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Objective: To test the hypothesis that hyperoxia was associated 
with higher in-hospital mortality in ventilated stroke patients admit-
ted to the ICU.
Design: Retrospective multicenter cohort study.
Setting: Primary admissions of ventilated stroke patients with 
acute ischemic stroke, subarachnoid hemorrhage, and intracere-
bral hemorrhage who had arterial blood gases within 24 hours of 
admission to the ICU at 84 U.S. ICUs between 2003 and 2008. 
Patients were divided into three exposure groups: hyperoxia 
was defined as Pao2 ≥300 mm Hg (39.99 kPa), hypoxia as any 
Pao2<60 mm Hg (7.99 kPa) or Pao2/Fio2 ratio ≤300, and nor-

moxia, not defined as hyperoxia or hypoxia. The primary outcome 
was in-hospital mortality.
Participants: Two thousand eight hundred ninety-four patients.
Methods: Patients were divided into three exposure groups: hyper-
oxia was defined as Pao2 more than or equal to 300 mm Hg (39.99 
kPa), hypoxia as any Pao2 less than 60 mm Hg (7.99 kPa) or Pao2/
Fio2 ratio less than or equal to 300, and normoxia, not defined as 
hyperoxia or hypoxia. The primary outcome was in-hospital mortality.
Interventions: Exposure to hyperoxia.
Results: Over the 5-year period, we identified 554 ventilated 
patients with acute ischemic stroke (19%), 936 ventilated patients 
with subarachnoid hemorrhage (32%), and 1,404 ventilated 
patients with intracerebral hemorrhage (49%) of whom 1,084 
(38%) were normoxic, 1,316 (46%) were hypoxic, and 450 (16%) 
were hyperoxic. Mortality was higher in the hyperoxia group as 
compared with normoxia (crude odds ratio 1.7 [95% CI 1.3-2.1];  
p < 0.0001) and hypoxia groups (crude odds ratio, 1.3 [95% CI, 
1.1–1.7]; p < 0.01). In a multivariable analysis adjusted for admis-
sion diagnosis, other potential  confounders, the probability of 
being exposed to hyperoxia, and hospital-specific effects, expo-
sure to hyperoxia was independently associated with in-hospital 
mortality (adjusted odds ratio, 1.2 [95% CI, 1.04–1.5]).
Conclusion: In ventilated stroke patients admitted to the ICU, 
arterial hyperoxia was independently associated with in-hospital 
death as compared with either normoxia or hypoxia. These data 
underscore the need for studies of controlled reoxygenation in 
ventilated critically ill stroke populations. In the absence of results 
from clinical trials, unnecessary oxygen delivery should be avoided 
in ventilated stroke patients. (Crit Care Med 2013; 42:00–00)
Key Words: brain injury; intracerebral hemorrhage; ischemic 
stroke; resuscitation; subarachnoid hemorrhage

Resuscitative efforts in the emergency department (ED) or 
ICU after stroke include aggressive airway management 
and ventilation with supplemental oxygen in those patients 

unable to maintain a normal respiratory function (1). The classic 
paradox with oxygen supplementation is that although oxygen is 
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necessary to maintain energy metabolism, excessive oxygen may 
potentiate primary or secondary brain injury by triggering free 
radical production, activation of apoptotic cascades, and facili-
tating organ-specific hypoperfusion (2–9).

Because tissue hypoxia plays a critical role in primary and 
secondary neuronal damage, normobaric hyperoxia is generally 
thought a logical stroke therapy despite controversial results of 
animal models of ischemic (10–15) and hemorrhagic stroke 
(16) and clinical studies (8, 17–19). Although animal data from 
stroke models demonstrate that hyperoxia is associated with 
increased oxidative stress, worst ischemia-induced brain dam-
age, and overall mortality (10–12), clinical and observational 
data in critically ill stroke populations are currently lacking.

To this end, the objective of this study was to define the rela-
tionship between hyperoxia and outcome in ventilated stroke 
patients. Specifically, we wanted to determine: 1) the occur-
rence of hyperoxia at admission to the ICU and 2) whether 
hyperoxia at admission to the ICU was an early predictor of 
in-hospital mortality after adjustment for other confound-
ers in a multivariable analysis using a robust multicenter ICU 
repository. We hypothesized that hyperoxia in ventilated stroke 
patients would be associated with higher in-hospital mortality.

METHODS

Study Design and Patient Population
It is a retrospective multicenter cohort study using a pro-
spectively compiled and maintained robust registry (Cerner 

Corporation—Project IMPACT [PI], Bel Air, MD). PI is a 
large administrative database designed for critical care units 
across all disciplines. Adult ICUs from 131 U.S. hospitals par-
ticipated in PI, and data from more than 400,000 patients 
were collected prospectively. All patients admitted to a partici-
pating ICU were included regardless of diagnosis or outcome. 
Participating institutions uploaded data quarterly to a central 
repository. Data fields included hospital and ICU organiza-
tional characteristics, demographics, comorbid conditions, 
physiologic data, procedures, in-hospital complications, hos-
pital and ICU length of stay (LOS), and discharge status. Data 
were collected by dedicated onsite personnel trained and cer-
tified by PI. Personnel also required passing a written certi-
fication examination to ensure uniformity in both database 
definitions and entry. The ICUs in PI repository represent a 
wide scope of practice environments, including medical, sur-
gical, neurologic, and multidisciplinary ICUs. The institutions 
are heterogeneous in terms of hospital size, type (community 
vs academic; private vs public), and location (urban, subur-
ban, or rural). Participating hospitals are not restricted to any 
particular geographic region.

For this analysis, ventilated patients with a primary diagno-
sis of acute ischemic stroke (AIS), aneurysmal subarachnoid 
hemorrhage (SAH), and intracerebral hemorrhage (ICH), 
older than 17 years, and consecutively admitted to an ICU 
from 2003 to 2008 were selected (Fig. 1). The following vari-
ables were recorded for all patients admitted to the ICU: ED 
boarder status (20), demographic variables, comorbidities, 

most abnormal physiologic 
variables, first arterial blood 
gas (ABG) over the first 24 
hours in the ICU, Simplified 
Acute Physiology Score II 
score (21), and admission and 
hospital discharge status (alive 
independent, alive partially 
dependent, alive fully depen-
dent, or dead) (22).

To assess for the effect of 
medical complications on 
in-hospital mortality, we 
collected data on any of the 
following organ dysfunc-
tions during the ICU stay 
according to the definitions 
of PI: cardiovascular (sys-
tolic blood pressure [SBP]  
< 90 mm Hg, or mean arterial 
pressure [MAP] < 70 mm Hg, 
or vasopressor requirement to 
keep SBP > 90 mm Hg or MAP 
> 70 mm Hg, and duration  
> 1 hr), metabolic (lactic aci-
dosis > 2.0 mmol/dL), respi-
ratory (acute lung injury 
Pao

2
/Fio

2
 less than or equal to 

Figure 1. Description of study cohort. ABG = arterial blood gas, AIS = ischemic stroke, SAH = subarachnoid 
hemorrhage, ICH = intracerebral hemorrhage.
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TablE 1. Demographic Characteristics of the Cohort of Ventilated Stroke Patients

Characteristics

With arterial blood Gases

pTotal (n = 2,894) Hypoxia (n = 1,084) Normoxia (n = 1,316) Hyperoxia (n = 450)

Age, mean (sd), yr 61 (15) 61 (15) 60 (17) 61 (15) NS

Female sex, n (%) 1,408 (49) 715 (51) 469 (43) 203 (45) < 0.0001

Race/ethnicity (n = 2,763), n (%) < 0.0001

  White 2,033 (74) 980 (78) 718 (69) 311 (72)

  Black 477 (17) 186 (14) 203 (20) 75 (17)

  Latino/Hispanic 155 (6) 50 (5) 71 (6) 34 (5)

  Asian/Pacific Islander 74 (3) 14 (1) 43 (4) 17 (2)

  Native American 12 (< 1) 3 (< 1) 5 (< 1) 4 (< 1)

Preadmission functional statusa (n = 2,807) NS

  Independent 2,285 (81) 1043 (81) 852 (81) 363 (84)

  Partially dependent 268 (10) 120 (10) 100 (9) 41 (9)

  Fully dependent 252 (9) 119 (9) 96 (9) 30 (7)

DNR status (n/%) NS

  Full code 2,718 (95) 1232 (5) 1017 (5) 428 (5)

  DNR/no cardiopulmonary  
  resuscitation/limited 

intervention

137 (5) 49 (5) 58 (5) 19 (5)

Emergency department boarder 112 (3) 47 (5) 49 (4) 16 (2) 0.02

Hospital size, n (%) 0.002

  Extralarge 1,446 (50) 638 (48) 602 (52) 191 (42)

  Large 1,231 (43) 580 (40) 478 (41) 216 (48)

  Small to medium 217 (7) 98 (7) 73 (6) 43 (10)

Hospital location, n (%) NS

  Urban 1,907 (66) 850 (65) 779 (68) 289 (64)

  Suburban 516 (18) 229 (17) 207 (18) 99 (22)

  Rural 471 (16) 173 (17) 167 (14) 131 (18)

Hospital type, n (%) 0.01

  Academic 1,011 (35) 454 (35) 395 (34) 167 (37)

  Community nonacademic 1,659 (57) 758 (58) 673 (58) 247 (55)

  Public 224 (8) 104 (7) 85 (7) 36 (8)

Diagnosis, n (%) NS

  AIS 554 (19) 268 (20) 211 (18) 75 (17)

  SAH 936 (32) 401 (30) 380 (33) 135 (30)

  ICH 1,404 (49) 647 (49) 499 (46) 240 (53)

  Median (interquartile range) 6 (3–9) 6 (3–10) 6 (3–9) 5 (3–8) 0.001

Simplified Acute Physiologic  
 Score II, mean (sd)

48 (15) 50 (16) 45 (14) 51 (16) < 0.0001

Comorbidities,b n (%)

  Cardiovascular disease 113 (4) 45 (4) 39 (3) 29 (4) NS

(Continued)
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300 [39.99 kPa] or positive end-expiratory pressure > 5 cm 
H

2
O), renal (serum creatinine increased > 1 mg/dL from 

baseline despite fluid resuscitation or creatinine > 2.0 mg/
dL regardless of baseline), hepatic (acute elevation of serum 
bilirubin > 2 mg/dL), hematologic (platelet count < 100,000/
mm3 or prothrombin time/thromboplastin time > 1.5 times 
baseline), and neurologic (onset delirium or Glasgow Coma 
Scale [GCS] < 12), and need for intracranial pressure (ICP) 
monitoring. These definitions have been used in prior studies 
from the PI repository (23, 24).

Hospitals were divided by hospital location into urban, 
suburban, and rural; by type into community (nonacademic), 
academic (university-based), and public; and according to the 
Halpern criteria (25) into small to medium size (< 300 beds), 
large (301–499 beds), and extra large (> 500 beds). We also 
collected the total hospital LOS. Specific data on the National 
Institutes of Health Stroke Scale, the Hunt and Hess Score, 

the ICH score, or other index of disease severity or admission 
imaging were not available from the PI repository. Based on the 
de-identified nature of the database, the Institutional Review 
Board of Thomas Jefferson University Hospital (Philadelphia, 
PA) exempted this analysis from full review.

Definition of Main Exposure and Outcome Variables
Patients were divided into three exposure groups defined a 
priori based on the Pao

2
 or ratio of Pao

2
 to inspired Fio

2
 on 

the first ABG at admission to the ICU. Hyperoxia was defined 
as Pao

2
 of 300 mm Hg (39.99 kPa) or greater (24, 26), hypoxia 

as a Pao
2
 of less than 60 mm Hg (7.99 kPa) or Pao

2
/Fio

2
 ratio 

less or equal than 300 (27, 28), and normoxia not classified as 
hyperoxia or hypoxia (24, 26). The primary outcome measure 
was in-hospital mortality. A secondary analysis compared the 
outcomes based on exposure groups according to neurologic 
diagnosis.

  Pulmonary disease 68 (2) 39 (4) 21 (2) 5 (1) 0.02

  Renal disease 65 (2) 28 (3) 20 (2) 17 (2) NS

  Chronic liver disease 30 (1) 10 (1) 9 (< 1) 11 (2) NS

  Chronic HIV infection 10 (< 1) 1 (< 1) 6(< 1) 3 (< 1) NS

  Cancer 26 (< 1) 10 (1) 10 (< 1) 6 (< 1) NS

Organ dysfunction, n (%)

  Cardiovascular 581 (20) 274 (21) 196 (18) 103 (23) < 0.0001

  Metabolic (lactic acidosis) 95 (3) 46 (4) 28 (3) 18 (4) 0.004

  Respiratory 744 (26) 457 (35) 190 (18) 89 (20) < 0.0001

  Renal 159 (5) 98 (7) 46 (4) 19 (4) 0.002

  Hematologic 164 (6) 54 (5) 61 (5) 49 (7) NS

  Hepatic 59 (2) 18 (2) 28 (2) 13 (2) NS

  Neurologic 116 (4) 54 (4) 42 (4) 18 (4) NS

Intracranial pressure monitor  
 (n = 2,873), n (%)

994 (35) 442 (34) 388 (36) 149 (33) NS

  AIS 40 (7) 22 (8) 15 (7) 3 (4)

  SAH 508 (55) 216 (54) 212 (56) 72 (53)

  ICH 446 (32) 204 (32) 161 (32) 74 (31)

NS = not significant, DNR = do not resuscitate, AIS = ischemic stroke, SAH = subarachnoid hemorrhage, ICH = intracerebral hemorrhage, GCS = Glasgow 
Coma Scale.
aThe definition of functional status in the Project IMPACT database is independent (the patient is living at home requiring no assistance in completing activities of 
daily living, which includes people who are homeless, or who are incarcerated, but otherwise physically and mentally functional); partially dependent (the patient 
is living at home, in a group home or in a care facility, and requires some assistance in completing the activities of daily living, and the limitation(s) requiring 
assistance may be physical or mental); and fully dependent (the patient is living at home or in a care facility and is unable to perform the activities of daily living; 
must be cared for by other(s); the limitations requiring assistance may be physical or mental).
bCardiovascular disease (defined as baseline symptoms such as angina or shortness of breath at rest or on minimal exertion, New York Heart Association class 
IV, plus one or more of the following diagnoses: severe coronary artery disease, severe valvular heart, or severe cardiomyopathy), respiratory disease (defined as 
chronic obstructive, restrictive, or vascular pulmonary disease resulting in severe exercise restriction, such as unable to climb stairs or perform household duties; 
or respirator dependency related to active respiratory disease; or documented chronic hypoxia, hypercapnia, or pulmonary hypertension > 40 mm Hg), cirrhosis, 
chronic renal disease or end-stage renal disease, HIV status, and cancer.
Data presented as n (%), mean (sd), or median (interquartile range).

TablE 1. (Continued). Demographic Characteristics of the Cohort of Ventilated Stroke Patients

Characteristics

With arterial blood Gases

pTotal (n = 2,894) Hypoxia (n = 1,084) Normoxia (n = 1,316) Hyperoxia (n = 450)
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Statistical analyses
Continuous data are presented as mean and sd or median and 
interquartile rang as appropriate based on distribution of the 
data; categorical data are reported as proportions and 95% 
CIs. For evaluation of differences at the univariate level, the 
one-way analysis of variance test and the difference of means 
were compared with the Tukey-Kramer post hoc test, the Wil-
coxon-Kruskal-Wallis test for nonnormally distributed data, 
or the chi-square test or Fisher exact test for proportions. The 
primary outcome for the cohort as a whole, and for subgroups 
based on neurologic diagnosis (AIS, SAH, or ICH), were com-
pared between exposed groups using the chi-square test for 
the difference in proportions. We then calculated odds ratios 
(OR) and 95% CI, and to test for significance, we applied a 
Bonferroni correction for multiple pairwise comparisons. In 
this case, for three exposure groups, a significant α level of 
0.017 was accepted (0.05 divided by 3 or 0.017). For days to 
primary outcome analysis, Kaplan-Meier survival estimates 
and log-rank tests were used to compare the exposure group 
of interest. For the multivariable analysis, generalized esti-
mating equations (GEE) were used to account for potential 
correlation in mortality rates among patients sampled within 
hospital clusters (29). We examined an alternative to the inde-
pendence assumption (i.e., no association with mortality rates) 
for within-hospital correlation using the quasi-likelihood 
independence criterion (30). An exchangeable correlation 
structure provided inferior fit to the independence working 
correlation structure, suggesting that a hospital effect was 
present in the model. All patient data in Tables 1 and 2 were 
considered to be potential candidate variables for the models. 
To test if hyperoxia exposure remained a significant indepen-
dent predictor of in-hospital mortality when the propensity 
of individuals to be exposed to hyperoxia was adjusted for, a 
sensitivity analysis was performed using propensity scores and 
adding the result of the propensity score into the final multi-
variable model (31). Finally, we tested for possible first-order 
interactions in those variables retained in the model. Statis-
tical analyses were conducted using SPSS software version 
20.0 (SPSS, Chicago, IL), and significance was judged when p 
value was less than 0.05. The current sample size had a power 
greater than 80% to detect a significant difference in propor-
tions for our primary analysis, assuming our prespecified p 
value of less than 0.017. Our reporting of observational data 
conforms with Strengthening the Reporting of Observational 
Studies in Epidemiology guidelines (32).

RESUlTS
During the 5-year period, there were 2,894 patients who met 
the inclusion criteria, which came from 84 different hospitals. 
All ICUs were nonneurologic/neurosurgical models. Diagno-
sis included 554 AIS (19%), 936 SAH (32%), and 1,404 ICH 
(49%). There were more males in the cohort; patients were 
predominantly White and were from urban, large, or extralarge 
community (nonacademic) hospitals; and most of the patients 
were living independently before hospital admission. Do-not-
resuscitate status at admission was present in less than 5% of the 

cohort and not significantly different between exposed groups. 
Additional baseline characteristics of the cohort are shown in 
Table 1. In the cohort, 1,084 patients (38%) were normoxic, 
1,316 (46%) were hypoxic, and 450 (16%) were hyperoxic. Of 
hypoxic patients, only two had Pao

2
 less than 60 mm Hg (7.99 

kPa) documented in ABG at admission to the ICU.
There were no differences in terms of exposure to oxygen-

ation status in relation to neurologic diagnosis. The only sig-
nificant comorbidity associated with oxygenation status was 
history of pulmonary disease, with more patients with this 
comorbidity being hypoxic. Hyperoxia exposure was more 
prevalent in community nonacademic and small to medium 
size hospitals. Hyperoxic patients tended to have lower GCS 
scores than hypoxic or normoxic patients (Table 1). Additional 
significant physiologic data over the first 24 hours of admis-
sion for all exposed groups are shown in Table 2.

Overall 52% of patients met the primary outcome of in-
hospital death at 28 days (Table 3). Mortality was higher 
in the hyperoxia group (268 of 450; 60% [95% CI, 57–65]) 
followed by the hypoxia group (690 of 1,316; 53% [95% 
CI, 49–55]) and the normoxia group (502 of 1,084; 47% 
[95% CI, 46–52]) (Table 3). The hyperoxia group had signif-
icantly higher mortality compared with the normoxia group 
(OR, 1.7 [95% CI, 1.3–2.1]; p < 0.0001) and higher mor-
tality compared with the hypoxia group (OR, 1.3 [95% CI 
1.1–1.7]; p < 0.01). The hypoxia group had higher mortality 
when compared with the normoxia group (OR, 1.3 [95% CI, 
1.1–1.5]; p < 0.01) (Table 3). On Kaplan-Meier analysis, the 
proportion of survivors at 28 days was significantly higher in 
the normoxia group as compared with the hyperoxia group 
(Fig. 2).

In the secondary analysis, hyperoxic SAH patients had higher 
mortality as compared with the normoxia group (OR, 2.5 
[95% CI, 1.7–3.3]; p = 0.0001) and hypoxic (OR, 2.0 [95% CI, 
1.3–2.5]; p < 0.002); and hyperoxic ICH patients had higher 
mortality as compared with the normoxia group (OR, 1.3 
[95% CI, 1.03–1.7]; p = 0.02) (Table 3).

In the multivariable analysis, the following variables were 
found to be significantly associated with in-hospital mor-
tality: age, GCS, ICH diagnosis, hypothermia at admission 
to ICU, hypotension or hypertension (MAP ≥ 120 mm Hg) 
organ dysfunctions, and exposure to hyperoxia. The following 
variables were significantly associated with survival: tempera-
ture more than or equal to 37.5°C and ICP monitor place-
ment. The multivariable analysis also suggested a significant 
effect related to a higher risk of death in hospitals with lower 
patient volume (Table 4; Supplemental Table 1, Supplemental 
Digital Content 1, http://links.lww.com/CCM/A747). We did 
not observe significant interactions in the variables retained 
in the models.

Finally, we performed a sensitivity analysis to test whether 
hyperoxia remained a significant independent predictor of 
in-hospital mortality when adjusted for propensity scores 
(i.e., probability for hyperoxia exposure). We calculated each 
patient’s probability of hyperoxia exposure by fitting a logistic 
regression with hyperoxia as the dependent variable. We found 

http://links.lww.com/CCM/A747
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that the following variables were significant independent pre-
dictors of hyperoxia exposure: male gender, non-ED boarder 
status, small or medium hospital size, hypothermia, hypoten-
sion or hypertension (MAP < 60 mm Hg or MAP ≥ 120 mm 
Hg), tachycardia, bradypnea, higher hematocrit, and higher 
WBC count at admission to the ICU (Supplemental Table 1, 
Supplemental Digital Content 1, http://links.lww.com/CCM/
A747). No other variables were significantly associated with 
hyperoxia exposure. The probabilities, expressed in quintiles, 
were included in the final GEE model (Table 4). In the absence 
of the calculated propensity score, the OR for in-hospital mor-
tality related to hyperoxia was similar (OR, 1.3 [95% CI, 1.04–
1.6]). These data indicate that hyperoxia remained a significant 
independent predictor of death when adjusted for the prob-
ability of being exposed to hyperoxia.

DISCUSSION
In this large multicenter cohort study of ventilated stroke 
patients admitted to an ICU, we have demonstrated that expo-
sure to hyperoxia was common and associated with lower 
likelihood of survival after hospital admission. Similarly, we 
demonstrated that after controlling for confounding vari-
ables and for hospital-specific effects in a robust multivariable 

analysis, exposure to hyperoxia was an independent predictor 
of in-hospital death. The effect of hyperoxia on in-hospital 
mortality was also independent after adjusting for the propen-
sity or probability of exposure to hyperoxia. To our knowledge, 
this is the first study to report on the association between arte-
rial hyperoxia and in-hospital mortality in ventilated stroke 
patients admitted to an ICU.

Traditionally, both arterial oxygenation (measured as Pao
2
) 

and oxygen saturation levels by pulse oximetry are used as 
physiologic targets to guide ventilator management in the ICU 
(1). In lung-injured patients, common recommendations for 
oxygenation, based on results from large clinical trials, suggest a 
Pao

2
 goal of 55–80 mm Hg (7.33–10.7 kPa) (33). Current guide-

lines with regard to oxygen therapy for critically ill and neu-
rologic patients suggest maintenance of normoxia with target 
saturation levels of 94–98% (1, 34). However, avoiding hypox-
emia after brain injury to maintain adequate oxygen delivery 
to areas at risk is of crucial importance as well (1). To this end, 
supplementary oxygen is routinely administered to brain-
injured patients, even in those with adequate oxygen saturation. 
Current day-to-day practices of oxygen administration in ven-
tilated brain-injured patients may deviate from conventional 
recommendations for arterial Pao

2
 or oxygen saturation targets 

TablE 2. Significant Physiologic and laboratory Characteristics of Ventilated Stroke 
Patients at admission to the ICU

Characteristics, Mean (sd) Total (n = 2,894) Hypoxia (n = 1,084) Normoxia (n = 1,316) Hyperoxia (n = 450) p

Temperature °C 36.3 (1.1) 36.3 (1.0) 36.2 (1.0) 36.2 (1.2) 0.001

Respiratory rate low per min 12 (4) 12 (4) 11 (3) 12 (4) 0.001

Respiratory rate high per min 22 (7) 22 (7) 21 (7) 22 (8) 0.0002

MAP lowest (mm Hg) 68 (19) 70 (18) 70 (18) 64 (21) < 0.0001

MAP highest (mm Hg) 116 (21) 116 (20) 117 (21) 118 (23) 0.04

Hematocrit lowest (%) 35 (7) 35 (6) 34 (6) 36 (7) < 0.0001

Hematocrit highest (%) 37 (6) 37 (6) 36 (6) 38 (7) < 0.0001

WBC lowest (per μL) 13 (13) 13 (7) 12 (5) 15 (25) 0.004

WBC highest (per μL) 15 (16) 14 (7) 14 (5) 17 (29) 0.001

Sodium(Na) highest mEq/L 140 (6) 141 (5) 141 (6) 142 (7) 0.02

Bicarbonate (HCO3) lowest 
mEq/L

22 (4) 23 (4) 22 (4) 22 (4) 0.0001

Bicarbonate (HCO3) highest 
mEq/L

23 (4) 24 (3) 24 (3) 24 (4) < 0.0001

Creatinine high (mg/dL) 1.3 (1.2) 1.3 (1.1) 1.2 (1.1) 1.4 (1.4) 0.04

Urine output, L/24 hr, median 
(interquartile range)

2.0 (1.2–3.3) 2.1 (1.3–3.3) 1.9 (1.2–3.1) 2.1 (1.3–3.5) 0.02

Pao2, mm Hg, mean (sd)/kPa (sd)   274 (148)/ 
15.9 (7.2)

 119 (54)/ 
15.9 (7.2)

  179 (48)/ 
23.8 (6.4)

  417 (79)/ 
55.6 (10.5)

< 0.0001

Pao2/Fio2 289 (127) 203 (64) 403 (70) 459 (125) < 0.0001

Arterial pH (arterial blood gases) 7.43 (0.07) 7.43 (0.07) 7.43 (0.07) 7.42 (0.08) 0.02

MAP = mean arterial pressure.

http://links.lww.com/CCM/A747
http://links.lww.com/CCM/A747
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with the idea of increasing oxygen delivery or just too be on the  
“safe-side” (35).

Studies in healthy subjects have shown that hyperoxia is 
associated with a decrease in cerebral blood flow by 11–33% (4, 

5). It is likely that during abnormal conditions high oxygen con-
centrations are associated with decrease in delivery of oxygen 
as well (36). On the other hand, observational studies in criti-
cally ill populations have demonstrated the detrimental effects 
of hyperoxia (24) and that excessive oxygen may be deleterious 
for cardiac output, peripheral vascular resistances, cerebrovas-
cular flow, and lung function (36, 37). The vasoconstricting 
effects of hyperoxia or hyperoxia-induced hypocapnia may 
not be widely recognized as potential adverse effects in brain-
injured patients (9, 38). In this case, if perfusion decreases more 
than arterial oxygen content increases during hyperoxia, then 
regional oxygen delivery also decreases (38). This mechanism, 
and not just that attributed to reactive oxygen species (2, 3),  
is likely to contribute to the worse outcomes in critically ill 
patients routinely exposed to hyperoxia. In fact, this hypothesis 
may be supported by our results. We showed that hyperoxic 
patients with supranormal arterial Pao

2
 levels had higher risk 

of in-hospital mortality as compared with hypoxic patients, 
suggesting that the excess mortality may be on the basis of 
unnecessary hyperoxia exposure.

In our secondary analysis, we also demonstrated that this 
effect was significant in all comparisons except for the AIS 
population. Within the AIS population, the effect of hyperoxia 
was not significant when compared with normoxia. Potential 
explanations for the lack of significant results on our secondary 
analysis for AIS may have been related to the smaller number 
of AIS patients seen in our cohort or a true lack of effect of 
hyperoxia as compared with normoxia as evidenced by other 

TablE 3. Outcomes of Ventilated Stroke Patients by Exposure Groups: Primary and 
Subgroup analysis

Outcomes of Patients Total Hypoxia Normoxia Hyperoxiaa

Primary analysis

  Overall, n 2,894 1316 1084 450

  Dead, n (%; 95% CI) 1,479 (52; 50–54) 690 (53; 49–55) 502 (47; 45–52) 268 (60; 57–65)b

Secondary analysis

 Ischemic stroke, n 554 268 202 75

  Dead, n (%; 95% CI) 261 (48; 44–52) 123 (46; 34–48) 95 (47; 43–57) 43 (57; 47–63)c

  Subarachnoid hemorrhage 936 401 383 135

  Dead, n (%; 95% CI) 403 (44; 50–54) 176 (45; 41–47) 139 (38; 33–43) 80 (60; 52–68)d

  Intracerebral hemorrhage 1,404 647 499 240

  Dead, n (%; 95% CI) 812 (59; 56–62) 391 (61; 57–65) 268 (54; 50–58) 145 (61; 55–67)e

Overall hospital length of stay, 
median (interquartile range)

7 (2–14) 7 (2–14) 7 (3–14) 4 (1–12)f

aDefined as arterial Pao2 ≥ 300 mm Hg (39.99 kPa).
bp<.0001 for comparison between normoxia and hyperoxia; p=0.01 for comparison between hypoxia and hyperoxia and between hypoxia and normoxia.
cp=.13 for comparison between normoxia and hyperoxia; p=.08 for comparison between hypoxia and hyperoxia; and p=.8 for comparison between hypoxia and 
normoxia.
dp<.0001 for comparison between normoxia and hyperoxia; p=0.002 for comparison between hypoxia and hyperoxia; and p=.04 for comparison between 
hypoxia and normoxia.
ep=.09 for comparison between normoxia and hyperoxia; p=.98 for comparison between hypoxia and hyperoxia; and p=.02 for comparison between hypoxia and 
normoxia.
fp < 0.0001 Wilcoxon-Kruskal-Wallis test, all pairs significantly different (Wilcoxon method).

Figure 2. Kaplan-Meier analysis of 28-d mortality between hyperoxia 
(dashed line) and normoxia (continuous line) in ventilated stroke patients 
(log-rank < 0.0001).
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large cohort studies (39). Experimental use of normobaric high 
oxygen doses has been carried in AIS populations (8, 17, 19). In 
a small study, Singhal et al (19) reported transient improvement 
in ischemic areas seen with MRI in patients with mild or mod-
erate strokes receiving normobaric oxygen at 1.0 Fio

2
 during the 

first 24 hours but without any meaningful impact on clinical 
outcome. In contradiction to the results of Singhal et al (19), a 
prior quasi-experimental study suggested that AIS patients may 
have been better off at 7 months when receiving room air rather 
than supplemental oxygen at 1.0 Fio

2
 during the first 24 hours 

after stroke (18). In addition, data from a small trial suggested 
that therapy with hyperbaric oxygen may have been harmful 
in AIS patients, and a systematic review found no evidence 
that hyperbaric oxygen improved outcomes after AIS or brain 
injury (8, 17). Although the results of studies of normobaric 
oxygen supplementation in AIS patients may be encouraging, 
at least in the short-term, this practice cannot be extrapolated 

to ventilated stroke populations. Based on our results and the 
preponderance of data suggesting a harmful effect of hyperoxia 
in the AIS population (8, 17, 18), we still favor maintenance of 
normoxia until further studies of oxygen therapy within criti-
cally ill ventilated AIS populations help clarify this issue.

The results of our study may have potential implications for 
future research. Beyond avoiding hypoxia, no recommendation 
currently exists to maintain a certain arterial oxygen or satura-
tion level in ventilated stroke patients beyond the guidelines 
for management of AIS (40) and expert opinions in the field 
of brain injury (1, 9). Common sense would call for avoidance 
of unnecessary arterial hyperoxia and a controlled reoxygen-
ation strategy targeting an arterial oxygen saturation higher 
than 94% (1). However, our study finds that the prevalence of 
hyperoxia at admission to ICU in critically ill ventilated stroke 
patients was as high as one in five patients. Of these patients, 
more than half had Pao

2
 more than or equal to 400 mm Hg. To 

TablE 4. Multivariable analysis of Factors associated With In-Hospital Mortality in 
Ventilated Stroke Patients

Variable OR low High p

Intercepta 0.03 0.02 0.07 < 0.0001

Age (per yr) 1.02 1.02 1.03 < 0.0001

GCS (reference GCS > 12)

  GCS < 8 7.56 5.40 10.57 < 0.0001

  GCS 8–12 1.65 1.14 2.37 0.005

Diagnosis (reference ischemic stroke)

  Subarachnoid hemorrhage 0.90 0.67 1.21 NS

  Intracerebral hemorrhage 1.30 1.01 1.66 0.04

Admission temperature (reference normothermia 36–37.5°C)

  Temperature ≥ 37.5°C 0.76 0.64 0.90 0.002

  Hypothermia temperature < 36°C 1.52 1.26 1.83 < 0.0001

Admission MAP (reference normotension)

  MAP ≥ 120 mm Hg 1.03 0.84 1.27 0.002

  MAP < 60 mm Hg 1.62 1.29 2.03 < 0.0001

Intracranial pressure monitor placement 0.59 0.49 0.72 < 0.0001

Organ dysfunction (reference none)

  Only one 1.31 1.07 1.61 0.008

  Two or more 2.58 1.81 3.67 < 0.0001

Oxygen exposure (reference normoxia)

  Hyperoxia (Pao2 ≥ 300 mm Hg [39.99 kPa]) 1.22 1.04 1.48 0.04

  Hypoxia (Pao2 < 60 mm Hg [7.99 kPa] or 
Pao2/Fio2 < 300)

0.88 0.71 1.10 NS

Propensity score for hyperoxia (per quintile) 1.13 1.04 1.24 0.01

OR = odds ratio, GCS = Glasgow Coma Scale, NS = not significant, MAP = mean arterial pressure.
aWe used generalized estimated equations under a robust estimation technique assuming an independence working correlation matrix. An exchangeable matrix 
provided inferior fit suggesting increased risk of death in hospitals with lower patient volume for all diagnoses. Hospitals with lower patient volume had higher 
mortality (Supplemental Table 1, Supplemental Digital Content 1, http://links.lww.com/CCM/A747).

http://links.lww.com/CCM/A747


Copyright (c) Society of Critical Care Medicine and Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited

Clinical Investigation

Critical Care Medicine www.ccmjournal.org 9

this end, hyperoxia appeared to be a common occurrence in 
our study population. Our data provide insight into a potential 
prevalent problem applicable to the immediate resuscitation 
phase following stroke and provide important information to 
fill the current knowledge and evidence gap.

Our study has limitations. First, our analysis is observa-
tional in nature, limiting the inferences that can be made about 
causal relationships. Second, the inherent nature of the data-
base used to perform our analysis was designed from an ICU 
perspective rather than to collect prospective data and end-
points commonly used in neurologic outcome research. We 
did not have data related to specific indexes of disease severity, 
surrogates of brain damage, or any other data related to spe-
cific treatments in stroke patients. This suggests the possibil-
ity of residual confounding, which may have influenced the 
association between hyperoxia and our outcome. In addition, 
the PI database did not capture ventilator data, which could 
have served as a surrogate of lung injury, and these could have 
also contributed to confound our association. Third, our study 
used a priori definitions of hyperoxia as suggested by prior ani-
mal (26) and observational studies (24). Although our study 
suggests an association between hyperoxia on in-hospital mor-
tality, we were unable to define the precise Pao

2
 level at which 

the maximal risk for death would occur. Similarly, our expo-
sure groups were defined based on the first Pao

2
 value mea-

sured within the first 24 hours at admission to the ICU, and as 
ABG data within PI are not time stamped, we could not quan-
tify the effect of duration of hyperoxia on mortality. Fourth, 
our data are limited by the quality of the PI repository, but the 
advantages of our robust sample size are potentially offset by 
our inability to audit the data elements. Fifth, our cohort may 
have been subjected to selection bias in the sense that our sam-
ple may not be representative of the whole population under 
study or ICUs in the United States, so our results should be 
interpreted with this in mind. To this end, additional studies 
and clinical trials within specific populations of stroke patients 
may be needed to further expand our knowledge in the field 
and confirm or refute our results. Finally, because the study 
focuses on nonneurologic or neurosurgical ICUs in the United 
States, our results may not be generalizable to other settings 
where management of ventilated stroke patients and patient 
characteristics may differ substantively.

CONClUSIONS
In ventilated stroke patients admitted to the ICU, arterial 
hyperoxia was independently associated with in-hospital death 
as compared with either normoxia or hypoxia. These data 
underscore the need for studies of controlled reoxygenation 
in ventilated critically ill stroke populations. In the absence of 
results from clinical trials, unnecessary oxygen delivery should 
be avoided in ventilated stroke patients.
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