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Association of ultra-early diffusion-weighted ==

magnetic resonance imaging with neurological
outcomes after out-of-hospital cardiac arrest
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Yong Nam In? In Ho Lee?, Hye Seon Jeong*, Byung Kook Lee® and Jinwoo Jeong®

Abstract

Background This study aimed to investigate the association between ultra-early (within 6 h after return of spontane-
ous circulation [ROSC]) brain diffusion-weighted magnetic resonance imaging (DW-MRI) and neurological outcomes
in comatose survivors after out-of-hospital cardiac arrest.

Methods We conducted a registry-based observational study from May 2018 to February 2022 at a Chungnam
national university hospital in Daejeon, Korea. Presence of high-signal intensity (HSI) (P,,q) was defined as a HSI on
DW-MRI with corresponding hypoattenuation on the apparent diffusion coefficient map irrespective of volume after
hypoxic ischemic brain injury; absence of HSI was defined as Ay, The primary outcome was the dichotomized cer-
ebral performance category (CPC) at 6 months, defined as good (CPC 1-2) or poor (CPC 3-5).

Results Of the 110 patients (30 women [27.3%]; median (interquartile range [IQR]) age, 58 [38-69] years), 48 (43.6%)
had a good neurological outcome, time from ROSC to MRI scan was 2.8 h (IQR 2.0-4.0 h), and the P, on DW-MRI was
observed in 46 (41.8%) patients. No patients in the P, group had a good neurological outcome compared with 48
(75%) patients in the A, group. In the A,y group, cerebrospinal fluid (CSF) neuron-specific enolase (NSE) levels were
significantly lower in the group with good neurological outcome compared to the group with poor neurological
outcome (20.1 [14.4-30.71 ng/mL vs. 84.3 [32.4-167.0] ng/mL, P<0.001). The area under the curve for Py, on DW-MRI
was 0.87 (95% confidence interval [CI] 0.80-0.93), and the specificity and sensitivity for predicting a poor neurologi-
cal outcome were 100% (95% Cl 91.2%-100%) and 74.2% (95% Cl 62.0-83.5%), respectively. A higher sensitivity was
observed when CSF NSE levels were combined (88.7% [95% Cl 77.1-95.1%]; 100% specificity).

Conclusions In this cohort study, P findings on ultra-early DW-MRI were associated with poor neurological
outcomes 6 months following the cardiac arrest. The combined CSF NSE levels showed higher sensitivity at 100%
specificity than on DW-MRI alone. Prospective multicenter studies are required to confirm these results.
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Background

In the United States,>356,000 cases of out-of-hospital
cardiac arrest (OHCA) occur annually, of which nearly
90% are fatal [1]. Most deaths result from withdrawal
of life-sustaining treatment (WLST) based on a pre-
dicted poor neurological outcome. Approximately 19% of
patients post-cardiac arrest (CA) die due to early WLST
(within three days post-CA), despite a predicted good
neurological outcome [2-4]. International guidelines
for post-CA care recommend that neurological prog-
nostication should be delayed at least 72 h after return
of spontaneous circulation (ROSC) [5, 6]. Nevertheless,
WLST is occasionally performed earlier than 72 h after
ROSC due to medical factors, patient values and prefer-
ences or premature neurological prognostication related
to intensive care unit (ICU) admission and for patients
with severe hypoxic ischemic brain injury (HIBI) [3-5,
7]. Furthermore, ICU overcrowding due to the recent
coronavirus disease pandemic (COVID-19) has impeded
the provision of adequate treatment opportunities for
patients with a potentially good neurological prognosis
[8]. Therefore, early and accurate prediction of the neuro-
logical prognosis in CA survivors is important to enable
medical resources to be appropriately distributed and to
prevent hasty WLST in patients with neurological recov-
ery potential [9]. However, no reliable tools are available
to help clinicians predict neurological outcomes early
[10-14].

Several studies have aimed to predict neurologi-
cal outcome during the early stage (i.e., before targeted
temperature management [TTM]) using neuroimag-
ing examinations, such as computed tomography (CT)
and magnetic resonance imaging (MRI) [7, 15-18].
Some studies have reported limitations in the use of the
gray-white matter ratio (GWR) on brain CT as an early
prognostic tool [15, 16]. In contrast, high-signal inten-
sity (HSI) (“restricted diffusion”) in ultra-early (within
6 h after ROSC) diffusion-weighted MRI (DW-MRI) has
been reported as a useful tool for predicting neurological
outcome early stage [9, 17, 18]. Neuron-specific enolase
(NSE), a biomarker obtained from cerebrospinal fluid
(CSEF), has also been reported to be a useful prognostic
tool in the early stage [19]. However, these studies were
limited by their small sample sizes, and a combination
approaches using other tools were rare investigated.

This study aimed to assess the prognostic value of
ultra-early DW-MRI in a non-WLST setting assessed by
the presence or absence of HSI. We also evaluated the
combinations that can improve predictive power for poor
neurological outcome six months after cardiac arrest.
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Methods

Study design and patients

This retrospective observational study used prospectively
collected data from adult (aged>18 years) comatose
OHCA survivors treated with TTM at a single tertiary
hospital from May 2018 to January 2022. This study was
approved by our Institutional Review Board (CNUH-
2022-05-013), and written informed consent was
obtained from all patients and/or their legal guardian(s)
in accordance with national requirements and the prin-
ciples of the Declaration of Helsinki, and registered in a
database.

Inclusion criteria comprised adult OHCA survivors
who received DW-MRI within 6 h of ROSC prior to
TTM. Exclusion criteria comprised patients: (i) whose
MRI scanning time exceeded 6 h after ROSC, (ii) who
had experienced a traumatic CA, (iii) who had received
extracorporeal membrane oxygenation, and (iv) whose
cause of the presence of HSI (Pyg;) on DW-MRI was not
due to HIBI (e.g., cerebral infarction).

Post-cardiac arrest care

All the included patients for this study underwent post-
cardiac arrest care bundle including TTM. They who
were unable to obey commands (Glasgow Coma Scale
motor score of less than 6) with a target temperature of
33 or 36 °C, except those with active bleeding, refrac-
tory hemodynamic instability, possible causes of coma
other than cardiac arrest, terminal malignancy, or poor
pre-arrest neurologic status (Cerebral Performance Cat-
egory [CPC] 3 or 4). TTM was performed using cooling
devices (Arctic Sun® 5000, BD, Franklin Lakes, NJ, USA).
The targeted temperature of 33 or 36 °C was maintained
for 24 h with rewarming to 37 °C at the rate of 0.25 °C
per an hour and it was monitored using an esophageal
or bladder temperature probe. Target temperature was
determined by the attending physician (33 vs. 36 °C)
according to hemodynamic status or cardiac arrest char-
acteristics. If there was evidence of electrographic sei-
zure or a clinical diagnosis of seizure, anti-epileptic drugs
were administered; benzodiazepine and/or levetiracetam.
All patients received standard intensive care according
to our institutional intensive care unit protocol based on
the 2021 international guidelines for post-cardiac arrest
care. WLST was not permitted prior to February 2018
in South Korea unless a patient had been pronounced
brain-dead, and WLST has since been performed rarely.
In this study, WLST during TTM did not occur, although
some patients were pronounced dead according to circu-
latory or neurological criteria despite maximal support.
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Data collection

We extracted the following data from our prospective
registry: age, sex, Charlson comorbidity index (CCI),
witnessed collapse, bystander cardiopulmonary resus-
citation (CPR), time from CPR to the ROSC (low flow
time), first monitored rhythm, etiology of cardiac arrest,
time to obtain biomarkers (NSE and/or albumin), time
to perform CT and MRI from ROSC, the potential indi-
cator for systemic injury severity (pH and lactic acid
immediately after ROSC), targeted temperature for
TTM, and seizure like movement observed before use
of anti-epileptic drug or sedative agents. In addition, we
extracted data of predictors measured within 6 h from
ROSC: serum and CSF NSE levels, albumin quotient
(albumincgpy albumingg,, ) (Q4), the percentage of vox-
els (PV) below 650 x 10~° mm?/s apparent diffusion coef-
ficient (ADC) thresholds per total voxel (PV 650), and
GWR on brain CT obtained within 6 h after ROSC.

MRI scanning was performed using a 3 T scanner
(Achieva, Philips Healthcare, Amsterdam, The Neth-
erlands) and included DW-MRI, ADC measurements,
and T2-weighted imaging. Forty consecutive DW-
MRI sections per patient were acquired using standard
b=1000 s/mm?, and it was independently assessed by
a neuroradiologist (I.H.L) and neurologist (H.S.]J.) com-
pletely blinded to clinical information. Pyg; was defined
as a HSI on DW-MRI with corresponding hypoattenu-
ation on the ADC map irrespective of volume after
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HIBI, and other cases as absence of HSI (Ayg,) (Fig. 1)
[20-22], and when there was a difference of opinion, it
was resolved by consensus (see Additional file 1). How-
ever, patients with single or multiple HSI confined to a
specific vascular territory on DW-MRI were excluded
from this study because they were not presumed HIBI
[23]. The % voxels of ADC threshold is defined as the
PV below a different ADC threshold per total voxels,
PV 650 was calculated as the percentage brain vol-
ume with voxels below 650 (<650 x 10~°® mm?/s) ADC
value. In addition, average ADC value is defined as the
mean ADC of the entire brain. Lumbar catheter place-
ment was performed using a Hermetic" Lumbar Cath-
eter Accessory Kit (Integra Neurosciences, Plainsboro,
NJ, USA), and CSF samples and ICP were measured
using a LiquoGuard® pump system (Moller-Medical,
Fulda, Germany). To measure the NSE level, an elec-
tro-chemi-luminescence immunoassay kit (COBAS®
€801, Roche Diagnostics, Rotkreuz, Switzerland) was
used. To determine the extent of blood—brain bar-
rier (BBB) disruption, we used an albumin quotient
(Qu) =albumincgpy/albuming,,,,, value [24]. Brain
non-contrast CT scans were obtained in 5-mm slices
using a 64-channel system (Somatom Sensation 64, Sie-
mens Healthineers, Munich, Germany), and a neurora-
diologist (I.H.L) measured the Hounsfield units (HU) of
the putamen (P), caudate nucleus (CN), posterior limb

Fig. 1 Various pattern of ultra-early DW-MRI and ADC of OHCA survivals. A. A 70-years old male. Gyriform restrictive diffusion in occipital cortex.

B. A 31-years old female. Gyriform and regional restrictive diffusion in occipital cortex, temporal cortex, and deep gray matter, respectively. C. A
74-years old male. Gyriform and regional restrictive diffusion in occipital cortex and deep gray matter, respectively. D. A 58-years old male. Extensive
gyriform resticted diffusion in all gray matter. Abbreviations: OHCA, out-of-hospital cardiac arrest; DW-MRI, diffusion-weighted magnetic resonance
imaging; ADC, Apparent diffusion coefficient
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of the internal capsule (PIC), and corpus callosum (CC)
to calculate the GWR ([P 4+ CN]/[PIC + CC]).

Outcome

Neurological outcome was assessed at 6 months later
from OHCA using the CPC score. The CPC score classi-
fies patients into 5 categories: CPC 1 (good performance),
CPC 2 (moderate disability), CPC 3 (severe disability),
CPC 4 (vegetative state), or CPC 5 (brain death or death).
It was performed either through face-to-face interviews
or telephone interviews, which shown almost perfect
agreements in inter- and intra-rater reliabilities [25].
The primary outcome was a poor neurological outcome,
defined as from CPC 3 to 5.

Statistical analysis

Categorical variables were described as frequencies
with percentiles. Continuous variables were described
as median values with interquartile ranges (IQRs) as
all continuous variables had a non-normal distribu-
tion. We compared categorical variables between the
groups using y” tests with continuity correction in 2 x 2
tables or a Fisher’s exact test, as appropriate. We com-
pared continuous variables between two groups using a
Mann—Whitney U test. Receiver operating characteristic
(ROC) analyses were performed to assess the prognostic
performances of single predictors and their combination
models. Comparison of the area under the ROC curves
(AUC) were performed using the DeLong test [26]. Com-
bination models were constructed using logistic regres-
sion analysis. Sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV) for poor
neurological outcomes at 6 months were calculated using
the Agresti-Coull 95% confidence intervals (Cls) [27].
The optimal cut-off values for predicting poor neuro-
logical outcomes were determined using 100% specificity.
The AUC values of 0.50-0.69, 0.70-0.79, 0.80-0.89, and
0.90-1.00 indicated poor, fair, good, and excellent prog-
nostic performance, respectively [28]. Inter-rater reliabil-
ity was determined using Cohen’s kappa (k) for nominal
variables, such as the presence/absence of HSI on DW-
MRI. The kappa values of 0.01-0.2, 0.21-0.40, 0.41-0.60,
0.61-0.80, and 0.81-1.00 indicated slight, fair, moder-
ate, substantial, and almost perfect agreement, respec-
tively [29]. Data were analyzed using IBM SPSS Statistics
26.0 for Windows (IBM Corp., Armonk, NY). The AUC
were calculated using MedCalc version 15.2.2 (MedCalc
Software, Mariakerke, Belgium). The Agresti-Coull Cls
were calculated using R 4.1.0 (R Foundation for Statisti-
cal Computing, Vienna, Austria, 2021) and the package
“binom” (Sundar Dorai-Raj, 2022), P-values<0.05 were
considered statistically significant at 95% Cls.
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Results

Baseline characteristics of participants

In total, 138 OHCA survivors who had undergone
TTM were recorded during the study period. Of these,
Py in four patients was not due to HIBI (Fig. 2), four
patients had a CA due to trauma, six patients had an
MRI scan 6 h after ROSC, and MRI scans had not been
performed in 14 patients. Thus, 110 patients were
included. Six months after ROSC, 48 (44%) and 62
(56%) patients were assigned to good and poor neu-
rological outcome groups, respectively (Fig. 3). The
inter-rater reliability for the presence/absence of HSI in
DW-MRI showed almost perfect agreement (k=0.87;
see Additional file 1, Table S1). No patients in the Pyg;
group had a good neurological outcome compared with
48 (75%) patients in the Apq group. In the Py group,
a multi-regional involvement of HSI was most observed
at 43.5%, followed by 22% with the global involvement
and 8.7% with the regional involvement and multi-focal
pattern, respectively; and HSI was most observed in an
occipital lobe at 26.0%, followed by 22.5% in temporal
lobe, 22.0% in deep gray matter, 17.3% in parietal lobe,
and 12.1% in frontal lobe (Table 1 and see Additional
file 1: Figure S1). Demographic and OHCA character-
istics stratified according to neurological outcome are
shown in Table 2. No differences were found between
the groups with good and poor neurological outcomes
in terms of age, sex, CCI, and time to obtain biomarker
samples, CT, and MRI performed after ROSC. No
adverse events or complications were found to be asso-
ciated with ultra-early MRI scanning during the study
period.

Analysis of ultra-early DW-MRI findings

Pyg on DW-MRI was observed in 46 (41.8%) patients.
Good neurological outcomes were observed in 0 (0%)
patients in the Pyg group and in 48 (75%) patients in
the Ay group (Table 2, Fig. 3). Compared with the
Ayq group, the Py group had lower rates of witnessed
events, shockable rhythm, cardiac etiology, lower pH,
longer low flow times (27.5 [20.0-39.8] min vs. 15.0
[9.0-18.8] min, respectively; P<0.001), and lower aver-
age ADC value (764.3 [593.1-806.7] x 107® mm?/s vs.
843.2 [828.4-865.4] x 10~° mm?/s, respectively; P<0.001;
Table 2). No differences were found between the groups
in terms of age, sex, CCI, bystander CPR, and ROSC to
MRI scan time (Table 2). In addition, using ROC analy-
sis, the cut-off value of the average ADC value at 100%
specificity for the presence of HSI in ultra-early DW-MRI
is 760.5 x 107 mm/s (AUC, 0.89; 95% CI 0.79-0.93 and
sensitivity, 47.8%; 95% CI 34.1%-61.9%) (see Additional
file 1: Table S2).



Kang et al. Critical Care (2023) 27:16 Page 5 of 12

First MRI
(Within 6 h from ROSC)

Second MRI A-2
(72-96 h from ROSC)

- y .

Fig. 2 Patients excluded from this study despite DW-MRI showing the presence of HSI. Our institution’s targeted temperature management
protocol recommends but does not require obtaining two brain MRI scans within 6 h (first MRI) and between 72 and 96 h (second MRI) after ROSC.
In this study, 4 patients showed only 1 or 2 focal HSI (orange arrow) on the ultra-early DW-MRI, and all of them did not exhibit an expanded HSI
(gray arrow) area in the DW-MRI 3-4 days after ROSC. They all showed good neurological outcome, and among them, cases A, B, and D showed
higher CPC scores (CPC 1) compare with case C (CPC 2). Abbreviations: CPC, cerebral performance category; DW-MRI, diffusion-weighted magnetic
resonance imaging; HS/, high-signal intensity; MR/, magnetic resonance imaging; ROSC, return of spontaneous circulation

[ 138 OHCA survivors underwent target temperature management ]

ﬂ 8 Excluded \

4 HSI on DW-MRI not caused by HIBI

4 Traumatic cardiac arrest
6 The MRI recording time exceeds the time limit
14 Not performed MRI scan
11 Receiving ECMO

2 Cerebral hemorrhage

\ 1 Refuse MRI study /

[ 110 Enrolled patients ]
|

! !

[ 48 Good neurological outcome ] [ 62 Poor neurological outcome ]

I |
l ! ! }

48 Ay group I [ 0 Pyg group ] [ 16 Ay group ][ 46 Py group ]

Fig. 3 Flow diagram of the included study patients. P\, presence of HSI on DW-MRI; A, absence of HSI on DW-MRI. Abbreviations: DW-MRI,
diffusion-weighted magnetic resonance imaging; ECMO, extracorporeal membrane oxygenation; HIBI, hypoxic ischemic brain injury; HS/, high-signal
intensity; MRI, magnetic resonance imaging
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Table 1 Classification of hypoxic ischemic brain injury according to the lesion visualized on diffusion-weighted magnetic resonance
imaging and corresponding apparent diffusion coefficient map and number of cases according to the anatomical location of

restricted diffusion

Classification Numbers (%)

Location of restricted diffusion

Frontal lobe Temporal lobe Parietal lobe Occipital lobe Deep
grey
matter

Regional involvement 4(8.7) 0 0 0 4 0
Multi-regional involvement 20 (43.5) 3 17 8 19 16
Multi-focal pattern 4(8.7) 0 4 4 4 4
Global involvement 18 (39.1) 18 18 18 18 18
Total 46 (100.0) 21 39 30 45 38

Association of single predictors with neurological outcome
in Ay group

Upon analysis of the association of single predictors with
neurological outcome in the Ayg group, there were 48
(75%) and 16 (25%) patients with good and poor neuro-
logical outcomes, respectively (Fig. 3). Serum NSE lev-
els (23.8 [18.9-29.5] ng/mL vs. 29.6 [21.9-36.0] ng/mL,
P=0.08), GWR (1.26 [1.19-1.30] vs. 1.21 [1.15-1.26],
P=0.23), PV 650 (13.2 [10.3-17.0] % vs. 13.2 [10.3-17.0]
%, P=0.28), low flow time (30.5 [22.8—44.5] min vs. 18.0
[10.8-25.5] min, P=0.08), and Q, (0.007 [0.005-0.009]
vs. 0.007 [0.006—0.009], P=0.61) showed no difference
between the good and poor neurological outcome groups
(Fig. 4). However, only CSF NSE levels were significantly
lower in the good neurological outcome group compared
with those of poor neurological outcome group (20.1
[14.4-30.7) ng/mL vs. 84.3 [32.4-167.0] ng/mL, P<0.001;
Fig. 4).

Prognostic performance for neurological outcome using
DW-MRI alone or combination
The AUC value of DW-MRI showed fair-to-excellent
prognostic performance (AUC, 0.87; 95% CI, 0.79-0.92).
Sensitivity, specificity, NPV, and PPV for predicting a
poor neurological outcome were 74.2% (95% CI 62.0-
83.5), 100% (95% CI 91.2-100.0), 75.0% (95% CI 63.1-
84.1) and 100% (95% CI 90.8—100.0), respectively. On the
other hand, the AUC value of the CSF NSE level showed
good-to-excellent prognostic performance (AUC, 0.92;
95% CI, 0.84—0.97; Table 3), but at 100% (95% CI 88.5—
100.0) specificity, the sensitivity was 67.9% (95% CI 54.5—
79.0), which was lower than that of DW-MRI (Table 3).
In predicting poor neurological outcome prognosis
in combination with DW-MRI, the combination of CSF
NSE levels (AUC 0.97, 95% CI 0.90-0.99) had the high-
est prognostic performance, followed by serum NSE lev-
els (AUC 0.91, 95% CI 0.84—0.96). At this time, when the
false positive rate (FPR) was 0%, the sensitivity of CSF

NSE levels and serum NSE levels were 88.7% (95% CI
77.1-95.1) and 72.6% (95% CI 60.3-82.2), respectively.
The Q, combination had the lowest prognostic perfor-
mance (AUC 0.86, 95% CI 0.77-0.92) (Table 4).

Discussion

This study focused on the presence or absence of HSI
in ultra-early DW-MRI performed in comatose OHCA
survivors. All Py group patients showed poor neuro-
logical outcomes, whereas 75% of the Ag; group patients
showed good neurological outcomes. A poor neuro-
logical outcome could be predicted without FPR predic-
tions in the Py group using ultra-early DW-MRI, with
high sensitivity (74.2%, 95% CI 62.0-83.5). In addition, a
higher predictive performance (AUC, 0.97; 95% CI 0.90—
0.99) and sensitivity (88.7%, 95% CI 77.1%—-95.1%) with-
out FPR was observed in this group when combined with
CSF NSE levels.

During the recent COVID-19 pandemic, patients with
good neurological outcomes may have been deprived of
treatment opportunities due to ICU overcrowding [30];
therefore, it is increasingly necessary to predict neu-
rological outcomes prior to TTM for an appropriate
distribution of medical resources. Several studies have
been conducted to predict neurological outcomes early
in comatose CA survivors, mostly using clinical vari-
ables and electroencephalography (EEG) findings [10-
14]. However, there are some limitations in applying the
results of these studies to clinical practice. First, it is chal-
lenging to accurately measure clinical data such as the
time from CA to the start of basic life support (BLS), and
BLS quality was not considered [31]. Second, most stud-
ies using EEG made assessments at least 12—24 h after
ROSC, and their interpretations were complex and prone
to subjectivity [14, 32]. Therefore, EEG is not suitable for
determining medical resource distribution, such as the
use of ICUs before TTM. Third, it is important to achieve
a FPR of zero because poor outcome predictors can be
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Table 2 Baseline demographic data and arrest characteristics
Characteristic Patients, no. (%) Patients, no. (%)
Overall cohort Good neurological ~ Poor neurological ~ P-value® A, group (1=64)* P, group (1=46)° P-value®
(n=110) outcome (n=48) outcome (n=62)
Age, median (IQR), y 57.5(38.0-69.0) 58.5 (38.0-68.0) 57.5(41.8-69.0) 75 57.5(30.5-67.5) 56.5 (48.3-72.3) 25
Sex
Female 30(27.3) 10 (20.8) 20 (32.3) 20 16 (25.0) 14 (30.4) 67
Male 80 (72.7) 38(79.2) 42(67.7) 48 (75.0) 32(69.6)
CCl score, median 2(0-4) 2(0-4) 2(0-4) 69 2(0-4) 2(1-4) 34
(IQR)
Arrest characteristics
Witness 61 (55.5) 39(81.3) 22(35.5) <0.001 44 (68.8) 17 (37.0) <0.001
Bystander CPR 77 (70.0) 39(81.3) 38(61.3) 03 49 (76.6) 28 (60.9) 09
Shockable rhythm 36 (32.7) 30 (62.5) 6(9.7) <0.001 33(51.6) 3(6.5) <0.001
Cardiac etiology 42(382) 30 (62.5) 12(194) <0.001 32(50.0) 10(21.7) .003
Low flow time, 20.0 (9.5-30.0) 12.5(8.0-18.8) 29.5(20.5-43.0) <0.001 15.0(9.0-18.8) 27.5(20.0-39.8) <0.001
median (IQR), min
Post-cardiac arrest care
Target temperature, 98 (89.1) 40(83.3) 58(93.5) 12 56 (87.5) 42(91.3) 76
33°C
Early PCl, n (%) 982 6(12.5) 3(48) 18 9(14.1) 0 01
Seizure before MRI, 28(25.5) 12 (25.0) 16 (25.8) 96 20(31.3) 8(17.4) 12
n (%)
Laboratory results after
ROSC, median (IQR)
pH 7.20 (7.06-7.30) 7.25(7.13-7.34) 7.14(7.00-7.27) 004 7.25(7.13-7.33) 7.12(6.99-7.23) <0.001
Lactic acid, mmol/L 8.2 (45-11.0) 70(3.6-104) 8.7 (4.2-11.0) 07 7.0 (4.0-7.0) 9.8 (64-11.0) 03
Times to examinations,
median (IQR), h
ROSC to CT, 95¢ 1.3(0.7-2.2) 1.1(0.6-1.8) 1.5(0.9-24) a7 1.1(0.5-1.7) 1.0(0.3-1.8) 30
ROSC to MRI 2.8(2.0-4.0) 26(1.9-3.8) 29(2.0-4.1) 42 20(1.6-33) 2.8(1.9-5.8) 42
ROSC to obtain bio- 4.6 (34-6.0), 84° 41 (3.2-5.8), 35¢ 47 (4.0-6.0), 49° 13 33(3.0-56),47° 47 (3.2-59),37° 17
marker samples
Neuro-prognostication,
median (IQR)
Presence of HSI on 46 (41.8) 0 46 (74.2) <0.001
DW-MRI, n (%)
Serum NSE, ng/mL 32.0(21.8-57.6) 252(19.2-32.2) 61.3(42.1-152.8) <0.001 25.2(19.2-322) 61.3(42.1-152.8) <0.001
CSF NSE, ng/mL, 89° 444 (20.2-130.5) 23.5(15.6-474) 130.0 (58.0-213.0) <0.001 23.5(15.6-474) 130.0 (58.0-213.0) <0.001
Average ADC 8283 (774.6-853.4) 847.3(829.4-867.4) 783.2 (647.5-829.2) <0.001 843.2 (828.4-865.4) 764.3 (593.1-806.7) <0.001
value, x 107 mm?/s
PV 650, % 171 (12.1-29.2) 13.2(10.3-17.0) 31.1(23.2-66.3) <0.001 13.2(103-17.0) 31.1(23.2-66.3) <0.001
GWR, 95¢ 1.22(1.16-1.28) 1.23(1.19-1.30) 1.20(1.11-1.25) <0.001 1.24(1.19-1.30) 1.20(1.11-1.25) .005
Low flow time, min 20.0 (10.0-30.0) 14.0 (8.0-20.8) 30.5(22.8-44.5) <0.001 14.0 (8.0-20.8) 30,5 (22.8-44.5) <0.001
Qp 89° 0.008 (0.006-0.013) 0.007 (0.005-0.009) 0.011 (0.008-0.019) <0.001 0.007 (0.005-0.009) 0.011 (0.008-0.019) <0.001
Outcome <0.001 <0.001
Survival 76 (69.7) 48 (100) 29 (46.8) 60 (95.2) 16 (34.8)
Brain death 12(11.0) 0 12(194) 1(1.6) 11(23.9)
WLST after 72 h from 6(5.5) 0 6(9.7) 0 6(13.0)

ROSC

IQR interquartile range; CC/ Charlson comorbidity index; CPR cardiopulmonary resuscitation; PC/ percutaneous coronary intervention; MRl magnetic resonance
imaging; ROSC return of spontaneous circulation; CT computed tomography; HS/ high-signal intensity, DW-MRI diffusion-weighted magnetic resonance imaging; NSE
neuron-specific enolase; CSF cerebrospinal fluid; ADC apparent diffusion coefficient; PV 650 the percentage of voxels below 650 x 10~ mm?/s in apparent diffusion
coefficient; GWR gray-white matter ratio; Q, albumin quotients; WLST withdrawal of life-sustaining treatment; ROSC return of spontaneous circulation

2 Pysi, presence of HSI on DW-MRI; A, absence of HSI on DW-MRI

b pvalues are based on y? test for categorical variables and Mann-Whitney U test for continuous variables

€ Number of patients included in the analysis
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Fig. 4 Association of single predictors with neurological outcome in Ay group. Red lines are the median value. Abbreviations: A, absence of
high-signal intensity; CSF, cerebrospinal fluid; GWR, gray-white matter ratio; NSE, neuron-specific enolase; PV 650, percentage of voxels below

650 x 107° mm?/s; Q,, albumin quotient (albumincsg/albumin;

serum])

Table 3 Prognostic performance of single predictors for poor neurological outcome

Predictor Cut-off value AUC (95% CI) Sensitivity (95% CI)¢  Specificity (95% Cl) PPV (95% ClI) NPV (95% Cl)

DW-MRI Presence of HSI 0.87 (0.79-0.93) 74.2 (62.0-83.5) 100.0 (91.2-100.0) 100.0 (90.8-100.0) 75.0 (63.1-84.1)
Serum NSE levels >94.2 ng/mL 81(0.72-0.88)  22.6(13.8-34.5) 100.0 (91.2-100.0) 100.0 (74.9-1000)  50.0 (40 2-59. 8)
CSF NSE levels, 89 >67.9 ng/mL 092 (0.84-097)  67.9(54.5-79.0) 100.0 (88.5-100.0) 100.0 (88.5-100.0)  67.9 (54.5-79.0)
PV 650° >28.8% 0.83(0.75-090)  48.4 (36.4-60.6) 100.0 (91.2-100.0) 100.0 (86.5-100.0)  60.0 (49.0-70.0)
GWR, 95° <1.07 0.68(0.58-0.77) 14.0 (7.0-25.6) 100.0 (89.1-100.0) 100.0 (62.8-100.0)  43.7 (33.7-54.2)
Low flow time >35min 0.82(0.74-0.89)  30.6 (20.5-43.0) 100.0 (91.2-100.0) 100.0 (80.2-100.0)  52.7 (42.6-62.7)
Q, 89° >0.061 0.70(060-0.80)  3.8(0.3-13.5) 100.0 (88.5-100.0) 100.0 (29.0-100.0) 4(31.6-51.9)

AUC the area under the ROC curves; Cl confidence interval; NPV negative predictive value; PPV positive predictive value; DW-MRI diffusion-weighted magnetic
resonance imaging; NSE neuron-specific enolase; CSF cerebrospinal fluid; GWR gray-white matter ratio; PV 650 the percentage of voxels below 650 x 107 mm?%/s in

apparent diffusion coefficient; Q4 albumin quotient
? Number of patients included in the analysis
b 9% Whole brain voxels with ADC below 650 x 10~ mm?/s

used to determine the WLST; but high sensitivity at
FPR 0% is required to be useful as a predictive tool [33].
However, in the recently reported study, the external val-
idation of the 2020 ERC/ESICM prognostic strategy algo-
rithm after cardiac arrest, a FPR of 0% was achieved; but
the sensitivity was at the level of 60% [34]. In this study,
DW-MRI provided results within 6 h after ROSC, did not
require specific expertise to discriminate Py only, and
showed a sensitivity of 74.2% at FPR 0% to predict poor
neurological outcome. In addition, when combined with
CSF NSE levels, the sensitivity rises to 88.7%.

In patients with cardiac arrest, ischemia at the cel-
lular level results in cessation of aerobic metabolism
with consequent depletion of the high-energy substrate

adenosine triphosphate (ATP) [35]. At this time, ATP
depletion causes dysfunction of the energy-dependent
Na®/K*t ion exchange pump action, resulting in mas-
sive sodium and water influx and intracellular cytotoxic
edema [32]. According to previously published animal
experiments, cerebral edema occurred during cardiac
arrest and resuscitation, and the average ADC value
decreased by more than 60% from normal, but it was
reported that it returned to normal 30 min after ROSC
[36]. However, in the group with low initial reperfusion
pressure or non-sustained survival, the average ADC
value did not recover to normal, and it was reported that
ATP and glucose were depleted and lactate was severely
increased compared to the group that recovered from
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Table 4 Prediction of poor neurological outcome at 6 months using DW-MRI and various predictor combinations

Combination AUC(95%Cl) TP TN FP FN Sensitivity (95% Cl) Specificity (95% Cl) PPV (95% ClI) NPV (95% ClI)
DW-MRI+ Serum NSE 0.91(0.84-096) 45 48 0 17 72.6 (60.3-82.2) 100.0 (91.2-100.0) 100.0 (90.6-100.0) 73.8 (62.0-83.1)
DW-MRI + CSF NSE, 89° 097(090-099) 47 36 O 6 88.7 (77.1-95.1) 100.0 (88.5-100.0) 100.0 (91.0-100.0) 85.7 (71.8-93.7)
DW-MRI+ PV 650 0.89(0.82-0.95) 48 48 0 14 774(65.5-86.2) 100.0 (91.2-100.0) 100.0 (91.2-100.0)  77.4 (65.5-86.2)
DW-MRI+ GWR, 95° 0.90(0.83-096) 44 38 0 13 77.2 (64.7-86.3) 100.0 (89.1-100.0) 100.0 (90.4-100.0) 74.5 (61.0-84.6)
DW-MRI+ Low flow time 091 (0.84-0.96) 46 48 O 16 74.2 (62.0-83.5) 100.0 (91.2-100.0) 100.0 (90.8-100.0) 75.0 (63.1-84.1)
DW-MRI+Q,, 897 0.86(0.77-092) 39 36 0 14 73.6 (60.3-83.7) 100.0 (88.5-100.0) 100.0 (89.3-100.0) 72.0 (58.2-82.6)

AUC area under curve; TP true positive; TN true negative; FP false negative; FN false positive; Cl confidence interval; NPV negative predictive value; PPV positive
predictive value; DW-MRI diffusion-weighted magnetic resonance imaging; NSE neuron-specific enolase; CSF cerebrospinal fluid; PV 650 the percentage of voxels

below 650 x 10~® mm?/s; GWR gray-white matter ratio; Q4 albumin quotient
2 Number of patients included in the analysis

bioluminescence imaging [36, 37]. It is presumed that the
group with poor prognosis further exacerbated intracel-
lular damage during ischemic and reperfusion injury and
induced a vicious cycle leading to cell damage and death
by causing energy failure [31, 36, 37]. In this study, the
average ADC value of the Py group was significantly
lower than that of the Ay group (764.3 vs. 843.2 x 10~°
mm?/s, P<0.001), and all of the Pj;g; groups showed poor
neurological outcomes. Irreversible HIBI can be assumed
to have occurred if HSI is present on the ultra-early DW-
MR, regardless of location and amount. In addition, the
cut-off value of the average ADC value at 0% FPR (sen-
sitivity 47.8%) for the Py in ultra-early DW-MRI was
760.5 x 107° mm/s.

Cytotoxic edema due to brain injury after acute CA
shows HSI in DW-MRI with corresponding low ADC
from a very early time [32, 33, 38, 39]. On the other hand,
it is a potentially valuable predictor of good neurologi-
cal outcome if Ay is observed on DW-MRI. However,
compared to other studies, only our previous and this
study have shown 100% specificity when predicting poor
neurological outcomes using the presence or absence of
HSI in DW-MRI [17, 18]. We speculated different results
based on determining the single or multi-focal HSI
results in DW-MRI as positive/negative. The reason we
excluded these findings from this study can be explained
as follows. First, Oh et al. have reported that single focal
HSI or absence of HSI in DW-MRI performed immedi-
ately after the rewarming phase of TTM showed a good
neurological outcome [23]. Second, our previous studies
showed that, if HSI was present in ultra-early DW-MRI,
the HSI area appeared to expand in DW-MRI after 72 h
of ROSC, which was because the occurrence of brain
edema post-CA brain injury was time-dependent [9,
18]. That is, there is a difference between single lesion or
multiple HSI which corresponds to specific vascular ter-
ritories as opposed to a diffuse spread throughout the
cerebral cortex or deep gray matter that can be viewed as

post-CA brain injury. In the present study, four patients
with 1-2 focal HSI observed in ultra-early DW-MRI were
excluded as undetermined. All of them showed good
neurological outcomes with 1-2 focal HSIs in which the
HSI area had not expanded, on DW-MRI 3-4 days after
ROSC. However, our conclusion that focal HSI shows
good neurological outcomes cannot be generalized as
our study involved only a small number of patients from
a single center. Nevertheless, if neurological outcomes
following DW-MRI are to be predicted according to the
presence or absence of HSI, we consider it advisable to
exclude focal HSIs as being undetermined until the
results of a multicenter large-scale study are obtained
and to use other predictive tools in the meantime.

International guidelines for post-CA care recommend
a multi-modal approach to predict prognosis [5, 6].
However, a combination of various predictors does not
unconditionally increase the predictive performance,
sensitivity, or specificity [34]. In our study, the DW-MRI
and CSF NSE levels combination had better predictive
performance than DW-MRI alone or other combina-
tion. Thus, we consider only the CSF NSE level to be sig-
nificantly different from the neurological outcome in the
Aygr group compared to other predictors. We speculate
that this outcome is related to the degree of BBB disrup-
tion [19, 24]. The Py group showed moderate BBB dis-
ruption (median value Q,, 0.011), and the Ayyg; groups
showed no BBB disruption (an upper normal margin,
and a median Q, of 0.007). In our previous studies, we
reported a difference in CSF NSE levels between good
and poor neurological outcomes when BBB disruption
did not occur, but no differences in serum NSE levels
[19]. In addition, Geocardin et al. reported that CSF sam-
ples have the advantage of the biomarker not requiring
to be transported across the BBB for detection, thereby
greatly reducing the contamination issue [40].

In this study, we focused on predicting poor neuro-
logical outcome at 6 months, following the structuring
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of most of the literature. However, we suggest that early
(i.e., before TTM) prediction of outcome in cardiac
arrest survivors focus on good rather than poor neuro-
logical outcomes. Recently, Sandroni et al. in their study
"Accuracy for prediction of good outcome corresponds to
the inverse of their accuracy for prediction of poor out-
come" reported that the specificity for prediction of good
neurological outcome corresponds to the sensitivity for
prediction of poor neurological outcome, and vice versa
[9]. Therefore, it is assumed that DW-MRI alone or the
combination of DW-MRI and CSF NSE can predict good
neurological outcome six months after cardiac arrest
with high specificity without false negative rate.

Limitations

Our study had several important limitations. First, this
retrospective, single center study had a small number of
patients and the selected threshold or other statistical
outcomes in this study may have been affected; therefore,
a multicenter study is needed to generalize the results.
Second, self-fulfilling prophecy bias was possible as the
treating physicians were exposed to the results of DW-
MRI and CSF NSE levels. However, WLST was not per-
mitted in South Korea prior to February 2018 unless a
patient was diagnosed with brain death and, in this study,
no patients underwent WLST during TTM. Third, this
study measured CSF NSE levels and Q, and evaluated
its combination with DW-MRI findings. However, in CA
survivors, lumbar puncture is invasive and rare in clini-
cal practice, and MRI is known to be challenging when
evaluating patients with unstable vital signs; hence, these
procedures are generally not applied. However, in our
previous study [41], the median ICP measured 4.5 h after
ROSC in the good and poor neurological outcome groups
was within a normal range (10.4 mmHg and 12.5 mmHg,
respectively). In addition, MRI can be safely performed
within a short time through applying a portable ventila-
tor and patient monitoring, and through scanning only
DW-MRI and ADC sequences. There were no patient
safety concerns during MRI scans in this study. Fourth,
a logistic regression analysis with cardiac arrest charac-
teristics is essential to investigate independent effect of
prognostic tests for neurological outcome. Unfortunately,
odds that a good neurological outcome was exposed to
HSI on DWI was zero. Thus, odds ratio of HSI on DW-
MRI for outcome could not be calculated using logistic
regression analysis, because all patients who showed HSI
on DWI were determined as a poor neurological out-
come. Finally, the cut-off value for combination models
was not suggested in this study, because all the combina-
tion models were constructed using a predictive prob-
ability in the logistic regression analyses.
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Conclusion

Py in ultra-early DW-MRI of OHCA survivors was sig-
nificantly associated with a poor neurological outcome.
In addition, the combination of CSF NSE levels showed
higher sensitivity at 100% specificity than DW-MRI alone
or other combinations. Further studies are needed to val-
idate our findings.
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EEG Electroencephalography
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HIBI Hypoxic ischemic brain injury

HSI High-signal intensity
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LP Lumbar puncture
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NPV Negative predictive value

NSE Neuron-specific enolase
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PIC Posterior limb of the internal capsule
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