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Abstract: (1) Background: Cardiac magnetic resonance (CMR) imaging is an emerging tool for
investigating nonischemic cardiomyopathies and cardiac systemic disease. However, data on the
cardiac arrest population are limited. This study aimed to evaluate the usefulness of CMR imaging
in out-of-hospital cardiac arrest (OHCA) survivors treated with targeted temperature management
(TTM). (2) Methods: We conducted the retrospective observational study using a multicenter registry
of adult non-traumatic comatose OHCA survivors who underwent TTM between January 2010 and
December 2019. Of the 949 patients, 389 with OHCA of non-cardiac cause, 145 with significant lesions
in the coronary artery, 151 who died during TTM, 81 without further evaluation due to anticipated
poor neurological outcome, and 51 whose etiology is underlying disease were excluded. In 36 of the
132 remaining patients, the etiologies included variant angina, long QT syndrome, and complete
atrioventricular block in ancillary studies. Fifty-six patients were diagnosed idiopathic ventricular
fibrillation without CMR. (3) Results: CMR imaging was performed in the remaining 40 patients
with cardiac arrest of unknown cause. The median time from cardiac arrest to CMR imaging was
10.1 days. The CMR finding was normal in 23 patients, non-diagnostic in 12, and abnormal in 5, which
suggested non-ischemic cardiomyopathy but did not support the final diagnosis. (4) Conclusions:
CMR imaging may not be useful for identifying unknown causes of cardiac arrest in OHCA survivors
treated with targeted temperature management without definitive diagnosis even after coronary
angiography, echocardiography, and electrophysiology studies. However, further large-scale studies
will be needed to confirm these findings.

Keywords: cardiac MRI; cardiac arrest; targeted temperature management

1. Introduction

Out-of-hospital cardiac arrest (OHCA) is one of the leading causes of death in industri-
alized countries [1]. Targeted temperature management (TTM) is generally recommended
for patients who are comatose after post-cardiac arrest [2]. Identifying and treating the
cause have also been emphasized to be major issues in the recent guidelines of the Inter-
national Liaison Committee on Resuscitation [2]. Although ischemic heart disease is well
known to account for most cases with cardiac origin of arrest, the proportion of cases of
other causes, which can be divided into structural (non-ischemic cardiomyopathy, sarcoido-
sis, amyloidosis, and myocarditis) or electrical abnormalities (long QT syndrome, Brugada
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syndrome, and polymorphic ventricular tachycardia), is not negligible [3]. However, the
cause of OHCA can remain uncertain even after echocardiography and coronary angiogra-
phy. A previous study reported that approximately 40% of cases remain without an overt
diagnosis despite vigorous efforts to elucidate the causes of cardiac arrest [4]. It is still
difficult to elucidate the etiology of cardiac arrest without significant coronary artery lesion
for physicians.

Cardiac magnetic resonance (CMR) imaging is helpful for evaluating various cardiac
disorders, as it provides information about heart function, structure, tissue characteriza-
tion with better accuracy, and reproducibility, as compared with echocardiography [5,6].
CMR imaging is recommended as an alternative cardiac imaging modality for patients
with non-diagnostic echocardiographic studies in the European Society of Cardiology
guideline [7]. CMR imaging also provides crucial information for risk stratification of
sudden cardiac death in non-ischemic cardiomyopathy with late gadolinium enhancement
sequence [8,9]. Additionally, CMR can be of great value in evaluation of arrhythmogenesis
in sudden cardiac death [10]. Knowledge from investigations using CMR imaging for
the etiology of sudden cardiac death is limited and inconsistent. Some studies found an
additional diagnostic value of CMR imaging in patients with cardiac arrest, whereas others
showed only subtle CMR imaging findings [11-14]. Moreover, most studies focused on
sudden cardiac death included patients with alert mentality after the return of spontaneous
circulation. However, patients treated with TTM have different characteristics, and there is
a paucity of data from these population.

The aim of this study was to evaluate the usefulness of CMR imaging in OHCA
survivors with inconclusive coronary angiography findings who were treated with TTM.

2. Material and Methods
2.1. Study Design and Patients

This retrospective observational registry-based study was conducted at a 3 tertiary
care university-affiliated teaching hospital in Korea. The data of 949 consecutive adult
(>18 years) patients with non-traumatic OHCA treated with TTM between January 2010
and December 2019 were extracted from prospectively collected OHCA registry data [15-18].
The number of patients from each hospital is as follows: 328, 360, and 261, respectively.
OHCA cases with presumed cardiac or unknown cause were included. Non-cardiac causes
of arrest, such as drug intoxication, hanging, asphyxia, and drowning, were excluded. No
further evaluation was performed for patients with an anticipated poor prognosis or short
life expectancy and a known underlying cardiac disease suspected as the cause of arrest.
Patients with a culprit lesion proven on coronary angiography were also excluded. CMR
imaging was performed in the patients whose etiology of arrest was not proven by other
studies, including ergonovine stress test or electrophysiology study. Echocardiography
was performed before CMR imaging in all the enrolled patients.

The Institutional Review Board of the University of Ulsan College of Medicine re-
viewed and approved the study protocol (IRB No. 1052), and informed consent was waived
because of the retrospective nature of the study.

2.2. Management and Data Collection

During the study period, all OHCA patients received cardiopulmonary resuscita-
tion and post-resuscitation care, including TTM and coronary reperfusion, according to
the then-current advanced cardiac life support guidelines [19,20]. TTM was performed
for all unconscious patients using cooling devices such as the Blanketrol II (Cincinnati
Subzero Products, Cincinnati, OH, USA), Arctic Sun Energy Transfer Pad (Medivance
Corp., Louisville, CO, USA), or an endovascular cooling device (Thermoguard; ZOLL
Medical Corporation, Chelmsford, MA, USA). The target temperature (33 °C or 36 °C) was
maintained for 24 h. After 24 h, patients were rewarmed at a rate of 0.25 °C/h following
maintained normothermia until 72 h from ROSC. The temperature was monitored using an
esophageal or rectal temperature probe. We used propofol, benzodiazepine, and opioids
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for sedation and analgesia. If necessary, a neuromuscular blocking agent was administered
to control shivering. All patients received standard intensive care according to institutional
protocols.

Demographic and clinical data such as age, sex, witnessed cardiopulmonary resusci-
tation (CPR), bystander CPR, time from cardiac arrest to CMR imaging, medical history
(previous cardiac arrest, previous myocardial infarction, angina, arrhythmia, heart failure,
and hypertension), electrocardiographic findings, initial rhythm at the scene, shock at the
scene, and initial rhythm at the emergency department were collected from the electronic
medical records of registry-enrolled patients. There were no missing values to manage.

2.3. Echocardiographic Analysis

Transthoracic echocardiography (TTE) was performed before CMR imaging in all the
enrolled patients by experienced cardiologists and/or sonographers after TTM. Complete
standard TTE was performed in accordance with the clinical laboratory practice and inter-
national recommendations [21]. Left ventricular (LV) end-diastolic (EDV) and end-systolic
volumes (ESV) and biplane ejection fractions were measured from the 4- and 2-chamber
views using the Simpson or Teichholz method. Two investigators blinded to the patient’s
clinical history and data analyzed all examination results. All anatomical and functional
parameters were analyzed in accordance with the latest international recommendations for
cardiac chamber quantification [21] and diastolic function evaluation [22].

2.4. CMR Imaging Acquisition and Analysis

CMR scans were performed with a 1.5-T magnetic resonance imaging unit (Avanto;
Siemens Healthcare, Erlangen, Germany). The patients were scanned 10.1 days (interquar-
tile range (QR), 6.5-12.8) after their cardiac arrest. The protocols included cine CMR,
T1-weighted imaging before and after contrast, and T2-weighted imaging. Cine images
were acquired using a steady-state free precession sequence in the horizontal long- and
short axis, 2-, 3-, and 4-chamber views of the left ventricle. The imaging parameters were
as follows: Repetition time (TR)/echo time (TE), 2.9/1.4 ms; flip angle, 60°; 25 phases;
in-plane spatial resolution, 2.0 x 2.0 mm; slice thickness, 8 mm; slice gap, 2 mm; bandwidth
2560 Hz/pixel; acquisition matrix, 152 x 150; and field-of-view (FOV), 300 x 300 mm.
Conventional breath T1-weighted images were acquired in the same long- and short axis
views. The imaging parameters were as follows: TR/TE, 2.4/1.2 ms; flip angle, 20°; in-
plane spatial resolution, 2.2 x 2.2 mm,; slice thickness, 8 mm; bandwidth, 1080 Hz/pixel;
acquisition matrix, 156 x 156; and FOV, 340 x 340 mm. Myocardial edema imaging was
performed using breath-hold T2-weighted imaging in cardiac short-axis orientation. The
imaging parameters were as follows: TR/TE, 2.4/1.2 ms; flip angle, 35°; in-plane spatial
resolution, 2.2 x 2.2 mm; slice thickness, 8 mm; acquisition matrix, 160 x 156; and FOV,
340 x 340 mm. Late gadolinium enhancement was obtained after intravenous administra-
tion of 0.1 mmol/kg gadoxetic acid (Primovist; Bayer). The imaging parameters as follows:
TR/TE, 6.2/3.0 ms; flip angle, 25°; in-plane spatial resolution 1.5 x 1.5 mm; slice thickness
8 mm; acquisition matrix, 200 x 200; and FOV, 300 x 300 mm.

All the studies were analyzed by the board-certified radiologist on duty. All the
hospital has similar methods for analyzing images. The imaging findings were interpreted
by 2 investigators. The CMR scans that did not show any specific findings were considered
“normal”. Imaging findings that could not contribute to the diagnosis, such as myocardial
wall edema related to CPR or wall dyskinesia not related to ischemic cardiomyopathy, were
regarded as “non-diagnostic”.

2.5. Final Clinical Diagnosis

We defined final clinical diagnosis as the cause of cardiac arrest made by the medical
team treating the patients including cardiologist based on all clinical information available
(imaging, coronary angiography, electrophysiological study). This did not need to coincide
with the final CMR diagnosis.
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2.6. Statistical Analysis

Continuous variables are reported as median and IQR, and categorical data are pre-
sented as absolute frequencies (1) and percentages. We used the SPSS version 21 software
for the statistical analyses.

3. Results
3.1. Study Population

Figure 1 shows the patient flow diagram of the included population. Between January
2010 and December 2019, 949 patients were included in the registry of the study facility.
Of the patients, 389 with a suspected non-cardiac arrest such as drowning, hanging, and
asphyxia were excluded. Among 560 patients with a presumed cardiac cause of arrest,
151 died. Eighty-one patients did not undergo further evaluation because of an anticipated
poor neurological outcome or short life expectancy. Fifty-one patients with an underlying
cardiac disease that was suspected as the cause of the arrest did not undergo CMR imaging.
One hundred forty-five patients were found to have significant coronary lesions on coronary
angiography. In 36 of the 132 patients with a suspected non-ischemic cause of arrest, the
etiologies included variant angina, long QT syndrome, and complete atrioventricular block
in ancillary studies. Another 56 patients were diagnosed as having idiopathic ventricular
fibrillation without CMR imaging. Finally, 40 patients underwent CMR imaging. The
number of patients from each hospital included in final analysis is as follows: 18, 18, and 4,
respectively.

Adult non-traumatic Out-Of-Hospital Cardiac Arrest patients
Treated with TTM (January 2010-December 2019

(n=949)
Non-cardiac_cause
(n = 389)

Exclusion (n =283)
Expire (n=151)
No further evaluation (n = 132)
d/t poor neurologic outcome
or short life expectancy (n=81)
d/t arrest caused by underlying ds.
(n=>51)

Presumed cardiac cause of arrest
(n=560)

Coronary angiography with

——
culprit lesion (n = 145)

Suspicious non-ischemic cause
(n=132)

Etiology proven by other study (n = 36)
Variant angina (n = 24)
Long QT synd: m=9)
Complete AVB (n = 3)

Idiopathic VF without CMR (n = 56)

CMR Study patients
(n=40)

Non-di ic
(n=12)

Non-ischemic cardiomyopathy
(n=5)

Normal
(m=23)

Figure 1. Patient enrolment flow diagram. TTM: Targeted temperature management; AVB: Atrioven-

tricular block; VF: Ventricular fibrillation; CMR: Cardiac magnetic resonance.

3.2. Baseline Characteristics

The demographic and clinical data of the patients are presented in Table 1. The median
age was 37.5 years (IQR, 29.0-51.3). Of the patients, 29 (72.5%) were men and 28 (70.0%)
were previously healthy. Only 1 patient experienced a cardiac arrest with an unproven
cause in a previous imaging study, including coronary angiography. None of the patients
had a previous myocardial infarction or heart failure. History of angina was reported
in 3 patients; however, they did not perform any coronary intervention because of mild
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stenosis. Another 4 patients had a history of arrhythmia, which was non-life threatening.
Four patients reported hypertension and 2 patients reported diabetes mellitus.

Table 1. Baseline demographic and clinical data of the study population.

Characteristics Study Population (n = 40)
Age (median), years 37.5(29.0-51.3)
Male sex 29 (72.5)
Medical history
Previously healthy 28 (70.0)
Previous cardiac arrest 1(2.5)
Previous myocardial infarction 0(0)
Angina 3(7.5)
Arrhythmia 4 (10.0)
Heart failure 0(0)
Hypertension 4(10.0)
DM 2 (5.0)
Witnessed 33 (82.5)
Bystander CPR 30 (75.0)
Initial rhythm at scene, VF 29 (72.5)
EMS shock at scene 33 (82.5)
Initial rhythm at the emergency department
ROSC 36 (90.0)
VF 2 (5.0
PEA 1(5.6)
Asystole 1(2.5)
Electrocardiographic findings
Rate, beats/min 100 (89-107.5)
QRS duration, mm/s 97.5 (90.3-107.5)
QTc duration, mm/s 469.5 (452-489.8)
ST segment change 11 (27.5)
LBBB 2 (5.0
RBBB 4 (10.0)

Time from cardiac arrest to CMR imaging

(median), days 10.1 (6.5-12.8)

Values are expressed as median with interquartile range or number (%). DM: Diabetes mellitus; CPR: Cardiopul-
monary resuscitation; VF: Ventricular fibrillation; EMS: Emergency medical service; ROSC: Return of Spontaneous
Circulation; PEA: Pulseless electrical activity; CMR: Cardiac magnetic resonance; LBBB: Left bundle branch block;
RBBB: Right bundle branch block.

Cardiac arrest was witnessed in 33 cases (82.5%). Thirty patients (75.0%) received
a bystander CPR. In 29 cases (72.5%), ventricular fibrillation was reported as the initial
rhythm at the scene. Shock was performed in 33 patients (82.5%). Among the patients,
36 (90.0%) achieved spontaneous circulation at the initial presentation. Two patient had
ventricular fibrillation. Pulseless electrical activity and asystole were observed in only one
patient, respectively.

Median heart rate was 100 beats/min (IQR, 89-107.5). QTc duration was 469.5 mm/s
(IQR, 452-489.8). ST segment change were observed in 11 patients (27.5%). LBBB and RBBB
were observed in 2 (5.0%) and 4 patients (10.0%), respectively.

The time from cardiac arrest to CMR imaging varied depending on the patient’s
clinical status and physician’s decision. The median time was 10.1 days (IQR, 6.5-12.8).

3.3. Echocardiography Analysis

The echocardiographic data, including left ventricle volume, ejection fraction, diastolic
function, and presence of pericardial effusion, are shown in Table 2. The median LVEF (%)
of the patients was 59.5 (54.3-63.0). The median LV EDV and ESV indexes (ml/m?2) were
58.9 (45.0-65.3) and 24.2 (16.5-29.8), respectively. The median LV mass index (g/m?2) was
88.2 (77.1-110.2). Diastolic dysfunction grades 1 and 2 were reported in 11 (27.5%) and
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3 patients (7.5%), respectively, and another 26 patients (65.0%) showed normal diastolic
functions. None of the patients showed a pericardial effusion.

Table 2. Echocardiographic analysis.

Characteristics Study Population (n = 40)
LV EDV index, mL/m? 58.9 (45.0-65.3)
LV ESV index, mL/m?2 24.2 (16.5-29.8)
LV mass index, g/m? 88.2 (77.1-110.2)
LVEF, % 59.5 (54.3-63.0)
Diastolic function
Normal 26 (65.0)
Diastolic dysfunction grade 1 11 (27.5)
Diastolic dysfunction grade 2 3(7.5)
Diastolic dysfunction grade 3 0(0)
Pericardial effusion 0(0)

Values are expressed as median with interquartile range or number (%). LV: Left ventricle; EDV: End-diastolic
volume; ESV: End-systolic volume; EF: Ejection fraction.

3.4. CMR Imaging Findings and Final Diagnosis and Implantable Cardioverter
Defibrillators Insertion

The CMR imaging findings, final diagnoses, and implantable cardioverter defibrillator
(ICD) use of the patients are presented in Table 3. Of the patients, 23 (57.5%) had normal
CMR imaging findings. We observed non-diagnostic finding such as CPR related finding,
wall motion dyskinesia, and decreased contractility in 12 (30%) patients. Only five patients
showed the CMR imaging findings, which suggests non-ischemic cardiomyopathy. Two
patients were suspected of stress-induced cardiomyopathy. Another patient showed an
abnormal finding, which suggests hypertrophic cardiomyopathy. One patient showed sub-
tle myocardial fibrosis at the right ventricle insertion point, which suggests non-ischemic
cardiomyopathy. Another patient showed an increased pre-T1 value in the LV wall except
the apical lateral and inferior walls; otherwise, the post-T1 value was decreased in the LV
endocardium, which suggests non-ischemic cardiomyopathy (Figure 2) Table S1 presents a
detailed description of the CMR imaging finding, final diagnosis, and ICD insertion status.

Table 3. Cardiac magnetic resonance imaging findings and final diagnosis in study population.

Finding Final Diagnosis
Normal 23 (57.5)
Idiopathic VF 14 (60.9)
Variant angina 6 (26.1)
Other *? 3(13.0)
Non-diagnostic 12 (30)
CPR related finding 3 (25) Idiopathic VF 5 (41.7)
Wall motion dyskinesia 4 (33.3) Variant angina 3(25)
Decreased contractility 5 (41.7) Other *3 4 (33.3)
Non-ischemic cardiomyopathy 5(12.5)
SCMP 2 (40) Idiopathic VF 2 (40)
HCMP 1(20) Variant angina 1(20)
Other finding that suggests non-ischemic 2 (40) Other * 2 (40)

cardiomyopathy *!

Values expressed as 1 (%). VE, ventricular fibrillation; CPR, cardiopulmonary resuscitation; SCMP, stress-induced cardiomyopathy; HCMP,
hypertrophic cardiomyopathy. #1 Diffusely increased pre T1 value in LV wall, except apical lateral and inferior wall, diffuse decreased post
T1 value in LV endocardium; Subtle myocardial fibrosis at RV insertion point. *2: Long QT syndrome (2), WPW syndrome (1). *3: Long QT
syndrome, coronary spasm d/t tight stenosis, Brugada syndrome, SCMP. **: Long QT syndrome, Cardiac arrest d /t bronchial edema.
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Figure 2. CMR scan suggesting non-ischemic cardiomyopathy. (A,B) Cine view (4 and 2 chambers). (C) Pre-T1 map. The T1
value is diffusely increased in the LV wall, except the lateral and inferior walls. (D) Post-T1 map. The T1 value is diffusely
decreased in the LV endocardium.

In patients with normal CMR findings, 14 patients were finally diagnosed as idiopathic
ventricular fibrillation (VF), and six patients were diagnosed as variant angina. Other
diagnoses were present in three patients. Final diagnoses of patients with non-diagnostic
CMR findings were idiopathic VF in five patients, variant angina in three patients, and
others in four patients. The CMR finding, which suggests non-ischemic cardiomyopathy,
did not support the final diagnosis. Idiopathic VF was diagnosed in two patients, and
variant angina was another diagnosis in one patient. Other diagnoses were long QT
syndrome and cardiac arrest caused by bronchial edema.

4. Discussion

CMR imaging is an emerging tool to investigate non-ischemic cardiomyopathies
and cardiac systemic disease. To our knowledge, this is the first study to investigate the
usefulness and clinical impact of CMR imaging in TTM-treated patients with OHCA. CMR
imaging was performed in 40 patients treated with TTM after OHCA, which revealed
normal findings in 23 patients and non-diagnostic findings in 12. An abnormal finding that
suggested non-ischemic cardiomyopathy, although it did not support final diagnosis, was
found in five patients.
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The result of this study contradicts the previous reports that support role of CMR
imaging in cardiac arrest. Recent study with 164 survivors of fatal arrhythmias reported
that CMR contributed to the diagnosis in nearly half of patients [11]. Moreover, among
110 OHCA survivors with inconclusive coronary angiogram, Baritussio et al., found that
CMR imaging provided a clinical impact in 76 patients (70%) and contributed to the
diagnosis in 27 patients (25%) [23]. Additionally, Mavrogeni et al., reported that CMR can
be of great value in evaluation of arrhythmogenesis in sudden cardiac death of healthy
athletes especially by its ability to differentiate non-ischemic cardiomyopathy with athlete’s
heart [10]. However, another study with 36 cardiac arrest survivors found only minor
findings in CMR imaging and other study that evaluated the cause in 43 cardiac arrest
survivors reported that >50% of the patients who underwent CMR imaging had normal
or non-diagnostic findings [4]. Considering the conflicting results of CMR imaging in the
cardiac arrest survivors, the usefulness of CMR imaging is still uncertain.

An explanation for our result is the difference in study population. Previous studies
included heterogeneous group of patients from non-sustained ventricular tachycardia
to a history of resuscitated cardiac arrest [11,24]. However, patients treated with TTM
have different characteristics to these study populations. Although TTM itself would not
influence imaging quality of CMR and structural change in heart, the characteristics of
patients and the duration of treatment may lessen the diagnostic ability of CMR.

In general, cardiac etiology accounts for 70% of OHCA [25-27], otherwise in this study
about half of patients were excluded due to non-cardiac etiology. As TTM is indicated in
comatose patients after OHCA, patients who recovered alert after arrest were excluded,
which generally caused by cardiac etiology. If CMR had been performed in all OHCA
survivors, better results would be expected. However, in other words, it could imply that
proper selection of patients whom to perform CMR is needed for maximizing the ability
of CMR.

In our study, idiopathic ventricular fibrillation was diagnosed in 19 patients, which ac-
counts for approximately 10% of the total TTM patients. This is a slightly higher incidence
than those reported in previous studies, which ranged from 3% to 5% [28,29]. In this study,
CMR imaging was only performed in patients with good neurological outcomes. Consid-
ering the excellent survival rate in the patients without any identified heart disease [30],
the possibility of structural heart disease could be low in the CMR imaging study group
after TTM.

The median time from cardiac arrest to CMR imaging was 10.1 day. One study which
evaluated 44 OHCA survivor who underwent coronary angiography reported that early
CMR imaging performed within 1 week after cardiac arrest contributed to the diagnosis and
provided prognostic implications [31]. As CMR imaging requires the patient’s cooperation,
clinical status was an absolutely important requisite to perform CMR imaging. Aside
from the 3 days of TTM, several days are often required to stabilize the hemodynamic
status and wean the patient from ventilator support. Considering the importance of early
investigation, CMR imaging would be less useful in TTM patients than in healthy sudden
cardiac death survivors.

Although the recent guideline emphasizes the identification of the cause of arrest,
the stepwise approach to secondary prevention after TTM is not well established [2]. In
our study, three patients were diagnosed as having variant angina by ergonovine stress
coronary angiography after CMR imaging. Considering the higher incidence of vasospasm
in East Asians than in Caucasians, performing CMR imaging after ergonovine stress test
would be reasonable for post-cardiac arrest East Asian patients [32,33].

The recent guideline emphasizes prompt initiation of TTM is necessary for CPCR
survivors to ensure optimal functional and neurological outcome [34]. All the patients who
do not follow commands after cardiac arrest are indicated for TTM regardless of initial
rhythm. As the more patients are indicated for TTM after cardiac arrest, it would increase
that performing CMR in CPCR survivor treated with TTM. This study has an advantage
as preliminary study to find the diagnostic impact of CMR in the potential population.
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This study could provide important information to investigate the ideal time and suitable
patients for CMR imaging, further study will be needed.

This study has several limitations. First, the sample size of the study was relatively
small, so its results may not necessarily reflect general populations. Second, it has selection
bias. CMR imaging was not performed for all the TTM patients. Many patients were
excluded because of poor neurological outcome or short life expectancy. Unless neurologic
recovery is guaranteed, it is not practical to perform CMR because it is expensive and not
always available. Patients who were diagnosed with idiopathic VF without CMR imaging
were also excluded in this study. Although cardiac MR has diagnostic advantage on sudden
cardiac death to exclude structural heart disease, it is not mandatory. CMR imaging could
possibly identify the etiology of cardiac arrest among the excluded patients. Third, patients
whose arrests had a coronary pathogenesis were excluded; however, the possibility of dual
pathology could not be ruled out. Fourth, the time and procedure of CMR imaging were
not controlled in the enrolled patients. As CMR imaging is a relatively time-consuming
modality and requires the patient’s cooperation for imaging quality, controlling the timing
was difficult, as it depends on the patient’s clinical status. Some patients took >1 month
after cardiac arrest to undergo CMR imaging, so the CMR imaging findings may not be
conclusive.

5. Conclusions

In this study, CMR imaging may not be significantly useful for identifying unknown
causes of cardiac arrest in OHCA survivors treated with targeted temperature treatment
without definitive diagnosis even after coronary angiography, echocardiography, and
electrophysiology studies. However, given that the study was limited by sample size and
not statistically assess interaction, our results can only be viewed as hypothesis generating.
Further large-scale studies will be needed to confirm these findings.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2077-038
3/10/4/794/s1, Table S1: Detailed description of cardiac magnetic resonance imaging finding, final
diagnosis, and ICD insertion status in Study Population.

Author Contributions: Conceptualization, W.-Y.K. and S.-M.K.; Methodology, W.-YK., C.-S.Y., G.-
T.L., and S.-M.K,; Data curation, C.-S.Y., G.-T.L., T.-G.S,, ].-§ K., and S.-M.K,; Formal analysis, G.-T.L.,
Y.-].K., T.-G.S., and S.-M.K.; Validation, C.-S.Y., G.-T.L., and T.-G.S.; Visualization, C.-S.Y., G.-T.L.
and S.-M.K.; Writing—Original Draft Preparation, S.-M.K.; Writing—Review and Editing, W.-Y.K.;
Supervision, W.-Y.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Asan Medical Center
(IRB No. 1052).

Informed Consent Statement: Patient consent was waived due to because of the retrospective nature
of the study.

Data Availability Statement: The information contained in the database may be accessible after
contacting the corresponding author and after its reasoned justification.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Berdowski, J.; Berg, R.A.; Tijssen, J.G.; Koster, RW. Global incidences of out-of-hospital cardiac arrest and survival rates:
Systematic review of 67 prospective studies. Resuscitation 2010, 81, 1479-1487. [CrossRef]

2. Callaway, C.W,; Donnino, M.W.,; Fink, E.L.; Geocadin, R.G.; Golan, E.; Kern, K.B.; Leary, M.; Meurer, W.J.; Peberdy, M.A.; Thomp-
son, T.M.; et al. Part 8: Post-Cardiac Arrest Care: 2015 American Heart Association Guidelines Update for Cardiopulmonary
Resuscitation and Emergency Cardiovascular Care. Circulation 2015, 132, 5465-5482. [CrossRef]

3. Myat, A.; Song, K.J.; Rea, T. Out-of-hospital cardiac arrest: Current concepts. Lancet 2018, 391, 970-979. [CrossRef]


https://www.mdpi.com/2077-0383/10/4/794/s1
https://www.mdpi.com/2077-0383/10/4/794/s1
http://doi.org/10.1016/j.resuscitation.2010.08.006
http://doi.org/10.1161/CIR.0000000000000262
http://doi.org/10.1016/S0140-6736(18)30472-0

J. Clin. Med. 2021, 10, 794 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Marstrand, P.; Corell, P.; Henriksen, EL.; Pehrson, S.; Bundgaard, H.; Theilade, J. Clinical evaluation of unselected cardiac arrest
survivors in a tertiary center over a 1-year period (the LAZARUZ study). J. Electrocardiol. 2016, 49, 707-713. [CrossRef]
Grothues, F.; Smith, G.C.; Moon, ].C.; Bellenger, N.G.; Collins, P; Klein, H.U.; Pennell, D.J. Comparison of interstudy reproducibil-
ity of cardiovascular magnetic resonance with two-dimensional echocardiography in normal subjects and in patients with heart
failure or left ventricular hypertrophy. Am. J. Cardiol. 2002, 90, 29-34. [CrossRef]

Jan, M.E; Tajik, A.J]. Modern Imaging Techniques in Cardiomyopathies. Circ. Res. 2017, 121, 874-891. [CrossRef]

Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.; Coats, A.].; Falk, V.; Gonzalez-Juanatey, ].R.; Harjola, V.P;
Jankowska, E.A; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for
the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC). Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur. J. Heart Fail. 2016, 18, 891-975. [CrossRef]

Akhtar, M.; Elliott, PM. Risk Stratification for Sudden Cardiac Death in Non-Ischaemic Dilated Cardiomyopathy. Curr. Cardiol.
Rep. 2019, 21, 155. [CrossRef] [PubMed]

Brown, PF; Miller, C.; Di Marco, A.; Schmitt, M. Towards cardiac MRI based risk stratification in idiopathic dilated cardiomyopa-
thy. Heart 2019, 105, 270-275. [CrossRef]

Mavrogeni, S.I.; Bacopoulou, F.; Apostolaki, D.; Chrousos, G.P. Sudden cardiac death in athletes and the value of cardiovascular
magnetic resonance. Eur. J. Clin. Investig. 2018, 48, €12955. [CrossRef] [PubMed]

Rodrigues, P; Joshi, A.; Williams, H.; Westwood, M.; Petersen, S.E.; Zemrak, F,; Schilling, R.J.; Kirkby, C.; Wragg, A.; Manisty,
C.; et al. Diagnosis and Prognosis in Sudden Cardiac Arrest Survivors Without Coronary Artery Disease: Utility of a Clinical
Approach Using Cardiac Magnetic Resonance Imaging. Circ. Cardiovasc. Imaging 2017, 10, e006709. [CrossRef] [PubMed]
Neilan, T.G.; Farhad, H.; Mayrhofer, T.; Shah, R.V.; Dodson, J.A.; Abbasi, S.A.; Danik, S.B.; Verdini, D.J.; Tokuda, M.; Tedrow,
U.B,; et al. Late gadolinium enhancement among survivors of sudden cardiac arrest. JACC Cardiovasc. Imaging 2015, 8, 414-423.
[CrossRef]

White, J.A.; Fine, N.M.; Gula, L.; Yee, R.; Skanes, A.; Klein, G.; Leong-Sit, P.; Warren, H.; Thompson, T.; Drangova, M.; et al. Utility
of cardiovascular magnetic resonance in identifying substrate for malignant ventricular arrhythmias. Circ. Cardiovasc. Imaging
2012, 5, 12-20. [CrossRef]

Zaremba, T.; Brendberg, A.K,; Jensen, H.K.; Kim, W.Y. Cardiac magnetic resonance characteristics in young survivors of aborted
sudden cardiac death. Eur. J. Radiol. 2018, 105, 141-147. [CrossRef]

Ryoo, S.M.; Kim, Y.J.; Sohn, C.H.; Ahn, S.; Seo, D.W.; Kim, W.Y. Prognostic Abilities of Serial Neuron-Specific Enolase and
Lactate and their Combination in Cardiac Arrest Survivors During Targeted Temperature Management. J. Clin. Med. 2020, 9, 159.
[CrossRef]

Kim, Y.J.; Kim, M.].; Koo, Y.S.; Kim, W.Y. Background Frequency Patterns in Standard Electroencephalography as an Early
Prognostic Tool in Out-of-Hospital Cardiac Arrest Survivors Treated with Targeted Temperature Management. J. Clin. Med. 2020,
9, 1113. [CrossRef]

Lee, B.K; Youn, C.S.; Kim, Y.J.; Ryoo, S.M.; Lim, K.S.; Nam, G.B.; Kim, S.J.; Kim, W.Y. Effect of Prophylactic Amiodarone Infusion
on the Recurrence of Ventricular Arrhythmias in Out-of-Hospital Cardiac Arrest Survivors: A Propensity-Matched Analysis. J.
Clin. Med. 2019, 8, 244. [CrossRef]

Kim, YJ.; Park, ].M.; Kim, M.S.; Ryoo, SM.; Park, Y.S.; Kim, S.S.; Kim, Y.O.; Kim, W.Y. Independent Risk Factors for the
Shivering Occurrence During Induction Period in Out-of-Hospital Cardiac Arrest Survivors Treated with Targeted Temperature
Management. Ther. Hypothermia Temp. Manag. 2019, 9, 70-75. [CrossRef] [PubMed]

Ryoo, S.M.; Jeon, S.B.; Sohn, C.H.; Ahn, S.; Han, C.; Lee, BK.; Lee, D.H.; Kim, S.H.; Donnino, M.W.; Kim, W.Y. Predicting Outcome
With Diffusion-Weighted Imaging in Cardiac Arrest Patients Receiving Hypothermia Therapy: Multicenter Retrospective Cohort
Study. Crit. Care Med. 2015, 43, 2370-2377. [CrossRef]

Kim, W.Y,; Ahn, S.; Hong, ].S.; Cho, G.C.; Seo, D.W.; Jeung, K.W.; Kim, Y.M.; Park, K.N.; Berg, K.; Donnino, M.W. The impact of
downtime on neurologic intact survival in patients with targeted temperature management after out-of-hospital cardiac arrest:
National multicenter cohort study. Resuscitation 2016, 105, 203-208. [CrossRef]

Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2015,
28, 1-39.e14. [CrossRef]

Nagueh, S.F,; Smiseth, O.A.; Appleton, C.P,; Byrd, B.E, 3rd; Dokainish, H.; Edvardsen, T.; Flachskampf, EA.; Gillebert, T.C.; Klein,
A.L.; Lancellotti, P.; et al. Recommendations for the Evaluation of Left Ventricular Diastolic Function by Echocardiography: An
Update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc.
Echocardiogr. 2016, 29, 277-314. [CrossRef]

Baritussio, A.; Zorzi, A.; Ghosh Dastidar, A.; Susana, A.; Mattesi, G.; Rodrigues, J.C.L.; Biglino, G.; Scatteia, A.; De Garate,
E.; Strange, J.; et al. Out of hospital cardiac arrest survivors with inconclusive coronary angiogram: Impact of cardiovascular
magnetic resonance on clinical management and decision-making. Resuscitation 2017, 116, 91-97. [CrossRef]

Andreini, D.; Dello Russo, A.; Pontone, G.; Mushtagq, S.; Conte, E.; Perchinunno, M.; Guglielmo, M.; Coutinho Santos, A.;
Magatelli, M.; Baggiano, A.; et al. CMR for Identifying the Substrate of Ventricular Arrhythmia in Patients With Normal
Echocardiography. JACC Cardiovasc. Imaging 2020, 13, 410—421. [CrossRef]


http://doi.org/10.1016/j.jelectrocard.2016.05.008
http://doi.org/10.1016/S0002-9149(02)02381-0
http://doi.org/10.1161/CIRCRESAHA.117.309600
http://doi.org/10.1002/ejhf.592
http://doi.org/10.1007/s11886-019-1236-3
http://www.ncbi.nlm.nih.gov/pubmed/31768884
http://doi.org/10.1136/heartjnl-2018-313767
http://doi.org/10.1111/eci.12955
http://www.ncbi.nlm.nih.gov/pubmed/29782639
http://doi.org/10.1161/CIRCIMAGING.117.006709
http://www.ncbi.nlm.nih.gov/pubmed/29237609
http://doi.org/10.1016/j.jcmg.2014.11.017
http://doi.org/10.1161/CIRCIMAGING.111.966085
http://doi.org/10.1016/j.ejrad.2018.06.004
http://doi.org/10.3390/jcm9010159
http://doi.org/10.3390/jcm9041113
http://doi.org/10.3390/jcm8020244
http://doi.org/10.1089/ther.2017.0057
http://www.ncbi.nlm.nih.gov/pubmed/29762083
http://doi.org/10.1097/CCM.0000000000001263
http://doi.org/10.1016/j.resuscitation.2016.03.020
http://doi.org/10.1016/j.echo.2014.10.003
http://doi.org/10.1016/j.echo.2016.01.011
http://doi.org/10.1016/j.resuscitation.2017.03.039
http://doi.org/10.1016/j.jcmg.2019.04.023

J. Clin. Med. 2021, 10, 794 11 of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Nichol, G.; Rumsfeld, ].; Eigel, B.; Abella, B.S.; Labarthe, D.; Hong, Y.; O’Connor, R.E.; Mosesso, V.N.; Berg, R.A.; Leeper, B.B.; et al.
Essential features of designating out-of-hospital cardiac arrest as a reportable event: A scientific statement from the American
Heart Association Emergency Cardiovascular Care Committee; Council on Cardiopulmonary, Perioperative, and Critical Care;
Council on Cardiovascular Nursing; Council on Clinical Cardiology; and Quality of Care and Outcomes Research Interdisciplinary
Working Group. Circulation 2008, 117, 2299-2308. [CrossRef]

Rea, T.D.; Fahrenbruch, C.; Culley, L.; Donohoe, R.T.; Hambly, C.; Innes, J.; Bloomingdale, M.; Subido, C.; Romines, S.; Eisenberg,
M.S. CPR with chest compression alone or with rescue breathing. N. Engl. J. Med. 2010, 363, 423-433. [CrossRef] [PubMed]
Bobrow, B.J.; Spaite, D.W.; Berg, R.A.; Stolz, U.; Sanders, A.B.; Kern, K.B.; Vadeboncoeur, T.F,; Clark, L.L.; Gallagher, J.V.;
Stapczynski, ].S.; et al. Chest compression-only CPR by lay rescuers and survival from out-of-hospital cardiac arrest. JAMA 2010,
304, 1447-1454. [CrossRef] [PubMed]

Chugh, S.S.; Kelly, K.L.; Titus, J.L. Sudden cardiac death with apparently normal heart. Circulation 2000, 102, 649—-654. [CrossRef]
[PubMed]

Geri, G.; Passouant, O.; Dumas, E; Bougouin, W.; Champigneulle, B.; Arnaout, M.; Chelly, J.; Chiche, ].D.; Varenne, O.; Guillemet,
L.; et al. Etiological diagnoses of out-of-hospital cardiac arrest survivors admitted to the intensive care unit: Insights from a
French registry. Resuscitation 2017, 117, 66-72. [CrossRef]

Brembilla-Perrot, B.; Miljoen, H.; Houriez, P; Beurrier, D.; Nippert, M.; Vancon, A.C.; de la Chaise, A.T,; Louis, P.; Mock, L.; Sadoul,
N.; et al. Causes and prognosis of cardiac arrest in a population admitted to a general hospital; a diagnostic and therapeutic
problem. Resuscitation 2003, 58, 319-327. [CrossRef]

Zorzi, A.; Susana, A.; De Lazzari, M.; Migliore, F; Vescovo, G.; Scarpa, D.; Baritussio, A.; Tarantini, G.; Cacciavillani, L.;
Giorgi, B.; et al. Diagnostic value and prognostic implications of early cardiac magnetic resonance in survivors of out-of-hospital
cardiac arrest. Heart Rhythm. 2018, 15, 1031-1041. [CrossRef] [PubMed]

Pristipino, C.; Beltrame, J.F.; Finocchiaro, M.L.; Hattori, R.; Fujita, M.; Mongiardo, R.; Cianflone, D.; Sanna, T.; Sasayama, S.;
Maseri, A. Major racial differences in coronary constrictor response between japanese and caucasians with recent myocardial
infarction. Circulation 2000, 101, 1102-1108. [CrossRef] [PubMed]

Beltrame, ].F,; Sasayama, S.; Maseri, A. Racial heterogeneity in coronary artery vasomotor reactivity: Differences between Japanese
and Caucasian patients. J. Am. Coll. Cardiol. 1999, 33, 1442-1452. [CrossRef]

Panchal, A.R.; Bartos, ]J.A.; Cabaias, J.G.; Donnino, M.W.; Drennan, I.R.; Hirsch, K.G.; Kudenchuk, PJ.; Kurz, M.C.; Lavonas,
E.J.; Morley, P.T.; et al. Part 3: Adult Basic and Advanced Life Support: 2020 American Heart Association Guidelines for
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation 2020, 142, S366-5468. [CrossRef]


http://doi.org/10.1161/circulationaha.107.189472
http://doi.org/10.1056/NEJMoa0908993
http://www.ncbi.nlm.nih.gov/pubmed/20818863
http://doi.org/10.1001/jama.2010.1392
http://www.ncbi.nlm.nih.gov/pubmed/20924010
http://doi.org/10.1161/01.CIR.102.6.649
http://www.ncbi.nlm.nih.gov/pubmed/10931805
http://doi.org/10.1016/j.resuscitation.2017.06.006
http://doi.org/10.1016/S0300-9572(03)00154-0
http://doi.org/10.1016/j.hrthm.2018.02.033
http://www.ncbi.nlm.nih.gov/pubmed/29550522
http://doi.org/10.1161/01.CIR.101.10.1102
http://www.ncbi.nlm.nih.gov/pubmed/10715255
http://doi.org/10.1016/S0735-1097(99)00073-X
http://doi.org/10.1161/CIR.0000000000000916

	Introduction 
	Material and Methods 
	Study Design and Patients 
	Management and Data Collection 
	Echocardiographic Analysis 
	CMR Imaging Acquisition and Analysis 
	Final Clinical Diagnosis 
	Statistical Analysis 

	Results 
	Study Population 
	Baseline Characteristics 
	Echocardiography Analysis 
	CMR Imaging Findings and Final Diagnosis and Implantable Cardioverter Defibrillators Insertion 

	Discussion 
	Conclusions 
	References

