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Background: Achieving an acceptable neurological outcome in cardiac arrest
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1 | INTRODUCTION

International Scientific Societies have
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recently highlighted the

protein (hsCRP), osteopontin (OPN), myeloperoxidase (MPO), resistin, and proprotein
convertase subtilisin/kexin type 9 (PCSK9) in 112 unconscious, mechanically venti-
lated ICU-treated adult OHCA survivors with initial shockable rhythm. We used grad-
ing of 48-hour cEEG monitoring as a measure for the severity of the early
neurological disturbance. We defined 6-month cerebral performance category (CPC)
1-2 as good and CPC 3-5 as poor long-term neurological outcome. We compared
the prognostic value of biomarkers for 6-month neurological outcome to neurofila-
ment light (NFL) measured at 48 h.

Results: Higher OPN (p = .03), MPO (p < .01), and resistin (p = .01) concentrations at
ICU admission were associated with poor grade 48-hour cEEG. Higher levels of ICU
admission OPN (OR 3.18; 95% Cl 1.25-8.11 per In[ng/ml]) and MPO (OR 2.34; 95%
Cl 1.30-4.21) were independently associated with poor 48-hour cEEG in a multivari-
able logistic regression model. Poor 6-month neurological outcome was more com-
mon in the poor cEEG group (63% vs. 19% p < .001, respectively). We found a
significant fixed effect of poor 6-month neurological outcome on concentrations of
PCT (F=7.7,p < .01), hsCRP (F = 4.0, p < .05), and OPN (F = 5.6, p < .05) measured
daily from ICU admission to 72 h. However, the biomarkers did not have independent
predictive value for poor 6-month outcome in a multivariable logistic regression
model with 48-hour NFL.

Conclusion: Elevated ICU admission levels of OPN and MPO predicted disturbances
in cEEG during the subsequent 48 h after cardiac arrest. Thus, they may provide early
information about the risk of secondary neurological damage. However, the studied
inflammatory markers had little value for long-term prognostication compared to
48-hour NFL.

KEYWORDS
cardiac arrest, continuous electroencephalogram, hypoxia, inflammation, ischemia, neutrophilic
granulocyte, postcardiac arrest syndrome, prognostication, reperfusion injury, seizures

Editorial comment

These findings show that new biomarkers and continuous EEG are disturbed following success-
ful resuscitation after cardiac arrest at the ICU. However, these parameters alone do not add to
the prediction of long-term outcomes. Thus, established markers and especially time and neuro-

logical assessments remain hallmarks in the prediction of outcome in postcardiac arrest patients.

reliable prognostic value already at ICU admission, and optimally,
potential to guide treatment is yet to be found. Since secondary neu-

rological damage during postarrest care is largely associated to

epidemiological relevance of sudden cardiac arrest (SCA). Although
many variations due to different healthcare structures, processes of
care and quality of medical treatment, SCA is the third leading cause
of death in Europe, with an incidence ranging from 67 to 170 per
100,000 inhabitants.* Surviving SCA with poor neurological outcome
entails significant morbidity, and even survivors with good neurologi-
cal outcome often suffer from neuro-cognitive, fatigue and emotional
problems.! Prognostication after SCA requires a multimodal approach
and, with the contemporary means, can be performed with reasonable

accuracy at 72 h after SCA.2 Therefore, a biomarker that would have

inflammation,® inflammatory biomarkers have potential to fill this gap.

Here, we focused on molecules that have been recently associ-
ated with neutrophil infiltration to tissues (i.e., osteopontin [OPN])*
and neutrophil activation (i.e., myeloperoxidase [MPO] and resistin).>®
Neutrophils are early activated during ischemia/reperfusion, but their
role was recently updated as critical in both injury and repair. Rather,
a timely resolution of neutrophil inflammation is critical to orchestrate
healing and tissue remodeling by triggering monocyte recruitment and
their polarization into macrophages.”” Proprotein convertase subtili-

sin/kexin type 9 (PCSK9), a marker of local vascular inflammation in
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coronary artery disease,® and classical inflammatory markers pro-
calcitonin (PCT) and high-sensitivity C-reactive protein (hsCRP)
were also studied. Primary outcome of this study was then to
investigate the association of the studied inflammatory biomarkers
with early neurological disturbance defined as poor grade continu-
ous electroencephalogram (cEEG) recording during the first 48 h
after SCA. Based on preclinical data linking neuroinflammation with
seizures after experimental cardiac arrest” and the proposed role of
inflammation in the pathophysiology of brain injury after SCA,3°
we hypothesized that ongoing inflammation in the CNS leading to
secondary neurological damage would be reflected as disturbances
in cEEG. Furthermore, we tested if these markers had predictive
value for long-term neurological outcome after SCA. Since a previ-
ous publication from the same patient cohort reported neurofila-
ment light (NFL) measured at 48 h to be highly accurate in
predicting 6-month neurological outcome,® we asked if the inflam-
matory markers would bring additional predictive value compared
to it. NFL is a cytoskeletal neuron-specific protein released to cir-
culation after neuron death.®

2 | METHODS

21 | Study setting

The current study was a post hoc sub-study of the COMACARE study
(NCT02698917).1' The study included adult (age 18-80 years)
patients with ventricular fibrillation (VF) or -tachycardia (VT) as initial
rhythm causing out-of-hospital cardiac arrest (OHCA) admitted to the
participating ICUs. Only patients with (suspected) cardiac cause of the
arrest were included. The inclusion criteria required the patients to be
unconscious, mechanically ventilated, and have return of spontaneous
circulation (ROSC) between 10-45 min from the collapse. All study
patients were subjected to targeted temperature management of
33 or 36°C for 24 h. The study patients were randomly assigned in a
23 factorial design to lower or higher treatment targets of arterial
blood partial pressure of oxygen (PaO,; low 10-15kPa and high
20-25 kPa), arterial blood partial pressure of carbon dioxide (PaCO,;
low 4.5-4.7 kPa and high 5.8-6.0 kPa) and mean arterial blood pres-
sure (MAP; low 65-75 mmHg and high 80-100 mmHg). These treat-
ment targets were maintained for the first 36 h of ICU stay. The
primary outcome of the COMACARE study was serum neuron-
specific enolase (NSE) concentration 48 h after cardiac arrest and
cEEG grading according to Crepeau et al.!? for the first 48 h, and
Cerebral Performance Category (CPC) at 6 months after cardiac arrest
were secondary outcome measures. The Research Ethics Committee
of the Northern Savo Hospital District approved the study protocol
(295/13.02.00/2015 §53). The study was conducted in accordance
with the Declaration of Helsinki. We obtained deferred written
informed consent from the next of kin and additionally from all those
patients who recovered to sufficient neurological function enabling

independent decision-making.

2.2 | Laboratory analysis

We used samples collected from 112 patients enrolled in the
COMACARE-trial in the six participating Finnish ICUs. The samples
were drawn on ICU admission (median [IQR] delay from collapse to
admission sample was 200 [160-230] minutes) and 24, 48, and 72 h
after OHCA. We measured serum levels of PCT, hsCRP, OPN, MPO,
resistin and PCSK9 by colorimetric enzyme-linked immunosorbent
assay (ELISA) following the manufacturer's instructions (PCT: Thermo
Scientific, Frederick, MD, others: R&D Systems, Minneapolis, MN).
The lowest detection thresholds were: 30 pg/ml for PCT,
15.625 pg/ml for CRP, 62.5 pg/ml for MPO and OPN, 31.25 pg/ml
for resistin and 125 pg/ml for PCSK9. No samples fell below the
detection thresholds. Intra- and inter-assay coefficients of variation
were below 8% for all markers. Previously published data on NSE*®
and NFL° |evels from the same patient cohort were used for compar-

ison in multivariable models.

2.3 | Neurological outcome
We used grading of cEEG monitoring for the first 48 h after ICU
admission to the ICU interpreted by an experienced senior neuro-

physiologist!?

as a surrogate measure for the severity of the early
neurological disturbance. The grading was performed as suggested by
Crepeau et al.}2 for cardiac arrest patients subjected to targeted tem-
perature management. We defined grade 1 (excess beta, theta slow-
ing and/or anesthetic pattern) as good early cEEG result, and grade
2 (diffuse local slowing, spindle coma, interictal epileptiform dis-
charges etc.) and grade 3 (burst suppression pattern, focal or general-
ized seizures, status epilepticus etc.) as poor early cEEG result. We
used CPC at 6 months after the cardiac arrest as long-term neurologi-
cal outcome measure. An experienced neurologist assessed patient's
CPC class based on patient records and a telephone interview. We
defined 6-month CPC 1-2 as good and CPC 3-5 as poor neurological

outcome.'*

24 | Statistics

To assess group differences, we applied the Student's t test (continu-
ous variables) or Pearson Chi-Square test (categorial variables). Due to
right-skewed distributions, we used log-transformed values (In[con-
centration]) of all the studied inflammatory biomarkers, NSE and NFL
for the statistical analyses. We studied the association of biomarker
concentrations with outcome using receiver operated characteristic
curves (ROC) with area under the curve (AUC) analysis.

We built multivariable logistic regression models to evaluate the
independent predictive value of biomarker concentrations for poor
grade cEEG recoding of the first 48 h after OHCA. The following
baseline confounding variables were considered for inclusion to the

models: age, sex, bystander-initiated resuscitation, delay to arrival of
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TABLE 1  Characteristics
AlIN = 112
Age (years) 62
(53-68)
Sex (male) 82%
Bystander initiated resuscitation (yes) 83%
Time to first unit (min) 7
(6-9)
Time to ROSC® (min) 21
(16-26)
APACHE I (point) 28
(24-31)
Norepinephrine at ICU arrival (pug/kg/min) 0.02
(0.00-0.12)
Admission lactate (mmol/L) 2.3
(1.3-3.4)
Highest lactate of first 48 h (mmol/L) 2.5
(1.7-3.9)
NFL at 48 h (ng/ml) 30
(15-610)
NSE at 48 h (ng/ml) 22
(14-34)
Poor 6-month neurological outcome 35%
Poor 48-hour cEEG 35%

Good cEEG N = 72 Poor cEEG N = 38 p value
60 66 01°
(50-67) (57-74)

86% 76% 29
81% 90% 29

7 8 02°
(5-9) (7-10)

18 25 <.001°
(15-24) (21-30)

27 30 <.001°
(24-30) (26-35)

0.04 0.01 73
(0.00-0.13) (0.00-0.11)

2.1 2.6 14
(1.3-3.3) (1.5-3.7)

24 2.9 04
(1.6-3.4) (2.1-4.7)

24 1800 <.001°
(14-49) (32-4800)

19 36 <.001°
(13-27) (22-126)

19% 63% <.001°
N/A N/A

Note: For continuous variables, median (IQR) and P-value from Mann Whitney U test for the difference between cEEG groups is presented; for categorical
variables, percentage of the whole and p value from two-tailed Fisher's Exact test is presented. Continuous 48-hour EEG (cEEG) recording was graded as
suggested by Crepeau et al.; we defined grade 1 as good and grade 2-3 as poor cEEG result. Good 6-month neurological outcome was defined as Cerebral
Performance Categories (CPC) 1-2; poor outcome as CPC 3-5; Two patients with poor cEEG result had missing 48-hour NSE and NFL samples due to

early treatment withdrawal. Two patients had missing cEGG.
Statistically significant at the p < .05 level.
bStatistically significant at the p < .01 level.

“Time to ROSC 10-45 min was an inclusion criterion for the COMACARE study.

first unit, delay to ROSC and norepinephrine dose at ICU admission.
The variables that were associated with the outcome variable at a
p < .2 in univariate analysis were added to the multivariable model.
ICU admission concentration of lactate, NSE, and NFL were then
added to the model together with each studied biomarker.

To analyze the association between poor 6-month neurological
outcome and temporal change in biomarker concentrations, and
between PaCO,, PaO, and MAP intervention groups and temporal
change in biomarker concentrations, we employed linear models with
alternative covariance structures and restricted maximum likelihood
(REML) estimation. We used the MIXED procedure of the SPSS pro-
gram. The method allows analysis of repeated measures and tolerates
occasional missing values.'> We applied unstructured covariance
matrix in the models, because it provided the lowest Akaike's informa-
tion criterion (AIC) in all models used. We assessed significant effects
and interactions with least-significant-difference tests. The residuals
from the models were visually determined to follow normal distribu-
tion, confirming that the model assumptions were reasonably met.

We built multivariable regression models to assess the indepen-
dent predictive value of biomarker concentrations for predicting poor

6-month neurological outcome. Based on our previous results

indicating NFL at 48 h having high discriminatory potential for poor
6-month neurological outcome,*® we focused on finding variables that
would have additional predictive potential when used together with
NFL. The studied biomarkers with statistical significance in ROCAUC
analysis with the lowest P value for predicting 6-month neurological
outcome were added separately to the model with 48-hour NFL.

We performed statistical analyses with the SPSS software (ver-
sion 27.0, IBM, Armonk, NY, USA). We used GraphPad Prism soft-
ware, version 9, https://www.graphpad.com to draw the figures.

3 | RESULTS

In total, 112 patients were enrolled during the recruitation period
March 22, 2016 to November 3, 2017. Of these, 111, 111, 109, and
106 patients had sera available for measurement of biomarkers at ICU
admission, 24, 48, and 72 h, respectively. One patient had a missing
ICU admission sample and another one a missing 72-hour sample due
to sampling error. Other missing samples were caused by early deaths
or treatment withdrawals. At 30 days after OHCA, 36 patients were
dead, and 76 patients were alive. Of the 30-day survivors, one patient
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FIGURE 1 ICU admission
biomarker concentrations in 19 —_
relation to poor grade continuous
EEG (cEEG) recording of the first
48 h after OHCA. cEEG recording
was graded as suggested by
Crepeau et al.; we defined grade
1 as good cEEG result (open
circles, N = 71), and grade

2 (N =7)and grade 3 (N = 31) as
poor cEEG result (closed circles).
Mean values (circles) with SD 0.05

PCT ng/mL
o
]
1
(]
1

=)

-

>
1

(error bars) calculated from the In 1 2 3
transformed data are presented. K%k

Note the logarithmic scale.
*Statistically significant at the

p < .05 level. **Statistically
significant at the p < .01 level.
EEG, electroencephalogram;
hsCRP, high-sensitivity C-reactive
protein; MPO, myeloperoxidase;
OPN, Osteopontin; PCT,
Procalcitonin; PCSK9, Proprotein
convertase subtilisin/kexin type 9

403

148

MPO ng/mL

[3]
a
1

20

Continuous EEG grade of first

%
7.4 T 148 N L L
2.7 4 T -
—El r 920
5 E
o 14 O ® g’ 55 -
14
g z
< 0.37 © 334 | e
0.14 20
1 2 3 1 2 3
148 — 403
- i |
g 90 _EI 245
g 2
£ 55 o 148
® X
2 7]
o [§]
¥ 334 o 90
20 55
1 2 3 1 2 3

48 hours of treatment

\ 4

died before 6-month follow-up and two patients had severe cerebral
disability (CPC 3) 6 months after OHCA. The remaining 73 patients
had good 6-month neurological outcome (CPC 1 and 2, 53 and
20 patients, respectively). No patient was lost to follow-up. The
median (IQR) ICU admission concentrations of biomarkers were:
PCT 0.12 (0.10-0.20) ng/ml, hsCRP 0.83 (0.38-2.1) pg/ml, OPN
53 (41-79) ng/ml, MPO 97 (50-190) ng/ml, Resistin 40 (28-59)
ng/ml and PCSK9 160 (100-210) ng/ml. Characteristics of the study

population are presented in Table 1.

3.1 | Association of biomarker ICU admission
values with poor grade continuous EEG of the
first 48 h

Thirty-eight patients had poor grade cEEG (seven patients grade 2;
31 patients grade 3), and 71 patients had good grade (1) cEEG record-
ing of the first 48 h after OHCA. Two patients had missing cEGG data.
Poor 6-month neurological outcome was more common in the poor
cEEG group compared to the good cEEG group (63% vs. 19%
p < .001, respectively). In the poor cEEG group, 18% of patients had
good 6-month neurological outcome with CPC 1 and 18% with CPC
2, whereas in the good cEEG group the distribution was 63% CPC
1 and 18% CPC 2. We tested if the ICU admission concentrations of
the biomarkers were different between patients with poor or good
cEEG. Higher OPN (p = .03), MPO (p < .01) and resistin (p = .01) con-
centrations at ICU admission were associated with poor grade cEEG.

TABLE 2 ROCAUC values (95% Cl) of admission biomarker levels
for predicting poor grade continuous EEG recording of the 48 h
after OHCA

AUC (95% Cl)
PCT 0.55
(0.44-0.67)
hsCRP 0.43
(0.33-0.54)
OPN 0.65%
(0.53-0.76)
MPO 0.672
(0.56-0.77)
Resistin 0.64%
(0.54-0.75)
PCSK9 0.58
(0.47-0.69)
NSE 0.48
(0.36-0.60)
NFL 0.55
(0.44-0.66)
Lactate 0.59
(0.48-0.70)

3Statistically significant at the p < .05 level.

(Figure 1) In ROC analysis OPN (AUC 0.65; 95% Cl 0.53-0.76), MPO
(0.67; 0.56-0.77), and resistin (0.64; 0.54-0.75) had statistically signif-
icant predictive value for poor cEEG recording (Table 2).
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TABLE 3 Logistic regression analysis for the association of
admission biomarker levels with poor grade continuous EEG recording
of the 48 h after OHCA

OR 95% Cl p
Age (year) 1.09 1.02—1.16 .01?2
First unit (min) 1.11 0.98—1.26 11
ROSC (min) 1.14 1.06—1.23 <.01°
Lactate (mmol/L) 1.15 0.92—-1.45 22
NSE In(ng/ml) 0.73 0.23-2.29 .59
NFL In(ng/ml) 0.44 0.17-1.13 .09
PCT In(ng/ml) 1.48 0.89—-2.44 13
OR 95% Cl p
Age (year) 1.08 1.02—-1.14 01?2
First unit (min) 1.06 0.94-1.21 34
ROSC (min) 1.16 1.07-1.26 <.01°
Lactate (mmol/L) 1.14 0.91-1.42 .25
NSE In(ng/ml) 0.63 0.20—-2.01 44
NFL In(ng/ml) 0.53 0.20—1.37 19
hsCRP In(ug/ml) 0.78 0.55-1.11 17
OR 95% Cl p
Age (year) 1.09 1.02—1.16 .01?
First unit (min) 1.11 0.97-1.26 13
ROSC (min) 1.15 1.06—1.24 <.01°
Lactate (mmol/L) 1.21 0.95—1.55 .13
NSE In(ng/ml) 0.65 0.20—-2.12 48
NFL In(ng/ml) 0.41 0.14—1.15 .09
OPN In(ng/ml) 3.18 1.25-8.11 .02°
OR 95% ClI p
Age (year) 1.09 1.02—1.16 .01?2
First unit (min) 1.13 0.99-1.29 .07
ROSC (min) 1.13 1.05—-1.22 <.01°
Lactate (mmol/L) 1.15 0.92—-1.44 22
NSE In(ng/ml) 0.54 0.14-2.14 .38
NFL In(ng/ml) 0.51 0.19-1.38 .18
MPO In(ng/ml) 2.34 1.30—4.21 <.01°
OR 95% Cl p
Age (year) 1.07 1.01-1.14 .022
First unit (min) 1.11 0.98—1.26 .09
ROSC (min) 1.13 1.05-1.22 <.01°
Lactate (mmol/L) 1.16 0.93—-1.46 19
NSE In(ng/ml) 0.62 0.19-2.04 43
NFL In(ng/ml) 0.49 0.18—-1.33 16
Resistin In(ng/ml) 2.53 1.00—-6.38 .05%
OR 95% Cl p
Age (year) 1.08 1.02—-1.14 .01
First unit (min) 1.08 0.96—1.22 21
ROSC (min) 1.15 1.06—1.24 <.01°
Lactate (mmol/L) 1.14 0.92—-1.42 24

TABLE 3 (Continued)
OR 95% CI p
NSE In(ng/ml) 0.73 0.23—-2.28 .59
NFL In(ng/ml) 0.51 0.20—1.28 15
PCSK9 In(ng/ml) 1.46 0.59-3.61 41

Note: Variables considered for inclusion in the models were: age, sex,
bystander-initiated resuscitation, delay to arrival of first unit, delay to
ROSC and norepinephrine dose at ICU admission. Variables witha p < .2
in univariate analysis were added to the model. Admission lactate
concentration, admission In(concentration) of neuron specific enolase
(NSE), admission In(concentration) of neurofilament light (NFL) and each
studied biomarker at a time were then entered to the model.
Statistically significant at the p < .05 level.

bStatistically significant at the p < .01 level.

Finally, we assessed the independent predictive value of ICU
admission concentrations of biomarkers in multivariable logistic
regression models. The models were built adjusting for relevant clini-
cal confounding factors that were associated with the outcome vari-
able at a p < .2 in univariate analysis (age, delay to arrival of first unit
and delay to ROSC) and ICU admission concentration of NSE, NFL,
and lactate. Higher levels of ICU admission OPN, MPO and resistin
were independently associated with poor cEEG in these models.
(Table 3). Internal validation of the models with bootstrapping of
1000 random samples from the data supported the association of age
(p < .05 in all models), delay to ROSC (p < .01 in all models), OPN
(p = .02) and MPO (p < .01) with poor 48 h cEEG recording, whereas
the association of resistin with the outcome variable was not signifi-

cant after bootstrapping (p = .06).

3.2 | Association of 6-month neurological outcome
with biomarker levels

In the linear model analysis with REML estimation, the concentra-
tion of all studied biomarkers (PCT, hsCRP, OPN, MPO, resistin,
PCSK9) changed as a function of time between the four measured
timepoints from ICU admission to 72 h (statistically significant fixed
effect of timepoint on biomarker concentration, p <.001 for all).
We found a significant fixed effect of poor 6-month neurological
outcome on concentrations of PCT (F = 7.7, p <.01), hsCRP
(F = 4.0, p<.05), and OPN (F = 5.6, p <.05). (Figure 2 and
Table S1) The interaction term for timepoint x poor neurological
outcome was not significant in any of these models. Biomarker con-
centrations in outcome groups are presented in Figure 2. We did
not find a significant fixed effect of any of the intervention groups
(treatment targets of PaCO,, PaO,, and MAP) on the concentra-
tions of the biomarkers (Figure S1).

The predictive value for poor 6-month neurological outcome of
each biomarker at each studied timepoint was assessed as ROCAUC
(Table 4). Next, we built multivariable logistic regression models to

study the possible independent predictive value of biomarkers for
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FIGURE 2 Biomarker concentrations in 6-month neurological outcome groups. Violin plots with median (thick line) and IQR (thin lines) are
presented. Note the logarithmic scale. ICU adm., ICU admission; Good neurological outcome, 6-month Cerebral Performance Categories (CPC) 1-2;
Poor outcome, 6-month CPC 3-5. *Statistically significant at the p < .05 level. **Statistically significant at the p < .01 level. hsCRP, high-sensitivity C-
reactive protein; MPO, myeloperoxidase; OPN, Osteopontin; PCT, Procalcitonin; PCSK9, Proprotein convertase subtilisin/kexin type 9

TABLE 4 Biomarker ROCAUC values (95% Cl) for predicting poor
outcome at studied timepoints

Admission 24 h 48 h 72 h
PCT 0.50 0.61 0.62% 0.62
(0.38-0.62) (0.49-0.73) (0.50-0.74)  (0.50-0.73)
hsCRP 0.53 0.63% 0.672 0.55
(0.41-0.64) (0.52-0.75) (0.56-0.78) (0.43-0.67)
OPN 0.55 0.58 0.59 0.687
(0.43-0.66) (0.46-0.69) (0.48-0.71) (0.57-0.79)
MPO 0.52 0.49 0.47 0.51
(0.41-0.64) (0.37-0.60)  (0.36-0.58)  (0.39-0.64)
Resistin ~ 0.57 0.58 0.52 0.59
(0.46-0.69) (0.46-0.70)  (0.40-0.64) (0.47-0.70)
PCSK9 0.55 0.52 0.53 0.56
(0.44-0.67) (0.40-0.64) (0.41-0.65) (0.44-0.68)

Statistically significant at the p < .05 level.

poor 6-month neurological outcome. We added biomarker concentra-
tions on selected timepoints based on statistical significance with the
lowest P value in ROCAUC analysis (namely, PCT at 48 h, hsCRP at

48 h and OPN at 72 h) to a multivariable model with 48-hour NFL.
The biomarkers did not have independent predictive value in the mul-
tivariable model with 48-hour NFL (Table S2).

4 | DISCUSSION

In this study, we show that in OHCA patients with successful resusci-
tation from VF/VT, ICU admission OPN and MPO are independent
predictors for poor grade cEEG recorded during the following 48 h of
ICU treatment. At ICU admission, their association with poor cEEG in
multivariable logistic regression model was stronger than that of clas-
sical inflammatory markers PCT or hsCRP and markers of neurological
injury, NSE or NFL. Furthermore, higher levels of OPN, PCT and
hsCRP measured daily from ICU admission to 72 h were associated
with poor 6-month neurological outcome. However, they were not
independent predictors of 6-month neurological outcome when mod-
eled with NFL measured at 48 h after arrest. From the clinical view-
point, the overlapping distributions of the studied markers in 6-month

neurological outcome groups (Figure 2) discourage their use for
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prognostication and clinical decision-making including withdrawal of
treatment after OHCA with initial shockable rhythm (VF/VT). Our
results should be interpreted as supporting evidence for the role of
inflammation in the pathophysiology of secondary neurological dam-
age during early postresuscitation care.

The rationale behind studying inflammatory biomarkers is that
inflammation may precede and cause neurological damage. An early
rising inflammatory marker could be used for identification of
patients who could benefit from an anti-inflammatory treatment
intervention to prevent secondary neurological damage. The cen-
tral nervous system (CNS) is particularly vulnerable to hypoxia dur-
ing cardiac arrest due to its high metabolic rate and limited energy
reserves.'® Hypoxic injury to the CNS leads to local release of leu-
kocyte chemoattractant molecules,'” making it susceptible to infil-
tration of neutrophils and secondary inflammatory damage.'®%? A
recent preclinical study in rats demonstrated that the expression of
multiple inflammatory mediators is increased in the CNS after car-
diac arrest and that pharmacological increasing of these mediators
increased seizure activity and worsened neurological outcome,
whereas pharmacological reduction of the mediators had an oppo-
site effect.2°

Multiple studies have shown that elevated levels of inflammatory
biomarkers in circulation are associated with poor outcome after car-
diac arrest.>?1?2 This association may depend on case-mix, being
stronger in a patient population including more moribund patients®*
compared to a more selected population.?* Interleukin-6 and PCT are
the most studied inflammatory markers in this context, and they have
discriminatory capacity for poor outcome when measured at ICU

admission?® and at 24 h after cardiac arrest,?®

respectively. Failure of
other organ systems than CNS is also common after cardiac arrest,
has impact on outcome,?” and may be exacerbated by inflammation.
Oxidative metabolism is disturbed in tissues during cardiac arrest and
we have previously shown in the COMACARE cohort that FGF-21, a
marker of mitochondrial and cellular stress is associated with outcome
after cardiac arrest.?® However, biomarkers should not to be used
alone for outcome prediction, and the only biomarker recommended
to be included in the multimodal approach for prognostication by cur-
rent guidelines on postresuscitation care is NSE, a marker of CNS tis-
sue destruction having acceptable prognostic value 48 h after cardiac
arrest.?

Among the biomarkers here investigated, indirect-and partially
controversial-data are available in both clinical and experimental
models of brain ischemia-reperfusion injury (IRI).>?°~31 Neutrophil
recruitment and oxidative burst-of which OPN and MPO may be con-
sidered as surrogate markers, respectively-indeed represent a double
edge sword. Alongside a detrimental effect in the early phase of IRI,
OPN would exert a neuroprotective role mainly relying on its roles in
the balancing of anti—/pro-inflammatory responses, blood-brain bar-
rier integrity as well as proliferation of active and the migration of
resting astrocytes.3? In line with that, OPN is under investigation as
potential candidate for therapeutic application in acute brain injury.®!
Similarly, the amplification of oxidative burst sustained by neutrophil

recruitment and activation may ultimately sustain neuronal recovery

by both genetic and epigenetic mechanisms.> What is not yet known
is the extent to and the timing with inflammatory response shift from
detrimental to beneficial for brain milieu.

In the current study, ICU admission values of neutrophil activa-
tion markers were associated with short-term neurological distur-
bance reflected as seizure activity in the cEEG. This suggests that the
detrimental neutrophil activation occurs within hours after ROSC.
Once the brain tissue damage has occurred, structural proteins of
neurons such as NFL are increasingly seen in the circulation at 24 and
48 h after ROSC,'° and the inflammatory markers did not contribute
additional prognostic information for 6-month neurological outcome
compared to NFL measured at 48 h after ROSC in the current study.

The growing awareness about the complex network of interaction
of different biological pathways is changing the attitude about the use
of biomarkers, which are increasing pooled. The benefits of this
approach clearly emerged from the COMMUNICATE study®® and has
been recently supported by an exhaustive systematic review.**
Advance in machine/deep learning approach-including the use of arti-
ficial neural network-are paving the way for further advance predic-
tion of OHCA-related neurological outcome. An exploratory study
from the Target Temperature Management trial finally allowed to
exceed the 90% in the AUROC during the first 72 h after the event.®®
More is expected from future studies, in which such advance in data
mining will allow to merge traditional data (e.g., clinical, biochemical
and imaging) with other relevant information from omics, data inter-
net use, wearable devices and others: the so called “electronic health

record”.

4.1 | Strengths and limitations of the study

The study is a multicenter study performed in a government-funded
healthcare system with minimal variations of treatment between cen-
ters. No patient was lost to follow-up and missing samples were rare.
Outcome assessors were blinded to biomarker results and analysis of
biomarkers was performed blinded to clinical data and outcome. The
two major limitations of the study are the relatively small sample size
and the enrollment of highly selected good prognosis patients
(VF-OHCA only, ROSC delay between 10 and 45 min, median
APACHE 1l 28, good outcome 65%). Reperfusion injury is presumably
greater in patients with initial non-shockable rhythm and ROSC
>45 min. These limitations prevented us from analyzing the impact of
the cause of cardiac arrest (such as respiratory vs. cardiac, primary
arrhythmic vs acute myocardial infarction) on biomarker levels. There-
fore, our results need to be validated in future unselected cohorts-
including patients with poorer prognosis due to other clinical causes

of OHCA-in which inflammation likely plays a more important role.

5 | CONCLUSIONS

In OHCA patients with successful resuscitation from VF/VT, high con-
centrations of OPN and MPO at ICU admission were independent
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predictors for disturbances in cEEG during the subsequent 48 h. Thus,
these inflammatory markers may provide early information about the
risk of secondary neurological damage. Higher levels of PCT, hsCRP
and OPN measured daily from ICU admission to 72 h were associated
with poor 6-month neurological outcome but did not contribute inde-
pendent prognostic value when modeled with NFL measured at 48 h.
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