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Abstract: We aimed to explore the stratification of physiological factors affecting cerebral perfusion
pressure, including arterial oxygen tension, arterial carbon dioxide tension, mean arterial pressure,
intracranial pressure (ICP), and blood-brain barrier (BBB) status, with respect to primary or secondary
brain injury (PBI or SBI) after out-of-hospital cardiac arrest (OHCA). Among the retrospectively
enrolled 97 comatose OHCA survivors undergoing post-cardiac arrest (PCA) care, 46 (47.4%) with
already established PBI (high signal intensity (HSI) on diffusion-weighted imaging (DWI) had higher
ICP (p = 0.02) and poorer BBB status (p < 0.01) than the non-HSI group. On subgroup analysis
within the non-HSI group to exclude the confounding effect of already established PBI, 40 (78.4%)
patients with good neurological outcomes had lower ICP at 24 h (11.0 vs. 16.0 mmHg, p < 0.01) and
more stable BBB status (p = 0.17 in pairwise comparison) compared to those with poor neurological
outcomes, despite the non-significant differences in other physiological factors. OHCA survivors
with HSI on DWI showed significantly higher ICP and poorer BBB status at baseline before PCA care
than those without HSI. Despite the negative DWI findings before PCA care, OHCA survivors have a
cerebral penumbra at risk for potentially leading the poor neurological outcome from unsuppressed
SBI, which may be associated with increased ICP and BBB permeability.

Keywords: out-of-hospital cardiac arrest; hypoxic-ischemic brain injury; targeted temperature man-
agement; primary brain injury; secondary brain injury

1. Introduction

Out-of-hospital cardiac arrest (OHCA) survivors suffer from hypoxic-ischemic brain
injury (HIBI), with a high risk of mortality or incidence of poor neurological outcomes
without regaining consciousness [1,2]. Based on the “two-hit model,” HIBI can be divided
into two phases, namely, primary and secondary injury, which occur during cardiac arrest
(CA) and immediately after return of spontaneous circulation (ROSC), respectively [3].
The neuroprotective strategies for managing secondary brain injury, including physiolog-
ical, pharmacological, or surgical interventions, induce limited improvement of patient
outcomes, as the primary brain injury is crucially involved in the possible occurrence
of advanced brain injury before applying neuroprotective strategies [4,5]. Studies have
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reported irreversible brain damage in OHCA survivors through an analysis of the ratio of
gray–white matter ratio attenuation (GWR) in brain computed tomography (CT) performed
within 24 h of ROSC [6–8].

Current international guidelines for the early management of acute ischemic stroke
recommend determining whether the primary brain injury is reversible before reperfusion
therapy [9]. However, in OHCA survivors, the degree of primary brain injury cannot be
ascertained before reperfusion (through ROSC or extracorporeal membrane oxygenation
(ECMO)); thus, it is estimated a few hours after reperfusion. Moreover, neuroprotective
strategies against secondary brain injury, which involve the modulation of physiological
factors (PFs), including arterial carbon dioxide tension (PaCO2), arterial oxygen tension
(PaO2), and mean arterial pressure (MAP), have been uniformly applied in post-cardiac
arrest (PCA) care without considering the severity of primary brain injury [10–12].

We aimed to assess the associations of PFs (PaCO2, PaO2, MAP, intracranial pressure
(ICP), blood-brain barrier (BBB) status) affecting cerebral perfusion pressure (CPP) with
neurological outcomes in OHCA survivors treated with targeted temperature management
(TTM). Furthermore, we analyzed the stratifications of those PFs by dividing the patients
into total cohort and subgroup analysis, excluding those who had sustained considerable
primary brain injury. This was measured by using the high signal intensity (HSI) on
diffusion-weighted image (DWI) performed before PCA care [13] because a previous
study assessing the usefulness of brain magnetic resonance image (MRI) performed before
PCA care showed good performance in detecting already established brain injury after
OHCA [14]. We therefore attempted to assess the pure effect of PFs with respect to
secondary brain injury, which is targeted for management in PCA care, by avoiding
confounding effects from fairly advanced brain injury before PCA care (i.e., the presence of
HSI on DWI) that may be irreversible.

2. Materials and Methods
2.1. Study Setting, Design, and Participants

We performed a retrospective analysis of data prospectively collected from adult
comatose OHCA survivors treated with TTM at Chungnam National University Hospital
in Daejeon, South Korea, between May 2018 and April 2021. Our hospital is a tertiary-care
university hospital with 71 intensive care unit beds, and the annual number of admissions
from the emergency department (ED) to the intensive care unit is approximately 1250. Our
OHCA registry includes all necessary information for consecutive data from the onset
of OHCA to the final outcome. We excluded patients who could not undergo brain MRI
before PCA care. The study was conducted according to the guidelines of the Declaration of
Helsinki and approved by the Institutional Review Board of Chungnam National University
Hospital (CNUH 2021-05-048).

2.2. Targeted Temperature Management Protocol

The patients underwent TTM as described in a previous study [15]. Briefly, TTM was
performed using ice packs, intravenous cold saline, and TTM devices, i.e., Arctic Sun®

and Energy Transfer Pads™ (Medivance, Louisville, CO, USA). A target temperature of
33 ◦C was maintained for 24 h and monitored using a bladder or esophageal probe. After
the TTM maintenance phase, patients were rewarmed at 0.25 ◦C/h to 37 ◦C. Midazolam
(0.05 mg/kg intravenous bolus, followed by titrated continuous intravenous infusion
at 0.05–0.2 mg/kg/h) and cisatracurium or rocuronium (0.15 mg/kg intravenous bolus,
followed by infusion up to 0.3 mg/kg/h) were administered for sedation and to control
shivering. All patients received standard intensive care following our institutional intensive
care unit protocol. Based on the 2015 or 2021 international guidelines for PCA care [16,17],
intensive care specialists maintained normal-to-mild hypercapnia (35–45 mmHg), normal-
to-moderate hyperoxia (75–150 mmHg), and normal-to-high-normal MAP (65–100 mmHg)
by monitoring end-tidal carbon dioxide and frequent arterial blood gas analysis (ABG), as
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well as providing fluid therapy or continuous infusion of noradrenaline or inotropes, at the
clinician’s discretion.

2.3. Data Collection and Clinical Variables

We extracted the following data from electronic medical records: demographics,
comorbidities, CA characteristics, sequential organ failure assessment score, induction time
to 33 ◦C, time to lumbar catheterization, and time to MRI after ROSC. Moreover, prognostic
examinations at baseline and/or 24 h after ROSC, including serum neuron-specific enolase
(NSE) values and GWR, were extracted. We extracted ICP data and the quotient albumin
ratio (Qa), which reflected BBB disruption [18], at baseline (ICPbase and Qa0) and 24 h
(ICP24 and Qa24) after ROSC. Those PFs (Qa and ICP) were calculated using cerebrospinal
fluid (CSF) samples and measured using a Hermetic TM lumbar accessory kit (Integra
Neurosciences, Plainsboro, NJ, USA), manometer (between April 2018 and December 2018),
and LiquoGuard® pump system (Möller-Medical, Fulda, Germany) (between January 2019
and December 2020), respectively, as described in our previously published study [19].
Lumbar catheterization was performed with the patient lying in the lateral decubitus
position, with the neck, hips, and knees flexed. The lumbar catheter was inserted using
aseptically-guided sonography by an expert physician. If the patients were ineligible
for lumbar catheter placement (e.g., no consent from the patient’s family; requirement
to maintain anticoagulation or antiplatelet therapy after early percutaneous coronary
intervention or extracorporeal membrane oxygenation; or severe brain edema in imaging
studies, such as obliteration of the basal cisterns, pseudo-subarachnoid hemorrhage, and
visible intracranial mass), it was not performed.

Additionally, we analyzed modifiable PFs, including PaO2, PaCO2, and MAP. To
estimate the exposure levels from these PFs at different time periods, we calculated the
time-weighted average (TWA) for 6 (TWA6) and 24 h (TWA24) after ROSC. We multiplied
the duration that the PFs remained at a specific value by that value, summed these values,
and divided it by the total observation duration. Thus, the equation is as follows:

TWA = ∑n
k=1 Value o f physiologic f actorsk × Timek/ ∑n

k=1 Timek (1)

The results of ABGs before arrival at our ED were excluded from the calculation of
TWA in the patients who were transferred to our hospital for PCA care. ABG samples
were analyzed using a blood gas analyzer (GEM Premier 3500, Instrumentation Laboratory
Company, Bedford, MA, USA) and recorded.

2.4. Measurement of HSI in DWI

Since the usefulness of DWI in MRI for prognostication in OHCA survivors has been
reported previously [20], we extracted DWI data obtained before PCA care to estimate
the primary brain injury before PCA care. Continuous DWI sections (40 per patient)
were acquired using a 3-T whole-body scanner (Achieva 3T, Philips Healthcare, Best, The
Netherlands). Axial proton density/T2-weighted turbo spin-echo fat-suppressed sequences
were used. Scanning parameters were as follows: repetition time, 3000 ms; echo time, 80 ms;
slice thickness, 3 mm; and spacing between slices, 4 mm. A standard of b = 1000 s/mm2

was used for all DWI. Images were assessed by an expert neuroradiologist blinded to the
patients’ information and neurologic outcomes. The MRI was set to positive when there
was HSI on DWI, regardless of the volume and location following ischemic injury.

2.5. Outcomes

The primary outcome in this study was the stratification of PFs affecting CPP in two
groups, i.e., whether there was already established primary brain injury before PCA care or
not (HSI and non-HSI groups). Furthermore, to analyze the association between PFs and
secondary brain injury after excluding the confounding effect of already established brain
injury (primary brain injury), we performed a subgroup analysis, whereby we assessed the
association of PFs with neurological outcomes. Using the Glasgow–Pittsburgh Cerebral
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Performance Category (CPC) scale, neurological outcomes were determined as good (CPC
1 or 2) or poor (CPC 3 to 5). The interviews were conducted by an emergency physician who
was well-versed with our protocols and blinded to the patients’ prognosis and clinical data.

2.6. Statistical Analysis

Categorical and continuous variables are presented as frequencies with proportions
and medians with interquartile ranges (IQR), respectively, because all continuous variables
in this study showed a non-normal distribution. Categorical and continuous variables were
analyzed using Fisher’s exact test and the Mann-Whitney U test, respectively. We used
the Wilcoxon signed-rank test for within-group pairwise comparisons of TWAs of PaCO2,
PaO2, and MAP, as well as ICP and Qa, over time. Statistical analyses were performed
using IBM SPSS Statistics for Windows (version 26.0; IBM, Armonk, NY, USA). Statistical
significance was set at p < 0.05.

3. Results
3.1. Characteristics of the Study Population

The registry included 118 OHCA survivors who underwent TTM; among them, 21 pa-
tients were excluded due to lack of MRI data before PCA care for the following reasons:
nine received ECMO resuscitation, two had implanted non-compatible MRI devices, and
10 were urgently admitted to the intensive care unit for continuous renal replacement
therapy (Figure 1). Finally, we included 97 patients, with 46 patients showing HSI on DWI
obtained before PCA care (Figure 1). All patients with HSI on DWI (HSI group) showed
poor neurological outcome at 3 months post ROSC. Among the remaining 51 patients
with normal DWI findings (non-HSI group), 40 and 11 patients showed good and poor
neurological outcomes, respectively (Figure 1).

3.2. Characteristics and PFs Associated with HSI on DWI

The HSI group had significantly poorer CA characteristics, including a higher rate
of unwitnessed events, non-bystander events, non-shockable rhythm, and non-cardiac
etiologies, and longer anoxic time (no and low-flow time) than the non-HSI group (Table 1).
Moreover, the HSI group showed significantly higher NSE values and lower GWR after
ROSC than the non-HSI group (Table 1).

The TWA6 and TWA24 for MAP were significantly lower in the HSI group than in the
non-HSI group (Figure 2). Furthermore, PaO2 in both groups and MAP in the non-HSI
group significantly decreased over time (Figure 2). The ICP and Qa in the HSI group were
significantly higher at baseline (ICP, 10.4 mmHg (IQR, 5.4–14.7)) vs. 12.0 mmHg (IQR,
5.2–25.0), p = 0.02; Qa, 0.0067 (IQR, 0.0020–0.0613) vs. 0.0107 (IQR, 0.0053–0.2000), p < 0.01;
(Table 1 and Figure 2) and 24 h (ICP, 12.2 mmHg (IQR, 6.5–22.4)) vs. 15.0 mmHg (IQR,
7.9–24.4), p < 0.01; Qa, 0.0081 (IQR, 0.0024–0.0556) vs. 0.0484 (IQR, 0.0069–0.5893), p < 0.01;
(Table 1 and Figure 2). In the pairwise comparisons of ICP and Qa, both groups showed a
significant increase over time (Figure 2).

3.3. Characteristics and PFs Associated with Neurological Outcome within the Non-HSI Group

There were no significant differences in CA characteristics, except for the presence
of a bystander (34 (85.0%) vs. 6 (54.5%), p = 0.04) between patients with good and poor
neurological outcomes in the non-HSI group (Table 2). Moreover, serum NSE levels
and GWR at baseline and/or 24 h after ROSC did not show a significant inter-subgroup
difference (Table 2). There were no inter-subgroup differences in the TWAs of PaO2, PaCO2,
and MAP (p > 0.05, Table 2 and Figure 3).
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HSI Group 

n = 46 
Non-HSI Group, 

n = 51 p-Value 

Age, years 57 (16–87) 58 (16–87) 57 (18–83) 0.43 
Male 69 (71.1) 32 (69.6) 37 (72.5) 0.51 

Pre-existing illnesses     
CAD 7 (7.2) 2 (4.3) 5 (9.8) 0.44 

Hypertension 32 (33.0) 17 (37.0) 15 (29.4) 0.52 
Diabetes mellitus 29 (29.9) 15 (32.6) 14 (27.5) 0.66 

Figure 1. Flow diagram of patient inclusion. Abbreviations: return of spontaneous circulation (ROSC); Glasgow Coma Scale
(GCS); magnetic resonance image (MRI); post-cardiac arrest (PCA); extracorporeal cardiopulmonary resuscitation (ECPR);
intensive care unit (ICU); continuous renal replace therapy (CRRT); high-signal intensity (HSI); Cerebral Performance
Categories (CPC).

Table 1. Baseline demographics, characteristics, and PFs associated between HSI and non-HSI on DWI performed before
PCA care.

Total Number of Patients,
n = 97

HSI Group
n = 46

Non-HSI Group,
n = 51 p-Value

Age, years 57 (16–87) 58 (16–87) 57 (18–83) 0.43
Male 69 (71.1) 32 (69.6) 37 (72.5) 0.51

Pre-existing illnesses
CAD 7 (7.2) 2 (4.3) 5 (9.8) 0.44

Hypertension 32 (33.0) 17 (37.0) 15 (29.4) 0.52
Diabetes mellitus 29 (29.9) 15 (32.6) 14 (27.5) 0.66
Ischemic stroke 5 (5.2) 3 (6.5) 2 (3.9) 0.67

Pulmonary disease 8 (8.2) 3 (6.5) 5 (9.8) 0.72
Renal disease 14 (14.4) 7 (15.2) 7 (13.7) 1.00
Liver disease 4 (4.1) 1 (2.2) 3 (5.9) 0.62

Cardiac arrest characteristics
Witnessed 63 (64.9) 26 (56.5) 37 (72.5) 0.01

Bystander CPR 68 (70.1) 28 (60.9) 40 (78.4) <0.01
Shockable rhythm 27 (27.8) 3 (6.5) 24 (47.1) <0.01
Cardiac etiology 35 (38.1) 9 (19.6) 26 (51.0) <0.01

No flow time, min 2.0 (0.0–365.0) 7.0 (0.0–365.0) 5.0 (0.0–330.0) <0.01
Low flow time, min 19.0 (2.0–58.0) 30.0 (4.0–58.0) 10.0 (2.0–30.0) <0.01

SOFA score 10 (6–17) 11 (6–16) 9 (6–17) 0.10
GWR before TTM 1.21 (0.97–1.56) 1.17 (0.97–1.35) 1.25 (0.98–1.56) <0.01
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Table 1. Cont.

Total Number of Patients,
n = 97

HSI Group
n = 46

Non-HSI Group,
n = 51 p-Value

Serum NSE, ng/mL
at baseline 32.7 (8.5–300.0) 56.0 (13.8–300.0) 25.4 (8.5–68.7) <0.01

at 24 h from ROSC 35.8 (13.2–300.0) 115.0 (18.2–300.0) 26.5 (13.2–156.7) <0.01
Induction time to 33 ◦C, hours 6.0 (2.0–19.0) 5.9 (2.0–19.0) 6.1 (2.6–12.8) 0.92

Time to measure initial ICP, hours 4.6 (1.2–19.5) 4.7 (2.3–19.5) 4.5 (1.2–11.6) 0.55
Time to DWI from ROSC, hours 3.0 (0.9–9.0) 3.0 (0.9–7.8) 3.0 (0.9–9.0) 0.85

PFs
TWA, mmHg

Number of performed ABG for 24 h
after ROSC 12 (4–19) 12 (4–18) 12 (4–19) 0.76

TWA6_PaO2 149.95 (43.50–442.88) 147.13 (48.48–442.88) 158.23 (43.50–283.78) 0.74
TWA24_PaO2 141.09 (80.20–271.45) 143.40 (109.73–271.45) 133.71 (80.20–186.36) 0.10
TWA6_PaCO2 40.78 (17.11–87.94) 43.82 (22.31–81.94) 39.22 (17.11–68.39) 0.13
TWA24_PaCO2 39.16 (27.52–61.25) 39.21 (27.52–61.25) 39.13 (29.49–53.83) 0.55

TWA6_MAP 95.93 (52.85–124.50) 89.51 (52.85–117.76) 102.37 (74.97–124.50) <0.01
TWA24_MAP 92.96 (64.68–111.89) 88.79 (64.68–110.58) 97.34 (79.41–111.89) <0.01
ICP, mmHg

ICPbase 11.0 (5.2–25.0) 12.0 (5.2–25.0) 10.4 (5.4–14.7) 0.02
ICP24 14.0 (6.5–24.4) 15.0 (7.9–24.4) 12.2 (6.5–22.4) <0.01

Qa
Qabase 0.0083 (0.0020–0.2000) 0.0107 (0.0053–0.2000) 0.0067 (0.0020–0.0613) <0.01
Qa24 0.0161 (0.0024–0.5893) 0.0484 (0.0069–0.5893) 0.0081 (0.0024–0.0556) <0.01

Data are presented as n (%) or median (interquartile range). Abbreviations: diffusion-weighted images (DWI); coronary arterial disease
(CAD); cardiopulmonary resuscitation (CPR); sequential organ failure assessment (SOFA); gray–white matter ratio (GWR); targeted
temperature management (TTM); neuron-specific enolase (NSE); time-weighted average (TWA) for 6 h (TWA6) and 24 h (TWA24) from
return of spontaneous circulation; partial pressure of oxygen (PaO2); partial pressure of carbon dioxide (PaCO2); mean arterial pressure
(MAP); intracranial pressure (ICP) measured at baseline (ICPbase) and 24 h (ICP24) after return of spontaneous circulation; quotient albumin
ratio (Qa) measured at baseline (Qabase) and 24 h (Qa24) after return of spontaneous circulation.
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comes among patients without HSI on DWI performed before PCA care. 

 
Total Number of Pa-

tients, 
n = 51 

Good Neurological 
Outcome, 

n = 40 

Poor Neurological 
Outcome, 

n = 11 

p-
Value 

Age, years 57 (18–83) 58 (18–83) 42 (19–76) 0.34 
Male 37 (72.5) 30 (75.0) 7 (63.6) 0.47 

Pre-existing illnesses     
CAD 5 (9.8) 5 (12.5) 3 (27.3) 0.57 

Hypertension 15 (29.4) 12 (30.0) 3 (27.3) 1.00 
Diabetes mellitus 14 (27.5) 11 (27.5) 1 (9.1) 1.00 

Figure 2. PFs affecting CPP in patients with and without HSI. This analysis was based on DWI obtained before PCA care.
Statistical comparison of PFs ((A), PaO2; (B) PaCO2; (C) MAP; (D) ICP; (E), Qa) in inter-groups and intra-groups over time.
(*) p value < 0.05 and (**) p value < 0.01, Mann-Whitney U test was performed to comparison in inter-groups. (†) p value <
0.05 and (††) p value < 0.01, Wilcoxon signed-rank test to pairwise comparison in intra-groups over time. Non-significant p
values in pairwise comparison between intra-group over time (TWA6 or Baseline vs. TWA24 or At 24 h): PaCO2 in non-HSI
and HSI group, p = 0.47 and 0.11; and MAP in HSI group, p = 0.05 Abbreviations: return of spontaneous circulation (ROSC);
post-cardiac arrest (PCA); high-signal intensity (HSI); diffusion-weighted image (DWI); time-weighted average (TWA);
arterial oxygen tension (PaO2); arterial carbon dioxide tension (PaCO2); mean arterial pressure (MAP); intracranial pressure
(ICP); albumin quotient (Qa).
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Table 2. Baseline demographics, characteristics, and PFs between good and poor neurological outcomes among patients
without HSI on DWI performed before PCA care.

Total Number of
Patients,

n = 51

Good Neurological
Outcome,

n = 40

Poor Neurological
Outcome,

n = 11
p-Value

Age, years 57 (18–83) 58 (18–83) 42 (19–76) 0.34
Male 37 (72.5) 30 (75.0) 7 (63.6) 0.47

Pre-existing illnesses
CAD 5 (9.8) 5 (12.5) 3 (27.3) 0.57

Hypertension 15 (29.4) 12 (30.0) 3 (27.3) 1.00
Diabetes mellitus 14 (27.5) 11 (27.5) 1 (9.1) 1.00
Ischemic stroke 2 (3.9) 1 (2.5) 1 (9.1) 0.39

Pulmonary disease 5 (9.8) 4 (10.0) 1 (9.1) 1.00
Renal disease 7 (13.7) 7 (17.5) 0 0.32
Liver disease 3 (5.9) 1 (2.5) 2 (18.2) 0.11

Cardiac arrest characteristics
Witnessed 37 (72.5) 32 (80.0) 5 (45.5) 0.05

Bystander CPR 40 (78.4) 34 (85.0) 6 (54.5) 0.04
Shockable rhythm 24 (47.1) 21 (52.5) 3 (27.3) 0.18
Cardiac etiology 26 (51.0) 22 (55.0) 4 (36.4) 0.32

No flow time, min 5.0 (0.0–330) 0.0 (0.0–33.0) 2.0 (0.0–20.0) 0.36
Low flow time, min 10.0 (2.0–30.0) 10.0 (2.0–30.0) 14.0 (2.0–30.0) 0.44

SOFA score 9 (6–17) 9 (6–17) 9 (7–15) 0.50
GWR before TTM 1.25 (0.98–1.56) 1.25 (1.10–1.56) 1.21 (0.98–1.40) 0.12

Serum NSE, ng/mL
at baseline 25.4 (8.5–68.7) 25.7 (8.5–54.8) 24.3 (16.1–68.7) 0.99

at 24 h from ROSC 26.5 (13.2–156.7) 26.4 (13.2–85.3) 26.6 (14.6–156.7) 0.97
Induction time to 33 ◦C, hours 6.1 (2.6–12.8) 5.6 (2.6–12.8) 6.4 (5.5–8.8) 0.10

Time to measure initial ICP,
hours 4.5 (1.2–11.6) 4.2 (1.2–11.6) 4.9 (3.0–7.5) 0.30

DWI time from ROSC, hours 3.0 (0.9–9.0) 2.7 (0.9–5.8) 3.7 (1.3–9.0) 0.27
PFs

TWA, mmHg
Number of performed ABG for

24 h after ROSC 12 (4–19) 11.5 (4–19) 13 (8–15) 0.08

TWA6_PaO2 158.23 (43.50–283.78) 158.41 (43.50–283.78) 135.75 (97.65–267.25) 0.67
TWA24_PaO2 133.71 (80.20–186.36) 137.31 (80.20–180.39) 130.83 (94.53–186.36) 0.69
TWA6_PaCO2 39.22 (17.11–68.39) 39.48 (27.90–52.74) 34.07 (17.11–68.39) 0.08
TWA24_PaCO2 39.13 (29.49–53.83) 40.65 (30.57–53.83) 37.54 (29.49–51.88) 0.09

TWA6_MAP 102.37 (74.97–124.50) 102.94 (74.97–124.50) 99.15 (81.97–111.89) 0.05
TWA24_MAP 97.34 (79.41–111.89) 91.22 (77.94–109.92) 92.20 (79.41–107.96) 0.12
ICP, mmHg

ICPbase 10.4 (5.4–14.7) 10.0 (5.4–14.7) 12.0 (8.1–13.0) 0.18
ICP24 12.2 (6.5–22.4) 11.0 (6.5–16.0) 16.0 (9.3–22.4) <0.01

Qa
Qabase 0.0067 (0.0020–0.0613) 0.0066 (0.0020–0.0613) 0.0069 (0.0031–0.0114) 0.97
Qa24 0.0081 (0.0024–0.0556) 0.0080 (0.0024–0.0556) 0.0129 (0.0049–0.0294) 0.24

Data are presented as n (%) or median (interquartile range). Abbreviations: coronary artery disease (CAD); cardiopulmonary resuscitation
(CPR); Sequential Organ Failure Assessment (SOFA); gray-white matter ratio (GWR); targeted temperature management (TTM); neuron-
specific enolase (NSE); return of spontaneous circulation (ROSC); intracranial pressure (ICP); diffusion-weighted image (DWI); physiologic
factors (PFs); arterial blood gas (ABG); time-weighted image (TWA); arterial oxygen tension (PaO2); arterial carbon dioxide tension (PaCO2);
mean arterial pressure (MAP); albumin quotient (Qa).
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However, the ICP at 24 h after ROSC was significantly higher in patients with poor
neurological outcome than in those with good neurological outcome (11.0 mmHg (IQR,
6.5–16.0)) vs. 16.0 mmHg (IQR, 9.3–22.4), p < 0.01 (Table 2 and Figure 3). Qa showed a
significant increase over time (0.0069 (IQR, 0.0031–0.0114)) to 0.0129 (IQR, 0.0049–0.0294),
p = 0.04 (Figure 3) in the poor neurological outcomes group, but not in the good outcomes
group.

4. Discussion

All patients in the HSI group showed significantly poorer CA characteristics, higher
ICP, and more severe BBB disruption than those in the non-HSI group. Furthermore, after
excluding the confounding effect of primary brain injury, high ICP and BBB disruption
at 24 h were significantly associated with poor neurological outcome, which could be
attributed to secondary brain injury.

All patients in the HSI group eventually progressed to poor neurological outcomes; in
contrast, approximately 22% of patients in the non-HSI group showed poor neurological
outcomes. Our findings suggest that it is highly unlikely for CA survivors with HSI on DWI
obtained before PCA care to have good neurological outcomes. Moreover, patients with
HIBI after CA are likely to have a cerebral penumbra that confers to the risk of additional
brain injury, and a consequent secondary brain injury could lead to poor neurological
outcomes, regardless of the severity of primary brain injury. Finally, our findings indicate
that current strategies for neuroprotection against secondary brain injury after CA could
be insufficient in some patients.

In DWI, HSI manifests as cerebral edema of primarily cellular origin, including
cellular swelling and subtle changes in tissue-water content [21]. We observed significant
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intergroup differences in ICP and BBB disruption at the baseline (before PCA care), which
became more prominent over time even with standard intensive care for TTM and PFs
(PaCO2, PaO2, and MAP) based on the current international guidelines for PCA care [17].
Our findings suggest that patients with HSI on DWI initially have an established severe
brain injury due to both cellular and vasogenic cerebral edema. Additionally, the HSI
group showed worse prognostic examination results (NSE and GWR) even at baseline
than the non-HSI group. Our findings suggest that HSI on DWI obtained before PCA
care is indicative of established severe brain injury sustained by prehospital factors and
could reflect irreversible brain injury. Previous studies have demonstrated that diffuse
cerebral edema on imaging within 24 h after CA could be indicative of irreversible brain
injury, which is consistent with our findings [7,8]. However, visible cerebral edema on
imaging performed before PCA care should not necessarily justify therapeutic nihilism, as
severe primary brain injury results in poor outcomes by contributing to HIBI; this includes
secondary brain injury, rather than a direct effect [22]. Therefore, adequate management of
secondary brain injury might provide a significant opportunity in promoting neurological
recovery for patients with OHCA.

Several clinical randomized controlled trials (RCTs) have evaluated the modulation of
PFs that affect CPP, including PaO2, PaCO2, and MAP [10–12,23], for managing brain injury
during PCA care. Despite several attempts to adequately maintain CPP, the modulation of
PFs did not significantly improve neurological outcomes in patients with HIBI [10–12,24].
The neuroprotective effect of modifying PFs may be concealed by the dominant effect
of preexisting primary brain injury on an evolving secondary brain injury during PCA
care. This is because the abovementioned RCTs did not consider the confounding effects
of primary brain injury on secondary brain injury. However, this explanation remains
insufficient because experimental studies on the neuroprotective effect of modifiable PFs
under strictly controlled primary brain injury did not show significant neurological re-
covery [25–27]. Furthermore, previous studies have reported heterogeneity among CA
survivors in maintaining their own optimal CPP [28], as well as different pathophysio-
logical phenotypes in HIBI according to oxygen transport to the cerebral parenchyma
dependent on the presence of lung abnormalities following resuscitation [29,30]. Moreover,
current international guidelines recommend that unified physiological targets could be
insufficient for the management of CA survivors suffering from secondary brain injury.

In our subgroup analysis performed after excluding the confounding effect of primary
brain injury, the poor neurological outcome subgroup showed significantly higher ICP
and BBB disruption at 24 h than the good neurological outcome subgroup, despite the
non-significant inter-subgroup differences in PaO2, PaCO2, and MAP that affect CPP. After
brain injury, pathological BBB disruption is crucially involved in cerebral edema formation,
which increases ICP [31,32]. A recent study reported that individualized intervention
for normalizing brain tissue oxygenation and ICP was associated with good neurological
outcomes after CA [33]. Furthermore, Naito et al. investigated a cohort of nine patients
with cardiac arrest who underwent mild therapeutic hypothermia (34 ◦C) and reported
non-significant differences in ICP between CPC 1 and 2; and CPC 3 and 4, while the patients
with CPC 5 showed significantly higher ICP than those of CPC 1–4 [34]. We, therefore,
suggest that the normal cut-off value of ICP in cardiac arrest could be different in healthy
individuals. This warrants confirmation from a future prospective study with a large
sample size. In summary, our findings further confirm that cerebral edema from increased
ICP and BBB disruption could be a significant mediator of secondary brain injury [21].
Moreover, improved HIBI management, including individualized CPP optimization via
the management of ICP and/or BBB disruption, may allow significant opportunities to
improve neurological outcomes in patients with HIBI after OHCA in the future.

This study has several limitations. First, this was a single-center small-scale retrospec-
tive study; therefore, we can only report the relationship of CA characteristics and PFs with
primary or secondary brain injury; however, we cannot determine a causal relationship.
We recommend further large-scale studies to determine the generalizability of this study’s
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results. Second, we excluded 21 patients who underwent TTM due to their ineligibility
for MRI, which could have led to selection bias and limited the generalizability of these
results. Given the limited MRI availability, GWR measured using brain CT is widely used
to estimate primary brain injury; however, prognostic examinations using brain CT have
low sensitivity and inter- or intra-observer reliability [35]. Therefore, the advantages of
MRI, including accuracy and reliability, for identifying HSI in DWI could be necessary
for excluding primary brain injury sustained before PCA care. Third, it may be possible
that brain MRI performed within 6 h from ROSC cannot detect primary brain injuries that
develop >6 h after ROSC [36]; furthermore, both the primary and secondary brain injuries
affect the HSI on DWI, despite our protocol of performing the imaging as soon as possible
after ROSC. Nonetheless, we required the relatively accurate tool to detect an already
established brain injury before PCA care for analyses in the total cohort and subgroup. We
chose brain MRI because it showed good sensitivity and specificity within a few hours
from ROSC to date (AUC 0.80, sensitivity 60.0% (95% CI, 32.3–83.7) with 0% false positive
ratio) [14]. Fourth, the ICP and Qa data could not be extracted in 12 patients due to missing
data. Specifically, six, five, and one patient could not undergo lumbar catheterization due
to the presence of complete basal cistern effacement on brain CT, use of antiplatelet and
anticoagulation therapy, and presence of coagulopathy, respectively. We speculate that the
six patients with severe cerebral edema could have intracranial hypertension and severe
BBB disruption. However, the remaining six patients could have introduced bias due to
missing data. Fifth, the gold standard method to measure ICP and Qa is still accepted
as external ventricular drain. In particular, there may be bias from the overestimation
of CSF albumin. Nonetheless, we suggest that spinal CSF sampling could be helpful for
further research as the safety of this technique is comparable to that of external ventricular
drain, if the patients are selected appropriately and proper techniques are employed [37],
since CSF components except for red-blood cells trend similarly between the cranial and
spinal CSF samples with a strong correlation [38]. Furthermore, the sample size calculation
could not be performed in this study, because there remains a lack of studies with suffi-
cient sample size for presenting Qa and ICP as the mean ± standard deviation. Future
studies with sufficient sample size are required to determine the power of study that is
required. Finally, patients with poor neurological outcomes in the non-HSI group showed
numerically worse CA characteristics and prehospital factors compared to those with good
neurological outcomes. These factors may affect the final neurological outcome at 3 months
after ROSC. Notably, the non-significant intergroup differences in the serum NSE levels
from baseline to those at 24 h could alleviate the possibility of bias, which results in worse
characteristics and prehospital factors of the poor neurological outcome subgroup than in
the good neurological outcome subgroup in the non-HSI group.

5. Conclusions

There was an association between poor CA characteristics and prehospital factors with
HSI on DWI obtained before PCA care. Despite negative findings on DWI before PCA care,
OHCA survivors have a cerebral penumbra at risk for an additional brain injury, which
could lead to poor neurological outcomes due to a secondary brain injury. Furthermore,
ICP and BBB disruption were associated with exacerbated secondary brain injury leading
to poor neurological outcomes.

Author Contributions: Conceptualization, J.S.P.; methodology, Y.Y.; software, J.H.M.; formal analysis,
Y.C.C. and I.H.L.; investigation, W.J.; data curation, Y.N.I.; writing—original draft preparation, C.K.;
writing—review and editing, H.J.A.; visualization, C.K.; supervision, J.S.P.; funding acquisition, J.S.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the research fund of Chungnam National University in 2021.

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 Chungnam National
University Hospital (CNUH 2021-05-048).



J. Clin. Med. 2021, 10, 5385 11 of 12

Informed Consent Statement: Informed consent was obtained from the patients’ designated decision-
makers prior to enrolment.

Data Availability Statement: The data presented here are available on request from the correspond-
ing author. The data are not publicly available due to ethical issue.

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

References
1. Nolan, J.P.; Berg, R.A.; Callaway, C.W.; Morrison, L.J.; Nadkarni, V.; Perkins, G.D.; Sandroni, C.; Skrifvars, M.B.; Soar, J.; Sunde,

K.; et al. The present and future of cardiac arrest care: International experts reach out to caregivers and healthcare authorities.
Intensive Care Med. 2018, 44, 823–832. [CrossRef]

2. Sandroni, C.; Combes, A.; Nolan, J.P. Focus on post-resuscitation care. Intensive Care Med. 2019, 45, 1283–1287. [CrossRef]
3. Sekhon, M.S.; Ainslie, P.N.; Griesdale, D.E. Clinical pathophysiology of hypoxic ischemic brain injury after cardiac arrest: A

“two-hit” model. Crit. Care 2017, 21, 90. [CrossRef]
4. Nutma, S.; le Feber, J.; Hofmeijer, J. Neuroprotective Treatment of Postanoxic Encephalopathy: A Review of Clinical Evidence.

Front. Neurol. 2021, 12, 614698. [CrossRef] [PubMed]
5. Hunt, K.; Bose, G. Clinical neuroprotection and secondary neuronal injury mechanisms. Anaesth. Intensive Care Med. 2020,

21, 293–297. [CrossRef]
6. Fuller, Z.L.; Faro, J.W.; Callaway, C.W.; Coppler, P.J.; Elmer, J. Recovery among post-arrest patients with mild-to-moderate cerebral

edema. Resuscitation 2021, 162, 149–153. [CrossRef] [PubMed]
7. Cristia, C.; Ho, M.-L.; Levy, S.; Andersen, L.W.; Perman, S.M.; Giberson, T.; Salciccioli, J.D.; Saindon, B.Z.; Cocchi, M.N.; Donnino,

M.W. The association between a quantitative computed tomography (CT) measurement of cerebral edema and outcomes in
post-cardiac arrest: A validation study. Resuscitation 2014, 85, 1348–1353. [CrossRef]

8. Metter, R.B.; Rittenberger, J.C.; Guyette, F.X.; Callaway, C.W. Association between a quantitative CT scan measure of brain edema
and outcome after cardiac arrest. Resuscitation 2011, 82, 1180–1185. [CrossRef] [PubMed]

9. Powers, W.J.; Rabinstein, A.A.; Ackerson, T.; Adeoye, O.M.; Bambakidis, N.C.; Becker, K.; Biller, J.; Brown, M.; Demaerschalk,
B.M.; Hoh, B.; et al. Guidelines for the early management of patients with acute ischemic stroke: 2019 update to the 2018
guidelines for the early management of acute ischemic stroke: A guideline for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke 2019, 50, e344–e418. [CrossRef]

10. Ameloot, K.; De Deyne, C.; Eertmans, W.; Ferdinande, B.; Dupont, M.; Palmers, P.J.; Petit, T.; Nuyens, P.; Maeremans, J.;
Vundelinckx, J.; et al. Early goal-directed haemodynamic optimization of cerebral oxygenation in comatose survivors after cardiac
arrest: The neuroprotect post-cardiac arrest trial. Eur. Heart J. 2019, 40, 1804–1814. [CrossRef]

11. Jakkula, P.; Reinikainen, M.; Hastbacka, J.; Loisa, P.; Tiainen, M.; Pettila, V.; Toppila, J.; Lahde, M.; Backlund, M.; Okkonen, M.;
et al. Targeting two different levels of both arterial carbon dioxide and arterial oxygen after cardiac arrest and resuscitation: A
randomised pilot trial. Intensive Care Med. 2018, 44, 2112–2121. [CrossRef] [PubMed]

12. Grand, J.; Meyer, A.S.; Kjaergaard, J.; Wiberg, S.; Thomsen, J.H.; Frydland, M.; Ostrowski, S.R.; Johansson, P.I.; Hassager, C. A
randomised double-blind pilot trial comparing a mean arterial pressure target of 65 mmHg versus 72 mmHg after out-of-hospital
cardiac arrest. Eur. Heart J. Acute Cardiovasc. Care 2020, 9 (Suppl. 4), S100–S109. [CrossRef] [PubMed]

13. Jeon, C.H.; Park, J.S.; Lee, J.H.; Kim, H.; Kim, S.C.; Park, K.H.; Yi, K.S.; Kim, S.M.; Youn, C.S.; Kim, Y.-M.; et al. Comparison of
brain computed tomography and diffusion-weighted magnetic resonance imaging to predict early neurologic outcome before
target temperature management comatose cardiac arrest survivors. Resuscitation 2017, 118, 21–26. [CrossRef]

14. Park, J.S.; In, Y.N.; You, Y.H.; Min, J.H.; Ahn, H.J.; Yoo, I.S.; Kim, S.W.; Lee, J.W.; Ryu, S.; Jeong, W.J.; et al. Ultra-early
neurologic outcome prediction of out-of-hospital cardiac arrest survivors using combined diffusion-weighted imaging findings
and quantitative analysis of apparent diffusion coefficient. Resuscitation 2020, 148, 39–48. [CrossRef] [PubMed]

15. You, Y.; Park, J.; Min, J.; Yoo, I.; Jeong, W.; Cho, Y.; Ryu, S.; Lee, J.; Kim, S.; Cho, S.; et al. Relationship between time related serum
albumin concentration, optic nerve sheath diameter, cerebrospinal fluid pressure, and neurological prognosis in cardiac arrest
survivors. Resuscitation 2018, 131, 42–47. [CrossRef] [PubMed]

16. 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.;
Thompson, 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 (Suppl. 2), S465–S482. [CrossRef]

17. Nolan, J.P.; Sandroni, C.; Böttiger, B.W.; Cariou, A.; Cronberg, T.; Friberg, H.; Genbrugge, C.; Haywood, K.; Lilja, G.; Moulaert,
V.R.M.; et al. European Resuscitation Council and European Society of Intensive Care Medicine guidelines 2021: Post-resuscitation
care. Intensive Care Med. 2021, 47, 369–421. [CrossRef]

18. Deisenhammer, F.; Bartos, A.; Egg, R.; Gilhus, N.E.; Giovannoni, G.; Rauer, S.; Sellebjerg, F. Guidelines on routine cerebrospinal
fluid analysis: Report from an EFNS task force. Eur. J. Neurol. 2006, 13, 913–922. [CrossRef]

19. Park, J.S.; You, Y.; Min, J.H.; Yoo, I.; Jeong, W.; Cho, Y.; Ryu, S.; Lee, J.; Kim, S.W.; Cho, S.U.; et al. Study on the timing of severe
blood-brain barrier disruption using cerebrospinal fluid-serum albumin quotient in post cardiac arrest patients treated with
targeted temperature management. Resuscitation 2019, 135, 118–123. [CrossRef]

http://doi.org/10.1007/s00134-018-5230-9
http://doi.org/10.1007/s00134-019-05666-2
http://doi.org/10.1186/s13054-017-1670-9
http://doi.org/10.3389/fneur.2021.614698
http://www.ncbi.nlm.nih.gov/pubmed/33679581
http://doi.org/10.1016/j.mpaic.2020.03.005
http://doi.org/10.1016/j.resuscitation.2021.02.033
http://www.ncbi.nlm.nih.gov/pubmed/33662524
http://doi.org/10.1016/j.resuscitation.2014.05.022
http://doi.org/10.1016/j.resuscitation.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21592642
http://doi.org/10.1161/STR.0000000000000211
http://doi.org/10.1093/eurheartj/ehz120
http://doi.org/10.1007/s00134-018-5453-9
http://www.ncbi.nlm.nih.gov/pubmed/30430209
http://doi.org/10.1177/2048872619900095
http://www.ncbi.nlm.nih.gov/pubmed/32004081
http://doi.org/10.1016/j.resuscitation.2017.06.021
http://doi.org/10.1016/j.resuscitation.2019.12.021
http://www.ncbi.nlm.nih.gov/pubmed/31931093
http://doi.org/10.1016/j.resuscitation.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30086374
http://doi.org/10.1161/CIR.0000000000000262
http://doi.org/10.1007/s00134-021-06368-4
http://doi.org/10.1111/j.1468-1331.2006.01493.x
http://doi.org/10.1016/j.resuscitation.2018.10.026


J. Clin. Med. 2021, 10, 5385 12 of 12

20. Park, J.S.; Lee, S.W.; Kim, H.; Min, J.H.; Kang, J.H.; Yi, K.S.; Park, K.H.; Lee, B.K. Efficacy of diffusion-weighted magnetic
resonance imaging performed before therapeutic hypothermia in predicting clinical outcome in comatose cardiopulmonary arrest
survivors. Resuscitation 2015, 88, 132–137. [CrossRef]

21. Gutierrez, L.G.; Rovira, A.; Portela, L.A.; Leite Cda, C.; Lucato, L.T. CT and MR in non-neonatal hypoxic-ischemic encephalopathy:
Radiological findings with pathophysiological correlations. Neuroradiology 2010, 52, 949–976. [CrossRef] [PubMed]

22. Hayman, E.G.; Patel, A.P.; Kimberly, W.T.; Sheth, K.N.; Simard, J.M. Cerebral edema after cardiopulmonary resuscitation: A
therapeutic target following cardiac arrest? Neurocrit. Care 2018, 28, 276–287. [CrossRef]

23. Eastwood, G.M.; Schneider, A.G.; Suzuki, S.; Peck, L.; Young, H.; Tanaka, A.; Mårtensson, J.; Warrillow, S.; McGuinness, S.; Parke,
R.; et al. Targeted therapeutic mild hypercapnia after cardiac arrest: A phase II multi-centre randomised controlled trial (the CCC
trial). Resuscitation 2016, 104, 83–90. [CrossRef] [PubMed]

24. Jakkula, P.; Pettilä, V.; Skrifvars, M.B.; Hästbacka, J.; Loisa, P.; Tiainen, M.; Wilkman, E.; Toppila, J.; Koskue, T.; Bendel, S.; et al.
Targeting low-normal or high-normal mean arterial pressure after cardiac arrest and resuscitation: A randomised pilot trial.
Intensive Care Med. 2018, 44, 2091–2101. [CrossRef]

25. Zhou, D.; Li, Z.; Zhang, S.; Wu, L.; Li, Y.; Shi, G.; Zhou, J. Mild hypercapnia improves brain tissue oxygen tension but not diffusion
limitation in asphyxial cardiac arrest: An experimental study in pigs. BMC Anesthesiol. 2020, 20, 252. [CrossRef] [PubMed]

26. Babini, G.; Ristagno, G.; Boccardo, A.; De Giorgio, D.; De Maglie, M.; Affatato, R.; Ceriani, S.; Zani, D.; Novelli, D.; Staszewsky, L.;
et al. Effect of mild hypercapnia on outcome and histological injury in a porcine post cardiac arrest model. Resuscitation 2019,
135, 110–117. [CrossRef]

27. Pilcher, J.; Weatherall, M.; Shirtcliffe, P.; Bellomo, R.; Young, P.; Beasley, R. The effect of hyperoxia following cardiac arrest: A
systematic review and meta-analysis of animal trials. Resuscitation 2012, 83, 417–422. [CrossRef]

28. Sekhon, M.S.; Griesdale, D.E. Individualized perfusion targets in hypoxic ischemic brain injury after cardiac arrest. Crit. Care
2017, 21, 259. [CrossRef]

29. Sekhon, M.S.; Ainslie, P.N.; Menon, D.K.; Thiara, S.S.; Cardim, D.; Gupta, A.K.; Hoiland, R.L.; Gooderham, P.; Griesdale, D.E.
Brain hypoxia secondary to diffusion limitation in hypoxic ischemic brain injury postcardiac arrest. Crit. Care Med. 2020,
48, 378–384. [CrossRef]

30. Magliocca, A.; Rezoagli, E.; Zani, D.; Manfredi, M.; De Giorgio, D.; Olivari, D.; Fumagalli, F.; Langer, T.; Avalli, L.; Grasselli, G.;
et al. Cardiopulmonary Resuscitation-associated Lung Edema (CRALE): A translational Study. Am. J. Respir. Crit. Care Med. 2021,
203, 447–457. [CrossRef]

31. Takahashi, M.; Macdonald, R.L. Vascular aspects of neuroprotection. Neurol. Res. 2004, 26, 862–869. [CrossRef] [PubMed]
32. Li, J.; Li, C.; Yuan, W.; Wu, J.; Li, J.; Li, Z.; Zhao, Y. Mild hypothermia alleviates brain oedema and blood-brain barrier disruption

by attenuating tight junction and adherens junction breakdown in a swine model of cardiopulmonary resuscitation. PLoS ONE
2017, 12, e0174596. [CrossRef]

33. Fergusson, N.A.; Hoiland, R.L.; Thiara, S.; Foster, D.; Gooderham, P.; Rikhraj, K.; Grunau, B.; Christenson, J.; Ainslie, P.N.;
Griesdale, D.E.G.; et al. Goal-directed care using invasive neuromonitoring versus standard of care after cardiac arrest: A matched
cohort study. Crit. Care Med. 2021, 49, 1333–1346. [CrossRef]

34. Naito, H.; Isotani, E.; Callaway, C.W.; Hagioka, S.; Morimoto, N. Intracranial Pressure Increases During Rewarming Period After
Mild Therapeutic Hypothermia in Postcardiac Arrest Patients. Ther. Hypothermia Temp. Manag. 2016, 6, 189–193. [CrossRef]
[PubMed]

35. Youn, C.S.; Callaway, C.W.; Rittenberger, J.C. Combination of initial neurologic examination, quantitative brain imaging and
electroencephalography to predict outcome after cardiac arrest. Resuscitation 2017, 110, 120–125. [CrossRef]

36. Hirsch, K.G.; Fischbein, N.; Mlynash, M.; Kemp, S.; Bammer, R.; Eyngorn, I.; Tong, J.; Moseley, M.; Venkatasubramanian, C.;
Caulfield, A.F.; et al. Prognostic value of diffusion-weighted MRI for post-cardiac arrest coma. Neurology 2020, 94, e1684–e1692.
[CrossRef]

37. Hoekema, D.; Schmidt, R.H.; Ross, I. Lumbar drainage for subarachnoid hemorrhage: Technical considerations and safety
analysis. Neurocrit. Care 2007, 7, 3–9. [CrossRef] [PubMed]

38. Tuettenberg, J.; Czabanka, M.; Horn, P.; Woitzik, J.; Barth, M.; Thome, C.; Vajkoczy, P.; Schmiedek, P.; Muench, E. Clinical
evaluation of the safety and efficacy of lumbar cerebrospinal fluid drainage for the treatment of refractory increased intracranial
pressure. J. Neurosurg. 2009, 110, 1200–1208. [CrossRef]

http://doi.org/10.1016/j.resuscitation.2014.11.031
http://doi.org/10.1007/s00234-010-0728-z
http://www.ncbi.nlm.nih.gov/pubmed/20585768
http://doi.org/10.1007/s12028-017-0474-8
http://doi.org/10.1016/j.resuscitation.2016.03.023
http://www.ncbi.nlm.nih.gov/pubmed/27060535
http://doi.org/10.1007/s00134-018-5446-8
http://doi.org/10.1186/s12871-020-01162-z
http://www.ncbi.nlm.nih.gov/pubmed/32993500
http://doi.org/10.1016/j.resuscitation.2018.10.024
http://doi.org/10.1016/j.resuscitation.2011.12.021
http://doi.org/10.1186/s13054-017-1832-9
http://doi.org/10.1097/CCM.0000000000004138
http://doi.org/10.1164/rccm.201912-2454OC
http://doi.org/10.1179/016164104X3815
http://www.ncbi.nlm.nih.gov/pubmed/15727270
http://doi.org/10.1371/journal.pone.0174596
http://doi.org/10.1097/CCM.0000000000004945
http://doi.org/10.1089/ther.2016.0009
http://www.ncbi.nlm.nih.gov/pubmed/27213805
http://doi.org/10.1016/j.resuscitation.2016.10.024
http://doi.org/10.1212/WNL.0000000000009289
http://doi.org/10.1007/s12028-007-0047-3
http://www.ncbi.nlm.nih.gov/pubmed/17624500
http://doi.org/10.3171/2008.10.JNS08293

	Introduction 
	Materials and Methods 
	Study Setting, Design, and Participants 
	Targeted Temperature Management Protocol 
	Data Collection and Clinical Variables 
	Measurement of HSI in DWI 
	Outcomes 
	Statistical Analysis 

	Results 
	Characteristics of the Study Population 
	Characteristics and PFs Associated with HSI on DWI 
	Characteristics and PFs Associated with Neurological Outcome within the Non-HSI Group 

	Discussion 
	Conclusions 
	References

