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Objective:  To determine  if arterial  oxygen  and  carbon  dioxide  abnormalities  in  the first  24 h  after  return  of
spontaneous  circulation  (ROSC)  are  associated  with  increased  mortality  in  adult  out-of-hospital  cardiac
arrest  (OHCA).
Methods:  We  used  data  from  the  Resuscitation  Outcomes  Consortium  (ROC),  including  adult  OHCA  with
sustained ROSC  ≥1  h  after  Emergency  Department  arrival  and  at  least  one  arterial  blood  gas  (ABG)  mea-
surement.  Among  ABGs  measured  during  the  first  24  h of  hospitalization,  we identified  the  presence  of
hyperoxemia  (PaO2  ≥  300  mmHg),  hypoxemia  (PaO2  <  60 mmHg),  hypercarbia  (PaCO2  >  50  mmHg)  and
hypocarbia  (PaCO2  < 30 mmHg).  We  evaluated  the  associations  between  oxygen  and  carbon  dioxide
abnormalities  and  hospital  mortality,  adjusting  for confounders.
Results:  Among  9186  OHCA  included  in  the  analysis,  hospital  mortality  was  67.3%.  Hyperoxemia,  hypox-
emia,  hypercarbia,  and  hypocarbia  occurred  in 26.5%,  19.0%,  51.0%  and  30.6%,  respectively.  Initial

hyperoxemia  only  was  not  associated  with  hospital  mortality  (adjusted  OR  1.10;  95%  CI:  0.97–1.26).
However,  final  and  any  hyperoxemia  (1.25;  1.11–1.41)  were  associated  with  increased  hospital  mortality.
Initial  (1.58;  1.30–1.92),  final  (3.06;  2.42–3.86)  and  any (1.76;  1.54–2.02)  hypoxemia  (PaO2  <  60  mmHg)
were  associated  with  increased  hospital  mortality.  Initial  (1.89;  1.70–2.10);  final  (2.57;  2.18–3.04)  and
any  (1.85;  1.67–2.05)  hypercarbia  (PaCO2  >  50  mmHg)  were  associated  with  increased  hospital  mortality.
Initial  (1.13;  0.90–1.41),  final  (1.19; 1.04–1.37)  and  any (1.01;  0.91–1.12)  hypocarbia  (PaCO2  <  30  mmHg)
were  not associated  with  hospital  mortality.

Abbreviations: ROSC, return of spontaneous circulation; OHCA, out-of-hospital cardiac arrest; ABG, arterial blood gas; ED, Emergency Department; ROC, Resuscitation
utcomes Consortium; CPR, Cardiopulmonary Resuscitation.

� A Spanish translated version of the abstract of this article appears as Appendix in the final online version at http://dx.doi.org/10.1016/j.resuscitation.2017.08.244.
�� Presented at: American Heart Association Resuscitation Science Symposium, New Orleans, Louisiana, November 2016; National Association of EMS  Physicians Annual
eeting, New Orleans, Louisiana, January 2017.
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tates.
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Conclusions:  In  the  first  24  h  after ROSC,  abnormal  post-arrest  oxygen  and carbon  dioxide  tensions  are
associated with  increased  out of-hospital  cardiac  arrest  mortality.
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Out-of-hospital cardiac arrest (OHCA) is a major public health
roblem affecting over 300,000 persons in the United States each
ear [1]. International consensus recommendations underscore the
mportance of post-arrest intensive care in facilitating OHCA sur-
ival [2]. Post-arrest hyperoxemia has been associated with a range
f deleterious effects, including inhibition of mitochondrial func-
ion, free-radical formation, oxidative stress and acidosis, worsened

yocardial contractility and brain injury [3–8]. In brain injured
atients, alterations in carbon dioxide tension may  adversely

mpact cerebral blood flow and perfusion [6,7,9].
While observational studies suggest associations between

yperoxemia, hypoxemia, hypercarbia and hypocarbia and cardiac
rrest survival, these research efforts have important limita-
ions [10–22]. While most of these studies were based upon

easurements in the intensive care unit, the majority of OHCA
atients receive initial post-arrest care in the Emergency Depart-
ent (ED), where early oxygen and carbon dioxide tension may

e most impactful. Prior studies included a heterogeneous mix
f in-hospital and out-of-hospital cardiac arrests, used varying
pproaches to define oxygen and carbon dioxide tension measure-
ents, and arrived at different conclusions regarding associations
ith survival [22].

There have been few Emergency Department studies of oxygen
nd carbon dioxide tension in the period immediately following
eturn of spontaneous circulation (ROSC). In this study, we  sought
o determine the association of 24-h post-ROSC oxygen and carbon
ioxide tension with OHCA mortality in the national Resuscitation
utcomes Consortium (ROC).

ethods

esign

We  analyzed prospectively collected OHCA data from the ROC
pistry – Cardiac Arrest (“Epistry”) [23]. ROC clinical centers col-

ected OHCA data in conformance with United States Department of
ealth and Human Services regulations for the protection of human

ubjects and provisions of the Canadian Tri-Council Policy State-
ent: Ethical Conduct for Research Involving Humans. Additional

eviews and approvals were provided by the Institutional Review
oards and research ethics boards for each community.

tudy setting

ROC is a multicenter clinical trial network designed to conduct
ut-of-hospital interventional and clinical research in cardiac arrest
nd traumatic injury. Participating regional coordinating centers
ncluded Birmingham, AL; Dallas, TX; Milwaukee, WI;  Pittsburgh,
A; Portland, OR; San Diego, CA; Seattle/King County, WA;  British
olumbia, Canada; Ottawa and the Ontario Prehospital Advanced
ife Support study communities, Ontario, Canada; and Toronto and

djacent regions, Ontario, Canada. A data coordinating center was
ased in Seattle. Over 264 emergency medical services (EMS) agen-
ies and 287 receiving hospitals participated in the ROC Epistry –
ardiac Arrest [23].
©  2017  Elsevier  B.V.  All  rights  reserved.

Data source

The ROC Epistry – Cardiac Arrest is a registry of consecutive
cardiac arrests at participating ROC sites [23,24]. Using dispatch
logs, EMS  patient care records, defibrillator files, and hospital and
public death records, study personnel at each site determined clin-
ical details of each OHCA, including prehospital response, patient
demographics, clinical information, prehospital interventions, pre-
hospital disposition, hospital information and outcomes. Data
collection and reporting methods adhered to Utstein standards
[25].

Selection of subjects

From the study period April 5, 2011-July 31, 2015, we included
all adult (18 years old), EMS-treated non-traumatic OHCA achiev-
ing return of spontaneous circulation and surviving ≥1 h in the
receiving Emergency Department. We  further limited the analy-
sis to patients receiving ≥1 arterial blood gas measurement (ABG)
within the first 24 h of hospitalization. We  excluded children
(age <18 years), OHCA due to blunt, burn, or penetrating trauma,
patients pronounced dead in the field, patients surviving <1 h in
the Emergency Department, and cases where the time and date of
death were not known.

Exposures

The primary exposures were hyperoxemia (PaO2 ≥ 300 mmHg),
hypoxemia (PaO2 < 60 mmHg), hypercarbia (PaCO2 > 50 mmHg)
and hypocarbia (PaCO2 < 30 mmHg), defined by thresholds used
in prior studies of oxygen and carbon dioxide tension [14,21]. We
identified the presence of these abnormalities using ABG measure-
ments obtained during the first 24 h of hospitalization, regardless
of the patient’s location in the hospital.

ROC Epistry protocols included collection of all ABG values dur-
ing the first 24 h of hospitalization, a period intended to encompass
ED and initial intensive care unit care. We  did not include ABG
measurements collected >24 h after hospital arrival. In the data
analysis, we  assessed the presence of each oxygen and carbon diox-
ide abnormality based upon the initial (first), final (last) or any ABG
measurement during the first 24 h of hospitalization. ABG measure-
ments were obtained according to local protocols. ROC protocols
did not dictate the timing or frequency of ABG measurements.

Outcomes

The primary outcome was hospital death. Study personnel
determined the primary outcome from review of hospital records.

Data analysis

We  determined the characteristics of oxygen and carbon diox-
ide tension measurements among included subjects, including the
number and patterns of ABG measurements, and the frequency of

hyperoxemia, hypoxemia, hypercarbia and hypocarbia.

Using multivariable logistic regression, we fit a series of models
assessing the associations between oxygen and carbon dioxide ten-
sion measurements and OHCA hospital death. We  fit hospital death
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Table 1
Characteristics of post-arrest patients with and without arterial blood gas (ABG)
measurements. ROSC = Return of spontaneous circulation.

Characteristic ABG Measured
N = 9176

No ABG
N = 8541

Age, years – median (IQR) 64 (53, 75) 66 (54, 78)
Male, n (%) 5914 (64.5%) 5172 (60.6%)
Witnessed arrest, n (%) 5784 (63.0%) 5982 (70.0%)
Bystander CPR, n (%) 8319 (90.7%) 5922 (69.3%)
Initial rhythm, n (%)

Ventricular
Fibrillation/Tachycardia

3966 (43.6%) 2717 (32.7%)

Pulseless Electrical
Activity

2112 (23.2%) 2646 (31.9%)

Asystole 2406 (26.4%) 2209 (26.6%)
Other 616 (6.8%) 733 (8.8%)

Advanced airway in field, n
(%)

7739 (84.3%) 6042 (70.7%)

Prehospital return of
spontaneous circulation, n
(%)

7966 (86.8%) 7133 (83.5%)

911  to return of
spontaneous circulation,
minutes

Median (IQR) 21.7 (16.1, 28.0) 21.8 (15.4, 29.3)
>20 min, n (%) 4481 (48.8%) 3877 (45.4%)

Emergency Department
length of stay, hours

Hours – Median (IQR) 2.2 (1.2, 3.4) 2.2 (1.3, 3.7)
>2  h – n (%) 5005 (54.5%) 2310 (27.0%)

Number of ABGs available
1 1692 (18.4%) N/A
2  1428 (15.6%) N/A
3  1528 (16.7%) N/A
4  1321 (14.4%) N/A
>4 3207 (34.9%) N/A

Any ABG <4 h from ED
arrival, n (%)

7910 (86.2%) N/A

Therapeutic hypothermia
in field or ED, n (%)

3569 (38.9%) 1361 (15.9%)

Vasopressors in field, n (%) 271 (3.0%) 363 (4.3%)
ig. 1. Study population. Analysis included OHCA = Out-of-hospital cardiac
rrest. ROSC = Return of spontaneous circulation. ED = Emergency Department.
BG = Arterial blood gas.

s the dependent variable of each model. We  then fit a series of 12
eparate a priori planned multivariable models reflecting a) each
xygen or carbon dioxide abnormality, and b) its presence in the

nitial, final or any ABG measurement. For example, for the “initial
yperoxemia” model, we classified the patient as “initial hyperox-
mia present” if the initial PaO2 was ≥300 mmHg; we considered
ll other patients as “initial hyperoxemia absent.” For the “any
yperoxemia” model, we classified the patient as “any hyperox-
mia present” if any PaO2 was ≥300 mmHg. We  adjusted each of the
odels for patient age and sex, witnessed arrest status, provision

f bystander CPR, initial ECG rhythm (shockable [ventricular fib-
illation and pulseless ventricular tachycardia] vs. non-shockable
pulseless electrical activity and asystole]) and ROC clinical site.

Based upon observations in the initial analysis, we devised a
umber of post hoc sensitivity analyses to test the robustness of
he results. Because different types of oxygen tension abnormali-
ies may  be simultaneously present in the same patient, we fit a

odel examining the joint presence of any hyper- and any hypox-
mia. We  similarly fit a model examining the joint presence of any
yper- and any hypocarbia. Oxygen and carbon dioxide tensions
ay  interact. Over the observation period of 24 h, oxygen and car-

on dioxide tensions may  also concurrently exist. To account for
hese possibilities, we fit a model assessing the joint presence of
ny hyperoxemia, hypoxemia, hypercarbia and hypocarbia.

To differentiate if very early oxygen and carbon dioxide tension
easurements were harmful, we repeated the primary analysis

imited to the first ABG measurements obtained during the first 2 h
f Emergency Department care. Finally, using all available ABGs, we
t a model characterizing initial oxygen and carbon dioxide tension
easurements on categorical scales. We  adjusted all of these mod-

ls for age, sex, witnessed arrest, bystander CPR, initial ECG rhythm
nd ROC clinical site.

Because of uncertainty in the nature and timing of clinician
ctions in response to observed ABG measurements, the best strate-
ies for determining the duration of ABG values were not clear. We
herefore opted not to include timing or duration of oxygen or car-
on dioxide measurements in the analyses. Because of the large
umber of comparisons, we similarly refrained from incorporat-

ng additional models using continuous measures of oxygen and
arbon dioxide. We  conducted all analyses using R, version 3.1.1.

esults
During the study period April 5, 2011 through July 31, 2015,
here were 58,903 EMS-treated OHCA (Fig. 1). After excluding
atients <18 years old, those who died on scene or en route to ED,
Hospital Death 6172 (67.3%) 5728 (67.1%)

those who survived <1 h in the ED, and those receiving no ABG
measurements in the first 24 h of hospitalization, there were 9176
patients remaining in the analysis.

Compared with those who  did not receive ABG measurements,
patients receiving ABG measurements were more likely to have
received bystander CPR, present with VF/VT, and more likely to
receive an advanced airway in the field (Table 1). Mortality was sim-
ilar among patients with and without ABG measurements (67.3% vs
67.1% respectively).

Among patients included in the analysis, there were a total
of 35,576 ABG measurements. Patients received a median of
3 ABG measurements (IQR 2, 5; range 1, 23) (Table 2). Ini-
tial ABG measurements were obtained a mean of 2 h after
ED arrival. ABG measurements frequently exhibited acidosis,
hyperoxemia and hypercarbia. The prevalence of hyperoxemia
(PaO2 ≥ 300 mmHg) and hypoxemia (PaO2 < 60 mmHg) were 26.5%
and 18.9%, respectively (Table 2, Fig. 2). The prevalence of hypercar-
bia (PaCO2 > 50 mmHg) and hypocarbia (PaCO2 < 30 mmHg) were
51.0% and 30.6%, respectively (Table 2, Fig. 2).

Overall hospital mortality was  67.3%. Hospital mortality was
higher for patients with any oxygen or carbon dioxide tension
abnormalities (Appendix 1). After multivariable adjustment, the
presence of initial hyperoxemia was  not associated with hospital
mortality (Fig. 3). However, the presence of final and any hyper-
oxemia were associated with increased hospital mortality. The

presence of initial, final and any hypoxemia were associated with
increased hospital mortality. Similarly, initial, final and any hyper-
carbia were associated with increased hospital mortality. While
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Fig. 2. Arterial partial pressure of oxygen (left panel) and carbon dioxide (right panel) vs. time of arterial blood gas sample. Includes 35,576 ABGs among 9176 patients with
surviving at least 1 h in the Emergency Department. ABG = arterial blood gas. Hatched line depicts PaO2 = 300 mmHg.
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ig. 3. Adjusted associations between oxygen and carbon dioxide abnormalities 

ndividual oxygen or carbon dioxide abnormality as the key exposure. Each of the 1
OC  clinical site.

nal hypocarbia was associated with increased hospital mortality,
nitial and any hypocarbia were not.

We conducted a number of post hoc sensitivity analyses to test
he robustness of the results (Appendices 2–6). We  first assessed
he simultaneous presence of different oxygen tension abnormal-
ties; the presence of hyperoxemia only, hypoxemia only, or both
yperoxemia and hypoxemia were associated with increased hos-
ital mortality (Appendix 2). We  observed similar associations for
ypercarbia and hypocarbia. When modeled on categorical bases,

nitial and final oxygen and carbon dioxide tension measurements
ere associated with increased hospital mortality (Appendix 3).
hen examining the joint presence of all oxygen and carbon diox-
de tension abnormalities, any hyperoxemia, any hypoxemia, and
ny hypercarbia were associated with increased hospital mortal-
ty; any hypocarbia was not associated with hospital mortality
Appendix 4). When considering only the first ABG obtained dur-
eath. Whiskers depict results of 12 separate multivariable models, each with an
dels adjusted for age, sex, witnessed arrest, bystander CPR, initial ECG rhythm and

ing the first two  hours in the ED, the presence of initial hypoxemia,
initial hypercarbia and initial hypocarbia were associated with
increased hospital mortality; initial hyperoxemia was not asso-
ciated with hospital mortality (Appendix 5). When considering
all available ABGs with oxygen and carbon dioxide modeled on a
categorical basis, the presence of initial hypoxemia, hyperoxemia
(including PaO2 200–299 mmHg), hypercarbia, and hypocarbia
were all associated with increased death (Appendix 6).

Discussion

In this study of over 9000 adult OHCA patients in the North

American ROC network, abnormal oxygen and carbon dioxide ten-
sion measurements in the first 24-h after ROSC were associated
with increased hospital mortality. While our primary analysis sug-
gested that these adverse associations were limited to certain
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Table  2
Characteristics of post-cardiac arrest arterial blood gas measurements.

Characteristic Measure

Number of ABG measurements – N (%)
1  1692 (18.4%)
2  1428 (15.6%)
3  1528 (16.7%)
4  1321 (14.4%)
≥5  3207 (34.9%)
Median (IQR); min, max  3 (2, 5); 1, 23

First ABG measurement – Mean (SD); 25th, 75th percentile
Time (Hours after ED arrival) 2.0 (2.8); 0.4, 2.4
pH  7.16 (0.19); 7.04, 7.29
PaCO2 53.0 (21.9); 39.0, 62.0
PaO2 186.0 (129.0); 85.0, 260.0

Hyperoxemia – N (%)
Initial Hyperoxemia (Initial PaO2 ≥ 300 mmHg) 1751 (19.1%)
Final Hyperoxemia (Last PaO2 ≥ 300 mmHg) 549 (6.0%)
Any Hyperoxemia (Any PaO2 ≥ 300 mmHg) 2431 (26.5%)

Hypoxemia – N (%)
Initial Hypoxemia (Initial PaO2 < 60) 740 (8.1%)
Final Hypoxemia (Last PaO2 < 60) 701 (7.6%)
Any Hypoxemia (Any PaO2 < 60) 1736 (18.9%)

Hypercarbia – N (%)
Initial Hypercarbia (Initial PaCO2 > 50 mmHg) 3988 (43.5%)
Final Hypercarbia (Last PaCO2 > 50 mmHg) 1633 (17.8%)
Any  Hypercarbia (Any PaCO2 > 50 mmHg) 4681 (51.0%)

Hypocarbia – N (%)
Initial Hypocarbia (Initial PaCO2 < 30) 544 (5.9%)
Final Hypocarbia (Last PaCO2 < 30) 1499 (16.3%)
Any  Hypocarbia (Any PaCO2 < 30) 2808 (30.6%)
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percutaneous coronary intervention. We  studied hospital survival
First 24 h of hospitalization. **Limited to patients with ABG performed.
BG = arterial blood gas. ED = Emergency Department.

xygen and carbon dioxide tension measurements, our comple-
entary sensitivity analyses suggest that harm may  be associated
ith any of the observed entities. Our study has important distinc-

ions compared with prior efforts. We  used a large heterogeneous
ata set encompassing over 9000 patients. Our analysis focused
n OHCA only rather than a mix  of out-of-hospital and in-hospital
rrests. Most importantly we focused on the first 24-h of hospital-
zation, providing some of the first insights linking early ED oxygen
nd carbon dioxide control with OHCA outcomes.

Numerous studies post-arrest oxygen and carbon dioxide ten-
ion have arrived at varying conclusions [11,13–15,17–20]. In a
tudy of 6326 intensive care unit patients at 120 hospitals, Kil-
annon, et al. found that initial hyperoxemia was  associated with
ncreased hospital mortality [21]. Among 12,108 ICU patients in
ew Zealand, Bellomo, et al. observed associations between hyper-
xemia and hospital mortality, but these relatioships were not as
trong on sensitivity analyses [10]. In a study of 5258 cardiac arrest
atients admitted to 82 ICUs in the Netherlands, Helmermorst et al.
bserved increased hospital mortality from all oxygen and carbon
ioxide aberrancies [12]. Among 409 patients admitted to 21 ICUs

n Finland, Vaahersalo, et al. found no association between oxygen
nd carbon dioxide tensions and 12-month neurologic outcomes.

hile the Vaahersalo study accounted for the duration of abnor-
al  oxygen and carbon dioxide exposures, only 6% were exposed

o PaO2 > 300 mmHg  [16]. In a meta-analysis of 14 studies, C.H.
ang, et al. noted that although hyperoxemia was associated with

ncreased hospital mortality, the results were heterogeneous and
nconsistent in subgroup and sensitivity analyses [22].

These results highlight the importance of oxygen and carbon
ioxide control in the initial post-ROSC period. However, the best

ractices and technology for managing oxygen and carbon dioxide
emain unclear. In a pilot intensive care unit study, Eastwood, et al.
uggested that manual titration of oxygen in post-arrest patient is
n 120 (2017) 113–118 117

feasible and safe [11]. However, in the prehospital HOT OR NOT
study, 7 of 8 patients in the titrated FiO2 arm experienced hypox-
emia (SaO2 < 88%) [26]. While exhaled end-tidal carbon dioxide
(ETCO2) tension has been used to guide resuscitation, post-arrest
patients often exhibit poor cardiac output and have a large alveolar
dead space (wasted ventilation), impacting the correlation between
ETCO2 and PaCO2 [16,17,27]. Until new technology is developed to
aid oxygen and carbon dioxide titration, clinicians will likely need
to resort to frequent protocolized ABG measurement and ventilator
adjustment.

The associations observed in this analysis varied with model-
ing strategy, with the primary analysis suggesting only limited
harm from initial hyperoxemia and hypocarbia but the sensitiv-
ity analyses suggesting harm from any oxygen or carbon dioxide
tension measurements. Furthermore, while our analysis showed
associations between oxygen and carbon dioxide aberrancies and
OHCA outcomes, our observed relationships may also represent
surrogate markers of clinical care. For example, final hypoxemia
or hyperoxemia may  reflect less attentive overall mechanical ven-
tilation management. Until clarified by further prospective study,
we believe that most pragmatic approaches are to 1) apply close
and frequent ABG monitoring and 2) avoid all significant oxygen
and carbon dioxide abnormalities in post-arrest patients.

This study was limited to OHCA patients surviving at least one
hour after ROSC. Half of the study population did not have ABG mea-
surements available during the first 24 h of hospitalization, but the
reasons for ABG omission are unknown. Among potential factors,
ABG missingness could have been due to premature death (-e.g.,
patient death prior to obtaining first ABG measurement), varia-
tions in clinical practices, or the applied data procurement and
abstraction methods. Missing ABG values could also reflect situ-
ations where the patient rapidly regained consciousness without
requiring prolonged ventilation. We  note that there were many
similarities between cases with and without ABG values – particu-
larly mortality. Thus, we  suspect that biases due to ABG missingness
are likely limited and not systematic.

While we focused on the first 24 h of hospitalization, oxygen
and carbon dioxide abnormalities may  persist in subsequent ICU
care. Because ABG measurements and clinical reactions were not
protocolized, it was not possible to impute and model the dura-
tion of observed oxygen and carbon dioxide tension measurements.
However, given the strong associations with the observed point
measurements, different results with time varying models are
unlikely. Protocolized ABG collection and ventilator adjustment
would be necessary to determine the time-dependent nature of
oxygen and carbon dioxide exposures. We  chose to categorize oxy-
gen and carbon dioxide tension into three categories based upon
previous studies. It is possible that oxygen and carbon dioxide ten-
sion measurements may  be markers of severe critical illness; more
aggressive attempts to normalize these values may  not necessarily
improve outcomes.

We  had no information on ventilation parameters (-e.g., pH,
respiratory rate, tidal volume, fraction of inspired oxygen) or clin-
ical actions in response to ABG measurements. Our observations
reflect post-ROSC care and cannot shed light on the manner of
ventilation or oxygenation during out-of-hospital EMS  care or the
first hour of Emergency Department care. The prospective study of
post-arrest ventilation (with protocolized ABG measurements and
detailed characterization of ventilatory practices and adjustments)
is an important area for future study.

We  did not account for hospital characteristics or processes of
inhospital care such as provision of therapeutic hypothermia or
as the primary outcome, not neurologically intact survival; some
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xperts believe that the pathophysiological basis of oxygen and
arbon dioxide harm is through brain injury [5–7].

onclusion

In the first 24 h after return of spontaneous circulation, post-
rrest oxygen and carbon dioxide tension abnormalities are
ssociated with increased out of-hospital cardiac arrest mortal-
ty. Strategies to control post-arrest oxygen and carbon dioxide
ensions may  potentially improve clinical outcomes.
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