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Prognostic Role of Myocardial Edema 
as Evidenced by Early Cardiac Magnetic 
Resonance in Survivors of Out-of-Hospital 
Cardiac Arrest: A Multicenter Study
Alessandro Zorzi , MD, PhD; Giulia Mattesi , MD; Enrico Baldi, MD; Mauro Toniolo , MD;   
Federico Guerra , MD; Filippo Maria Cauti , MD; Alberto Cipriani , MD; Manuel De Lazzari, MD, PhD; 
Daniele Muser, MD; Giulia Stronati , MD; Lina Marcantoni , MD; Massimiliano Manfrin, MD;   
Leonardo Calò , MD; Chiara Lanzillo, MD; Martina Perazzolo Marra , MD, PhD; Simone Savastano , MD; 
Domenico Corrado , MD, PhD

BACKGROUND: Sudden cardiac arrest (SCA) may be caused by an acute and reversible myocardial injury, a chronic and irrevers-
ible myocardial damage, or a primary ventricular arrhythmia. Cardiac magnetic resonance imaging may identify myocardial 
edema (ME), which denotes acute and reversible myocardial damage. We evaluated the arrhythmic outcome of SCA survivors 
during follow-up and tested the prognostic role of ME.

METHODS AND RESULTS: We included a consecutive series of 101 (71% men, median age 47 years) SCA survivors from 9 
collaborative centers who underwent early (<1 month) cardiac magnetic resonance imaging and received an implantable 
cardioverter-defibrillator (ICD). On T2-weighted sequences, ME was found in 18 of 101 (18%) patients. According to cardiac 
magnetic resonance imaging findings, the arrhythmic SCA was ascribed to acute myocardial injury (either ischemic [n=10] 
or inflammatory [n=8]), to chronic structural heart diseases (ischemic heart disease [n=11], cardiomyopathy [n=20], or other 
[n=23]), or to primarily arrhythmic syndrome (n=29). During a follow-up of 47 months (28 to 67 months), 24 of 101 (24%) pa-
tients received an appropriate ICD intervention. ME was associated with a significantly higher survival free from both any ICD 
interventions (log-rank=0.04) and ICD shocks (log-rank=0.03) and remained an independent predictor of better arrhythmic 
outcome after adjustment for left ventricular ejection fraction and late gadolinium enhancement. The risk of appropriate ICD 
intervention was unrelated to the type of underlying heart disease.

CONCLUSIONS: ME on early cardiac magnetic resonance imaging, which denotes an acute and transient arrhythmogenic sub-
strate, predicted a favorable long-term arrhythmic outcome of SCA survivors. These findings may have a substantial impact 
on future guidelines on the management of SCA survivors.

Key Words: cardiac magnetic resonance ■ implantable cardioverter-defibrillator ■ out-of-hospital cardiac arrest ■ prognosis ■ 
ventricular arrhythmia

Arrhythmic sudden cardiac arrest (SCA) may be 
caused by a variety of substrates and mecha-
nisms, which mainly include: (1) acute and transient 

ventricular electrical instability such as that occurring in 
the setting of a reversible myocardial injury, either isch-
emic (acute myocardial infarction) or inflammatory (acute 
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myocarditis); (2) chronic and irreversible myocardial sub-
strates such as ischemic heart disease, cardiomyopa-
thy, or other structural abnormalities; and (3) ventricular 
arrhythmias in the absence of structural heart disease, 
caused by genetically determined cardiac ion channel 
diseases, idiopathic ventricular fibrillation (VF), drug tox-
icity, or electrolyte imbalance.1 The identification of the 
mechanism plays a key role in the management of SCA, 
including the implant of an implantable cardioverter-
defibrillator (ICD).2,3

Cardiovascular evaluation after SCA based on ECG, 
echocardiogram, and coronary angiogram may be 

inconclusive.4–7 Cardiac magnetic resonance (CMR) im-
aging has become the gold standard imaging technique 
not only for assessment of morphofunctional ventricular 
abnormalities but also for detection of myocardial lesions, 
owing to its unique ability to noninvasively characterize 
tissue composition.8 Previous studies demonstrated that 
CMR is a key imaging test for diagnosing the substrate 
of SCA.9–13 Besides postcontrast sequences for late 
gadolinium enhancement (LGE)/myocardial fibrosis, tis-
sue characterization by CMR includes T2-weighted se-
quences for detection of myocardial edema (ME), which 
represents the imaging hallmark of an acute and revers-
ible myocardial injury.8 The diagnosis of SCA secondary 
to a reversible cause is particularly relevant as current 
guidelines do not suggest ICD implantation.2,3 However, 
whether identification of ME by CMR provides prognos-
tic information after SCA and may influence ICD implan-
tation remains to be established.

The aim of the present multicenter study was to test 
the hypothesis that ME as evidenced by early CMR 
imaging may predict a favorable prognosis of SCA sur-
vivors, in relation to the reversibility of the myocardial 
substrate. To this purpose, we evaluated the long-term 
arrhythmic outcome of a cohort of consecutive pa-
tients admitted for SCA who underwent early CMR im-
aging and received an ICD for secondary prevention, 
and tested the prognostic role of ME.

METHODS
This multicenter study retrospectively evaluated a co-
hort of consecutive patients surviving an arrhythmic 
SCA who were admitted to 9 Italian medical centers 
from 2009 to 2019. To be included in the study, SCA 
survivors needed to undergo early CMR imaging within 
1 month after the acute event, with a comprehensive 
tissue characterization protocol including T2-weighted 
sequences for ME, to receive an ICD for secondary 
prevention and to have a follow-up of at least 1 year. 
Early CMR study was performed during hospitalization 
in patients who recovered from neurological impair-
ment, who were weaned from mechanical ventilation, 
and who had no other contraindications such as renal 
insufficiency with creatinine clearance <30 mL/min or 
no magnetic resonance imaging–compatible devices. 
The study was approved by the local ethical commit-
tees. Given the retrospective and observational nature 
of the study, consent from patients was waived. Data 
supporting the results are available from the corre-
sponding author upon reasonable request.

Clinical Evaluation and Coronary 
Angiography
Clinical evaluation included personal and family history, 
ECG, and echocardiography in all patients. Coronary 

CLINICAL PERSPECTIVE

What Is New?
•	 Previous studies demonstrated that cardiac 

magnetic resonance (CMR) is a key imaging 
test for identifying the myocardial substrate 
of arrhythmic sudden cardiac arrest. Besides 
postcontrast sequences for late gadolinium 
enhancement/myocardial fibrosis, tissue char-
acterization by CMR includes T2-weighted se-
quences for detection of myocardial edema, 
which represents the imaging hallmark of an 
acute and reversible myocardial injury, either is-
chemic or nonischemic.

•	 In the present multicenter study we found that 
demonstration of myocardial edema by CMR early 
(<1 month) after sudden cardiac arrest was asso-
ciated with a significantly lower rate of appropriate 
implantable cardioverter-defibrillator interventions 
during a median follow-up of 4  years, indepen-
dently from left ventricular ejection fraction and 
myocardial late gadolinium enhancement.

What Are the Clinical Implications?
•	 Considering its important diagnostic and prog-

nostic value, early CMR should be incorpo-
rated in the clinical flow chart for evaluation of 
survivors of sudden cardiac arrest, and dem-
onstration of myocardial edema by early CMR 
may influence the decision-making of implant-
able cardioverter-defibrillator implantation after 
a sudden cardiac arrest, given its prediction of 
good arrhythmic outcome.

Nonstandard Abbreviations and Acronyms

CA	 cardiac arrest
LGE	 late gadolinium enhancement
ME	 myocardial edema
SCA	 sudden cardiac arrest
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angiography was performed during hospitalization in 
91 of 101 (90%) patients; the remaining 10 patients were 
young individuals without coronary risk factors and 
showed clear clinical evidence of nonischemic cause 
of the SCA such as cardiomyopathy or channelopathy.

CMR Imaging
The CMR study was performed on 1.5 Tesla scanners 
by all collaborative centers (Siemens, n=4; Philips, n=4; 
General Electric, n=1) using different software approved 
for clinical and research use for postprocessing analysis. 
The study protocol included long- and short-axis cine 
sequences, T2-weighted short-tau inversion recovery 
sequences for evaluation of ME, and postcontrast im-
ages (2-dimensional segmented breath-held fast low-
angle shot inversion recovery) for assessment of LGE.

Biventricular function and volumes, myocardial 
thickness, and regional wall motion abnormalities were 
assessed using dedicated software by tracing endo-
cardial and epicardial borders on each short-axis cine 
slice in end diastole and systole. End-systolic and 
-diastolic volumes were indexed on the surface area.

The presence and distribution of ME was estab-
lished by measurement of myocardial signal intensity 
normalized to skeletal muscle in the same slice. For 
postcontrast imaging, short- and long-axis images 
were acquired 10 minutes after the administration of 
the gadolinium-based contrast agent. LGE was auto-
matically quantified using a threshold of 5 SDs above 
the mean signal intensity of the remote myocardium. 
The presence, extent, distribution, and pattern of ME 
and LGE were confirmed on 2 orthogonal planes. The 
distribution patterns of ME and LGE were considered 
ischemic if the subendocardium was involved. The 
ischemic patterns were defined as subendocardial or 
transmural if involving <50% or >50% of the myocar-
dial wall, respectively. When the subendocardium was 
spared, the pattern was considered nonischemic and 
classified as subepicardial or midmyocardial.14,15

All CMR studies were analyzed by 2 independent 
investigators for each collaborative medical center, 
blinded to the clinical, angiographic, and CMR findings 
and outcomes. In case of disagreement, the CMR im-
ages were sent to the central core laboratory of the 
University of Padova for a third opinion.

Definitions
At angiographic examination, obgstructive coronary 
artery disease (CAD) was defined in the presence of a 
stenosis ≥70%. A culprit coronary artery was defined 
as an obstructive coronary artery with thrombolysis in 
myocardial infarction 0 or 1 flow with abrupt closure, or 
thrombolysis in myocardial infarction 2 or 3 flow with 
features suggestive of thrombus or ulcerated plaques. 
Additional findings supporting the diagnosis included 

ST-segment elevation and dynamic T-wave changes 
in the corresponding ECG location and evidence of 
matching regional wall motion abnormality on left ven-
triculogram or echocardiogram.16

In patients with obstructive (≥70%) CAD, the pres-
ence of ME on T2 images with an ischemic pattern 
and distribution in the territory tributary to the coronary 
artery was considered diagnostic for acute ischemic 
myocardial injury. The presence of isolated LGE with 
an ischemic pattern without evidence of ME was con-
sidered diagnostic of postmyocardial infarction scar.15

The diagnosis of cardiomyopathies and channelop-
athies was made according to current criteria.2,3 The 
presence of ME, in association with signs of LGE on 
postcontrast images, was considered suggestive of an 
acute inflammatory injury and diagnosed as a clinically 
suspected acute myocarditis.

Isolated, nonischemic left ventricular (LV) scar was 
defined as the presence of LGE on CMR postcontrast 
sequences involving ≥1 LV segments and mostly in-
volving outer wall layers without reaching the subendo-
cardium, in the absence of other structural ventricular 
abnormalities.17 Small or poorly defined patches of LGE 
were considered of uncertain significance in the ab-
sence of other abnormalities. Focal and isolated LGE 
at the right ventricular insertion points onto the left ven-
tricle (“junctional” LGE) was considered a nonpatho-
logical finding because of its relatively high prevalence 
in normal individuals and its benign clinical meaning.17

Arrhythmic mitral valve prolapse was defined as a 
myxomatous mitral valve with annular disjunction and 
thickening/elongation of both leaflets in association 
with postcontrast evidence of LGE/myocardial fibrosis 
affecting the inferobasal LV free wall (under the poste-
rior leaflet) and/or the papillary muscle.18

Follow-Up
Patients were followed at 3- to 6-month intervals after 
ICD placement via clinic visits or phone calls. Clinical 
and imaging data were collected over follow-up to 
determine the patients’ alive status and whether they 
reached the primary arrhythmic end point consisting 
of appropriate ICD intervention, defined as: (1) shock 
for sustained ventricular tachycardia above the pro-
grammed rate cutoff of the ICD (generally >180 beats 
per minute) or VF; or (2) antitachycardia pacing.

Appropriate ICD intervention was defined as an ICD 
shock delivered in response to a ventricular tachyar-
rhythmia as documented by stored intracardiac ECG 
data. The distinction between appropriate and inap-
propriate ICD intervention was based on morphologic 
features, tachycardia onset, rate stability, and atrial 
electrograms (when available). Death categories were 
categorized as cardiovascular and noncardiovascu-
lar. Lead- and device-related complications such as 
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inappropriate shocks and pocket revision/lead ex-
traction were also recorded. No patient was lost to 
follow-up.

Statistical Analysis
Categorical variables are expressed as number (per-
centage). As normality distribution was not assumed, 
continuous variables are expressed as median (first 
through third quartiles). Categorical variables were 
compared using χ2 or Fisher exact test, as appropri-
ate. Continuous data were compared using the Mann-
Whitney U test. Differences in event-free survival was 
expressed by Kaplan-Meyer survival curves and evalu-
ated with the log-rank test. A univariate and multivari-
able Cox regression analysis (adjusted for LV ejection 
fraction [LVEF] and LGE) was performed to test the in-
dependent predictive value of ME for appropriate ICD 
interventions. The LVEF and LGE covariates were cho-
sen on a clinical basis. P<0.05 was considered signifi-
cant. Data were analyzed using SPSS version 23 (IBM).

RESULTS
Among a total of 684 consecutive patients admitted 
for out-of-hospital SCA in the 9 collaborative medical 
centers, 194 died during the acute phase. Among the 
remaining 490 patients, 286 patients were excluded 
from the study because they did not undergo CMR 
imaging and/or did not receive an ICD, as the cause 
of SCA was clearly related to an acute myocardial 
infarction, other reversible causes, or a previously di-
agnosed disease; 87 were not able to undergo early 
CMR study because of neurological impairment and/or 
mechanical ventilation; 7 had severe kidney failure with 
creatinine clearance <30 mL/min; and 4 had magnetic 
resonance imaging–noncompatible devices. Finally, 5 
patients were not included because of poor CMR qual-
ity images.

The remaining 101 patients (median age, 47 years 
[31–59  years]; 70% men) constituted the study pop-
ulation, whose clinical characteristics are reported in 
Table 1. CMR was performed a median of 11 days (8 to 
22 days) after SCA.

CMR Imaging Findings
The final diagnoses are summarized in Table 2.

ME With an Ischemic Pattern

Evidence of ME with a pattern consistent with an acute 
ischemic myocardial injury was found in 11 patients, 
6 with obstructive coronary stenosis (4 with and 2 
without angiographic evidence of acute plaque com-
plication), 3 with nonobstructive coronary stenosis at 
coronary angiography, and 2 with normal coronary 

arteries. In the 9 cases with coronary stenosis, either 
obstructive or nonobstructive, ME had an ischemic 
pattern, and showed a regional distribution that was 
concordant with the myocardial territory tributary of 
the stenotic coronary artery. Of these 9 patients, 6 with 

Table 1.  Baseline Characteristics

Men 71 (70)

Age (range), y 47 (31–59)

Competitive sports activity

Current 8 (8)

Previous 4 (4)

Family history

Sudden death 6 (6)

Ischemic heart disease 16 (16)

Cardiomyopathy 8 (8)

Ion channel disease 4 (4)

Personal history

Ischemic heart disease 8 (8)

Valvular heart disease ≥moderate 2 (2)

Cardiomyopathy 5 (5)

Ion channel disease 2 (2)

Symptoms

Syncope 7 (7)

Presyncope 6 (6)

Palpitations 5 (5)

Chest pain 8 (8)

Cardiac arrest characteristics

VT/VF at presentation 94 (94)

During sports activity or within 1 h 16 (16)

Bystander CPR 75 (74)

Postresuscitation ST-segment elevation 8 (8)

In-hospital management

Therapeutic hypothermia* 49 (49)

Coronary angiography

At admission 40 (40)

During hospitalization 51 (50)

No 10 (10)

Coronary arteries

Coronary artery disease (n=91)

Chronic occlusion 6 (7)

Stenosis 70% – 99% 11 (12)

Stenosis <70% 13 (14)

No stenosis 61 (67)

No. of vessels with stenosis >70% (n=17)

1 4 (24)

2 8 (47)

3 5 (29)

Values are expressed as number (percentage) unless otherwise indicated. 
CPR indicates cardiopulmonary resuscitation; VF, ventricular fibrillation; and 
VT, ventricular tachycardia.

*Performed according to the comatose status after resuscitation and the 
availability of the treatment at the participating center at the time of the event.
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obstructive coronary stenosis and 1 with moderate 
stenosis but abnormal invasive fractional flow reserve, 
underwent percutaneous coronary revascularization. 
Of the remaining 2 patients with normal coronary ar-
teries, 1 showed transmural ME of the midapical an-
teroseptal LV segments and received a diagnosis of 
variant angina based on recurrent transient chest pain 
with anterior ST-segment elevation and documentation 
of coronary spasm of the left anterior descending ar-
tery during coronary angiography. The other showed 
transmural ME that circumferentially involved the mi-
dapical LV segments and received a diagnosis of acute 
myocardial injury attributable to Takotsubo syndrome, 
which was confirmed by transient akinesia of the mi-
dapical LV segments.

In all patients with ME except the one with Takotsubo 
syndrome, postcontrast sequences also showed LGE. 
The location of LGE corresponded to the edematous 
LV segments in 8 of 10 patients, which was consistent 
with an acute myocardial ischemic injury without pre-
vious myocardial infarction (Figure 1A and 1B). In the 
other 2 patients, the LGE also affected other remote 
nonedematous segments, which was consistent with 
an acute myocardial ischemic injury superimposed on 
a concomitant previous postmyocardial infarction scar.

Ischemic Myocardial Scar Without ME

In all 11 SCA survivors with obstructive CAD and no 
evidence of ME, early CMR showed isolated LV LGE 
with a subendocardial or transmural distribution, which 
was consistent with a chronic postinfarction myocar-
dial scar in the absence of acute myocardial ischemic 
injury (Figure 1B and 1C).

Nonischemic ME

Seven patients showed subepicardial or midmyo-
cardial ME involving the inferolateral LV wall asso-
ciated with LGE, consistent with an inflammatory 
acute myocardial injury (clinically suspected acute 
myocarditis) (Figure 2A and 2B). In 4 cases, endo-
myocardial biopsy was performed that confirmed 
the diagnosis.

Nonischemic Structural Heart Disease 
Without ME

In 43 SCA survivors, CMR identified the myocardial 
substrate of SCA in the following chronic structural 
heart muscle diseases: dilated cardiomyopathy in 13; 
arrhythmogenic cardiomyopathy in 4; hypertrophic 
cardiomyopathy in 3; isolated (idiopathic) nonischemic 
LV scar in 16; and “arrhythmic” mitral valve prolapse in 
7 (Figure 2C and 2D).

Normal CMR

In 29 SCA survivors there was no clinical or CMR evi-
dence of acute or chronic structural myocardial abnor-
malities, and the mechanism of cardiac arrest (CA) was 
considered the consequence of a primarily electrical 
syndrome. Ten of 29 SCA survivors had genetic, clini-
cal, and ECG findings diagnostic for cardiac ion chan-
nel disease, ie, long QT syndrome in 5 patients and 
Brugada syndrome in 5 patients. In the remaining 19 
SCA survivors, the arrhythmic CA was ascribed to idi-
opathic VF.

ICD Implantation and Outcome
Type of ICD, antiarrhythmic therapy at discharge, and 
outcome data are shown in Table 3. In 42% of patients, 
the ICD was programmed with 2 detection zones (both 
ventricular tachycardia and VF zone) and in 58% with 
1 zone (VF only). Ventricular tachycardia detection 
threshold was set at a median value of 190 beats per 
minute (range, 176–200 beats per minute), and VF de-
tection was set at a threshold of 222 beats per minute 
(range, 200–240 bpm). The minimum threshold for ICD 
intervention did not significantly differ between patients 
with and without ME, with and without LGE. or among 
the 3 different disease categories.

During a median follow-up of 47 months (28 to 67 
months), 24 of 101 (24%) SCA survivors received ap-
propriate ICD therapy, which consisted of antitachy-
cardia pacing therapy only in 6 patients and ≥1 ICD 
shocks in 18 patients.

Fourteen SCA survivors experienced ≥1 inappro-
priate ICD shocks. Complications requiring revision 
occurred in 5 patients and included pocket hema-
toma in 1 patient, lead fracture in 2 patients, and in-
fective endocarditis in 2 patients. Two patients died of 

Table 2.  Final Diagnosis

Ischemic heart disease 21 (21)

Acute coronary syndrome 9 (9)

Chronic ischemic disease 11 (11)

Coronary spasm 1 (1)

Structural, nonischemic heart disease 51 (50)

Dilated cardiomyopathy 13 (13)

Arrhythmogenic cardiomyopathy 4 (4)

Hypertrophic cardiomyopathy 3 (3)

Mitral valve prolapse 7 (7)

Acute myocarditis 7 (7)

Takotsubo syndrome 1 (1)

Isolated (idiopathic) nonischemic LV LGE 16 (16)

Structurally normal heart 29 (29)

Long-QT syndrome 5 (5)

Brugada syndrome 5 (5)

Idiopathic ventricular fibrillation 19 (19)

Values are expressed as number (percentage). LV LGE indicates left 
ventricular late gadolinium enhancement.
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cardiovascular causes during the follow-up and other 
2 for noncardiovascular events.

Correlation of Results
Correlation between findings of early CMR imaging 
and arrhythmic outcome during follow-up are shown 
in Table 4.

Findings from Kaplan-Meier analysis showed that 
demonstration of ME in the T2-weighted sequences 
on early CMR imaging was associated with a sig-
nificantly better overall event-free survival: 11% (2 of 
18) of patients with ME experienced any appropriate 
ICD intervention versus 27% (22 of 83) of those with-
out ME (log-rank=0.04) (Figure   3A). ME continued 
to predict a significantly more favorable outcome 
by Kaplan-Meier analysis when the arrhythmic end 
point was limited to ICD shock only: 6% (1 of 18) 
of patients with ME reached this end point versus 

20% (17 of 83) of those without ME (log-rank=0.03) 
(Figure  3B). The survival free from either any appro-
priate ICD intervention or ICD shock did not differ 
among survivors of arrhythmic CA depending on the 
underlying disease category (ischemic heart disease, 
nonischemic heart disease, or primarily arrhythmic 
syndrome) (Figure  4).

The 2 patients with ME who underwent early CMR 
imaging and experienced appropriate ICD interven-
tions during the follow-up had survived SCA pre-
cipitated by acute myocardial ischemia, which was 
superimposed on chronic ischemic cardiomyopathy, 
multivessel coronary obstruction with no indication 
for revascularization, severely reduced LVEF (25% and 
21%, respectively), and multiregional LGE.

On multivariate analysis, ME remained an indepen-
dent predictor of arrhythmic outcome after adjustment 
for LVEF and LGE (Table 5).

Figure 1.  Representative examples of patients experiencing sudden cardiac arrest secondary to 
ischemic heart disease.
Cardiac magnetic resonance (CMR) showing transmural myocardial edema (ME) of the lateral left 
ventricular wall (4 chambers, long-axis view; T2-weighted sequences) (A) and subendocardial late 
gadolinium enhancement (LGE) involving the same region (4-chamber, long-axis view; T1-weighted 
inversion recovery postcontrast sequences) (B) in a patient with obstructive stenosis of the circumflex 
artery, suggesting acute myocardial infarction. CMR showing no ME (short-axis view; T2-weighted 
sequences) (C) and transmural LGE involving the inferior left ventricular wall (short-axis view; T1-weighted 
inversion recovery postcontrast sequences) (D) in a patient with chronic right coronary artery occlusion 
suggesting chronic ischemic heart disease.

A B

C D
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Figure  5 summarizes the study protocol and the 
main study findings.

DISCUSSION
This multicenter study aimed to evaluate the long-term 
arrhythmic outcome in a cohort of SCA survivors and 
to test the prognostic role of ME as evidenced by early 
CMR in predicting appropriate ICD intervention. The 
main findings were that: (1) early CMR imaging demon-
strated on T2 sequences the presence of ME, attribut-
able to either ischemic or nonischemic heart disease, 
in 18% of SCA survivors; (2) over a median follow-up 
of nearly 4 years, 89% of SCA survivors with ME had 
an uneventful long-term arrhythmic outcome; (3) ME 

was associated with a significantly lower risk of ICD 
discharge for life-threatening arrhythmic events during 
follow-up and remained an independent predictor of 
better arrhythmic outcome after adjustment for LVEF 
and LGE; and (4) the risk of appropriate ICD interven-
tion during follow-up was unrelated to the underlying 
heart disease, whether ischemic, nonischemic, or pri-
marily arrhythmic.

Previous Studies
Prior studies in patients who survived SCA showed that 
CMR tissue characterization provides incremental di-
agnostic and prognostic value.9–13 It was demonstrated 
that imaging myocardial LGE/fibrosis is a key test for 
diagnosing the underlying cause of SCA and provides 

Figure 2.  Representative examples of patients experiencing sudden cardiac arrest secondary to 
nonischemic heart disease.
Cardiac magnetic resonance (CMR) showing subepicardial myocardial edema (ME) of the inferolateral 
left ventricular wall (short-axis view; T2-weighted sequences) (A) and subepicardial late gadolinium 
enhancement (LGE) involving the same region (short-axis view; T1-weighted inversion recovery 
postcontrast sequences) (B) in a patient with normal coronary artery, suggesting acute myocarditis. 
CMR showing no ME (short-axis view; T2-weighted sequences) (C) and circumferential subepicardial-
midmyocardial LGE (short-axis view; T1-weighted inversion recovery postcontrast sequences) (D) in a 
patient with left-dominant arrhythmogenic cardiomyopathy.

A B

C D
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added value for arrhythmic risk stratification in both is-
chemic and nonischemic heart diseases, regardless of 
ventricular ejection fraction or severity of CAD. Data on 
the clinical meaning and prognostic role of ME as evi-
denced by early CMR imaging in SCA survivors are lim-
ited because in the majority of previous studies scans 
were performed late after the episode of SCA, prevent-
ing detection of ME by T2-weighted sequences. All 
study patients underwent early CMR imaging, ie, within 
1 month after SCA, a necessary prerequisite for dem-
onstration of ME, which is a transient phenomenon.8,9 
A previous study primarily addressed the diagnostic 
value of ME identified by early CMR in a small group of 
patients who survived SCA. Short-term follow-up data 
were secondarily reported and only half of the small pa-
tient sample received an ICD.9 The present multicenter 
prognostic study primarily focused on the value of ME 
by early CMR imaging to predict the occurrence of ap-
propriate ICD intervention in a larger group of patients, 
collected from 9 Italian centers, all treated with an ICD 
and followed up for a longer period. This allowed sys-
tematically correlating the presence of ME by early CMR 
imaging and the occurrence of ICD interventions dur-
ing follow-up. The findings confirm and extend previous 
preliminary observations on the favorable and inde-
pendent predictive value of ME.

Pathophysiology of ME
ME is the expression of early tissue changes, which 
occur during an acute ischemic or inflammatory 
injury and consist of accumulation of intercellu-
lar water (cytogenic edema) followed by interstitial 
water (vasogenic edema).19 T2-weighted imaging 
is sensitive to myocardial water content and al-
lows for the visualization by CMR of ME in a variety 
of acute heart diseases, including acute coronary 
syndromes, acute myocarditis, Takotsubo syn-
drome, and acute graft rejection. In patients with 
arrhythmic SCA, T2-weighted images provide an 
added diagnostic value as ME represents the tis-
sue marker for an acute and reversible myocardial 
injury, either ischemic or inflammatory, underly-
ing VF.15,20–24 Whether ME represents a bystander 
hallmark of an arrhythmogenic myocardial insult 
underlying VF (ie, acute myocardial ischemia) or 
it is directly involved in the genesis of the ven-
tricular electrical instability through the induction 
of a depolarization/repolarization inhomogene-
ity of the edematous myocardium remains to be 
established.

Identifying a Reversible Cause of SCA
The knowledge of the acuity and reversibility of the 
myocardial substrate underlying arrhythmic SCA 
may be crucial in clinical decision-making. The SCA 
survivors with an underlying identifiable chronic ir-
reversible or noncorrectable cause are at high risk 
for recurrence of malignant ventricular arrhythmias 
and subsequent death. On the contrary, patients 
with arrhythmic SCA attributable to an identifiable 
acute transient or correctable cause have a low risk 
of arrhythmic death during follow-up. Accordingly, 
current guidelines recommend ICD implantation for 
secondary prevention in survivors of SCA, unless the 
cause is deemed reversible and/or correctable.2,3 
Putative transient causes of SCA include acute is-
chemic events or acute myocarditis. Correctable 
causes consist of electrolyte imbalance, antiarrhyth-
mic drug reaction, cocaine or other illicit drug use, 
or other.1 Despite these recommendations, ICDs are 
implanted in up to 40% of SCA survivors with a po-
tentially reversible cause of SCA, without clear evi-
dence to guide this decision.25–27

Indeed, determining the exact cause of SCA and its 
reversibility is a clinical challenge. Unless a clear culprit 
lesion is identified by coronary angiography, differenti-
ation between acute myocardial infarction and chronic 
CAD may be difficult.6 In fact, SCA may not be pre-
ceded by ischemic symptoms, and troponin increase 
after SCA may not be specific. Diagnosing acute myo-
carditis in a patient who had SCA also represents a 
clinical puzzle. Symptoms, dynamic ECG changes, 

Table 3.  Type of ICD, Antiarrhythmic Therapy at 
Discharge, and Outcome Data

Follow-up (range), mo 47 (26–67)

Type of ICD

Single-chamber 54 (53)

Dual-chamber 18 (18)

CRT-D 8 (8)

Subcutaneous 21 (21)

Antiarrhythmic drug therapy at discharge

β-Blockers 57 (56)

Calcium channel blockers 4 (4)

Amiodarone 10 (10)

ICD intervention

≥1 ATP 11 (11)

≥1 shock 18 (18)

≥1 ATP or shock 24 (24)

≥ inappropriate shock 14 (14)

Complications requiring system revision

Pocket hematoma 1 (1)

Lead failure 2 (2)

Infection 2 (2)

Death

Cardiovascular death 2 (2)

Noncardiovascular death 2 (2)

Values are expressed as number (percentage) unless otherwise indicated. 
ATP indicates antitachycardia pacing; CRT-D, cardiac resynchronisation 
therapy; and ICD, implantable cardioverter-defibrillator.
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and troponin elevation may lack specificity after SCA 
because they may be secondary to an anoxic injury 
(postresuscitation syndrome).4,5 Other presumed 

reversible causes of CA, such as electrolyte abnormal-
ities, may be either the cause or the consequence of 
SCA and associated resuscitation efforts.

Table 4.  CMR Findings According to Arrhythmic Events During Follow-Up

Overall (N=101) ICD therapy + (n=24)
ICD therapy −  
(n=77) P log-rank

Left ventricle

Ejection fraction 56 (44–61) 55 (48–61) 56 (41–60) 0.49

Ejection fraction <50% 37 (37) 9 (38) 28 (36)

Dilation (EDV >75 mL/mq) 38 (38) 11 (46) 27 (35) 0.84

Regional WMA 28 (28) 5 (21) 23 (30) 0.94

Right ventricle

Dysfunction (EF <50%) 11 (11) 2 (8) 9 (12) 0.28

Dilation (EDV >75 mL/mq) 5 (5) 2 (8) 3 (4) 0.11

Regional WMA 7 (7) 1 (4) 6 (8) 0.78

Tissue characterization

Edema 18 (18) 2 (8) 16 (21) 0.04

Subendocardial/transmural 11 (11) 2 (8) 9 (12)

Subepicardial/midmural 7 (7) 0 7 (19)

Late enhancement 58 (58) 14 (58) 44 (57) 0.49

Subendocardial/transmural 21 (21) 4 (17) 17 (22)

Subepicardial/midmural 37 (37) 10 (42) 27 (35)

Type of disease

Ischemic heart disease 21 (21) 4 (17) 17 (22) 0.42

Nonischemic heart disease 51 (50) 12 (50) 39 (49)

Primary arrhythmia syndrome 29 (29) 8 (33) 21 (27)

Values are expressed as number (percentage) unless otherwise indicated. CMR indicates cardiac magnetic resonance; EDV, end-diastolic volume; EF, 
ejection fraction; ICD, implantable cardioverter-defibrillator; and WMA, wall motion abnormality.

Figure 3.  Survival free from appropriate implantable cardioverter-defibrillator (ICD) intervention according to the presence 
of myocardial edema (ME).
Kaplan-Meier analysis of survival free from appropriate ICD interventions (antitachycardia pacing or shock [A] or shock only [B] 
according to the presence of ME on cardiac magnetic resonance).
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Role of ME in SCA Survivors
The results of our study showed that myocardial tissue 
characterization by early CMR offers the advantage to 
interpret the mechanism responsible for the arrhythmic 
SCA on an objective pathophysiologic basis. In com-
bination with postcontrast sequences for LGE/fibrosis, 
CMR sequences for ME offered the potential to evalu-
ate whether the arrhythmic event responsible for SCA 
occurred in association with an acute and reversible 
myocardial injury or with chronic and irreversible struc-
tural myocardial disease.

In our study, T2-weighted sequences allowed us to 
identify acute myocardial ischemia as the arrhythmic 
substrate in 30% of SCA survivors with coronary artery 
stenosis by demonstrating the presence of ME in the 
territory tributary of an obstructed coronary artery. The 
detection of ME led to the identification or confirmation 
of the culprit coronary artery in patients with multiple 
vessel disease and equivocal coronary angiography 
findings. ME was also demonstrated in 13% of SCA 
survivors without obstructive CAD: in these cases, 

acute myocardial injury was ascribed to acute myocar-
ditis, coronary artery spasm, or Takotsubo syndrome.

Among the remaining 83 patients without evidence 
of ME, SCA was caused by chronic structural heart 
disease or primarily arrhythmic syndrome in the pres-
ence of a structurally normal heart. Structural heart 
diseases included cardiomyopathies, isolated non-
ischemic myocardial scar, or arrhythmic mitral valve 
prolapse.

Clinical Outcome
Twenty-four percent of our patients experienced ≥1 
appropriate ICD interventions over a median follow-up 
of nearly 4  years, a figure in keeping with the previ-
ously reported high risk of recurrences among SCA 
survivors2,3; however, only 2% died of cardiovascular 
causes. Indeed, our cohort with SCA included rela-
tively young patients (median age, 47 years) with pre-
dominant nonischemic heart disease and mild systolic 
ventricular dysfunction. This may be explained by their 
higher acute survival rate and the rapid recovery from 

Figure 4.  Survival free from appropriate implantable cardioverter-defibrillator (ICD) intervention according to the type of 
disease.
Kaplan-Meier analysis of survival free from appropriate ICD interventions (antitachycardia pacing or shock [A] or shock only [B] 
according to the type of cardiovascular disease).

Table 5.  Univariate and Multivariable Cox Regression Analysis for Predictors of Appropriate ICD Intervention

Univariate analysis Multivariable analysis

HR 95% CI P value HR 95% CI P value

ME 0.26 0.06–0.92 0.038 0.22 0.05–0.94 0.041

LVEF, % 0.99 0.97–1.02 0.58 0.98 0.95–1.01 0.19

LGE 1.33 0.59–3.01 0.49 1.46 0.60–3.54 0.41

HR indicates hazard ratio; ICD, implantable cardioverter-defibrillator; and ME, myocardial edema.
Left ventricular ejection fraction (LVEF) and late gadolinium enhancement (LGE) were included in the multivariable analysis as potential confounders based 

on their clinical relevance despite the result of the univariate analysis.
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neurological, respiratory, or other complications allow-
ing early CMR imaging.

Our follow-up results confirmed the study hypoth-
esis that SCA survivors with evidence of ME, which 
is an objective marker of an acute and transient ar-
rhythmogenic myocardial substrate, had a more fa-
vorable arrhythmic outcome.9 We found that all but 
2 patients with ME had an uneventful arrhythmic out-
come. Although SCA in both patients was associated 
with acute ischemic ME, they also had a concomitant 
chronic ischemic cardiomyopathy with a severely re-
duced LVEF (25% and 21%, respectively), which is a 
recognized permanent condition associated with a 
high risk of SCD. Of note, ME regardless of its cause 
remained an independent predictor of better arrhyth-
mic outcome after adjustment for LVEF and LGE.

Furthermore, the risk of appropriate ICD interven-
tion during follow-up did not differ with regard to the 
type of underlying heart disease, whether ischemic, 
nonischemic, or primarily arrhythmic.

Study Limitations
The study population reflects the inclusion criteria and 
the difficulty in performing early CMR imaging after 
SCA. Accordingly, the results may not be generalized 
to all patients with SCA. However, it should be recog-
nized that a sizeable proportion of patients admitted 
for SCA is not eligible for early CMR imaging because 

of death, mechanical ventilation, kidney injury, or neu-
rological impairment. Parametric T2 mapping tech-
nique was not available during the study period at the 
majority of participating centers, and we elected not 
to report the findings of a few patients for lack of clini-
cal relevance. Moreover, the study was retrospective, 
but data quality were assured by the inclusion only of 
patients who received an ICD and were regularly fol-
lowed up.

CONCLUSIONS
The results of this multicenter study on patients with 
SCA who received an ICD for secondary prevention 
suggest that demonstration by early CMR of ME, which 
is a marker of acute and reversible arrhythmogenic my-
ocardial injury, may predict a favorable outcome with a 
lower incidence of appropriate shocks for relapses of 
life-threatening ventricular tachyarrhythmias irrespec-
tive of its cause and potential confounders such as 
LVEF and LGE. As expected, the arrhythmic outcome 
may be influenced by concomitant chronic heart dis-
eases, which act as a permanent substrate for VF. The 
observational study design and the relatively limited 
number of SCA survivors undergoing early CMR imag-
ing and ICD implantation do not allow definitive conclu-
sions on the relationship between ME and arrhythmic 
outcome. Hence, the results of the present study 

Figure 5.  Summary of study protocol and main results.
ATP indicates antitachycardia pacing; CMR, cardiac magnetic resonance; ICD, implantable cardioverter-defibrillator; LGE, late 
gadolinium enhancement; and SCA, sudden cardiac arrest.
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should be considered hypothesis-generating and are 
expected to stimulate future prospective investigations 
on large patient populations over a longer follow-up, 
hopefully using the parametric T2 mapping technique 
for evaluation of ME. Validation by further studies of our 
preliminary results on the favorable prognostic value of 
ME may have a substantial impact on future guidelines 
for the management of SCA survivors.
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