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ORIGINAL RESEARCH

Hyperoxygenation With Cardiopulmonary 
Resuscitation and Targeted Temperature 
Management Improves Post–Cardiac Arrest 
Outcomes in Rats
Jingru Li , BS; Jianjie Wang , MSBME; Yiming Shen, MD; Chenxi Dai, MSBME; Bihua Chen, MSBME, PhD; 
Yuanyuan Huang, MD; Senlin Xu, MD, PhD; Yi Wu, MD, PhD*; Yongqin Li , MSBME, PhD*

BACKGROUND: Oxygen plays a pivotal role in cardiopulmonary resuscitation (CPR) and postresuscitation intervention for car-
diac arrest. However, the optimal method to reoxygenate patients has not been determined. This study investigated the ef-
fect of timing of hyperoxygenation on neurological outcomes in cardiac arrest/CPR rats treated with targeted temperature 
management.

METHODS AND RESULTS: After induction of ventricular fibrillation, male Sprague-Dawley rats were randomized into 4 groups 
(n=16/group): (1) normoxic control; (2) O2_CPR, ventilated with 100% O2 during CPR; (3) O2_CPR+postresuscitation, ventilated 
with 100% O2 during CPR and the first 3 hours of postresuscitation; and (4) O2_postresuscitation, ventilated with 100% O2 
during the first 3 hours of postresuscitation. Targeted temperature management was induced immediately after resuscitation 
and maintained for 3 hours in all animals. Postresuscitation hemodynamics, neurological recovery, and pathological analysis 
were assessed. Brain tissues of additional rats undergoing the same experimental procedure were harvested for ELISA-
based quantification assays of oxidative stress–related biomarkers and compared with the sham-operated rats (n=6/group). 
We found that postresuscitation mean arterial pressure and quantitative electroencephalogram activity were significantly 
increased, whereas astroglial protein S100B, degenerated neurons, oxidative stress–related biomarkers, and neurologic defi-
cit scores were significantly reduced in the O2_CPR+postresuscitation group compared with the normoxic control group. In 
addition, 96-hour survival rates were significantly improved in all of the hyperoxygenation groups.

CONCLUSIONS: In this cardiac arrest/CPR rat model, hyperoxygenation coupled with targeted temperature management atten-
uates ischemia/reperfusion-induced injuries and improves survival rates. The beneficial effects of high-concentration oxygen 
are timing and duration dependent. Hyperoxygenation commenced with CPR, which improves outcomes when administered 
during hypothermia.

Key Words: cardiac arrest ■ cardiopulmonary resuscitation ■ hyperoxygenation ■ neurological outcome ■ oxidative stress ■ targeted 
temperature management

Cardiac arrest (CA) leads to the immediate cessa-
tion of blood flow and oxygen delivery.1 Hypoxia 
results in a series of cellular damage and may 

induce permanent myocardial and neuronal injuries.2 
The goal of cardiopulmonary resuscitation (CPR) is to 

restore spontaneous circulation and to prevent hypoxic 
ischemic brain injury.3 Given that adequate oxygen de-
livery is necessary to restore the energy state of the 
heart and to maintain the energy state of the brain to 
minimize ischemic injury,4 the guidelines for adult CPR 
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and emergency cardiovascular care recommend the 
use of maximal feasible inspired oxygen concentra-
tions during CPR and earlier postresuscitation.5 The 
rationale for high-concentration oxygen use is the be-
lief that hyperoxic ventilation should increase oxygen 
delivery to the ischemic tissues, thereby reducing hy-
poxia-related mortality and morbidity.6

In recent years, a considerable amount of data 
has emerged challenging the appropriateness of 
the use of 100% O2 during and after resuscitation 
from CA.7 Animal studies unanimously reported that 
hyperoxic ventilation was associated with more ad-
verse neurological outcomes compared with lower 

oxygen concentrations in different models of CA.3,8 
Hyperoxia has been suggested to increase the gen-
eration of reactive oxygen species (ROS), resulting 
in increased reperfusion neuronal injury and wors-
ened neurological outcomes.9 Few studies to date, 
however, have correlated long-term neurological in-
juries with biochemical evidence of oxidative stress. 
Clinical studies examining the influence of hyperoxia 
on outcomes in patients resuscitated from CA have 
provided conflicting results.10–12 Unfortunately, pre-
vious studies have focused mainly on oxygenation 
during postresuscitation care. In addition, given the 
discrepancies and confounders in arrest locations, 
variable delays to oxygen management, and appli-
cation of targeted temperature management (TTM) 
in clinical scenarios, it remains unclear whether the 
effect of hyperoxic ventilation is timing and/or dose 
dependent, and the optimal method to reoxygenate 
patients with CA remains unknown.13

The present study was designed to investigate the 
effects of different timing of 100% O2 ventilation during 
CPR and early postresuscitation TTM on neurological 
outcomes and oxidative stress in a CA/CPR rat model. 
We hypothesized that hyperoxygenation coupled with 
TTM would improve post-CA outcomes.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Ethical Statement
Ethical approval for this animal study was granted by 
Laboratory Animal Welfare and Ethics Committee of 
the Army Medical University (SGX2018yjs02).

Experimental Animals
A total of 100 healthy, male Sprague-Dawley rats weigh-
ing between 310 and 410 g supplied by the laboratory 
animal center of the Army Medical University were used 
in the study. We used male rats because the major-
ity of patients with CA are male. Among these rats, 88 
rats were used to establish the CA/CPR model, and 
the remaining 12 rats did not experience CA and CPR 
and were assigned to a sham-operated group (6 for 
pathological analysis and 6 for assessment of oxidative 
stress).14 In the CA/CPR model, 64 rats were used for 
the measurement of hemodynamics, electrophysiology, 
blood gas, biochemical markers of cerebral injury, 96-
hour neurological outcomes, and pathological analysis, 
and the remaining 24 rats were used for ELISA-based 
quantification assays of oxidative stress-related molec-
ular biomarkers 6 hours after resuscitation.

CLINICAL PERSPECTIVE

What Is New?
• This study finds that hyperoxygenation admin-

istered during cardiopulmonary resuscitation 
and postresuscitation targeted temperature 
management significantly improves neurologi-
cal outcome in adult rats.

• The improved hemodynamic stability and myo-
cardial function together with attenuated brain 
injury and improved cerebral recovery resulted in 
better outcome when hyperoxygenation is cou-
pled with targeted temperature management.

• Hyperoxygenation and targeted temperature 
management synergistically exert protective 
effects by providing adequate oxygen delivery 
and neutralizing the excessive reactive oxygen 
species.

What Are the Clinical Implications?
• The beneficial effects of post–cardiac arrest 

high-concentration oxygen ventilation are tim-
ing and duration dependent because hyperoxy-
genation can reduce the hypoxia-related tissue 
damage but may simultaneously increase the 
risk of excessive production of reactive oxygen 
species.

• High-concentration oxygen coupled with tar-
geted temperature management may be 
applicable to persistently comatose adults ex-
periencing ventricular fibrillation cardiac arrest 
and cardiopulmonary resuscitation.

Nonstandard Abbreviations and Acronyms

CA cardiac arrest
NC normoxic control
NDS neurological deficit score
ROS reactive oxygen species
TTM targeted temperature management
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Animal Preparation
All animals were housed under controlled laboratory 
conditions (temperature 22.0±2.0°C; 12-hour normal 
dark–light cycle) with free access to chow and water. 
Before the procedure, the animals were fasted over-
night except for free access to water. Anesthesia was 
initiated with intraperitoneal injection of pentobarbital 
sodium (45 mg/kg), and additional doses (10 mg/kg) 
were administered at ≈1-hour intervals or when required 
to maintain anesthesia. Rats were fixed in supine posi-
tion on a surgical board for the operative procedure. 
Three subcutaneous needle electrodes were inserted 
into the limbs for ECG measurement. Four subdermal 
needles were inserted into the surfaces of the skull for 
electroencephalogram measurement. After endotra-
cheal intubation with a 14-gauge cannula, the animals 
were mechanically ventilated through a volume-con-
trolled ventilator with a tidal volume of 0.65 mL/100 g 
at a FiO2 of 0.21 (ALC-V8, Alcott Biotech Co. Ltd, 
Shanghai, China). The right femoral artery was cannu-
lated with a PE-50 catheter for invasive blood pressure 
monitoring and arterial blood samples. An additional 
PE-50 catheter was advanced into the left femoral vein 
for fluid and drug administration. All of the catheters 
were flushed intermittently with saline solution contain-
ing 2.5 IU/mL of heparin. With the aid of an esophageal 
probe, body temperature was continuously monitored 
and maintained at 37.0±0.5°C with an overhead heat-
ing lamp in the preparation phase.

Experimental Procedures and 
Randomization
The experimental protocol is shown in Figure  1. 
After baseline measurement, mechanical ventilation 
was ceased, and VF was induced by 5  mA/50  Hz 
transesophageal alternating current stimulation. The 
stimulation was applied for 2  minutes to prevent 
spontaneous defibrillation. The presence of CA was 
confirmed by an abrupt decrease in mean arterial 
pressure (MAP) below 20 mm Hg and irregular de-
flections of varying amplitude and contour in the ECG 
waveform.

After the successful induction of CA, animals were 
randomized into 4 groups using a randomized num-
ber sequence (n=16/group): (1) normoxic control (NC); 
(2) O2_CPR, ventilated with 100% O2 during CPR; (3) 
O2_CPR+postresuscitation, ventilated with 100% O2 
during CPR and the first 3 hours of postresuscitation; 
and (4) O2_postresuscitation, ventilated with 100% O2 
during the first 3 hours of postresuscitation. Animals 
were ventilated with 21% O2 during the remainder of 
the experimental time.

After 7 minutes of untreated CA, mechanical venti-
lation was initiated with either 21% O2 or 100% O2 ac-
cording to the randomization. Manual external chest 

compression was performed at a rate of 240 com-
pressions/min with equal compression–relaxation 
duration, and the depth of compressions was initially 
adjusted to maintain a MAP >20 mm Hg. A 0.04 mg/
kg bolus of epinephrine was injected 1 minute after 
the start of CPR. After 3  minutes of CPR, resusci-
tation was attempted with single 2  J defibrillations 
(M-Series, Zoll Medical Corporation, Chelmsford, 
MA). If sinus rhythm was not achieved, an additional 
dose of epinephrine was administered, and resusci-
tation continued with defibrillation every 30 seconds. 
CPR was continued until the return of spontaneous 
circulation (ROSC) or repeated for a maximum of 3 
cycles. Successful resuscitation was defined as a su-
praventricular rhythm with MAP >60 mm Hg lasting 
for at least 5 minutes.

After resuscitation, the animals received intensive care 
for 6 hours. The body temperature was reduced to 34.0°C 
using ice packs and an electrical fan.7,14 TTM was used in 
all animals because it is strongly recommended by the 
guidelines as a standard component of postresuscitation 
care for patients with ROSC from ventricular fibrillation.15 
The cooling duration of the maintenance phase of 34.0°C 
was the first 2 hours of postresuscitation. Rewarming was 
achieved by gradually increasing the temperature until the 
rats reached 37.0°C within 2 hours. All catheters, includ-
ing the endotracheal tube, were removed, and incisions 
were closed 6 hours after resuscitation.

Postresuscitation Hemodynamics and 
Electrophysiology
Arterial pressure, ECG, and electroencephalogram 
waveforms were constantly measured and recorded for 
6 hours via a personal computer–based data acquisi-
tion system supported by WINDAQ software (DATAQ 
Instruments Inc., Akron, OH). Weighted-permutation 
entropy, a characteristic of the electroencephalogram 
for the early prediction of neurological outcome, was 
quantitatively analyzed.16 LVEF, an indicator of myocar-
dial contractility, was noninvasively assessed at base-
line and at hourly intervals after resuscitation using 
an echocardiograph system (DC-6, Mindray Medical 
International Limited, Shenzhen, China).

Blood Gas and Biochemical Markers of 
Cerebral and Cardiac Injuries
Arterial blood samples were drawn from the right 
femoral artery at baseline, 5 minutes, 3 hours, and 
6 hours after resuscitation. Blood gases were meas-
ured with the aid of a blood analyzer (i-STAT, Abbott 
Point of Care Inc, Abbott Park, IL) for each blood 
sample. The serum concentration of astroglial protein 
S100B and cardiac troponin T were quantified with 
an enzyme-linked immunoassay (Elisa Kit, Cusbio 
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Biotech Co. Ltd., Wuhan, China) according to the 
manufacturer’s instructions at baseline and 3 hours 
and 6 hours after resuscitation. The calcium binding 
protein S100B is a biomarker that predicts the pro-
gress or the prognosis of brain injury after CA.17 The 
cardiac-specific contractile protein cardiac troponin 
T is a biochemical marker that allows the detection 
of myocardial damage because it is released into the 
blood only after myocardial injury.18

Neurologic Evaluation and Survival 
Observation
The neurological deficit score (NDS) and adverse 
events were examined at 24, 48, 72, and 96 hours after 
ROSC and confirmed by 2 observers blinded to prior 
treatments. Consciousness and breathing frequency, 
cornea and cranial nerve reflexes, motor sensory func-
tion, auditory reflex, and coordination were scored ac-
cording to a normative NDS system (0–500 scale: 0, 
no observed neurological deficit; 500, without any brain 
function), and the average score of the 2 observers 
was used to evaluate the neurological appearance after 
global cerebral ischemia.19 The 96-hour survival times 
were recorded for cumulative overall survival analysis.

Pathological Examination
After 96  hours of evaluation of the final NDS, the 
surviving animals and 6 sham-operated rats were 

anesthetized with sodium pentobarbital. The brains 
were removed and immersion fixed in paraform-
aldehyde. After embedded in paraffin, the brains 
were sliced in 5-µm sections on a microtome. The 
sections were stained with hematoxylin and eosin 
(Servicebio Technology Co, Ltd, Wuhan, China) for 
morphological evaluation, TUNEL (terminal deoxy-
nucleotidal transferase–mediated biotin–deoxyur-
idine triphosphate nick-end labeling) (Roche Applied 
Science, Basel, Switzerland) for apoptosis detection, 
and 4′,6-diamidino-2-phenylindole (DAPI) and fluoro-
jade B (FJB) (Servicebio Technology Co, Ltd, Wuhan, 
China) to evaluate hippocampal neuronal cell degen-
eration.20 The pyramidal cell layer in the CA1 region 
of the hippocampus was visually assessed under 
3 nonoverlapping fields at ×400 magnification by 2 
investigators blinded to the treatment assignment. 
For hematoxylin and eosin staining, morphological 
pattern, structure, and arrangement of neurons to-
gether with chromatin and nuclei were examined.21 
For TUNEL staining, neurons with brown staining, 
cell shrinkage, and nucleus condensation were ex-
amined.22 For FJB staining, the pyramidal cell layer 
of CA1 was first localized with ultraviolet light (340–
380 nm) using ×40 magnification. DAPI-positive neu-
rons and FJB-positive neurons were then examined 
with ultraviolet light (340–380 nm) and blue excitation 
light (465–495 nm) using ×400 magnification.23 Three 
fields of each DAPI/FJB sections were examined 

Figure 1. Experimental protocol and different timing of hyperoxygenation in each group (n=16/group).
CA indicates cardiac arrest; CPR, cardiopulmonary resuscitation; NC, normoxic control; O2_CPR, ventilated with 100% O2 during 
CPR; O2_CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; O2_postresuscitation, 
ventilated with 100% O2 during the first 3 hours of postresuscitation; and VF, ventricular fibrillation.
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using a defined rectangular field area (0.04  mm2). 
The proportion of FJB-positive area and the num-
ber of FJB-positive and DAPI-positive neurons were 
computer-assisted semiquantitative analyzed with 
ImageJ software (version 1.46r, National Institutes 
of Health, Bethesda, MD). The ratio of FJB-positive 
neurons to the DAPI-positive neurons was used to 
evaluate neurodegeneration.

Oxidative Stress Biomarker Determination 
of Brain Tissue
The hippocampus and cortex of another 24 rats 
that underwent the same experimental procedure 
were removed 6 hours after ROSC. The organs were 
histologically compared with those of the 6 sham-
operated rats. The brain tissue homogenate was 
centrifuged in 851g at 4°C for 10 minutes, and the 
supernatant was collected. The tissue protein con-
centration was quantified using a bicinchoninic acid 
protein assay kit (Nanjing JianCheng Technology Co, 
Ltd, Nanjing, China). The density of superoxide dis-
mutase (SOD), malondialdehyde (MDA), and 8-hy-
droxy-2-deoxy guanosine (8-OHDG) were measured 
by commercial kits (Nanjing JianCheng Technology 
Co, Ltd, Nanjing, China). SOD is an antioxidant en-
zyme that reflects the ability to scavenge free radi-
cals. MDA is the product of lipid peroxidation that 
exhibits a toxic effect in cells.24 In addition, 8-OHDG 
is a widely used biomarker of oxidative damage to 
DNA.25,26

Statistical Analysis
A sample size of 16 animals in each group provided 
>80% power to detect a 30% increase in survival 
rate between groups with a type I error rate of 5%. 
Agreement of NDS between the 2 investigators was 
measured with κ statistics. The normal distribution 
of the data was confirmed using the Kolmogorov–
Smirnov test. Normally and abnormally distributed 
data were reported as the mean±SD and medians 
including IQRs. Normally distributed variables of a 
single measurement were evaluated with ANOVA fol-
lowed by post hoc Bonferroni correction. Normally 
distributed variables of multiple measurements were 
examined with the mixed effect model to determine 
the interaction of treatment group and time. If the 
interaction was significant, the simple main effect 
test was performed; otherwise, the main effect test 
was tested. ANOVA with Bonferroni correction for 
post hoc comparisons was used to show individual 
differences. Abnormally distributed variables were 
evaluated using the Kruskal–Wallis test followed by 
the Mann–Whitney U test for 2-group comparisons. 
Kaplan–Meier analysis and log-rank tests were used 

for survival analysis. A P<0.05 was considered sta-
tistically significant. Statistical analyses were per-
formed using R statistical software (version 3.1.2, 
R Foundation for Statistical Computing, Vienna, 
Austria).

RESULTS
Baseline Measurements and CPR 
Characteristics
No significant differences in baseline physiological 
measurements and resuscitation data were noted 
among the 4 groups (Table 1). All animals were suc-
cessfully resuscitated and survived the 6-hour pos-
tresuscitation monitoring period with the exception of 
3 animals in the NC group that died at 1.5, 5, and 
5.3 hours. No exclusion or adverse events were ob-
served during the experimental periods.

Postresuscitation Hemodynamics and 
Electrophysiology
The esophageal temperature and hemodynamic data 
before and after CA are shown in Figure 2. No signifi-
cant differences in temperature and heart rate were 
noted among the groups (Figure 2A and 2B). Compared 
with the NC group, significantly increased MAP and 
LVEF were observed in the O2_CPR+postresuscitation 
group within the first 5  hours postresuscitation 
(Figure 2C and 2D). However, no significant differences 
in MAP and LVEF were noted among the 3 groups with 
hyperoxygenation.

Electroencephalographic weighted-permutation 
entropy in the O2_CPR+postresuscitation group 
was significantly increased in the NC group from 1 
to 6 hours after ROSC (Figure 3A). However, no sig-
nificant differences in weighted-permutation entropy 
were noted among the 3 groups ventilated with 100% 
O2.

Blood Gas and Postresuscitation Cerebral 
and Cardiac Injuries
Table 2 presents arterial blood gas measurements. 
SaO2, PaO2, base excess, and total carbon diox-
ide capacity were significantly increased in the 
O2_CPR and O2_CPR+postresuscitation groups 
compared with the NC and O2_postresuscitation 
groups 5 minutes after resuscitation. SaO2, PaO2, 
and total carbon dioxide capacity values meas-
ured at 180 minutes after resuscitation in the O2_
CPR+postresuscitation and O2_postresuscitation 
groups were considerably increased compared with 
the NC and O2_CPR groups. Lactate was markedly 
reduced in the O2_CPR+postresuscitation group 
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compared with the NC group at 360 minutes after 
ROSC.

No differences in S100B and cardiac troponin T 
were noted at baseline (Figure 3B and 3C). Compared 

with the NC group, serum S100B levels measured at 
180 and 360 minutes were significantly reduced in 
the O2_CPR and O2_CPR+postresuscitation groups 
(Figure  3B). In addition, serum cardiac troponin T 

Table 1. Baseline Variables and Characteristics of CPR

Variable NC O2_CPR O2_CPR+Postresuscitation O2_Postresuscitation

Body weight, g 352.1±15.6 353.3±29.5 352.6±19.7 353.0±20.1

Heart rate, bpm 400.2±41.2 401.8±30.5 389.4±18.8 391.5±34.8

Temperature, °C 37.4±0.3 37.4±0.2 37.4±0.3 37.4±0.3

MAP, mm Hg 122.8±7.5 121.1±13.4 119.7±9.4 118.5±9.3

LVEF, % 83.6±4.3 83.4±2.9 82.9±4.6 82.9±5.7

CPR duration, s 217.8±30.3 213.7±27.7 208.8±29.3 212.8±24.0

Number of shocks, n 1.6±1.0 1.7±0.7 1.6±1.1 1.4±0.6

Total epinephrine, μg 22.3±10.2 19.5±7.6 17.3±6.4 18.2±6.2

ROSC rate, % 100 100 100 100

Data are shown as mean±SD. n=16/group. CPR indicates cardiopulmonary resuscitation; MAP, mean arterial pressure; NC, normoxic control; O2_CPR, 
ventilated with 100% O2 during CPR; O2_CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3  hours of postresuscitation; O2_
postresuscitation, ventilated with 100% O2 during the first 3 hours of postresuscitation; and ROSC, return of spontaneous circulation.

Figure 2. Esophageal temperature and hemodynamic data.
Esophageal temperature (A), heart rate (B), mean arterial pressure (C), and left ventricular ejection fraction (D) were measured at baseline 
(BL) and postresuscitation. NC indicates normoxic control; O2_CPR, ventilated with 100% O2 during CPR; O2_CPR+postresuscitation, 
ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; and O2_postresuscitation, ventilated with 100% O2 
during the first 3 hours of postresuscitation; PR60, PR120, PR180, PR240, PR300 and PR360: 60, 120, 180, 240, 300 and 360 min 
postresuscitation. *P<0.05 compared with NC. **P<0.01 compared with NC. n=16 at each time point except for n=15 at PR120, PR180, 
and PR240; n=14 at PR300; and n=13 at PR360 in the NC group.
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measurements after resuscitation were significantly 
reduced in the O2_CPR+postresuscitation group 
compared with the NC group (Figure 3C).

Neurological Outcomes
NDS values measured during the 4  days follow-
ing resuscitation are provided in Table 3. Statistical 
analysis showed strong consistency (κ value, 
0.868) between the NDS values of the 2 observ-
ers. NDS values were significantly reduced in the 
O2_CPR+postresuscitation group compared with the 
NC group. Six animals in the NC group survived to 
96  hours compared with 11, 14, and 12 animals in 
the O2_CPR, O2_CPR+postresuscitation, and O2_
postresuscitation groups, respectively. As shown in 
Figure 3D, the cumulative 96-hour survival rate was 
significantly increased in the O2_CPR (69% versus 
38%; P=0.03), O2_CPR+postresuscitation (88% ver-
sus 38%; P=0.003), and O2_postresuscitation (75% 

versus 38%; P=0.018) groups compared with the 
NC group. No significant differences in survival rates 
were noted among the 3 hyperoxygenation groups.

Pathological Analysis
Representative photomicrographs of the hematoxylin 
and eosin–stained CA1 region of the hippocampus 
from different animals in each group are presented in 
Figure 4. The modality configuration of cells was nor-
mal with intact structure and distinct nucleoli in the 
sham group. However, most neurons in the NC group 
exhibited irregular, polygonal, and spindle shapes with 
pyknosis, karyorrhexis, and karyolysis. The number of 
abnormal neurons was obviously decreased in the 3 
groups treated with hyperoxygenation compared with 
the NC group.

Figure 5 shows cell apoptosis detected using the 
TUNEL method in the hippocampus CA1 sector from 
different animals in each group. Apoptotic cells were 

Figure 3. EEG weighted-permutation entropy and cerebral and cardiac injury and survival (n=16/group).
EEG weighted-permutation entropy (A), circulating levels of protein S100B (B), and cardiac troponin T (cTnT) (C) were measured at baseline 
(BL) and postresuscitation. Kaplan–Meier survival curve (D) was used for the cumulative overall survival analysis during the 96-hour 
observation period. CPR indicates cardiopulmonary resuscitation; EEG, electroencephalogram; NC, normoxic control; O2_CPR, ventilated 
with 100% O2 during CPR; O2_CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation;  
and O2_postresuscitation, ventilated with 100% O2 during the first 3 hours of postresuscitation; PR5, PR60, PR120, PR180, PR240, PR300 
and PR360: 5, 60, 120, 180, 240, 300 and 360 min postresuscitation. *P<0.05 compared with NC; ** P<0.01 compared with NC. n=16  
at each time point except for n=15 at PR120, PR180, and PR240; n=14 at PR300; and n=13 at PR360 in the NC group.
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rarely observed in the sham group, but were fre-
quently detected in the NC group. Fewer apoptotic 
neurons were observed in the CA1 region of the 3 
hyperoxic ventilation groups compared with the NC 
group.

Representative photomicrographs of the immuno-
histochemical staining of DAPI/FJB in the CA1 region 
of the hippocampus from different animals in each 
group are shown in Figure 6. No FJB-positive neu-
rons were noted in the sham group, whereas the NC 
group exhibited conspicuous degenerating neurons. 
Compared with the NC group, the proportion of the 

FJB-positive area, the number of FJB-positive neu-
rons, and the ratio of FJB-positive neurons were sig-
nificantly reduced in the O2_CPR+postresuscitation 
group (Figure 7).

Postresuscitation Oxidative Stress
SOD, MDA, and 8-OHDG level measurements of the hip-
pocampus and cortex are shown in Figure 8. Compared 
with the sham-operated group, the hippocampus and 
cortex SOD levels were dramatically decreased, whereas 
the MDA and 8-OHDG levels were significantly increased 

Table 2. Arterial Blood Gas Analyses Before and After Resuscitation

Group Baseline PR5 PR180 PR360

SaO2, %

NC 94.8±1.5 87.6±3.6 97.2±1.5 94.8±4.2

O2_CPR 93.4±2.3 97.6±2.0† 95.6±1.7 94.8±3.6

O2_CPR+postresuscitation 94.9±2.5 98.4±2.3† 99.6±0.7†,§ 96.6±1.8

O2_postresuscitation 93.8±2.6 87.8±4.3§,¶ 99.8±0.8†,§ 95.3±2.5

PaO2, mm Hg

NC 74.4±6.0 77.4±15.3 88.1±8.7 82.1±14.3

O2_CPR 69.3±9.5 196.5±67.4† 78.6±9.0 86.5±12.9

O2_CPR+postresuscitation 75.9±8.0 186.5±70.1† 257.9±95.2†,§ 88.3±11.5

O2_postresuscitation 70.9±11.0 80.5±12.6§,¶ 325.9±95.8†,§ 78.9±13.5

PaCO2, mm Hg

NC 39.7±6.0 33.2±9.6 28.7±5.0 30.4±6.6

O2_CPR 42.7±6.2 43.6±11.6 31.8±3.9 31.0±3.9

O2_CPR+postresuscitation 41.1±5.3 44.0±11.4 37.1±6.0†,‡,* 33.3±3.5

O2_postresuscitation 43.3±6.3 32.5±12.3‡, ‖ ,* 33.0±5.2 33.0±4.9

Lactate, mmol/L

NC 0.4±0.1 13.0±2.5 1.1±0.6 0.97±0.4

O2_CPR 0.4±0.1 11.9±2.4 0.7±0.3 0.7±0.2

O2_CPR+postresuscitation 0.4±0.1 12.1±2.0 0.5±0.2* 0.6±0.3*

O2_postresuscitation 0.4±0.1 13.0±3.0 1.0±0.5¶ 0.8±0.4

BE, mmol/L

NC 2.3±3.0 −23.4±1.2 −5.4±3.2 −4.9±3.5

O2_CPR 2.7±2.7 −21.1±2.0* −5.3±1.7 −4.3±1.8

O2_CPR+postresuscitation 2.3±2.6 −20.9±2.1† −3.1±2.2* −3.1±1.6

O2_postresuscitation 2.0±3.1 −23.1±2.1‡,¶,* −3.1±2.4* −3.3±1.6

TCO2, mmol/L

NC 27.3±3.5 8.6±1.8 19.4±2.6 20.8±4.0

O2_CPR 28.3±2.8 11.9±3.1† 20.4±2.2 21.2±1.6

O2_CPR+postresuscitation 28.0±3.4 12.0±2.6† 23.2±2.5†,‡,* 21.8±2.1

O2_postresuscitation 28.3±2.7 8.0±2.0§,¶ 22.8±1.4†,§ 22.6±1.9

Data are shown as mean±SD. n=16 at each time point except for n=15 at PR180 and n=13 at PR360 in the NC group. PR5, PR180 and PR360: 5, 180 and 
360 min postresuscitation; BE indicates base excess; CPR, cardiopulmonary resuscitation; NC, normoxic control; O2_CPR, ventilated with 100% O2 during 
CPR; O2_CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; O2_postresuscitation, ventilated with 100% O2 
during the first 3 hours of postresuscitation; and TCO2, total carbon dioxide capacity.

*P<0.05 compared with NC.
†P<0.01 compared with NC.
‡P<0.05 compared with O2_CPR.
§P<0.01 compared with O2_CPR.
 ‖ P<0.05 compared with O2_CPR+postresuscitation.
¶P<0.01 compared with O2_CPR+postresuscitation.
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in all of the experimental groups with the exception of 
hippocampus MDA, cortex MDA, and 8-OHDG levels in 
the O2_CPR+postresuscitation group.

Compared with the NC group, hippocampus 
SOD levels in the O2_CPR+postresuscitation group 
and cortex SOD levels in the 3 hyperoxygenation 

Table 3. Neurologic Deficit Score at 24, 48, 72, and 96 Hours After Resuscitation

Group NC O2_CPR O2_CPR+Postresuscitation O2_Postresuscitation

24 h 435 (281–500) 320 (240–355) 252 (178–298)* 267 (233–312)

48 h 500 (213–500) 190 (175–285) 167 (137–210)* 210 (160–370)

72 h 500 (173–500) 140 (110–300) 123 (102–175)* 150 (110–327)

96 h 500 (136–500) 120 (95–235) 110 (75–151)* 132 (68–425)

Data are shown as median (IQR). n=16/group. NC indicates normoxic control; CPR, cardiopulmonary resuscitation; O2_CPR, ventilated with 100% O2 during 
CPR; O2_CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; and O2_postresuscitation, ventilated with 100% 
O2 during the first 3 hours of postresuscitation.

*P<0.05 compared with NC.

Figure 4. Hematoxylin and eosin staining of neurons in the CA1 hippocampus region (n=6/group).
Representative micrographs of the hematoxylin and eosin hippocampus CA1 at 96  hours after 
resuscitation in experimental and sham-operated animals (Sham) (A through E) (3 quantified fields/
animal). Yellow arrows indicate viable neurons, and red arrows indicate abnormal neurons. CPR indicates 
cardiopulmonary resuscitation; NC, normoxic control; O2_CPR, ventilated with 100% O2 during CPR; O2_
CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; 
and O2_postresuscitation, ventilated with 100% O2 during the first 3 hours of postresuscitation.
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groups were significantly increased. MDA contents 
in the hippocampus and cortex were significantly 
reduced in the O2_CPR+postresuscitation group, 
and hippocampus 8-OHDG levels in the 3 hyper-
oxygenation groups and cortex 8-OHDG levels in 
the O2_CPR+postresuscitation group were mark-
edly reduced. In addition, cortex MDA and 8-OHDG 
levels were dramatically reduced in the O2_CPR+ 
postresuscitation group compared with the O2_
postresuscitation group.

DISCUSSION
The present study investigated the effect of the differ-
ent timings of hyperoxygenation on neurological out-
comes and oxidative stress in a rat model of CA/CPR 
treated with TTM. Our results confirmed that a tran-
sient period of global ischemia and reperfusion results 
in oxidative damage in brain tissue. Hyperoxygenation 
with TTM not only improved myocardial function but 
also attenuated cerebral injuries. High-concentration 

Figure 5. TUNEL (terminal deoxynucleotidal transferase–mediated biotin–deoxyuridine 
triphosphate nick-end labeling) staining of neurons in the CA1 hippocampus region (n=6/group).
Apoptosis expression detected using the TUNEL method in the hippocampus CA1 region at 96 hours after 
resuscitation in experimental and sham-operated animals (Sham) (A through E) (3 quantified fields/animal). 
White arrows indicate TUNEL-negative neurons, and black arrows indicate TUNEL-positive neurons. NC 
indicates normoxic control; O2_CPR, ventilated with 100% O2 during CPR; O2_CPR+postresuscitation, 
ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; and O2_postresuscitation, 
ventilated with 100% O2 during the first 3 hours of postresuscitation.
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Figure 6. The DAPI/FJB staining of neurons in the CA1 hippocampus region (n=6/group).
Representative micrographs of the DAPI/FJB staining of the CA1 hippocampus region at 96  hours after resuscitation in 
experimental and sham-operated animals (Sham) (A through E) (3 quantified fields/animal). CPR indicates cardiopulmonary 
resuscitation; DAPI, 4′,6-diamidino-2-phenylindole; FJB, fluoro-jade B; NC, normoxic control; O2_CPR, ventilated with 100% 
O2 during CPR; O2_CPR+postresuscitation, ventilated with 100% O2 during CPR and the first 3 hours of postresuscitation; and 
O2_postresuscitation, ventilated with 100% O2 during the first 3 hours of postresuscitation.



J Am Heart Assoc. 2020;9:e016730. DOI: 10.1161/JAHA.120.016730 12

Li et al Timing of Hyperoxic Ventilation on Outcomes

oxygen ventilation was administered during CPR and 
postresuscitation hypothermia demonstrated signifi-
cantly improved neurological recovery.

Ischemia/hypoxia and reperfusion/reoxygenation 
stimulates the increase in ROS, which may dis-
turb the balance between oxidant and antioxidant 

mechanisms and play a central role in initiating and 
enhancing post-CA damage.27 Hyperoxygenation 
may reduce hypoxia-related damage by improv-
ing tissue oxygen delivery, but may simultane-
ously increase the risk of an excessive production 
of ROS.28 Ventilation with lower concentrations of 
oxygen during CPR is a potential strategy to ame-
liorate the oxidative stress associated with reper-
fusion. However, animal studies demonstrated that 
both hyperoxic ventilation (FiO2>0.5) and normoxic 
ventilation (FiO2=0.21) resulted in significantly im-
proved ROSC rates compared with hypoxic ventila-
tion (FiO2<0.21), whereas no statistically discernible 
differences in resuscitation outcome and markers 
of oxidant injury were noted between hyperoxic and 
normoxic ventilations.4,29–32 Consistent with previous 
studies, our results indicated that hyperoxygenation 
coupled with CPR did not compromise ROSC. After 
ROSC is achieved, persistent inadequate tissue oxy-
gen delivery will cause ongoing tissue ischemia and 
prolong ischemic/reperfusion injury. As an important 
component of postresuscitation care, the optimal 
oxygenation management remains undetermined. 
On one hand, hyperoxygenation results in increased 
MAP, reduced metabolic acidosis, and improved 
myocardial and neurological recovery.31,33,34 On the 
other hand, hyperoxygenation was also shown to 
exacerbate postischemic organ dysfunction as ev-
idenced by increased oxidative stress, worsened 
neurological outcome, and decreased survival and 
degree of necrotic neurons.7,8,35,36 Unfortunately, 
Angelos et al37 reported that hypoxic reperfusion 
can also increase oxygen radical generation after 
resuscitation. Therefore, providing adequate oxygen 
delivery but limiting the oxidative stress represents a 
strategy to achieve a better recovery and to improve 
the long-term outcome.

TTM, or mild hypothermia, is one of the most per-
suasive interventions that has proven benefits for both 
the heart and the brain when commenced early after 
ROSC.15 Characterized by transient and reversible 
global myocardial dysfunction, myocardial stunning 
is a component of post-CA syndrome and has re-
cently been recognized as a leading cause for early 
death after successful resuscitation.38 In the present 
study, myocardial stunning, cardiac injury, and oxi-
dative stress were significantly ameliorated when hy-
peroxygenation was administered during TTM. The 
combined effects of hyperoxic ventilation and TTM 
could play an important role in the protection of myo-
cardial function. Piao et al39 showed that myocardial 
stunning was associated with increased mitochondrial 
ROS generation, whereas suppression of ROS pro-
duction with specific inhibitors attenuated myocar-
dial stunning and improved outcomes in mice. Zhao 
et al31 and Hackenhaar et al40 demonstrated that 

Figure 7. Semiquantitative analysis of FJB-positive 
neurons in the CA1 hippocampus region (n=6/group).
The proportion of the FJB-positive area (A), the number of FJB-
positive neurons (B), and the ratio of FJB-positive neurons (C) 
were measured. CPR indicates cardiopulmonary resuscitation; 
FJB, fluoro-jade B; NC, normoxic control; O2_CPR, ventilated with 
100% O2 during CPR; O2_CPR+postresuscitation, ventilated with 
100% O2 during CPR and the first 3 hours of postresuscitation; 
and O2_postresuscitation, ventilated with 100% O2 during the 
first 3  hours of postresuscitation. *P<0.05 compared with NC; 
**P<0.01 compared with NC; &&P<0.01 compared with O2_CPR; 
#P<0.05 compared with O2_CPR+postresuscitation; ##P<0.01 
compared with O2_CPR+postresuscitation; ××P<0.01 compared 
with O2_postresuscitation.
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Figure 8. Oxidative stress marker levels in the hippocampus and cortex (n=6/group).
A, SOD, (B) MDA, and (C) 8-OHDG contents in the hippocampus and cortex were measured 6 hours 
after resuscitation in experimental and sham-operated animals (Sham). CPR indicates cardiopulmonary 
resuscitation; 8-OHDG, 8-hydroxy-2-deoxy guanosine; MDA, malondialdehyde; NC, normoxic control; 
O2_CPR, ventilated with 100% O2 during CPR; O2_CPR+postresuscitation, ventilated with 100% O2 
during CPR and the first 3 hours of postresuscitation; O2_postresuscitation, ventilated with 100% O2 
during the first 3 hours of postresuscitation; and SOD, superoxide dismutase. *P<0.05 compared with 
NC; **P<0.01 compared with NC; &P<0.05 compared with O2_CPR; &&P<0.01 compared with O2_CPR; 
#P<0.05 compared with O2_CPR+postresuscitation; ##P<0.01 compared with O2_CPR+postresuscitation; 
××P<0.01 compared with O2_postresuscitation.
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high-concentration oxygen ventilation and mild hypo-
thermia contributed to reduced oxidative damage, re-
spectively. Therefore, mild hypothermia, which exerts 
protective effects after ROSC by decreasing oxidative 
stress products, restored adequate systemic hemody-
namics by neutralizing the excessive ROS produced 
when hyperoxic reperfusion is applied.41

Brain injury is another component of post-CA syn-
drome and a common cause of morbidity and mortality.42 
The mismatch between cerebral blood flow and oxygen 
requirements of the ischemic tissue promotes exces-
sive ROS formation and results in neuronal necrosis and 
apoptosis. The brain is particularly sensitive to oxidative 
stress given its high oxygen consumption, high content 
of intracellular-free iron, and low levels of enzymatic an-
tioxidants. Mendoza-Paredes et al34 and Solås et al43 
reported that the cerebrum was better protected when 
reoxygenation with 100% oxygen in piglets. Inconsistent 
with Mendoza-Paredes and Solås, Faa et al44 reported a 
higher percentage of apoptotic neurons in piglets reox-
ygenated with 100% O2. Tataranno et al36 reported that 
resuscitating preterm infants with 100% oxygen was as-
sociated with higher oxidative stress compared with room 
air. The discrepancy in the effects of hyperoxygenation 
suggested that oxygen alone was not sufficient to prevent 
all of the deleterious consequences of brain ischemia. In 
the current study, we demonstrated that hyperoxygen-
ation coupled with TTM greatly facilitated the neurological 
outcome as indicated by the improved electroencephalo-
gram activity, attenuated cerebral injury, suppressed ROS 
production, and decreased neuronal degeneration ratio. 
In addition to its effect on ROS suppression, the neuro-
protective actions of mild hypothermia are also related to 
pathways involving cerebral hemodynamics, energetics 
and metabolism, and apoptosis.41 The improved hemo-
dynamic stability and myocardial function together with 
improved cerebral blood flow and attenuated brain injury 
resulted in better neurological outcomes when hyperoxy-
genation is administered during TTM.45–47

This is the first study to investigate the timing ef-
fects of hyperoxic ventilation in association with TTM 
in a CA/CPR model. We found that hyperoxygenation 
with CPR and TTM greatly improve outcomes by de-
creasing ROS production, facilitating cardiac function, 
and promoting brain recovery. Given the limited clinical 
data on the effect of different timing of hyperoxic ven-
tilation in patients resuscitated from CA, we designed 
4 experimental groups to mimic patient resuscitation 
in different scenarios: victims resuscitated with/with-
out 100% O2 supply and treated with/without 100% 
O2 after resuscitation by bystanders, paramedics, or 
physicians. Our results suggest that whether started at 
CPR or started at postresuscitation, hyperoxic ventila-
tion should be coupled with TTM.

Some limitations have to be taken into account in 
our study. First, the animal models did not imitate the 

clinical scenario of CA completely given that the study 
was performed in healthy animals with no previous 
myocardial damage and the mechanism of CA was 
only electrical. Second, this study did not compare 
the effects of different oxygen concentrations other 
than 100% O2 on oxidative stress and neurological 
outcomes, and the optimal oxygen concentration ad-
ministration for patients resuscitated from CA remains 
undetermined. Third, the animals in our study were 
treated with the same selected target temperature and 
duration for therapeutic hypothermia, the potential in-
teraction mechanism between hyperoxic ventilation 
and TTM merits further investigation. Fourth, activation 
of astrocytes and microglia in the hippocampus and 
cerebral cortex is also a marker of brain ischemia and 
reperfusion injury, but these markers were not evalu-
ated in our experiments.

CONCLUSIONS
In this CA/CPR rat model, hyperoxygenation coupled 
with TTM attenuates ischemia/reperfusion-induced in-
juries and improves survival rate. The beneficial effects 
of high-concentration oxygen ventilation are timing and 
duration dependent. Hyperoxygenation commenced 
with CPR and administered during hypothermia after 
resuscitation improves outcomes.

ARTICLE INFORMATION
Received March 24, 2020; accepted August 20, 2020.

Affiliations
From the Department of Biomedical Engineering and Imaging Medicine, 
Army Medical University, Chongqing, China (J.L., J.W., C.D., B.C., Y.W., 
Y.L.); Department of Emergency, Chongqing Emergency Medical Center, 
Chongqing, China (Y.S.); Department of Neurology, Southwest Hospital 
(Y.H.) and Institute of Pathology and Southwest Cancer Center, Southwest 
Hospital, Southwest Hospital, Army Medical University, Chongqing, China 
(S.X.).

Acknowledgments
The authors thank professor Zhongxiang Yao (Department of Physiology, 
School of Basic Medicine) for the technical support with pathological 
analysis.

Sources of Funding
This work was supported by the National Natural Science Foundation of 
China (NSFC31771070).

Disclosures
None.

REFERENCES
 1. Morin DP, Homoud MK, Estes NAM. Prediction and prevention of sud-

den cardiac death. Circulation. 2007;9:631–638.
 2. Johnson NJ, Dodampahala K, Rosselot B, Perman SM, Mikkelsen ME, 

Goyal M, Gaieski DF, Grossestreuer AV. The association between arte-
rial oxygen tension and neurological outcome after cardiac arrest. Ther 
Hypothermia Temp Manag. 2017;7:36–41.



J Am Heart Assoc. 2020;9:e016730. DOI: 10.1161/JAHA.120.016730 15

Li et al Timing of Hyperoxic Ventilation on Outcomes

 3. Presti AL, Kishkurno SV, Slinko SK, Randis TM, Ratner VI, Polin RA, 
Ten VS. Reoxygenation with 100% oxygen versus room air: late neuro-
anatomical and neurofunctional outcome in neonatal mice with hypox-
ic-ischemic brain injury. Pediatr Res. 2006;60:55–59.

 4. Yeh ST, Cawley RJ, Aune SE, Angelos MG. Oxygen requirement during 
cardiopulmonary resuscitation (CPR) to effect return of spontaneous 
circulation. Resuscitation. 2009;80:951–955.

 5. Callaway CW, Donnino MW, Fink EL, Geocadin RG, Golan E, Kern KB, 
Leary M, Meurer WJ, Peberdy MA, Thompson TM, et al. Part 8: post–
cardiac arrest care: 2015 American Heart Association guidelines up-
date for cardiopulmonary resuscitation and emergency cardiovascular 
care. Circulation. 2015;132:S465–S482.

 6. Llitjos JF, Mira JP, Duranteau J, Cariou A. Hyperoxia toxicity after car-
diac arrest: what is the evidence? Ann Intensive Care. 2016;6:23.

 7. 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.

 8. Brücken A, Kaab AB, Kottmann K, Rossaint R, Nolte KW, Weis J, Fries 
M. Reducing the duration of 100% oxygen ventilation in the early reper-
fusion period after cardiopulmonary resuscitation decreases striatal 
brain damage. Resuscitation. 2010;81:1698–1703.

 9. Orban JC, Garrel C, Déroche D, Cattet F, Ferrari P, Berthier F, Ichai C. 
Assessment of oxidative stress after out-of-hospital cardiac arrest. Am 
J Emerg Med. 2016;34:1561–1566.

 10. Kilgannon JH, Jones AE, Shapiro NI, Angelos MG, Milcarek B, Hunter 
K, Parrillo JE, Trzeciak S. Association between arterial hyperoxia follow-
ing resuscitation from cardiac arrest and in-hospital mortality. JAMA. 
2010;303:2165–2171.

 11. Ihle JF, Bernard S, Bailey MJ, Pilcher DV, Smith K, Scheinkestel CD. 
Hyperoxia in the intensive care unit and outcome after out-of-hos-
pital ventricular fibrillation cardiac arrest. Crit Care Resusc. 
2013;15:186–190.

 12. Elmer J, Scutella M, Pullalarevu R, Wang B, Vaghasia N, Trzeciak S, 
Rosario-Rivera BL, Guyette FX, Rittenberger JC, Dezfulian C. The 
association between hyperoxia and patient outcomes after cardiac 
arrest: analysis of a high-resolution database. Intensive Care Med. 
2015;41:49–57.

 13. Wang CH, Chang WT, Huang CH, Tsai MS, Yu PH, Wang AY, Chen NC, 
Chen WJ. The effect of hyperoxia on survival following adult cardiac 
arrest: a systematic review and meta-analysis of observational studies. 
Resuscitation. 2014;85:1142–1148.

 14. Ye S, Weng Y, Sun S, Chen W, Wu X, Li Z, Weil MH, Tang W. Comparison 
of the durations of mild therapeutic hypothermia on outcome after car-
diopulmonary resuscitation in the rat. Circulation. 2012;125:123–129.

 15. Leong SH, Chan E, Ho BC, Yeo C, Lew S, Sewa DW, Lim SL, Lee CW, 
Chia PL, Lim TS, et al. Therapeutic temperature management (TTM): 
post-resuscitation care for adult cardiac arrest, with recommendations 
from the National TTM Workgroup. Singapore Med J. 2017;58:408–410.

 16. Dai C, Wang Z, Wei L, Chen G, Chen B, Zuo F, Li Y. Combining early 
post-resuscitation EEG and HRV features improves the prognos-
tic performance in cardiac arrest model of rats. Am J Emerg Med. 
2018;36:2242–2248.

 17. Romner B, Ingebrigtsen T, Kongstad P, Børgesen SE. Traumatic brain 
damage: serum S-100 protein measurements related to neuroradiolog-
ical findings. J Neurotrauma. 2000;17:641–647.

 18. Barberi C, van den Hondel KE. The use of cardiac troponin T (cTnT) in 
the postmortem diagnosis of acute myocardial infarction and sudden 
cardiac death: a systematic review. Forensic Sci Int. 2018;292:27–38.

 19. Hendrickx HH, Rao GR, Safar P, Gisvold SE. Asphyxia, cardiac ar-
rest and resuscitation in rats. I. Short term recovery. Resuscitation. 
1984;12:97–116.

 20. Singh AK, Tiwari MN, Upadhyay G, Patel DK, Singh D, Prakash O, Singh 
MP. Long term exposure to cypermethrin induces nigrostriatal dopami-
nergic neurodegeneration in adult rats: postnatal exposure enhances 
the susceptibility during adulthood. Neurobiol Aging. 2012;33:404–415.

 21. Eke A, Conger KA, Anderson M, Garcia JH. Histologic assessment of 
neurons in rat models of cerebral ischemia. Stroke. 1990;21:299–304.

 22. Wei L, Ying DJ, Cui L, Langsdorf J, Yu SP. Necrosis, apoptosis and 
hybrid death in the cortex and thalamus after barrel cortex ischemia in 
rats. Brain Res. 2004;1022:54–61.

 23. Ohk TG, Yoo KY, Park SM, Shin BN, Kim IH, Park JH, Ahn HC, Lee YJ, 
Kim MJ, Kim TY, et al. Neuronal damage using fluoro-jade B histofluo-
rescence and gliosis in the striatum after various durations of transient 
cerebral ischemia in gerbils. Neurochem Res. 2012;37:826–834.

 24. Wei LF, Zhang HM, Wang SS, Jing JJ, Zheng ZC, Gao JX, Liu Z, Tian J. 
Changes of MDA and SOD in brain tissue after secondary brain injury 
with seawater immersion in rats. Turk Neurosurg. 2016;26:384–388.

 25. Hackenhaar FS, Francesca F, Li Volti G, Sorrenti V, Russo I, Staszewsky 
L, Masson S, Latini R, Ristagno G. Relationship between post-cardiac 
arrest myocardial oxidative stress and myocardial dysfunction in the rat. 
J Biomed Sci. 2014;21:70.

 26. Wu D, Liu B, Yin J, Xu T, Zhao S, Xu Q, Chen X, Wang H. Detection of 
8-hydroxydeoxyguanosine (8-OHdG) as a biomarker of oxidative dam-
age in peripheral leukocyte DNA by UHPLC-MS/MS. J Chromatogr B 
Analyt Technol Biomed Life Sci. 2017;1064:1–6.

 27. Irarrázaval S, Allard C, Campodónico J, Pérez D, Strobel P, VásquezL 
UI, Echeverría G, Leighton F. Oxidative stress in acute hypobaric hy-
poxia. High Alt Med Biol. 2017;18:128–134.

 28. Sekhon MS, Ainslie PN, Griesdale DE. Clinical pathophysiology of hy-
poxic ischemic brain injury after cardiac arrest: a “two-hit” model. Crit 
Care. 2017;21:90.

 29. Zwemer CF, Whitesall SE, D’Alecy LG. Hypoxic cardiopulmonary-cere-
bral resuscitation fails to improve neurological outcome following car-
diac arrest in dogs. Resuscitation. 1995;29:225–236.

 30. Lipinski CA, Hicks SD, Callaway CW. Normoxic ventilation during 
resuscitation and outcome from asphyxial cardiac arrest in rats. 
Resuscitation. 1999;42:221–229.

 31. 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.

 32. Nelskylä A, Nurmi J, Jousi M, Schramko A, Mervaala E, Ristagno G, 
Skrifvars MB. The effect of 50% compared to 100% inspired oxygen frac-
tion on brain oxygenation and post cardiac arrest mitochondrial function in 
experimental cardiac arrest. Resuscitation. 2017;116:1–7.

 33. Yeh ST, Aune SE, Wilgus TA, Parent AE, Angelos MG. Hyperoxemic 
reperfusion after prolonged cardiac arrest in a rat cardiopulmonary by-
pass resuscitation model. Resuscitation. 2013;84:114–120.

 34. Mendoza-Paredes A, Liu H, Schears G, Yu Z, Markowitz SD, Schultz S, 
Pastuszko P, Greeley WJ, Nadkarni V, Kubin J, et al. Resuscitation with 
100%, compared with 21%, oxygen following brief, repeated periods 
of apnea can protect vulnerable neonatal brain regions from apoptotic 
injury. Resuscitation. 2008;76:261–270.

 35. Liu Y, Rosenthal RE, Haywood Y, Miljkovic-Lolic M, Vanderhoek 
JY, Fiskum G. Normoxic ventilation after cardiac arrest reduces oxi-
dation of brain lipids and improves neurological outcome. Stroke. 
1998;29:1679–1686.

 36. Tataranno M, Oei J, Perrone S, Wright IM, Smyth JP, Lui K, Tarnow-
Mordi WO, Longini M, Proietti F, Negro S, et al. Resuscitating preterm 
infants with 100% oxygen is associated with higher oxidative stress than 
room air. Acta Paediatr. 2015;104:759–765.

 37. Angelos MG, Kutala VK, Torres CA, He G, Stoner JD, Mohammad 
M, Kuppusamy P. Hypoxic reperfusion of the ischemic heart 
and oxygen radical generation. Am J Physiol Heart Circ Physiol. 
2006;290:H341–H347.

 38. Chalkias A, Xanthos T. Pathophysiology and pathogenesis of post-re-
suscitation myocardial stunning. Heart Fail Rev. 2012;17:117–128.

 39. Piao L, Fang YH, Hamanaka RB, Mutlu GM, Dezfulian C, Archer SL, 
Sharp WW. Suppression of superoxide-hydrogen peroxide pro-
duction at site IQ of mitochondrial complex I attenuates myocardial 
stunning and improves postcardiac arrest outcomes. Crit Care Med. 
2020;48:e133–e140.

 40. Hackenhaar FS, Medeiros TM, Heemann FM, Behling CS, Putti 
JS, Mahl CD, Verona C, da Silva ACA, Guerra MC, Gonçalves CAS, 
et al. Therapeutic hypothermia reduces oxidative damage and al-
ters antioxidant defenses after cardiac arrest. Oxid Med Cell Longev. 
2017;2017:8704352.

 41. González-Ibarra FP, Varon J, López-Meza EG. Therapeutic hypother-
mia: critical review of the molecular mechanisms of action. Front Neurol. 
2011;2:4.

 42. Chalkias A, Xanthos T. Post-cardiac arrest brain injury: pathophysiology 
and treatment. J Neurol Sci. 2012;315:1–8.

 43. Solås AB, Kutzsche S, Vinje M, Saugstad OD. Cerebral hypoxemia-isch-
emia and reoxygenation with 21% or 100% oxygen in newborn piglets: 
effects on extracellular levels of excitatory amino acids and microcircu-
lation. Pediatr Crit Care Med. 2001;2:340–345.

 44. Faa G, Fanos V, Fanni D, Gerosa C, Faa A, Fraschini M, Pais ME, Di 
Felice E, Papalois A, Varsami M, et al. Reoxygenation of asphyxiated 



J Am Heart Assoc. 2020;9:e016730. DOI: 10.1161/JAHA.120.016730 16

Li et al Timing of Hyperoxic Ventilation on Outcomes

newborn piglets: administration of 100% oxygen causes significantly 
higher apoptosis in cortical neurons, as compared to 21%. Biomed Res 
Int. 2014;2014:1–5.

 45. Bhate TD, McDonald B, Sekhon MS, Griesdale DE. Association be-
tween blood pressure and outcomes in patients after cardiac arrest: a 
systematic review. Resuscitation. 2015;97:1–6.

 46. Annoni F, Dell’Anna AM, Franchi F, Creteur J, Scolletta S, Vincent 
JL, Taccone FS. The impact of diastolic blood pressure values on 

the neurological outcome of cardiac arrest patients. Resuscitation. 
2018;130:167–173.

 47. Son SH, Park JS, Yoo IS, You YH, Min JH, Jeong WJ, Cho YC, Cho 
SU, Oh SK, Ahn HJ, et al. Usefulness of intracranial pressure and 
mean arterial pressure for predicting neurological prognosis in car-
diac arrest survivors who undergo target temperature management. 
Ther Hypothermia Temp Manag. 2019;17. https://doi.org/10.1089/
ther.2019.0006.

https://doi.org/10.1089/ther.2019.0006
https://doi.org/10.1089/ther.2019.0006

