD-weighted im-
ages in ventricular short axis views.

PM-MRI post-processing

Images were analyzed by two expert EACVI level 111 MRI
accredited investigators. A dedicated cardiac post-processing
software was used to analyze PM-MRI images. Left ventric-
ular mass was measured by manually tracing endocardial and
epicardial contours of the left ventricle [14]. Regional wall
thickness was measured in all myocardial segments using
the conventional AHA-ACC-ESC segmentation.

T1, T2, and T2* maps were generated and quantified for all
myocardial segments. Myocardial signal intensity was
expressed as arbitrary units, both in synthetic T1- and T2 -
weighted images and in 3D-SSFP images.

Due to the high reproducibility of cardiac anatomical fea-
tures among pigs, the occlusion of the left anterior descending
artery after the second diagonal branch caused a constant in-
volvement of the middle and apical anterior septum and, to a
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variable extent, the anterior wall. Therefore, we considered as
the “core” of ischemia the middle and apical anterior septum,
the “border zone” the immediate peri-ischemic surrounding
area, and the “remote region” the opposite inferolateral wall,
which served as control uninjured myocardium.

Macroscopic, histological, and immunohistochemical
analyses

Data about macroscopic, histological, and immunohistochem-
ical analyses are reported in supplemental material.

Statistical analysis

A semiquantitative evaluation of the immunohistochemical
findings and gradation of the immunohistochemical reaction
were expressed with an ordinal scale. The normal distribution
was assessed by the Kolmogorov-Smirnov method. Normally
distributed variables are expressed as mean + SD, while me-
dian (25th—75th) was used for non-normally distributed
variables. Data comparison was performed using ANOVA,
the Kruskal-Wallis or Mann-Whitney test, as appropriate. A
p < 0.05 was considered significant.

Results

PM-MRI and histological analyses were completed in 8 pig
hearts, 4 with irreversible arrest occurring after <40 min and 4
between > 40 and 90 min of coronary occlusion. The average
ischemic time was 42 + 14 min. The characteristics of the 2
groups of animals with cardiac arrest are reported in Tables 1
and 2.

In all of the hearts, the ischemic area comprised the middle
and apical anterior septum with a variable amount of anterior
wall involvement. In all of them, the core ischemic region was
hypointense in 3d-SSFP and in T2-weighted images. The
hypointense core was surrounded by a thin hyperintense bor-
der zone that was more evident in hearts with an ischemic time
> 40 min than in those with a shorter ischemic time. Examples
of conventional T2-weighted image are showed in Fig. 1. The
average extent of the hypointense core was 9.4 £ 4% of LV
mass in the 8 hearts, whereas the surrounding hyperintense
border zone was 5 + 2%. In conventional T2-weighted im-
ages, the signal intensity of the ischemic core was lower than
that of the remote myocardium, with the average signal inten-
sity ratio core/remote of 0.67 £ 0.11. In contrast, the signal of
the border zone was higher than core and remote myocardium.
The average signal intensity ratio border zone/remote was 1.2
+ 0.08 and the ratio core/border zone was 0.55 = 0.07.
As shown in Table 2, the signal intensity ratio core/remote
(0.76 £ 0.06 vs 0.58 &+ 0.09, p = 0.004) and the ratio border/
remote (1.28 £ 0.03 vs 1.15 = 0.08, p = 0.025) were
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Table 1 Score system for Cx43 and npCx43 semiquantitative evaluation
Score: Cx43 npCx43
ID and anterior/lateral cell border (LCB) Cytoplasm (CP) ID and anterior/lateral cell border (LCB) Cytoplasm (CP)
0 Not expressed Not expressed Not expressed Not expressed
1 Thin linear or intermittent positivity Scattered positivity Thin linear or intermittent positivity Scattered positivity
2 Dense but intermittent positivity Patchy positivity Dense but intermittent positivity Patchy positivity
3 Dense band-like positivity Diffuse positivity Dense band-like positivity Diffuse positivity

significantly higher in hearts that stopped beating after

T1, T2, and T2* values are showed in Fig. 2 and Table 2.

> 40 min of coronary occlusion than those with a lower ische-
mic time, demonstrating a trend towards increasing signal
intensity in the ischemic core with the duration of ischemia.

Table 2  Comparison between death at ischemia time < and > 40 min

T1 values were significantly higher in the core region than
those in the remote myocardium in all the hearts from both
groups (p = 0.02).

Ischemia time < 40 min Ischemia time > 40-90 min p value
Ischemic time (min) 28+ 14 55+ 10
PM-MRI
LV mass 62+6 64+8 0.83
Mid-septal wall thickness 10 (9-11) 12 (10-12) 0.18
Inferolateral wall thickness 11 (10-12) 12 (11-13) 0.23
T2w SI border/core 1.69 £0.1 2.1£0.29 0.08
T2w SI core/remote 0.58 £0.09 0.76 +£ 0.06 0.004
T2w SI border/remote 1.15+0.08 1.28 £ 0.03 0.025
T1 core (ms) 444 + 41 469 + 141 0.75
T1 remote (ms) 276 £ 40 294 +26 0.46
T1 core/remote 1.51+£0.15 1.68 +£0.28 0.34
T2 core (ms) 31+3 37+3 0.03
T2 remote (ms) 53+9 61+9 0.17
T2 core/remote 0.58 £ 0.09 0.61 £0.02 0.90
T2* core (ms) 24+5 31+4 0.07
T2* remote (ms) 43+3 45+ 6 0.59
T2* core/remote 0.55 +0.08 0.69 £0.14 0.13
Immunohistochemistry
ID CX43 1(1-3) 1(0-1) 0.06
LCB CX43 2(1-3) 1(0-1) 0.06
CP CX43 2(1-3) 2(2-3) 0.65
Total CX43 547 324 0.10
ALCB-ID CX43 0 (0-0) 0 (0.0)
ACP-ID CX43 0(-1-2) 1(1-3) 0.18
1D npCX43 2(1-2) 2 (1-2) 0.99
LCB npCX43 1(1-2) 2 (1-2) 0.49
CP npCX43 1(1-2) 3(2-3) 0.039
Total npCX43 4(3-5) 6 (5-6) 0.048
ALCB-ID npCX43 0 (-1-0) 0 (0-0) 0.32
ACP-ID npCX43 0(-1-1) 1(0-2) 0.17
npCX43 sum/CX43 0.6 (0.6-0.9) 1.8 (1.2-4) 0.04

PM-MRI, post-mortem cardiac magnetic imaging; LV, left ventricle; 72w, T2-weighted images; /D, intercalated disk; LCB, anterior-lateral cell border;

CP, cytoplasm; CX43, connexin -43; np-CX43, non-phosphorylated CX43
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Fig. 1 Example of T2-weighted
image of a pig heart that stopped
beating after 30 min of coronary
occlusion. It is possible to identify
a hypointense core (red-bordered
in right panel) and a thin border
zone of hyperintensity (arrows).
Of note, the signal generated by
formalin, in which the heart was
immersed, is not nulled by the
rephasing pulse of fast spin echo
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Fig. 2 T1, T2, and T2* mapping in the ischemic core and remote
myocardium. In the ischemic core, T1 was significantly higher than in
the remote myocardium, while T2 and T2* were significantly lower in the
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T1 mapping

T2 mapping

T2* mapping

Fig.3 T1, T2, and T2* maps: In this case, irreversible cardiac arrest occurred 55 min after coronary occlusion. An area of high T1 with low T2 and T2* is

detectable in the anterior septum, corresponding to the ischemic core

In contrast, T2 and T2* values were significantly lower
(Fig. 2) in the ischemic core than those in the remote myocar-
dium. The T2 values of the ischemic core were higher in
hearts that stopped beating after more than 40 min of coronary
occlusion than in those with a shorter ischemic time (respec-
tively, 31 £3 vs 37+ 4 ms, p = 0.03). Examples of T1, T2, and
T2* mapping images are showed in Fig. 3.

Histology and immunohistochemical analysis

Microscopic analysis revealed myofiber eosinophilia and foci
of subendocardial contraction band necrosis in 4 hearts,
whereas interstitial edema was detected in the anterior septum
in 3 cases. An example of histological analysis is shown in
Fig. 4. Table 3 and Fig. 5 report the results of the immunohis-
tochemical analysis.

The dephosphorylation of CX43 in ischemic regions was
proportional to the ischemia duration. Indeed, as shown in
Table 2, a trend towards lower ID, CP, and LCB CX43 con-
centration, and a significantly higher CP npCX43 concentra-
tion was found in hearts that stopped after more than 40 min of
coronary occlusion. The ratio between total npCX43 and CX4
was significantly lower in hearts that stopped after less than
40 min of coronary occlusion compared to others

(respectively, median of npCX43/CX4 0.6, 25th—75th 0.6
0.9 vs 1.8 25th—75th 1.2-4, p = 0.04).

In the hearts that kept beating for more than 40 min during
occlusion, total npCX43 was higher than total CX43 (respec-
tively median of 6 (5-6) vs median of 3 (2-4), p = 0.048),
whereas non-significant differences were found in hearts that
stopped after < 40 min of occlusion ( p = 0.13).

Discussion

The main findings of this study are as follows: (1) in a pig
model of VF/arrest occurring within the first 90 min of
coronary artery occlusion, PM-MRI of explanted hearts
was able to detect early tissue abnormalities as indicated
by signal hypointensity in T2-weighted and SSFP images,
increase of myocardial T1 and decrease of myocardial T2
and T2* in the ischemic core; (2) the ischemic core was
surrounded by a thin hyperintense border zone of edema in
T2-weighted images; (3) the immunohistochemical evalu-
ation revealed a shift from phosphorylated to non-
phosphorylated CX43 in hearts that stopped beating within
the first 40 min of coronary occlusion, with more pro-
nounced evidence after 1 h of occlusion.
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Table 3 Semi-quantitative analysis of Cx43 and npCx43
immunopositivity

ID score LCBscore CPscore Total ALCB- ACP-

ID 1D

npCx43 <40 min
Pigl 1 1 2 4 0
Pig2 1 1 1 3 0 0
Pig3 2 1 1 4 -1 -1
Pig4 2 2 1 5 0 -1
Cx43 < 40 min
Pigl 1 1 3 5 0 2
Pig2 1 1 2 4 0 1
Pig3 3 3 2 8 0 -1
Pig4 2 2 1 5 0 0
npCx43 > 40 min
Pig5 1 1 2 4 0 1
Pig6 1 1 4 6 0 3
Pig7 2 2 2 6 0 0
Pig8 2 2 2 6 0 0
Cx43 > 40 min
Pig5 1 1 3 5 0 2
Pig6 0 0 1 1 0 1
Pig7 1 1 2 4 0 1
Pig8 0 0 3 3 0 3

A similar experimental protocol was previously adopted by
Ruder et al [11], who performed PM-MRI in a pig model of
myocardial infarction, although, in their study, the heart was
arrested after 120 min (60 min of coronary occlusion and 60 of
reperfusion) and they used only a conventional, qualitative,
MRI technique such as T2-weighted pulse sequence. Our
model may be considered closer to real-life SCD and, impor-
tantly, we tested a novel application of mapping techniques,
providing a quantitative assessment of myocardial abnormal-
ities caused by ischemia.

Recently, Webb and coworkers performed PM-MRI with a
3-Tesla scanner in 8 hearts of pigs sacrificed within 3 h after
ethanol-induced complete occlusion of the left anterior de-
scending coronary artery [15]. The authors found a significant
difference between ischemic and remote regions for T2
values, but not for T2*.

Our results suggest that PM-MRI is able to detect myocar-
dial tissue abnormalities caused by ischemia also when death
occurred within 40 min of coronary artery occlusion.
Jachowski et al described the signs of ischemic injury using
conventional T2-weighted images, consisting of a central core
of intermediate/low signal intensity bordered by a rim of in-
creased signal intensity [16]. Accordingly, in conventional
T2-weighted and 3D-SSFP images of our pig hearts, we found
the presence of a hypointense ischemic core surrounded by a
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Fig. 4 Histological analysis on myocardial samples from hearts that
stopped beating after 40 min of coronary occlusion, stained with
hematoxylin and eosin: in panel a, subendocardial contraction band
necrosis; in panel b interstitial edema (magnification x 10)

hyperintense border zone. However, the most interesting re-
sults were derived from mapping techniques. T1 values
remained significantly higher in the ischemic core than those
in the remote myocardium, both when death occurred within
40 min of ischemia and both when it occurred between 40 and
90 min. Conversely, T2 and T2* values were lower in the
ischemic core than in the remote myocardium. T1 usually
increases in the presence of intracellular of interstitial edema,
acute necrosis, or fibrosis, but in our pig hearts the ischemic
time was obviously too short for the development of fibrosis,
while edema was still absent in the core of lesion, as con-
firmed by the hypointense signal in T2-weighted images with
low T2 values [17, 18]. However, this finding may be ex-
plained considering the effect of formalin that decreases sig-
nificantly myocardial T1. We speculate that formalin perme-
ated less effectively the ischemic core, thus maintaining a
higher T1 in that region relative to the remote myocardium.
On the other hand, the low T2 and T2* values found in the
ischemic core were more predictable. Indeed, a low T2 corre-
sponds to the hypointense signal at conventional T2-weighted
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Fig. 5 Immunohistochemical
assay of phosphorylated (CX-43)
and dephosphorylated connexin-
43 (npCX-43) in the ischemic re-
gion of hearts that stopped beating
within 40 min of coronary occlu-
sion (panels a—d) and between 40
and 90 min of coronary occlusion
(panels e-h). In panels a and c,
markers of ischemia are weak:
CX-43 is mainly located in the
intercalated disks and npCX-43 is
almost absent. In panels b and d,
the CX43 is less evident (b),
whereas npCX43 is more evident
in the intercalated disks. In the
case with death between 40 and
90 min, signs of ischemia are
more evident, with increased
npCX43 and redistribution of
CX43 from intercalated disks to
lateral cell borders and cytoplasm.
In panels e and g, CX43 is dif-
fusely detectable in the cytoplasm
and almost absent in intercalated
disks (e), while npCX43 is found
mostly at the level of intercalated
disks (g). In panels f and h, CX43
is mostly found in the cytoplasm
and in the lateral cell borders (f),
while npCX43 is mostly located
in lateral cell borders (magnifica-
tion x 10)

images, reflecting the acute decrease of free-water content of
the ischemic region caused by coronary occlusion. The low
T2* could be explained by the decrease of free-water content,
as well as T2. However, in in vivo MRI, a low T2* may also
be associated with a decrease of blood oxygenation, due to the
presence of deoxyhemoglobin with a change from ferric to
ferrous state [9]. Moreover, hemorrhagic infarction could be
another cause of low T2%*, but it should have been associated
with a similar drop of T1 which was instead increased in the
ischemic core. However, at histology, we did not find any sign
of intramyocardial hemorrhage.

By comparing hearts that stopped beating within the first
40 min with those with longer ischemic time, we could ob-
serve that the ratio of core/remote and border/remote signals in
T2-weighted images was greater in those with a longer sur-
vival. These results demonstrated that the longer the ischemic
time, the greater the probability to develop myocardial edema.
In fact, the T2 value of the ischemic core was higher in hearts
with a longer survival.

Another innovative aspect of our study was the validation
of PM-MRI findings with immunohistochemical assessment
of the altered CX43 to npCX43 ratio, which is considered an
established marker of ischemic myocardial damage. We

performed immunohistochemical analysis in pig hearts eval-
uating the fate of the phosphoprotein CX43, which is the gap
junction forming monomer in human myocytes. Hypoxia in-
duces dephosphorylation of CX43 into npCX43 and its redis-
tribution from ID to the CP and LCB. Mark et al demonstrated
that the phosphorylation state of Cx43 is reversibly regulated
by specific mechanisms that are independent of hypoxia, but
are tightly linked to cellular levels of ATP [12]. Beardslee et al
induced global myocardial ischemia in isolated perfused rat
hearts and found a progressive dephosphorylation of Cx43,
accumulation of the npCX43 isoform within gap junctions,
and translocation of Cx43 from gap junctions into an intracel-
lular pool [6, 19]. We found that the npCX43/CX43 ratio was
significantly higher in the pig hearts that stopped beating only
after > 40 min of coronary occlusion. The npCX43/CX43
ratio increased from a median of 0.6 in those with shorter
survival to a median of 1.8 in those with longer survival. In
hearts explanted from the > 40 min group, total npCX43 was
significantly higher than total CX43. Of note, PM-MRI T1,
T2, and T2* values were found already abnormal in hearts that
stopped after < 40 min of occlusion, suggesting this imaging
technique could be very sensitive to detect early myocardial
changes associated with ischemia.
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In our pig model, resuscitation maneuvers with DC shocks
were attempted during ventricular fibrillation for 30 min be-
fore considering the cardiac arrest irreversible. Guensch et al
demonstrated that five 200-J DC shocks of ventricular defi-
brillation increased both T1 and T2 in myocardial regions near
the electric pad compared to remote areas [20]. However, we
used a lower energy protocol (40 J) with an open-chest ap-
proach, by which the electric pads were placed over the basal
anterior wall and RV free wall, therefore, not directly affecting
the ischemic damage, that was seen mostly in the middle and
distal anteroseptal region. Moreover, the changes of myocar-
dial relaxation properties in our ischemic regions (increased
T1, decreased T2 and T2*) were not consistent with the signs
of DC shock damage reported by Guensch.

The formalin fixation implies a modification of myocardial
relaxation times (supplemental data) but this is still an advan-
tage of our method of PM-CMR because formalin allows
keeping relatively constant relaxation times. The alternative
approach, performing PM-CMR of the whole body, requires
warming the frozen corpse to ambient temperature, but this
cannot be ever guaranteed in internal tissue as the myocardi-
um. This is a great limitation because relaxation times change
with temperatures. Another possible approach is to perform
PM-CMR of explanted heart without fixation in formalin,
exposing the heart to air or embedding it in water. The main
limitation of this further approach is that the PM-CMR should
be performed immediately after explant in order to avoid the
modification of relaxation times induced by post-mortem
phenomena.

Limitations

This was a methodological study with a small population of
pigs and further studies are needed to confirm the effective-
ness of PM-MRI to evaluate ischemia as cause of sudden
death in humans.

Our pig model of ischemia cannot reflect all the scenarios
of SCD caused by myocardial ischemia. In particular, SCD in
patients with previous PCI or myocardial infarction could
present with different tissue abnormalities that are absent in
our model. However, in such cases, the clinical history of the
patients is very helpful for the final forensic diagnosis. Our
model matches better with ischemic SCD in patients without a
previous history of CAD, where the final forensic diagnosis is
more challenging.

The hyperintense border zone detected with conventional
T2-weighted images was too thin for measuring T1, T2, and
T2*, due to the lower spatial resolution of the mapping tech-
nique compared to conventional images and 3D-SSFP.

In this study, we performed a transitory occlusion of coro-
nary artery (90 min) and we could not evaluate the capability
of PM-MRI to detect coronary artery anatomy. Indeed, PM-
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MRI might be able to detect coronary artery stenosis, increas-
ing its effectiveness to detect ischemic heart disease

Conclusions

The results of our study demonstrate, for the first time, that
PM-MRI might be used to identify ischemia as a cause of
SCD occurring within the first 90 min of coronary occlusion.
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