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ABSTRACT

Oxygen supplementation has been a mainstay in the management of patients with acute cardiac disease. Although
hypoxia is known to be detrimental, the adverse effects of artificially high oxygen levels (hyperoxia) have only
recently been recognized. Hyperoxia may induce harmful hemodynamic effects, including peripheral and coronary
vasoconstriction, and direct cellular toxicity through the production of reactive oxygen species. In addition, emerging
evidence has shown that hyperoxia is associated with adverse clinical outcomes. Thus, it is essential for the cardiac
intensive care unit clinician to understand the available evidence and titrate oxygen therapies to specific goals. This
review summarizes the pathophysiology of oxygen within the cardiovascular system and the association between
supplemental oxygen and hyperoxia in patients with common cardiac intensive care unit diagnoses, including acute
myocardial infarction, heart failure, shock, cardiac arrest, pulmonary hypertension, and respiratory failure. Finally, we
highlight lessons learned from available trials, gaps in knowledge, and future directions. (JACC Adv 2022;1:100065)
© 2022 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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xygen supplementation has been a founda-
tional therapy for cardiac disease since Pro-
fessor Charles Steel reported the resolution
of angina with oxygen inhalation in 1900." Over the
subsequent 100 years, oxygen therapy was used
routinely, especially for acute myocardial infarction

(AMI), because of the widespread belief that supple-
mental oxygen counteracts the reduced blood flow
from coronary obstruction and improves oxygen de-
livery.” Although hypoxia, defined as low oxygen
levels at tissues and organs (Figure 1), has long been
known to be detrimental to organ function,®> the
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ABBREVIATIONS
AND ACRONYMS

AHF = acute heart failure

AMI = acute myocardial
infarction

CICU = cardiac intensive care

unit
CS = cardiogenic shock

ECMO = extracorporeal
membrane oxygenation

FiO, = fraction of inspired
oxygen

HF = heart failure
ICU = intensive care unit

IMV = invasive mechanical
ventilation

NSTEMI = non-ST-segment
elevation myocardial infarction

PaO, = partial pressure of
oxygen

PH = pulmonary hypertension

PPV = positive pressure
ventilation

ROSC = return of spontaneous

circulation

SaO0, = oxygen saturation

STEMI = ST-segment elevation

myocardial infarction

VA = venoarterial

potential harm of hyperoxia, defined as
supraphysiologic oxygen at tissues and or-
gans, has only recently been described. In
addition, many clinicians share the misper-
ception that oxygen supplementation is
harmless,*> resulting in upward of 84% of
hospitalized patients being exposed to
hyperoxia.®

As the understanding of oxygen supple-
mentation has evolved, so too has the patient
population in the cardiac intensive care unit
(CICU), which now includes a complex,
heterogenous mix of patients often compli-
cated by multiorgan failure.”® Respiratory
failure is common in contemporary CICU
populations, caused by both cardiac and
noncardiac diseases.'®"" Although the man-
agement of respiratory failure in the CICU has
recently been reviewed," there is less guid-
ance concerning the effects of supplemental
oxygen and hyperoxia in the CICU. However,
it is critical for clinicians managing patients
with acute cardiovascular disease to have a
practical understanding of the effects of ox-
ygen supplementation and potential harm of
hyperoxia. Hence, we review the patho-
physiology of oxygen in the cardiovascular
system, examine clinically important subsets
of cardiac patients, and review available
studies as they relate to supplemental oxygen use and
hyperoxia in the modern CICU patient population.
Where possible, we have included societal guideline
recommendations at the end of each section. When
recommendations are absent or data are less robust,
we have stated so, offered guidance, and detailed

gaps in knowledge.

CARDIOVASCULAR PATHOPHYSIOLOGY OF
HYPOXIA AND HYPEROXIA

The fundamental function of the cardiovascular sys-
tem is to provide oxygen and nutrients to the tissues
and organs. Oxygen is carried predominantly in red
blood cells bound to hemoglobin, with a small
amount of oxygen dissolved in plasma. Once hemo-
globin is completely saturated with oxygen, further
oxygen supplementation will only serve to increase
the amount of oxygen dissolved in blood (Figure 2).
Importantly, excess oxygen dissolved in blood con-
tributes little to the overall oxygen content but
potentially enhances its toxic effects through the
production of reactive oxygen species.'® In addition,
other methods of increasing oxygen delivery, such as
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HIGHLIGHTS

e Although oxygen therapy is ubiquitous in
the CICU, few guidelines address the
effects of hyperoxia.

e Hyperoxia should be avoided in the CICU
as it has multiple detrimental hemody-
namic effects.

e Clinical trials are needed to establish
oxygenation targets in
CICU subpopulations.

blood transfusions, have largely found benefit or
noninferiority from a restrictive strategy (hemoglobin
levels 7-8 g/dL) compared with liberal transfusion
strategy (hemoglobin level 10 g/dL) in numerous
patient populations, including patients with AMIL.'4">
In the REALITY randomized trial of patients pre-
senting with AMI, a transfusion threshold of 8 g/dL
was found to be noninferior to a transfusion
threshold of 10 g/dL for major cardiovascular out-
comes at 30 days.'* Nevertheless, anemia is associ-
ated with higher mortality,'® including in patients
with AMIL."” Management of anemia in the patient
with cardiovascular disease should be individualized
(eg, evaluation for acuity of the drop, symptoms, or
evidence of ongoing refractory ischemia) and prompt
investigation for the etiology. The ongoing MINT trial
(NCT02981407), which aims to enroll 3,500 patients
with AMI and a hemoglobin <10 g/dL to a restrictive
or liberal transfusion goal, may clarify future practice.
Similarly, there is no evidence to suggest benefit in
increasing cardiac output with inotropes and/or
mechanical support above a mean arterial pressure of
65 mm Hg improves outcomes."®

Both hypoxia and hyperoxia may contribute to
hemodynamic changes in patients with cardiopul-
monary disease. Hypoxia increases heart rate via
sympathetic stimulation and reduces systemic
vascular resistance via tissue and endothelial release
of vasodilatory metabolites.'®?° In contrast to the
peripheral circulation, hypoxia induces pulmonary
vascular vasoconstriction, mediated by mitochondria
sensing low oxygen tension in pulmonary artery
smooth muscle cells.”" Although hypoxic pulmonary
vasoconstriction evolved to optimize ventilation-
perfusion matching, it can become severely mal-
adaptive in syndromes such as acute respiratory
distress syndrome, resulting in increased afterload on
the right ventricle and resultant right ventricular
failure.”®?®> Moreover, exposure to chronic hypoxia is
implicated in adverse pulmonary vascular remodeling


https://clinicaltrials.gov/ct2/show/NCT02981407
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Generally defined

FIGURE 1 Common Oxygen Definitions in Clinical Research

Hyperoxemia — High partial pressure
of oxygen (Pa0,) in the blood and organs.
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Hypoxemia — low Pa0, in the blood.

Variably defined as a PaO, >100-300 mmHg

Hyperoxia — High oxygen levels at tissues
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Hypoxia — Low oxygen levels at tissues and
organs.

Oxygen Level

as a Pa0, <55-60 mmHg or oxygen saturation (Sa0,) <90%

FIGURE 2 Oxygen Content, Delivery, and Benefit vs Harm
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EDV = end diastolic volume; ESV = end systolic volume; Hgb = hemoglobin; PaO, = partial pressure of oxygen; SaO, = arterial oxygen saturation
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CENTRAL ILLUSTRATION Potential Systemic Effects of Hyperoxia on Patients With Acute Cardiovascular Disease
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The 2 key systemic effects of hyperoxia include direct hyperoxia-Induced vasoconstriction and the generation of endothelial ROS, which can reduce nitric oxide levels
and cause further vasoconstriction.”®°® In addition, ROS are directly toxic and may cause pneumocyte, neuronal, and myocyte death.'°®'°" Through vasoconstriction,
hyperoxia can decrease cerebral and myocardial blood flow while increasing systemic vascular resistance.>* The increase in afterload activates pressure-sensitive
baroreceptors, ultimately decreasing heart rate and subsequently cardiac output.”* HR = heart rate; BP = blood pressure; ROS = reactive oxygen species; SV = stroke

volume.

and the development of fixed precapillary pulmonary
hypertension (PH).

Hyperoxia is also associated with several notable
systemic effects (Central Illustration).>* Hyperoxia has
been shown to cause vasoconstriction in multiple
organ beds, with an average increase in the systemic
vascular resistance of 250 to 550 dyne x s x cm ™ and
a 10% to 30% decrease in blood flow in the coronary,
cerebral, and vascular systems.?>*” Although multi-
ple mechanisms have been proposed, hyperoxia ap-
pears to drive vasoconstriction primarily by
decreasing the production and bioavailability of nitric
oxide through excessive production of reactive
oxygen species.?® In addition, hyperoxia increases
parasympathetic tone, via the baroreceptor reflex, in
response to vasoconstriction and central chemo-
regulation, which causes a decline in heart rate
and subsequent rate-related decrease in cardiac
output.””?° In chronic heart failure (HF), patients
with hyperoxia have a blunted heart rate response, a

greater elevation in systemic vascular resistance, and
a reduction in cardiac output, primarily driven by a
decline in stroke volume.’*3° Similar effects have
been observed in patients with coronary artery dis-
ease, with subsets showing substantial reductions in
cardiac function when exposed to hyperoxia.*'

UNIQUE PATIENT POPULATIONS IN THE CICU

ACUTE MYOCARDIAL INFARCTION. Over the last
30 years, professional societies have shifted from
recommending the routine use of supplemental oxy-
gen in all patients with AMI, including both
ST-segment elevation myocardial infarction (STEMI)
and non-ST-segment elevation myocardial infarction
(NSTEMI), to treating only those with hypoxia
(Figure 3). This departure from the routine use of
supplemental oxygen in normoxic AMI patients has
been driven by several clinical trials. Mechanistically,
the scientific rationale behind oxygen therapy is to
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FIGURE 3 Evolution in Major Societal Guideline Rec dations for Oxygen Supplementation in Patients With Acute Myocardial Infarction
2012 ESC

1999 ACC/AHA Class I - O, indicated in

Class I - O, for all with acute 2004 ACC/AHA patients with Sa0, <95%, 2017 ESC

ischemic-type chest discomfort Class I - O, for patients breathlessness, or acute HF Class | - O, for Sa0,

Class 2a - Routine administration with Sa0, <90%. 2013 ACC/AHA <90% or Pa0, <60 mmHg

to all patients with uncomplicated
MI during the first 2 to 3 hours

Class 2b - Routine administration
with uncomplicated MI beyond 3
to 6 hours.

1990 ACC/AHA

Supplemental O, should be
provided in the initial hours
for all patients suspected of
having acute ischemic pain.

1996 ESC
O, should be administered
especially to those who are
breathless or have any features
of heart failure or shock.

2000 ACC/AHA
Class 1 — O, for patients

Evidence Level if specified:
Level A
Level B
Level C

Class 2a - Reasonable to
administer O, to all with
uncomplicated STEMI
during the first 6 hours.

2008 ESC

shock

2007 ACC/AHA
Class I - O, for patients with
Sa0, <90%, respiratory
distress, or other high-risk
features for hypoxemia.

Class [ - O, (2-4 L/min) if
breathless or features of HF or

L/min NC.

Class 1- 0,

0O, should be given for an
Sa0, <90%, HF, and
dyspnea starting at 2-4

2014 ACC/AHA

with SaO, <90%,
respiratory distress, or
other high-risk features

Class IIT — Routine oxygen
not recommended.

2020 ESC Appendix

O, administration is
indicated in patients with
Sa0, <90% or respiratory
distress.

for patients

with cyanosis or respiratory
distress (goal Sa02 >90%).

Class 2a — Reasonable to
administer O, to all patients
in the first 6 hours.

for hypoxemia.

2011 ESC 2015 ESC
2007 ESC Insufflation (4-8 O, administration is
Insufflation (4-8 L/min) if ~ L/min) if Sa0, <90%. indicated in patients with
Sa0, <90%. Sa0, <90% or respiratory

distress.

AMI = acute myocardial infarction; HF = heart failure; NC = nasal cannula; STEMI = ST-segment elevation myocardial infarction.

augment oxygen delivery to the ischemic myocardium
in the setting of impaired coronary blood flow and
thereby attenuate infarct size. However, this hypoth-
esis was largely derived from animal models and small
clinical studies. More recent higher quality data now
suggests that routine use of supplemental oxygen
therapy in normoxic AMI patients is not beneficial and
may lead to harm.

In 1976, the first prospective trial of oxygen ther-
apy in suspected AMI was performed before the
revascularization era and found significantly larger
infarcts, as measured by aspartate aminotransferase,
in the oxygen-treated group.>” More recently, in 2015,
the Australian Air vs Oxygen in Myocardial Infarction
trial randomized 441 normoxic STEMI patients to
oxygen via face mask (8 L/min) or no supplemental
oxygen. Patients who received supplemental oxygen
had larger infarct sizes on cardiac magnetic resonance
imaging, greater myocardial injury (as assessed by
cardiac biomarkers), and more frequent recurrent
AMI (Table 1).> In contrast, the SOCCER (Supple-
mental Oxygen in Catheterized Coronary Emergency
Reperfusion) study, which randomized 100 normoxic
STEMI patients to supplemental oxygen (10 L/min) or
room air, found no significant differences in infarct

size, myocardium at risk, or myocardial salvage index
as assessed by cardiac magnetic resonance imaging.>*

The largest study of oxygen therapy in patients
with AMI was the DETO2X-AMI trial, which was a
pragmatic, registry-based randomized trial of 6,629
patients in Sweden.?* Patients with suspected AMI
without hypoxemia were randomized to routine use
of supplemental oxygen (6 L/min) for 6 to 12 hours
delivered by open face mask vs room air. At 1-year,
all-cause mortality was similar between groups, and
routine oxygen administration did not reduce the
prespecified composite of all-cause death, HF hospi-
talization, or cardiovascular death within 1 year.
Notably, these findings were consistent across all
11 prespecified subgroups, regardless of baseline
characteristics or AMI type.

As a result of these accumulated data, oxygen
supplementation in normoxic patients with AMI is no
longer standard of care. We concur with the 2017
STEMI guidelines from the European Society of Car-
diology, which recommend oxygen therapy only for
patients with an oxygen saturation (Sa0,) <90%
(Class I) as well as their Class III recommendation
against routine oxygen use (Table 2).3° The 2013
American College of Cardiology/American Heart
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TABLE 1 Notable Clinical Studies on Oxygenation in Cardiac Intensive Care Unit Populations

First Author

(Study) Year Study Type Study Size Comparison Main Outcomes
STEMI
Ranchord et al,'?? 2012 2-center RCT 136 6 L/min or O, to achieve Sa0, No difference in cardiac biomarkers or
(OPTIMISE) 93-96% infarct size
Stub et al,>* (AVOID) 2015 Multicenter RCT 441 8 L/min O, via face mask vs no O, Increase in recurrent AMI, arrythmias,
unless Sa0; <94% cardiac biomarkers, and infarct size at
6 mo in the O, arm
Khoshnood et al,** 2018 2-center RCT 95 10 L/min O, vs no O, unless No difference in myocardium at risk or
(SOCCER) Sa0; < 94% resulting infarct size assessed by CMR
AMI
Hofmann et al,>® 2017 Multicenter RCT 6,629 6 L/min O, for 6-12 h vs no O, No difference in 1-y mortality or
(DETO2X-AMI) unless Sa0, <90% rehospitalization with AMI (including
STEMI, n = 2,807)
Cardiac arrest
Kuisma et al'®® 2006 Multicenter RCT 28 100% vs 30% FiO, for 60 min No difference in overall serum markers of
post-ROSC neuronal injury, but higher levels in
the 100% O, group who did not
undergo TTM
Kilgannon et al** 2010 Multicenter cohort 6,326 Hyperoxia® vs normoxia or hypoxia Hyperoxia was independently associated
on the first ICU ABG with increased in-hospital mortality
compared with either normoxia or
hypoxia
Roberts et al*? 2018 Multicenter cohort 280 Early hyperoxia® (first 6 h) vs Early hyperoxia was independently
no hyperoxia associated with poor neurologic
function at hospital discharge
Acute HF
Minana et al®* 201 Single-center prospective 588 Pa0, as a continuous variable and Pa0, not associated with mortality.
hypoxemia® vs normoxia on initial Hyperoxia not assessed.
ABG
Sepehrvand et al*? 2019 Open-label, single-center 50 High (=96%) vs low (90-92%) SpO, No difference in NT-proBNP levels,

RCT targets patient-reported dyspnea, patient
global assessment, in-hospital
mortality, or 30-d readmission

Chu et al*? 2020 Singe-center retrospective 335 Hypoxemic (<75 mm Hg) vs No difference in the proportion of
normoxemic (75-100 mm Hg) patients undergoing mechanical
vs and hyperoxemic (>100 mm Hg) ventilation, LOS, or in-hospital
patients mortality

Yu et al*! 2021 Multicenter propensity 2,922 Oxygen therapy vs room air No difference in ICU or hospital

matched in normoxemic patients mortality. The oxygen group had a
longer ICU and hospital LOS

Hypoxic RF

Barrot et al,”® (LOCO,) 2020 Multicenter RCT 205 Pa0, target of 55-70 mm Hg Primary outcome of 28-d mortality was
vs 90-105 mm Hg for the first 7 d not different. Stopped early due to a

statistically significant increased
mortality in 90-d in the conservative
group

Mackle et al,”* (ICU-ROX) 2020 Multicenter RCT 1,000 Conservative vs usual care O, No difference in mortality or ventilator
until ICU discharge or 28 d free days

Schjorring et al,”® 2021 Multicenter RCT 2,928 Pa0, target of 60 mm Hg vs No difference in mortality, AMI, or stroke

(HOT-ICU)

90 mm Hg

atood

2Defined as a Pa0, >300 mm Hg. ®Defined as a PaO, <60 mm Hg.

ABG = arterial blood gas; AMI = acute myocardial infarction; CMR = cardiac magnetic resonance; FiO, = fraction of inspired oxygen; ICU = intensive care unit; LOS = length of stay; RCT = randomized
controlled trial; RF = respiratory failure; ROSC = return of spontaneous circulation; STEMI = ST-segment elevation myocardial infarction; TTM = targeted temperature management.

Association STEMI guidelines, which preceded the
DETO2X-AMI trial results, recommend oxygen ther-
apy starting at 2 to 4 L/min for patients with a
Sa0, <90%, HF, or dyspnea (no class recommenda-
tion),?” which are similar to the most recent American
College of Cardiology/American Heart Association
and European Society of Cardiology NSTEMI

recommendations.?®:3°

NO. 3, 2022

ACUTE HF AND CARDIOGENIC SHOCK. Oxygen
therapy is widely recommended for hypoxic pa-
tients with acute heart failure (AHF),*° yet provi-
sion of supplemental oxygen therapy to normoxic
patients with AHF may result in hyperoxia and
potential harm. In a propensity-matched analysis of
2,922 normoxic intensive care unit (ICU) patients

with AHF, supplemental oxygen did not confer a
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TABLE 2 Current Major Societal Guidelines for the Appropriate Use of Supplemental Oxygenation and Avoidance or M t of Hyperoxia
Patient Population Society Year ppl al Oxygen Rec dati Hyperoxia Recommendation
General CICU
AHA 2020 Titrate supplemental oxygen to an SpO, >90% or Pa0, >150 mm Hg should be avoided
Pa0O, >60 mm Hg
AMI
STEMI ACC/AHA 2013 Oxygen should be given for an Sa0, <90%, heart Caution with COPD and CO, retention
failure, or dyspnea starting at 2-4 L/min nasal
cannula
ESC 2017
NSTEMI ACC/AHA 2014 None
ESC 2020 Oxygen administration is indicated in patients Routine oxygen is not recommended if
with Sa0, <90% or respiratory distress Sp0, >90%
Cardiac arrest
AHA 2020 Avoid hyperoxemia
ERC/ESICM 2021
Heart failure
ACC/AHA 2013/2017 None None
ESC 2021 Oxygen should not be administered in
nonhypoxemic patients
Cardiogenic shock
AHA 2017 None None
ESC 2019 None None
Pulmonary HTN
ACC/AHA 2009 Oxygen is recommended if Sa0, <90% None
- - _ -
ACC = American College of Cardiology; AHA = American Heart Association; AMI = Acute myocardial infarction; COPD = Chronic obstructive lung disease; ERC = European Resuscitation Council;
ESC = European Society of Cardiology; ESICM = European Society of Intensive Care Medicine; NSTEMI = non-ST-segment elevation myocardial infarction; PaO, = partial pressure of oxygen; SpO, = arterial
oxygen saturation; STEMI = ST-segment elevation myocardial infarction. Green = Class |, orange = Class II, yellow = no class recommendation, red = class Ill, clear = none.

survival benefit but was associated with longer
hospital length of stay (Table 1).*' Another study of
335 AHF patients categorized patients as hypoxemic
(Pa0, <75 mm Hg), normoxemic (PaO, 75-
100 mm Hg), and hyperoxemic (PaO, >100 mm Hg)
based on their first arterial blood gas and then
compared the rates of invasive mechanical ventila-
tion (IMV), length of stay, and mortality. They
found that 34% of patients with AHF were hyper-
oxemic, but that it was not associated with any of
the primary outcomes.** In 2019, a small (N = 50)
open-label pilot study randomized patients with
AHF to either a high (Sa0, =96%) or low
(Sa0, = 90%-92%) oxygen saturation. The study did
not find a difference in N-terminal pro-brain-type
natriuretic peptide, patient-reported dyspnea scale,
or clinical outcomes between oxygen treat-
ment groups.*?

Patients in cardiogenic shock (CS) exhibit a signif-
icant impairment in systemic oxygen delivery due to
ineffective cardiac output. Although it may seem
intuitive that increasing the arterial oxygen content
with supplemental oxygen would be beneficial,**
there are limited data regarding the impact of oxy-
gen supplementation or hyperoxia in this subgroup.

Data from the Extracorporeal Life Support Organi-
zation registry, including adult patients from 2010 to
2015 receiving either venovenous-extracorporeal
membrane oxygenation (ECMO) or extracorporeal
cardiopulmonary resuscitation, found that hyper-
oxemia (defined as PaO, >100 mm Hg at 24 hours
after ECMO initiation) was associated with higher
in-hospital mortality.*> No significant association
between hyperoxia and outcomes was seen for
venoarterial (VA)-ECMO in this study or in a smaller
subsequent report, although these analyses are likely
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another study
demonstrated worse neurological outcomes and
higher mortality among 132 patients receiving
VA-ECMO who had hyperoxemia.*” Data are most

consistent among patients receiving extracorporeal

underpowered.*>*®  Conversely,

cardiopulmonary resuscitation, with higher mortality
observed among those with hyperoxia.*>-#54°
Although the available data are the most limited
for these populations, we believe it is prudent to
avoid hyperoxemia and limit the administered frac-
tion of inspirated oxygen (FiO,) in patients with AHF
and CS. However, optimal PaO, and SaO, are still
unknown. Given that there are no data to suggest
supplemental oxygen improves the sensation of
breathlessness,” we refrain from administering
oxygen therapy in normoxic patients with AHF or CS.
For patients with CS receiving VA-ECMO, it is usually
reasonable to maintain a similar FiO, on the
mechanical ventilator and ECMO circuit in the
absence of differential hypoxia (“harlequin syn-
drome”).°° However, it is important to note that these
data are retrospective and oftentimes include small
patient populations. Furthermore, ECMO physiology
is complex, and oxygen levels may be confounded by

the inclusion of a particularly sick patient population.

CARDIAC ARREST. After the restoration of circula-
tion in patients after cardiac arrest, reperfusion trig-
gers a multitude of downstream pathways that can

precipitate or exacerbate anoxic injury through an
imbalance in cerebral oxygen supply and demand.>*
Hypoxia and hyperoxia are common after cardiac ar-
rest, with estimates upward of 63% and 37%,
respectively.”>>* Although the optimal PaO, level
remains unknown, evidence suggests there is a
U-shaped relationship between PaO, levels and mor-
tality after cardiac arrest, with higher mortality at the
extremes (Figure 4).>> One proposed mechanism for
hyperoxia-induced harm after cardiac arrest is the
production of reactive oxygen which
contribute to direct cellular injury."

species,

In 2010, a retrospective multicenter study found an
association between hyperoxia and poorer outcomes
after cardiac arrest (Table 1).°* Compared with nor-
moxemia or hypoxia, hyperoxemia (defined as a
PaO, =300 mm Hg) was independently associated
with higher
among hospital survivors, hyperoxemia compared
with normoxemia was associated with a lower likeli-
hood of independent functional status.>* Subsequent
observational studies have reported mixed associa-
tions between hyperoxia with clinical outcomes,
likely reflecting variation in the study populations, as
well as the definition and timing of hyperoxia.>®>® In
2018, a prospective multicenter study used a stan-
dardized protocol for arterial blood gas measure-
ments to better define the association between

in-hospital mortality. Furthermore,

hyperoxia and outcomes after cardiac arrest.”> Among
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TABLE 3 Future/Ongoing Clinical Trials on Oxygen Supplementation
Estimated Reported Expected
Study Sample Size Study Population Comparison Primary Outcome Finish Date
UK-ROX 16,500 Hypoxic respiratory failure Conservative O, (SpO, 88%-92%) 90-d mortality November 2023
requiring IMV therapy vs usual oxygen therapy
MEGA-ROX 40,000 Hypoxic respiratory failure Conservative O, (Sp0, <94%) therapy In-hospital mortality December 2025
requiring IMV vs usual oxygen therapy
AMIHOT IlI 434 Anterior AMI Intracoronary hyperoxemic saturated O, 1-y rate of MACE October 2025
therapy vs PCI
1SO-SHOCK 60 STEMI complicated by cardiogenic PClI/Impella + intracoronary hyperoxemic 30-d mortality June 2025
shock saturated O, vs PCl/Impella
BOX 800 Comatose out-of-hospital cardiac Pa0, goal of 67.5-75 mm Hg vs Mortality or severe anoxic December 2021
arrest 97.5-105 mm Hg brain injury at 3 mo
RELIEPH? 300 Comatose out-of-hospital cardiac Pa0, goal of 67.5-75 mm Hg vs Pulmonary HTN at 30 d December 2021
arrest 97.5-105 mm Hg
EXACT 1,416 Out-of-hospital cardiac arrest SpO, goal 90%-94% vs 98%-100% In-hospital mortality December 2020
Single-center substudy of the BOX trial.
AMI = acute myocardial infarction; HTN = hypertension; IMV = invasive mechanical ventilation; MACE = major adverse cardiac events; PCl = percutaneous coronary intervention; STEMI = ST-segment
elevation myocardial infarction.

280 patients with in- and out-of-hospital cardiac ar-
rest, 38% (n 105) of patients developed hyper-
oxemia, defined as a PaO, >300 mm Hg, in the first
6 hours after return of spontaneous circulation
(ROSC). Compared with normoxic patients, those
exposed to hyperoxemia were more likely to have

poor neurologic function (modified Rankin Scale >3)
at discharge (77% vs 65%, respectively). Greater
duration of hyperoxemia was further associated with
poorer neurologic outcomes. The ongoing, multi-
center, randomized Reduction of Oxygen after Car-
diac Arrest trial may help refine oxygen targets in
cardiac arrest (Table 3).>°

In contrast to the potential adverse effects of
hyperoxia after ROSC, a small observational study
(which may be limited by unmeasured confounders)
suggested that intra-arrest hyperoxemia is associated
with higher rates of ROSC and lower mortality.®°
Currently, societal recommendations support the
use of high FiO, during cardiac arrest because of
limited lung perfusion during cardiopulmonary
resuscitation.®* However, following ROSC, it is
advisable to avoid detrimental hyperoxia by moni-
toring pulse oximetry continuously and checking an
arterial blood gas within 30 to 60 minutes to allow
titration of the FiO, to a goal Sp0,/Sa0, between 92%
and 98% and a goal PaO, of 75 to 100 mm Hg.°' This
strategy is consistent with the most recent American
Heart Association (Class IIb, Level of Evidence: B-R),
European (strong recommendation,
certainty evidence),®"%?

very low

and Canadian guidelines

(conditional recommendation, low-quality evidence)
(Table 2).°3
PULMONARY HYPERTENSION. The relevance of local
alveolar and systemic hypoxia in PH pathogenesis,
longitudinal patient care, and acute hemodynamics is
well described and predominantly focuses on the
pathologic role of hypoxia.®*®5 In contrast, there are
limited data supporting either a pathologic or bene-
ficial impact of hyperoxia. Although preclinical
studies implicate chronic hyperoxia in the develop-
ment of pulmonary artery smooth muscle cell prolif-
eration, human studies indicate a functional and
hemodynamic benefit to time-limited hyperoxia
exposure in patients with precapillary PH such as
pulmonary arterial hypertension and chronic throm-
boembolic disease.®®®®

The most recent world symposium on PH recom-
mends targeting a modest oxygen saturation of >90%
for ICU patients with PH and right ventricular failure,
driven in part by a desire to balance the potential
benefits of avoiding hypoxia with the hemodynamic
consequences of positive pressure ventilation
(PPV).°° Higher oxygen saturations (>95%) may be
preferable in patients with significant precapillary
PH, especially if this can be achieved with standard-
or high-flow nasal cannula. However, the need to
initiate PPV to achieve a higher SpO, goal risks
hemodynamic derangements that often outweigh the
benefits of modestly improved oxygenation. A
notable exception is the PH patient with hypoxia due
to derecruitment and low lung volumes (eg, lobar
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collapse). In this setting, alveolar recruitment via PPV
may both improve oxygenation and decrease right
ventricular afterload by avoiding the detrimental
effects of low lung volumes on PVR.”® Thus, the
astute CICU clinician must balance the relative
importance of oxygenation with the hemodynamic
sequelae of more aggressive PPV strategies on an
individual patient basis. Although higher oxygena-
tion targets are reasonable for patients not requiring
or already receiving PPV, the hemodynamic risks of
more aggressive respiratory support likely outweigh
any potential benefits.

OXYGENATION FOR NONCARDIAC CRITICAL
ILLNESS. CICU clinicians should also be familiar with
best practices for managing oxygen therapy in the
growing proportion of patients with noncardiac cau-
ses of respiratory failure (eg, infection, acute respi-
ratory distress syndrome, and obstructive lung
disease)."””' Among patients receiving IMV, several
clinical trials have demonstrated the equivalence or
superiority of a conservative vs a liberal oxygen
strategy (Table 1).727% In 2018, the Improving Oxygen
Therapy in Acute-Illness meta-analysis assessed the
association between liberal (median FiO, 0.52) vs
conservative (median FiO, 0.21) oxygen therapy in
over 16,000 patients from 25 randomized controlled
trials. Liberal oxygen therapy was associated with
increased in-hospital and 30-day mortality. In addi-
tion, as SpO, increased, so did in-hospital mortality.®

After this meta-analysis, 2 notable randomized
clinical trials were published. The ICU-ROX trial ran-
domized 1,000 patients who required IMV to either
conservative therapy (SpO, targets >90% to <97%) or
usual care with an acceptable lower SpO, of >90%.”*
There were no differences in ventilatory-free days
or 180-day mortality (35.7% Vs 34.5%) between the
conservative oxygen and usual care groups, although
the absolute difference in PaO, between treatment
arms was small. Subsequently, the HOT-ICU trial
randomized 2,928 patients who were receiving
10 L/min of oxygen or had an FiO, =50% to a PaO, of
60 (lower oxygenation group) or 90 mm Hg (higher
oxygenation group).”® There was no difference in the
primary outcome of all-cause death within 90 days
between the lower or higher oxygen treatment arms
(42.9% Vs 42.4%) and no differences in the incidence
of new-onset shock, stroke, myocardial ischemia, or
intestinal ischemia.”® Taken together, the prior meta-
analysis and subsequent clinical trials suggest that
most critically ill adults requiring supplemental
oxygen (including those receiving IMV) can be treated
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with a conservative oxygen strategy to avoid hyper-
oxia. In general, maintaining an SpO, of 88% to 95%
is adequate, and few, if any, patients will require
titration of oxygen to maintain SpO, >98%.

An important subgroup of critically ill patients who
may be particularly harmed by a liberal oxygen
strategy and subsequent hyperoxia are those with
hypercarbic respiratory failure, such as chronic
obstructive pulmonary disease. In these patients,
chronic elevation in carbon dioxide (CO,) results in a
drive to breathe triggered primarily by hypoxia, with
excess oxygen administration serving to decrease
respiratory drive. Supplemental oxygen also
destabilizes already optimized ventilation-perfusion
matching, further exacerbating hypercarbia.”” For
these patients, we recommend careful titration of
FiO, to maintain SpO, at 88% to 92% and no higher.

COVID-19 infection is associated with both cardio-
vascular complications and poorer outcomes for
patients with cardiovascular disease.®° Compared
with the evidence for other causes of hypoxic respi-
ratory failure, there is limited high-quality evidence
to suggest oxygen targets should be any different in
COVID-19. An ongoing RCT is comparing lower
(60 mm Hg) vs higher (90 mm Hg) PaO, goals with a
planned enrollment of 780 COVID-19 patients.®' Until
more data are available, consistent with the Surviving
Sepsis Campaign Guidelines, we recommend an SpO,
goal between 92% and 96% for patients with acute
COVID-19 infection.®?

CO, BALANCE IN
CARDIOVASCULAR DISEASE

Although oxygenation is the focus of our review, it is
relevant to briefly discuss the impact of CO, balance,
specifically changes in the arterial partial pressure of
CO, (PaC0.,), on the cardiovascular system. Compared
with normocapnia (PaCO, = 35-45 mm Hg), acute
hypercapnia (PaCO, >45 mm Hg) is associated with
increased pulmonary vasoconstriction,®> cerebral
blood flow,®* and myocardial blood flow.?>%7
Conversely, acute hypocapnia (PaCO, <35 mm Hg)
has been associated with the opposite, including

8

cerebral hypoperfusion,®® a reduction in coronary

blood flow,%° and systemic arterial vasodilation.®®:°*
However, most of these observations are derived
from animal models, and CO, balance is one factor
in a complex system, within which PaCO, is difficult
to separate from the acid/base status and is
other physiological

often counterbalanced by
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mechanisms.®” Clinical outcomes may therefore be
confounded by the underlying cause of the CO,
disturbance and whether it is a primary or secondary
phenomenon.

Investigations of PaCO, levels with clinical out-
comes have been limited to retrospective analyses.
Minana et al®® found that hypercapnia (defined as a
PaCO, >50 mm Hg) on the first arterial blood gas was
not associated with mortality in 588 patients with
AHF. Another report of 435 patients with AHF
admitted to the CICU found that a PaCO, <31 mm Hg
was associated with higher all-cause mortality.**
Similarly, a study of more than 16,000 patients
after cardiac arrest found that hypocapnia
(PaCO, < 35 mm Hg) was independently associated
with higher mortality, whereas hypercapnia (PaCO,
>45 mm Hg) had similar outcomes to normocapnia.®”
Several studies including patients presenting with
cardiac arrest have found a U-shaped relationship
with harm associated with hypercapnia,®® whereas
others have reported potential benefit from mild
hypercapnia.””>°” Currently, there are 2 ongoing
RCTs aimed at evaluating optimal PaCO, targets in
patients with cardiac arrest (TAME: NCT03114033
and COMACARE: NCT02698917). Until these results
are available,
of hypocapnia (PaCO, <35 mm Hg), especially in
the cardiac arrest patient population. Mild hyper-
capnia appears safe when not associated with signif-
icant acidosis in most CICU populations except for
patients with PH and/or right heart dysfunction
because hypercapnia can exacerbate pulmonary
vasoconstriction.

we would recommend avoidance

LESSONS LEARNED FROM CLINICAL TRIALS,
GAPS IN KNOWLEDGE, AND
FUTURE DIRECTIONS

Despite the multiple studies reviewed, additional ev-
idence is still needed to help define optimal oxygen
targets in the ICU. The liberal/usual care arms in many
of these trials may not reflect the range of usual PaO,
in clinical practice, highlighting the challenges in
establishing meaningful differences in oxygenation
targets between treatment arms.’® Furthermore,
many of the studies discussed were retrospective in
nature, and poorer outcomes in the hyperoxia groups
may have been confounded by sicker patient pop-
ulations receiving a greater proportion of supra-
physiological oxygen supplementation. The ongoing
MEGA-ROX trial, which plans to enroll 40,000 pa-
tients with hypoxic respiratory failure requiring
IMV to conservative (SpO, <94%) vs usual care may
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help address this question (Table 3). Furthermore, the
wide variation in definitions for hyperoxia compli-
cates the interpretation of the literature which is at
times conflicting.

The prevalence of hyperoxia and its potential as-
sociation with clinical outcomes in the heterogenous
CICU patient population are not known and its
generalizability is complicated by the significant
variation in the composition of the CICU population.
Other than for patients with AMI, most published
data on hyperoxia in specific cardiac patient pop-
ulations are retrospective, single center, and/or
observational. In addition, available clinical trials
from the general ICU may not be generalizable to the
CICU patient population. For example, only 22 of
1,000 patients were reported as having a “cardiovas-
cular comorbidity” in the ICU-ROX trial,”> <7% of
patients had either coronary heart disease or HF in
the LOCO, trial,”® and <15% of patients in the HOT-
ICU trial had ischemic heart disease or HF.”® Given
the unique effects of hyperoxia on the cardiovascular
system, it is crucial that future trials of oxygenation
in critical illness include a greater proportion of
patients with cardiac admission diagnoses and
comorbidities.”* More granular investigations,
including the optimal lower and upper limits, the
impact of “dose” and timing on outcomes, and the
impact of FiO, relative to PaO, levels, are needed.
Pragmatic trials leveraging the strengths of the
electronic health record may be helpful to better
understand these complex relationships.

CONCLUSIONS

Oxygen supplementation is common and frequently
necessary for the management of critically ill patients
in the CICU. A growing body of evidence has estab-
lished that routine oxygen supplementation in pa-
tients with AMI is unnecessary and potentially
harmful. Hyperoxia, especially in the vulnerable
postresuscitation brain, is associated with higher
mortality and worse neurologic outcomes. Although
the optimal PaO, levels across various cardiac di-
agnoses are unknown, clinicians should avoid
Pa0O, =300 mm Hg, with some experts believing that
this maximum target should be substantially lower.
For patients with PH and/or right ventricular failure,
the SaO, should be maintained at >90% without
resorting to the use of PPV. Ongoing clinical trials
should better inform individualized oxygenation
targets across a wide range of patients with cardio-
vascular disease.


https://clinicaltrials.gov/ct2/show/NCT03114033
https://clinicaltrials.gov/ct2/show/NCT02698917
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