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Abstract: The products of polyunsaturated fatty acid peroxidation are considered reliable biomarkers of oxidative injury in vivo. We investigated ischemia-reperfusion-related oxidative injury by
determining the levels of lipid peroxidation biomarkers (isoprostane, isofuran, neuroprostane, and
neurofuran) after cardiac arrest and tested the associations between the biomarkers and different
arterial oxygen tensions (PaO2 ). We utilized blood samples collected during the COMACARE trial
(NCT02698917). In the trial, 123 patients resuscitated from out-of-hospital cardiac arrest were treated
with a 10–15 kPa or 20–25 kPa PaO2 target during the initial 36 h in the intensive care unit. We
measured the biomarker levels at admission, and 24, 48, and 72 h thereafter. We compared biomarker
levels in the intervention groups and in groups that differed in oxygen exposure prior to randomization. Blood samples for biomarker determination were available for 112 patients. All four biomarker
levels peaked at 24 h; the increase appeared greater in younger patients and in patients without
bystander-initiated life support. No association between the lipid peroxidation biomarkers and
oxygen exposure either before or after randomization was found. Increases in the biomarker levels
during the first 24 h in intensive care suggest continuing oxidative stress, but the clinical relevance of
this remains unresolved.
Keywords: out-of-hospital cardiac arrest; isoprostanes; neuroprostanes; lipid peroxides; reperfusion injury

1. Introduction
Copyright: © 2021 by the authors.
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During return of spontaneous circulation after cardiac arrest and global ischemia,
some degree of reperfusion injury is inevitable [1]. One mechanism of oxidative stress
is the formation of reactive oxygen species (ROS). Experimental evidence suggests that
higher PaO2 in blood and tissues enhances ROS formation [2]. ROS are major mediators of
damage to tissue components, such as proteins, lipids, and DNA, in ischemia-reperfusion.
Moreover, ROS trigger the activation of secondary injury pathways, including inflammation, autophagy, and apoptosis [3]. Cell membrane structures highly concentrated with
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fatty acids are sensitive to oxidative injury, and the metabolic byproducts of the injury
can be measured in the blood. Measurable oxidative injury lipid biomarkers produced
in vivo include isoprostanes (IsoPs) and isofurans (IsoFs) derived from arachidonic acid,
neuroprostanes (NeuroPs) and neurofurans (NeuroFs) derived from docosahexaenoic acid,
and di-homo-isoprostanes (di-homo-IsoPs) and di-homo-isofurans (di-homo-IsoFs) derived
from adrenic acid [4–6]. These biomarkers are considered relevant surrogates of oxidative
stress-derived injury, and increased levels of these biomarkers can be detected in many
pathological conditions [7,8]. Arachidonic acid can be found in any tissue; accordingly,
the levels of IsoPs and IsoFs reflect the total oxidative stress the body is being subjected
to. Docosahexaenoic acid, conversely, is highly abundant in central nervous tissue grey
matter, and adrenic acid is a main component of brain white matter. Accordingly, NeuroPs,
NeuroFs, di-homo-IsoPs, and di-homo-IsoFs have been found by experiments to be specific
indicators of oxidative injury in nervous tissue [8].
These lipid peroxidation biomarkers have been successfully used to measure oxidative
injury arising immediately after resuscitation in neonates; whether they could be relevant
after adult cardiac arrest is unknown [9]. In this post hoc study of the COMACARE trial
(NCT02698917), we measured the plasma levels of biomarkers related to lipid peroxidation
(IsoPs, IsoFs, NeuroPs, NeuroFs, di-homo-IsoPs, and di-homo-IsoFs) in adult patients after
out-of-hospital cardiac arrest. The trial randomized patients to two different PaO2 targets
during the first 36 h of intensive care treatment [10]. Our aim was to test the associations
between lipid peroxidation biomarker levels and PaO2 and the fractions of inspired oxygen
(FiO2 ) used. The associations between biomarkers and oxygenation were tested in three
settings: prehospital, on intensive care unit (ICU) admission, and during the first 24 h
of ICU treatment. Based on experimental evidence, we hypothesized that higher blood
oxygen and higher FiO2 would be associated with higher lipid peroxidation biomarker
levels [11–13].
2. Materials and Methods
2.1. Trial Design, Participants, and Inclusion Criteria
This study was based on post hoc analysis of arterial blood samples collected during
the COMACARE trial (NCT02698917), March 2016–November 2017. The trial protocol and
main findings were published previously in detail [14]. The Northern Savo Hospital District
research ethics committee approved the study plan (decision number 295/13.02.00/2015,
23 February 2016), and this study was conducted in accordance with the Declaration of
Helsinki. In brief, we randomized 123 patients resuscitated from out-of-hospital cardiac
arrest with 23 factorial design: normal or moderately elevated arterial oxygen tension
(PaO2 10–15 kPa or 20–25 kPa), low-normal or high-normal arterial carbon dioxide tension
(PaCO2 4.5–4.7 kPa or 5.8–6.0 kPa), and low-normal or high-normal mean arterial pressure
(65–75 mmHg or 80–100 mmHg) for the first 36 h of ICU treatment. All patients were
treated according to the current guidelines and underwent targeted temperature therapy
(TTM) at 33 or 36 ◦ C. The participants included adult (aged 18–80) patients resuscitated
from witnessed out-of-hospital cardiac arrest, with initially shockable rhythm, and with
markedly impaired consciousness, and who were mechanically ventilated on ICU admission. The patients in this sub-study of the COMACARE trial were from six different ICUs
in Finland. The flowchart of patient inclusion is in Supplementary Materials Figure S1.
2.2. Blood Samples and Sample Analysis
Blood samples for biomarker determination were collected during the trial and frozen
immediately after centrifugation. We determined the relative levels of isoprostanes, isofurans, neuroprostanes, neurofurans, di-homo-isoprostanes, and di-homo-isofurans from
samples collected on ICU admission (0 h) and 24, 48, and 72 h after admission. The samples
were analyzed in May 2020 in the Analytical Unit, Health Research Institute La Fe, Valencia,
Spain, using ultra-performance liquid chromatography tandem mass spectrometry [15,16].
A specific description of the analysis method can be found in the Supplementary Materials.
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2.3. Outcome Measures
The primary outcome measures were lipid peroxidation biomarker levels (IsoPs, IsoFs,
NeuroPs, NeuroFs, di-homo-IsoPs, and di-homo-IsoFs) at 0 and 24 h. Lipid peroxides
remain stable in the blood, but with normal glomerular filtration are rapidly secreted in
urine; therefore, we were mainly interested biomarkers measured at earlier time-points [17].
The secondary outcome was the patient’s functional outcome at 6 months after the arrest
determined with the Cerebral Performance Category [18]. A favorable functional outcome
was defined as a Cerebral Performance Category (CPC) score of 1 or 2, corresponding to
independence in daily activities as a minimum; and an unfavorable outcome as a CPC
score of 3–5, corresponding to a spectrum from severe cerebral disability to death.
2.4. Exposure to Oxygen
We determined oxygen exposure in three settings: prehospital, on ICU admission, and
during the first 24 h of ICU care. We obtained prehospital PaO2 from the first arterial sample
collected after return of spontaneous circulation (ROSC) obtained by a physician-staffed
ambulance using a point-of-care device. On ICU admission, we determined oxygenation
from the first PaO2 measured and the simultaneously used FiO2 after arrival at the ICU.
Finally, we determined the highest PaO2 , the PaO2 area under the curve, and the FiO2 area
under the curve over the first 24 h of ICU treatment. All arterial blood gases determined
in the ICU were analyzed at the site with point-of-care device. The timeline of the study
protocol is in the Supplementary Materials, Figure S2.
2.5. Statistical Methods
We present continuous data as medians and interquartile ranges (IQR) and categorical
data as counts and percentages. We tested all continuous variables for normality and used
the Mann–Whitney U test to compare the non-normally distributed data [19]. We compared
categorical data with Pearson’s Chi-squared test [20]. The associations between oxygen
exposure and biomarker levels were analyzed in scatterplot visualizations and with linear
regression and linear mixed model analysis [21,22]. We performed Log transformations
for the biomarker concentration values. The method for building a linear regression
model and more detailed descriptions of the statistical methods used can be found in the
Supplementary Materials. Statistical analyses were performed with IBM SPSS 27.0.1.0 and
GraphPad Prism 9.0.1. for MacOS.
3. Results
The study included 112 patients with blood samples available for analysis. A flowchart
of patient inclusion in every sub-analysis is in the Supplementary Materials, Figure S1. The
di-homo-IsoPs’ and di-homo-IsoFs’ concentrations were below the limit of detection and
were therefore not included in the data analysis.
We divided patients based on the median value of the first ICU-measured PaO2
(≤15.60 vs. > 15.60 kPa) and the corresponding used FiO2 (<0.50 vs. ≥0.50). The patients
with lower admission PaO2 had a higher median body mass index (IQR) of 27.8 (23.7–30.9)
vs. 25.5 (23.8–27.8). Longer delay to arrival of the first unit (8 [6–10] vs. 6.5 [5–9] minutes)
was associated with lower admission PaO2 . The baseline characteristics of the study
population, a comparison between low and high admission PaO2 , and comparison between
the randomized PaO2 groups are shown in Table 1.
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Table 1. Baseline characteristics of complete study population, study population divided by lower vs. higher admission
PaO2 , and study population in randomized oxygen groups.

PaO2 on Intensive Care
Unit Admission
All
n = 112

≤15.6 kPa,
n = 56

>15.6 kPa,
n = 56

Randomized PaO2
Target Groups
p-Value 1

Median (IQR)/count (%)

10–15 kPa,
n = 57

20–25 kPa,
n = 55

p-Value 1

Median (IQR)/count (%)

Age (in years)

62 (53–68)

65 (54–69)

58 (52–67)

0.12

62 (53–68)

62 (54–69)

0.69

Male gender

92 (82)

43 (77)

49 (88)

0.14

47 (83)

45 (82)

0.93

BMI

26.3
(23.8–29.4)

27.8
(23.7–30.9)

25.5
(23.8–27.8)

0.015

26.2
(23.4–29.1)

26.5
(24.2–30.9)

0.39

Smoker (yes) 2

35 (35%)

15 (29)

20 (42)

0.20

17 (34)

18 (37)

0.78

Bystander
resuscitation (yes)

93 (83)

48 (86)

45 (80)

0.45

47 (83)

46 (84)

0.87

ROSC time (min)

21 (16–26)

22 (17–28)

21 (15–25)

0.12

20 (16–25)

22 (17–27)

0.38

Delay to first unit
(min)

7 (6–9)

8 (6–10)

6.5 (5–9)

0.008

7 (6–9)

7 (6–9)

0.68

30-day mortality

36 (32)

19 (34)

17 (30)

0.69

17 (30)

19 (35)

0.59

180-day mortality

37 (33)

20 (36)

17 (30)

0.55

17 (30)

20 (36)

0.46

CPC 1–2 at 180 days

73 (65)

35 (63)

38 (68)

0.55

39 (69)

34 (62)

0.46

Definitions of abbreviations: BMI = body mass index; CPC = cerebral performance category; IQR = interquartile range; ROSC = return of
spontaneous circulation. 1 p-values are conducted with the Mann–Whitney U test for non-normal continuous data and with Pearson’s
Chi-squared test with categorical data. 2 Thirteen patients were missing smoking status data.

3.1. Biomarker Levels on Admission (0 h) and Prehospital Oxygen Exposure
Prehospital arterial samples were available for 54 patients. There were no associations
between the prehospital PaO2 and the biomarker levels determined on ICU admission
(Figure S3). The prehospital PaO2 and PaO2 values on ICU admission were not significantly
correlated; the Pearson correlation coefficient was 0.24 (p = 0.08). In the higher admission
PaO2 (>15.6 kPa) group, the median IsoFs levels at 0 h were slightly higher compared to
the lower admission PaO2 group (p = 0.04). There were no clear correlations between the
admission PaO2 and the other biomarkers (Figure 1). In the higher admission FiO2 (≥0.50)
group the median IsoFs level at 0 h was slightly lower compared to the lower admission
FiO2 group (p = 0.04). There was no difference between the admission FiO2 and the other
biomarker levels on admission (Figure 2).
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Figure 1. Scatterplot of biomarker and PaO2 levels on ICU admission (0 h). The patients are divided into two groups by
median PaO2 value on intensive care unit admission. The straight lines seen in the plots represent the median values
of the biomarker levels concerned. The p-value indicates the significance of the Mann–Whitney U test between the
biomarker level on admission in the patients’ PaO2 below vs. above the median (15.60 kPa). Definitions of abbreviations:
[p.d.u.] = procedure defined unit; Lg = base 10 logarithm.

Figure 2. Scatterplot of biomarker and FiO2 levels on ICU admission (0 h). The patients are divided into two groups
by the median FiO2 value on intensive care unit admission. The straight lines seen in the plots represent the median
values of the biomarkers concerned. The p-value indicates the significance of the Mann–Whitney U test between the
biomarker level on admission in the patients’ FiO2 below vs. above the median (0.50). Definitions of abbreviations:
[p.d.u.] = procedure defined unit; Lg = base 10 logarithm.
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The time from the arrest to ICU admission varied from 58 to 385 min; median (IQR)
147 (104–195). There were no associations between the time from the arrest to ICU admission and biomarker levels on admission (Figure S4). Additionally, there were no
differences in biomarker levels on admission between those arriving to the ICU early
(admission < 147 min after the arrest) compared to the later admissions (Table S1).
3.2. Biomarker Levels at 24 h and Oxygen Exposure
The biomarker levels at 24 h were not significantly different among the randomized
oxygen target groups. There was no clear difference between any biomarker level at 24 h
by the highest PaO2 , the PaO2 area under the curve, or the FiO2 area under the curve
(Figures S5 and S6).
3.3. Biomarker Levels over Time
The time profile for every biomarker level at 0, 24, 48, and 72 h can be seen in
Figure 3. All 112 patients underwent analytical determinations; however, for some patients,
biomarker values are missing at single time points. The time profiles were similar for all
measured biomarkers. The highest levels were seen at 24 h. In the linear mixed model,
there were no significant differences in any of the biomarker levels over time between the
randomized PaO2 groups (Time*PaO2 —column in the Supplementary Materials Table S2;
the p-values are also presented in Figure 3). When comparing the biomarker levels at all
time points individually between the patients with favorable outcomes and those with
unfavorable outcomes, the IsoFs, IsoPs, and NeuroFs values were found to be higher on
arrival in the patients with subsequent favorable functional outcomes, but the difference
was significant only regarding IsoPs (Table S3). The median (IQR) IsoPs level in the
favorable outcome groups was 3.30 (2.06–5.04) compared to 2.12 (1.18–3.23) procedure
defined units ([p.d.u.]) in the unfavorable outcome group; p = 0.006. A linear mixed model
analysis showed no significant differences in biomarker levels over time for the IsoPs, IsoFs,
and NeuroFs, but the NeuroPs levels were significantly different over time between the
favorable and unfavorable functional outcome groups (Tables S2 and S3).
3.4. Linear Regression Analysis
In the linear regression models to predict biomarker levels at 0 and 24 h, 103 and
109 patients, respectively, were included in the analyses. Higher age indicated lower
biomarker levels in all four biomarkers at 24 h and lower levels of IsoPs and IsoFs at 0 h.
Bystander resuscitation was associated with lower IsoPs, NeuroPs, and NeuroFs levels
at 24 h. Higher FiO2 on arrival to the ICU was associated with higher NeuroFs levels at
0 h. The results for the linear regression analyses for biomarker levels at 24 h are shown in
Table 2; the biomarker level results at 0 h are presented in the Supplementary Materials,
Table S4. The predictive power of the regression models remained low; the R-squared for
every linear regression model was below 0.15.
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Figure 3. Median biomarker levels on ICU admission and 24, 48, and 72 h after admission. The midline of the box represents
the median; the upper and lower borders of the box represent the interquartile range. The whiskers are at the minimum and
maximum values. Note the logarithmic scale on the y-axis. The p-value indicates the significance of the biomarker level
change over time between the low vs. high PaO2 treatment target groups determined with linear mixed model analysis.
Definitions of abbreviations: [p.d.u] = procedure defined unit.
Table 2. Linear regression analysis to predict biomarker levels at 24 h.

R2
Lg IsoFs at 24 h

B

p-Value

95% CI for B
Lower Bound

Upper Bound

0.08

Age (years)

−0.01

−0.02

0

0.045

Bystander CPR

−0.22

−0.48

0.05

0.10

PaO2 (10–15 kPa/20–25 kPa)

0.12

−0.07

0.31

0.22

PaCO2 (4.5–4.7 kPa/5.8–6.0 kPa)

−0.11

−0.30

0.08

0.25

MAP (65–75 mmHg/80–100 mmHg)

0.01

−0.18

0.21

0.89

Age (years)

−0.01

−0.02

−0.004

0.006

Bystander CPR

−0.37

−0.70

−0.04

0.03

PaO2

0.05

−0.19

0.29

0.68

PaCO2

−0.12

−0.36

0.12

0.34

MAP

0.06

−0.18

0.31

0.61

Lg IsoPs at 24 h

0.12
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Table 2. Cont.

R2

B

p-Value

95% CI for B
Lower Bound

Upper Bound

0.12

Lg NeuroPs at 24 h
Age (years)

−0.01

−0.02

0

0.04

Bystander CPR

−0.36

−0.59

−0.11

0.005

PaO2

0.01

−0.17

0.18

0.96

PaCO2

0.02

−0.16

0.20

0.82

MAP

0.09

−0.09

0.27

0.34

Age (years)

−0.01

−0.02

−0.001

0.04

Bystander CPR

−0.53

−0.84

−0.22

0.001

PaO2

−0.14

−0.37

0.08

0.21

PaCO2

−0.07

−0.30

0.15

0.53

MAP

0.04

−0.20

0.27

0.76

0.14

Lg NeuroFs at 24 h

Definitions of abbreviations: CPR = cardiopulmonary resuscitation; Lg = base 10 logarithm; isoFs = isofurans; isoPs = isoprostanes;
MAP = mean arterial pressure; neuroFs = neurofurans; neuroPs = neuroprostanes; PaCO2 = partial pressure of arterial carbon dioxide;
PaO2 = partial pressure of oxygen.

4. Discussion
We explored the levels of lipid peroxidation biomarkers previously conjoined with
oxidative ischemia-reperfusion injury and their associations with oxygen exposure in
patients after out-of-hospital cardiac arrest. Contrary to our hypothesis, we did not find
any significant associations between exposure to different partial pressures of arterial
oxygen or FiO2 and the measured biomarkers. These biomarkers have experimentally
and in newborns been shown to reflect reperfusion injury to the brain and other organs;
however, in our study, we did not find any connection between oxygenation and the
biomarkers either early after cardiac arrest or during ICU care [9,12,23,24].
Observational studies have suggested increased mortality in patients subjected to an
excess of oxygen upon reperfusion and reported the generation of oxygen free radicals as
a potential mechanism for worsening reperfusion injury [25,26]. A recent meta-analysis
found evidence supporting conservative oxygen therapy after CA [27]. Preterm neonates
have immature antioxidant capacity, which makes them vulnerable to oxidative stress, and
an association between oxygen use and lipid peroxidation has been shown [9,28]. Lipid
peroxidation biomarkers have been the key determinants in the development of neonatal
resuscitation policies [29]. Several clinical trials have shown increased mortality, greater
oxidative stress, and higher probability for hypoxic-ischemic encephalopathy when using
FiO2 1.00 vs. FiO2 0.21 during newborn resuscitation [23,29].
We failed to demonstrate an increase in lipid peroxidation with higher vs. lower
oxygen exposure in our adult cardiac arrest patients; the noticed difference in the median
IsoFs levels between higher and lower PaO2 on ICU admission was minor and likely
clinically irrelevant. Our data allow us only to speculate about possible explanations
to our findings. ROS-mediated injury is the consequence of the exacerbated chemical
reactivity of free radicals, and therefore, it occurs immediately upon reperfusion. In this
scenario, it is plausible that during the time elapsed between emergency stabilization and
arrival at the ICU, the bulk of oxidative byproducts generated were washed out from
the circulation. Consequently, a greater difference in PaO2 levels during intensive care
would have been required to elicit differences in lipid peroxidation [30,31]. Hypothermia
reduces the mitochondrial respiratory rate and decreases ROS generation [32]. All patients
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underwent targeted temperature treatment, which might attenuate the oxidative stress and
the ensuing lipid peroxidation [32–35]. The median time from arrest to ICU admission was
over two hours, due to resuscitation efforts and the need for coronary angiography; hence,
cellular adaptation to manage oxidative stress might have occurred by the time the patients
reached the ICU. Additionally, the extent of the oxidative injury occurring immediately
after the return of spontaneous circulation could mask all the differences thereafter. The
early increase in biomarker levels during the first 24 h in the ICU probably reflects a second
oxidative stress burst enhanced by the oxygen supplementation that ensued on arrival at
the ICU. The subsequent increase in the biomarker levels on arrival at the ICU could arise
from poorly perfused tissues coinciding with hemodynamic stabilization in the ICU, e.g.,
liver and kidneys, or it could reflect depletion of the body’s antioxidant capacity due to the
high amount of ROS generated during the initial reperfusion.
During cardiac arrest, the duration of ischemia is the major determinant of ischemic
cell injury and contributes to the accumulation of purine derivatives [3,30]. Upon reperfusion, xanthine oxidoreductase and specific proteases in the presence of oxygen metabolize
purine derivatives to anion superoxide and hydroxyl radicals that cause structural and
functional damage to cell components [13,36–38]. The weak association observed between
lower biomarker levels at 24 h and bystander cardiopulmonary resuscitation suggests
that a longer duration of no-flow period might increase vulnerability to oxidative stress
after reperfusion. Several animal studies have detected more extensive ROS-mediated
injuries and increased lipid peroxidation when higher FiO2 was used following resuscitation [12,24,39]. Liu et al. showed that hyperoxic ventilation (FiO2 1.00 vs. 0.21) during
the early post-resuscitation period in dogs leads to increased amounts of oxidated lipids
in the frontal cortex and a poorer functional outcome at 24 h [12]. One rat study detected
increased myocardium IsoPs levels, worse myocardial function, and shorter duration of
survival when rats were ventilated with FiO2 1.00 compared to lower FiO2 levels during resuscitation and in the early post-resuscitation period [24]. Solberg et al. showed in a piglet
model that the amount of oxygen used during resuscitation correlated dose-dependently
with the urinary markers of oxidative damage to DNA and amino acids [39]. IsoPs and
IsoFs are generated after oxidative damage in all tissues, but NeuroFs and NeuroPs are
mostly generated in the brain’s grey matter [4,6]. The brain has a high concentration of
polyunsaturated fatty acids compared to other organs, and thus lipid peroxidation is the
main outcome of ROS-induced brain tissue injury [1]. In adults, higher levels of NeuroPs
have been measured in cerebrospinal fluid after traumatic brain injury and subarachnoid
hemorrhage [40]. Generation of NeuroFs is dependent on brain tissue oxidation; NeuroPs
are generated due to oxidative stress irrespective of brain oxygen level. Based on our study,
we cannot conclude that these biomarkers’ levels correlate with the extent of the actual
reperfusion injury. Better functional outcomes (cerebral performance categories 1–2) were
associated with slightly higher levels of lipid peroxidation biomarkers; one reason could
be that younger patients, who have a tendency to recover with better functional outcomes,
exhibit more pronounced responses to oxidative stress, increasing lipid peroxidation. Unfortunately, we were not able to detect di-homo-IsoPs or di-homo-IsoFs, which are released
in white matter injury [15,41].
Our study has several strengths. To assess oxidative injury during the early phases of
post-resuscitation care in the ICU, we included two groups with distinct oxygen treatment
targets, and the treatment targets were well maintained during the intervention period [10].
There is evidence that the studied biomarkers reliably reflect ROS-mediated cell injury
in vivo, the method used for biomarker analysis is very sensitive, and lipid peroxides
stay stable in the samples when stored correctly [4–6,9,42–44]. Our study was the first
to measure values in the setting of adult cardiac arrest. Our study has some limitations.
The timing of the collected blood samples was not planned based on the features of the
studied biomarkers. We lacked samples taken prior to ICU admission, which would
reflect oxidative stress immediately after reperfusion [45,46]. Additionally, more frequent
sampling would improve understanding how these markers react during the early hours of
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intensive care. Only half of the study population had the prehospital PaO2 data available.
We note that our sample size may have been too small to detect a difference in lipid
peroxidation between the oxygen exposure groups. However, studies conducted in animals
and in neonates have shown effect sizes of a magnitude that we would have been able to
detect if they were present [11,24,47]. Finally, due to the study setting, we could not assess
lipid peroxidation in specific tissues (e.g., the brain).
5. Conclusions
Lipid peroxidation biomarkers were similar, irrespective of arterial oxygen levels early
after cardiac arrest, and no differences in biomarker levels were found after treatment with
two different arterial oxygen targets during ICU care. The increases in lipid peroxidation
biomarkers during the first 24 h may reflect a second burst of oxidative stress in the ICU,
but the clinical relevance of these increases remains unresolved.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10184226/s1. Study analysis protocol and statistical methods in detail. Figure S1: Flow
chart of patient inclusion in sub-analyses. Figure S2: Timeline of the study protocol and blood sample
timing. Figure S3: Scatterplot of biomarker levels on ICU admission (0 h) and the first prehospital
PaO2 determined after the return of spontaneous circulation. Figure S4: Scatterplot of biomarker
levels on admission and time from the arrest to ICU admission. Table S1: Comparison of biomarker
levels on ICU admission between early and late arrivers. Early arrivers were defined if the time from
cardiac arrest to ICU is below median arrival time (147 min). Figure S5: Scatterplot of biomarker
levels at 24 h and PaO2 24 h area under the curve (left column) and the highest PaO2 in 24 h (right
column). Figure S6: Scatterplot of biomarker levels at 24 h and FiO2 area under the curve for 24 h.
Table S2: Linear mixed model analysis of biomarker levels over time between patients who had good
and bad neurological outcomes and between PaO2 target groups. Table S3: Comparison of biomarker
levels at different time points between patients who had good and bad neurological outcomes six
months after the cardiac arrest. Table S4: Linear regression analysis to predict biomarker levels at 0 h.
Author Contributions: Conceptualization, M.B.S., M.V., P.J., J.H. (Johanna Hästbacka), S.B. and
S.A.; methodology, M.B.S., M.R., M.V., S.A. and P.J.; software, J.H. (Jaana Humaloja); validation,
J.H. (Jaana Humaloja) and M.B.S.; formal analysis, J.H. (Jaana Humaloja); investigation, J.H. (Jaana
Humaloja), J.K., M.V., J.D.P.-R. and Á.S.-I.; resources, J.H. (Jaana Humaloja); data curation, J.H.
(Johanna Hästbacka); writing—original draft preparation, J.H. (Jaana Humaloja) and M.B.S.; writing—
review and editing, J.H. (Jaana Humaloja), J.K., M.V., S.A., J.D.P.-R., Á.S.-I., E.L., P.J., J.H. (Johanna
Hästbacka), S.B., M.T., M.R. and M.B.S.; visualization, J.H. (Jaana Humaloja); supervision, M.B.S. All
authors have read and agreed to the published version of the manuscript.
Funding: J.H. (Jaana Humaloja); received personal unrestricted grants for research work from Finska
Läkareskällkapet (non-profit organization) in 2020 and 2021. J.K. received a personal unrestricted
grant from Instituto de Investigación en Salud Carlos III (CP16/00034; PI17/00127). S.A. received
non-commercial unrestricted grants from Governmental Subsidy for Clinical Research and Finska
Läkareskällskapet. M.B.S. received numerous unrestricted non-commercial research grants (Finska
Läkareskällskapet, Sigrid Juselius stiftelse, Medicinska Understödföreningen Liv och Hälsa, Helsinki
University research grant, Govermental research funding (VTR), Svenska Kulturfonden, Perklen
stiftelse). The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to pub-lish the results. The
publication fee was covered by Italian Resuscitation Council with funds for dissemination within the
“iProcureSecurity” H2020 project (Grant Agreement No 833291).
Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by The Northern Savo Hospital District research ethics
committee (decision no. 295/13.02.00/2015, 23 February 2016).
Informed Consent Statement: Due to the nature of the trial and the need for a timely intervention, it
was not possible to obtain prior informed consent from the participants at the time of randomization.
Informed consent was obtained from the participants’ surrogates as soon as possible after the
randomization and the intervention, and informed consent was also be obtained from all participants
after they had sufficiently recovered.

J. Clin. Med. 2021, 10, 4226

11 of 13

Data Availability Statement: The data presented in this study are available only on reasonable
request from the corresponding author. The data are not publicly available due the small sample size
and patient privacy concerns. The study group followed the EU General Data Protection Regulation
principles.
Acknowledgments: Our thanks go to the COMACARE study groups for designing and carrying out
the trial. The authors thank Matti Hästbacka for his assistance in collecting additional study data.
COMACARE Study Group: Central Finland Central Hospital: Raili Laru-Sompa, Anni Pulkkinen,
Mikko Reilama, Sinikka Tolmunen; Helsinki University Hospital: Minna Bäcklund, Jonna Heinonen,
Johanna Hästbacka, Pekka Jakkula, Nina Lundbom, Marcus Norrgård, Marjatta Okkonen, Ville
Pettilä, Markus B Skrifvars, Tarja Suhonen, Marjaana Tiainen, Tuukka Tikka, Marjut Timonen, Jussi
Toppila, Miia Valkonen, Erika Wilkman; Jorvi Hospital: Teemu Hult, Tuomas Oksanen; Kuopio
University Hospital: Stepani Bendel, Elina Halonen, Sari Rahikainen, Saija Rissanen, Eija Vaskelainen;
North Karelia Central Hospital: Tanja Eiserbeck, Sirkku Heino, Helena Jyrkönen, Matti Reinikainen,
Johanna Räsänen, Tero Surakka; Päijät-Häme Central Hospital: Talvikki Koskue, Petteri Kujala, Pekka
Loisa, Marika Lähde; Tampere University Hospital: Jari Kalliomäki, Sari Karlsson, Atte Kukkurainen,
Simo Varila.
Conflicts of Interest: S.A. has acted as lecturer for Chiesi Pharmaceutical (unrelated to this study)
and is part of Nordic Neonatal Meeting Advisery Board. M.B.S has received a lecture fee and travel
grant from BARD Medical (Ireland and South Korea, unrelated to this study). Other authors declare
no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.

11.
12.
13.
14.

15.

16.

17.

Cherry, B.H.; Sumien, N.; Mallet, R.T. Neuronal injury from cardiac arrest: Aging years in minutes. Age 2014, 36, 1–14. [CrossRef]
Turrens, J.F. Mitochondrial formation of reactive oxygen species. J.Physiol. 2003, 552, 335–344. [CrossRef]
Granger, D.N.; Kvietys, P.R. Reperfusion injury and reactive oxygen species: The evolution of a concept. Redox Biol. 2015, 6,
524–551. [CrossRef]
Roberts, L.; Fessel, J.P. The biochemistry of the isoprostane, neuroprostane, and isofuran pathways of lipid peroxidation. Brain
Pathol 2004, 128, 173–186. [CrossRef]
Marrocco, I.; Altieri, F.; Peluso, I. Measurement and Clinical Significance of Biomarkers of Oxidative Stress in Humans. Oxidative
Med. Cell. Longev. 2017, 2017, 1–32. [CrossRef]
Vigor, C.; Bertrand-Michel, J.; Pinot, E.; Oger, C.; Vercauteren, J.; Le Faouder, P.; Galano, J.-M.; Lee, J.C.-Y.; Durand, T. Nonenzymatic lipid oxidation products in biological systems: Assessment of the metabolites from polyunsaturated fatty acids. J.
Chromatogr. B 2014, 964, 65–78. [CrossRef]
Milne, G.; Dai, Q.; Roberts, L.J. The isoprostanes—25 years later. Biochim. Biophys. Acta 2014, 1851, 433–445. [CrossRef] [PubMed]
Song, W.-L.; Lawson, J.A.; Reilly, D.; Rokach, J.; Chang, C.-T.; Giasson, B.; FitzGerald, G.A. Neurofurans, Novel Indices of Oxidant
Stress Derived from Docosahexaenoic Acid. J. Biol. Chem. 2008, 283, 6–16. [CrossRef]
Torres-Cuevas, I.; Llorca, A.P.; Sánchez-Illana, L.; Nuñez-Ramiro, A.; Kuligowski, J.; Cháfer-Pericás, C.; Cernada, M.; Escobar, J.;
Vento, M. Oxygen and oxidative stress in the perinatal period. Redox Biol. 2017, 12, 674–681. [CrossRef] [PubMed]
Jakkula, P.; COMACARE study group; Reinikainen, M.; Hästbacka, J.; Loisa, P.; Tiainen, M.; Pettilä, V.; Toppila, J.; Lähde, M.;
Bäcklund, 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]
Vento, M.; Sastre, J.; Asensi, M.A.; Vina, J. Room-Air Resuscitation Causes Less Damage to Heart and Kidney than 100% Oxygen.
Am. J. Respir. Crit. Care Med. 2005, 172, 1393–1398. [CrossRef]
Liu, Y.; Rosenthal, R.E.; Haywood, Y.; Miljkovic-Lolic, M.; Vanderhoek, J.Y.; Fiskum, G. Normoxic Ventilation After Cardiac Arrest
Reduces Oxidation of Brain Lipids and Improves Neurological Outcome. Stroke 1998, 29, 1679–1686. [CrossRef]
Angelos, M.G.; Kutala, V.K.; Torres, C.A.; He, G.; Stoner, J.D.; Mohammad, M.; Kuppusamy, P. Hypoxic reperfusion of the
ischemic heart and oxygen radical generation. Am. J. Physiol. Circ. Physiol. 2006, 290, H341–H347. [CrossRef] [PubMed]
Jakkula, P.; Reinikainen, M.; Hästbacka, J.; Pettilä, V.; Loisa, P.; Karlsson, S.; Laru-Sompa, R.; Bendel, S.; Oksanen, T.; Birkelund, T.;
et al. Targeting low- or high-normal Carbon dioxide, Oxygen, and Mean arterial pressure After Cardiac Arrest and REsuscitation:
Study protocol for a randomized pilot trial. Trials 2017, 18, 507. [CrossRef]
Sánchez-Illana, A.; Shah, V.; Piñeiro-Ramos, J.D.; Di Fiore, J.M.; Quintás, G.; Raffay, T.M.; Macfarlane, P.M.; Martin, R.J.;
Kuligowski, J. Adrenic acid non-enzymatic peroxidation products in biofluids of moderate preterm infants. Free Radic. Biol. Med.
2019, 142, 107–112. [CrossRef]
Sánchez-Illana, A.; Thayyil, S.; Montaldo, P.; Jenkins, D.; Quintás, G.; Oger, C.; Galano, J.-M.; Vigor, C.; Durand, T.; Vento, M.; et al.
Novel free-radical mediated lipid peroxidation biomarkers in newborn plasma. Anal. Chim. Acta 2017, 996, 88–97. [CrossRef]
[PubMed]
Kaviarasan, S.; Muniandy, S.; Qvist, R.; Ismail, I.S. F2-Isoprostanes as Novel Biomarkers for Type 2 Diabetes: A Review. J. Clin.
Biochem. Nutr. 2009, 45, 1–8. [CrossRef] [PubMed]

J. Clin. Med. 2021, 10, 4226

18.

19.
20.
21.
22.
23.
24.

25.
26.

27.
28.

29.

30.
31.

32.

33.
34.

35.
36.
37.
38.
39.
40.

41.
42.
43.

12 of 13

Cummins, R.O.; A Chamberlain, D.; Abramson, N.S.; Allen, M.; Baskett, P.J.; Becker, L.; Bossaert, L.; Delooz, H.H.; Dick, W.F.;
Eisenberg, M.S. Recommended guidelines for uniform reporting of data from out-of-hospital cardiac arrest: The Utstein Style. A
statement for health professionals from a task force of the American Heart Association, the European Resuscitation Council, the
Heart and Stroke Foundation of Canada, and the Australian Resuscitation Council. Circulation 1991, 84, 960–975. [PubMed]
Neuhäuser, M. Wilcoxon–Mann–Whitney Test. In International Encyclopedia of Statistical Science; Lovric, M., Ed.; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 1656–1658.
McHugh, M.L. The Chi-square test of independence. Biochem. Medica 2013, 23, 143–149. [CrossRef]
Schober, P.; Vetter, T.R. Linear Regression in Medical Research. Anesth. Analg. 2020, 132, 108–109. [CrossRef]
A Duricki, D.; Soleman, S.; Moon, L.D.F. Analysis of longitudinal data from animals with missing values using SPSS. Nat. Protoc.
2016, 11, 1112–1129. [CrossRef]
Saugstad, O.D.; Ramji, S.; Soll, R.F.; Vento, M. Resuscitation of Newborn Infants with 21% or 100% Oxygen: An Updated
Systematic Review and Meta-Analysis. Neonatology 2008, 94, 176–182. [CrossRef]
Zhao, S.; Qian, J.; Wang, J.; Gong, P.; Yang, Z.; Cahoon, J.; Wu, X.; Duggal, N.; Lin, C.; Tang, W. Effects of Oxygen Concentrations
on Postresuscitation Myocardial Oxidative Stress and Myocardial Function in a Rat Model of Cardiopulmonary Resuscitation.
Crit. Care Med. 2015, 43, e560–e566. [CrossRef]
Helmerhorst, H.J.F.; Roos-Blom, M.-J.; Van Westerloo, D.J.; De Jonge, E. Association Between Arterial Hyperoxia and Outcome in
Subsets of Critical Illness. Crit. Care Med. 2015, 43, 1508–1519. [CrossRef] [PubMed]
Bellomo, R.; Bailey, M.; Eastwood, G.M.; Nichol, A.; Pilcher, D.; Hart, G.K.; Reade, M.C.; Egi, M.; Cooper, D.J.; the Study of
Oxygen in Critical Care (SOCC) Group. Arterial hyperoxia and in-hospital mortality after resuscitation from cardiac arrest. Crit.
Care 2011, 15, R90. [CrossRef]
Young, P.J.; Bailey, M.; Bellomo, R.; Bernard, S.; Bray, J.; Jakkula, P.; Kuisma, M.; Mackle, D.; Martin, D.; Nolan, J.P.; et al.
Conservative or liberal oxygen therapy in adults after cardiac arrest. Resuscitation 2020, 157, 15–22. [CrossRef] [PubMed]
Kuligowski, J.; Aguar, M.; Rook, D.; Lliso, I.; Cuevas, I.T.; Escobar, J.; Quintás, G.; Brugada, M.; Sánchez-Illana, A.; van Goudoever,
J.; et al. Urinary Lipid Peroxidation Byproducts: Are They Relevant for Predicting Neonatal Morbidity in Preterm Infants?
Antioxid. Redox Signal. 2015, 23, 178–184. [CrossRef] [PubMed]
Vento, M.; Moro, M.; Escrig, R.; Arruza, L.; Villar, G.; Izquierdo, I.; Roberts, L.J.; Arduini, A.; Escobar, J.; Sastre, J.; et al. Preterm
Resuscitation With Low Oxygen Causes Less Oxidative Stress, Inflammation, and Chronic Lung Disease. Pediatrics 2009, 124,
e439–e449. [CrossRef]
Kalogeris, T.; Baines, C.P.; Krenz, M.; Korthuis, R.J. Ischemia/Reperfusion. Compr. Physiol. 2016, 7, 113–170.
Wiklund, L.; Patnaik, R.; Sharma, A.; Miclescu, A.; Sharma, H.S. Cerebral Tissue Oxidative Ischemia-Reperfusion Injury in
Connection with Experimental Cardiac Arrest and Cardiopulmonary Resuscitation: Effect of Mild Hypothermia and Methylene
Blue. Mol. Neurobiol. 2017, 55, 115–121. [CrossRef]
Tissier, R.; Chenoune, M.; Pons, S.; Zini, R.; Darbera, L.; Lidouren, F.; Ghaleh, B.; Berdeaux, A.; Morin, D. Mild hypothermia
reduces per-ischemic reactive oxygen species production and preserves mitochondrial respiratory complexes. Resuscitation 2013,
84, 249–255. [CrossRef]
Park, Y.; Ahn, J.H.; Lee, T.-K.; Kim, B.; Tae, H.-J.; Park, J.H.; Shin, M.C.; Cho, J.H.; Won, M.-H. Therapeutic hypothermia reduces
inflammation and oxidative stress in the liver after asphyxial cardiac arrest in rats. Acute Crit. Care 2020, 35, 286–295. [CrossRef]
Diao, M.-Y.; Zheng, J.; Shan, Y.; Xi, S.; Zhu, Y.; Hu, W.; Lin, Z. Hypothermia prevents hippocampal oxidative stress and apoptosis
via the GSK-3β/Nrf2/HO-1 signaling pathway in a rat model of cardiac arrest-induced brain damage. Neurol. Res. 2020, 42,
773–782. [CrossRef] [PubMed]
Alva, N.; Carbonell, T.; Palomeque, J. Hypothermic protection in an acute hypoxia model in rats: Acid–base and oxidant/antioxidant profiles. Resuscitation 2010, 81, 609–616. [CrossRef] [PubMed]
Guarnieri, C. Role of oxygen in the cellular damage induced by re-oxygenation of hypoxic heart. J. Mol. Cell. Cardiol. 1980, 12,
797–808. [CrossRef]
Kogure, K.; Watson, B.D.; Busto, R.; Abe, K. Potentiation of lipid peroxides by ischemia in rat brain. Neurochem. Res. 1982, 7,
437–454. [CrossRef] [PubMed]
Garlick, P.B.; Davies, M.J.; Hearse, D.J.; Slater, T.F. Direct detection of free radicals in the reperfused rat heart using electron spin
resonance spectroscopy. Circ. Res. 1987, 61, 757–760. [CrossRef]
Solberg, R.; Andresen, J.H.; Escrig, R.; Vento, M.; Saugstad, O.D. Resuscitation of Hypoxic Newborn Piglets With Oxygen Induces
a Dose-Dependent Increase in Markers of Oxidation. Pediatr. Res. 2007, 62, 559–563. [CrossRef] [PubMed]
Corcoran, T.B.; Mas, E.; Barden, A.E.; Durand, T.; Galano, J.-M.; RobertsII, L.J.; Phillips, M.; Ho, K.M.; Mori, T.A. Are Isofurans
and Neuroprostanes Increased After Subarachnoid Hemorrhage and Traumatic Brain Injury? Antioxid. Redox Signal. 2011, 15,
2663–2667. [CrossRef]
VanRollins, M.; Woltjer, R.L.; Yin, H.; Morrow, J.D.; Montine, T.J. F2-Dihomo-isoprostanes arise from free radical attack on adrenic
acid. J. Lipid Res. 2008, 49, 995–1005.
Sakamoto, H.; Corcoran, T.B.; Laffey, J.G.; Shorten, G.D. Isoprostanes—Markers of Ischaemia Reperfusion Injury. Eur. J.
Anaesthesiol. 2002, 19, 550–559.
Idris, A.; Roberts, L.J.; Caruso, L.; Showstark, M.; Layon, A.J.; Becker, L.B.; Hoek, T.V.; Gabrielli, A. Oxidant injury occurs rapidly
after cardiac arrest, cardiopulmonary resuscitation, and reperfusion. Crit. Care Med. 2005, 33, 2043–2048. [CrossRef] [PubMed]

J. Clin. Med. 2021, 10, 4226

44.
45.
46.

47.

13 of 13

Haid, M.; Muschet, C.; Wahl, S.; Römisch-Margl, W.; Prehn, C.; Möller, G.; Adamski, J. Long-Term Stability of Human Plasma
Metabolites during Storage at −80 ◦ C. J. Proteome Res. 2017, 17, 203–211. [CrossRef] [PubMed]
Vento, M.; Asensi, M.; Sastre, J.; Lloret, A.; García-Sala, F.; Viña, J. Oxidative stress in asphyxiated term infants resuscitated with
100% oxygen. J. Pediatr. 2003, 142, 240–246. [CrossRef] [PubMed]
Chafer-Pericas, C.; Cernada, M.; Rahkonen, L.; Stefanovic, V.; Andersson, S.; Vento, M. Preliminary case control study to establish
the correlation between novel peroxidation biomarkers in cord serum and the severity of hypoxic ischemic encephalopathy. Free
Radic. Biol. Med. 2016, 97, 244–249. [CrossRef] [PubMed]
Solberg, R.; Longini, M.; Proietti, F.; Vezzosi, P.; Saugstad, O.D.; Buonocore, G. Resuscitation with supplementary oxygen induces
oxidative injury in the cerebral cortex. Free Radic. Biol. Med. 2012, 53, 1061–1067. [CrossRef]

