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IMPORTANCE Pulse oximetry guides triage and therapy decisions for COVID-19. Whether
reported racial inaccuracies in oxygen saturation measured by pulse oximetry are present in
patients with COVID-19 and associated with treatment decisions is unknown.

OBJECTIVE To determine whether there is differential inaccuracy of pulse oximetry by race or
ethnicity among patients with COVID-19 and estimate the association of such inaccuracies
with time to recognition of eligibility for oxygen threshold–specific COVID-19 therapies.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study of clinical data from 5
referral centers and community hospitals in the Johns Hopkins Health System included
patients with COVID-19 who self-identified as Asian, Black, Hispanic, or White.

EXPOSURES Concurrent measurements (within 10 minutes) of oxygen saturation levels in
arterial blood (SaO2) and by pulse oximetry (SpO2).

MAIN OUTCOMES AND MEASURES For patients with concurrent SpO2 and SaO2 measurements,
the proportion with occult hypoxemia (SaO2<88% with concurrent SpO2 of 92%-96%) was
compared by race and ethnicity, and a covariate-adjusted linear mixed-effects model was
produced to estimate the association of race and ethnicity with SpO2 and SaO2 difference.
This model was applied to identify a separate sample of patients with predicted SaO2 levels of
94% or less before an SpO2 level of 94% or less or oxygen treatment initiation. Cox
proportional hazards models were used to estimate differences by race and ethnicity in time
to recognition of eligibility for guideline-recommended COVID-19 therapies, defined as an
SpO2 level of 94% or less or oxygen treatment initiation. The median delay among individuals
who ultimately had recognition of eligibility was then compared.

RESULTS Of 7126 patients with COVID-19, 1216 patients (63 Asian [5.2%], 478 Black [39.3%],
215 Hispanic [17.7%], and 460 White [37.8%] individuals; 507 women [41.7%]) had 32 282
concurrently measured SpO2 and SaO2. Occult hypoxemia occurred in 19 Asian (30.2%), 136
Black (28.5%), and 64 non-Black Hispanic (29.8%) patients compared with 79 White patients
(17.2%). Compared with White patients, SpO2 overestimated SaO2 by an average of 1.7%
among Asian (95% CI, 0.5%-3.0%), 1.2% among Black (95% CI, 0.6%-1.9%), and 1.1% among
non-Black Hispanic patients (95% CI, 0.3%-1.9%). Separately, among 1903 patients with
predicted SaO2 levels of 94% or less before an SpO2 level of 94% or less or oxygen treatment
initiation, compared with White patients, Black patients had a 29% lower hazard (hazard
ratio, 0.71; 95% CI, 0.63-0.80), and non-Black Hispanic patients had a 23% lower hazard
(hazard ratio, 0.77; 95% CI, 0.66-0.89) of treatment eligibility recognition. A total of 451
patients (23.7%) never had their treatment eligibility recognized, most of whom (247
[54.8%]) were Black. Among the remaining 1452 (76.3%) who had eventual recognition of
treatment eligibility, Black patients had a median delay of 1.0 hour (95% CI, 0.23-1.9 hours;
P = .01) longer than White patients. There was no significant median difference in delay
between individuals of other racial and ethnic minority groups and White patients.

CONCLUSIONS AND RELEVANCE The results of this cohort study suggest that racial and ethnic
biases in pulse oximetry accuracy were associated with greater occult hypoxemia in Asian,
Black, and non-Black Hispanic patients with COVID-19, which was associated with
significantly delayed or unrecognized eligibility for COVID-19 therapies among Black and
Hispanic patients. This disparity may contribute to worse outcomes among Black and
Hispanic patients with COVID-19.
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T he modern pulse oximeter provides a noninvasive
estimate of arterial blood oxygen saturation levels
based on the relative absorbance of 2 wavelengths of

light and the pulsatile flow of arterial blood (SpO2).1 Since its
development in the 1970s, pulse oximetry has been inte-
grated into the routine monitoring of hospitalized patients,
particularly those with respiratory illnesses. Inaccurate esti-
mation of true arterial blood oxygen saturation levels (SaO2)
by pulse oximetry can occur for various physiologic, patho-
logic, technical or iatrogenic reasons.1 However, several
studies have reported a systematic overestimation of SpO2

compared with SaO2 among individuals with skin of darker
pigmentation compared with individuals with lighter
pigmentation.2-4 Recently, Sjoding et al5 reported 3 times
the frequency of occult hypoxemia among individuals
self-identified as Black compared with White race, while
Wong et al6 reported significantly greater risk of occult
hypoxemia for Asian and Black patients and relatively
higher in-hospital mortality for Black patients with occult
hypoxemia compared with White patients.

Pulse oximetry has played a prominent role in guiding
triage and therapy throughout the COVID-19 pandemic,
during which recommendations for hospitalization and
therapy have been commonly based on SpO2 thresholds. For
example, while the US Food and Drug Administration has
authorized the use of remdesivir in treating hospitalized
patients with COVID-19, most institutions use a threshold of
an SpO2 of 94% or less or the use of supplemental oxygen to
determine eligibility for treatment with remdesivir.7,8 Simi-
larly, dexamethasone is frequently used for patients who
require supplemental oxygen.9 Overestimation of SpO2 may
be associated with premature deescalation of therapies
or hospital discharge, or could be associated with the
delay or withholding of therapies that shorten the disease
course, slow progression, or reduce mortality. SpO2 is also
frequently used as a variable in clinical risk predictors,
either alone or as part of the ratio of SpO2 to the fraction of
inspired oxygen.10,11 An overestimation of oxygen saturation
levels could be associated with an underappreciation of
clinical risk as presented by these calculators.

To our knowledge, the performance of pulse oximetry
in patients with COVID-19 and its potential association with
clinical decision-making remains unexplored and can help
identify factors that may explain the disproportionate
COVID-19 mortality experienced by patients of certain racial
and ethnic minority groups.12 The objective of this study
was to investigate the frequency and magnitude of pulse
oximeter bias in estimation of SaO2 associated with race and
ethnicity within a diverse cohort of patients with COVID-19
who were treated in a large multihospital health system.
Furthermore, this study aimed to determine the potential
association of such biases with recognition of eligibility for
guideline-recommended therapies. As a respiratory illness
that affects many individuals with disproportionate morbid-
ity and mortality among racial and ethnic minority popula-
tions, the COVID-19 pandemic provides a unique opportu-
nity to investigate the effect of race and ethnicity–based
inaccuracy of pulse oximetry.

Methods

The study was conducted using the JH-CROWN registry, which
includes data collected during routine clinical care at 5 hos-
pitals comprising 2513 beds in the Johns Hopkins Health Sys-
tem (Johns Hopkins Hospital, Baltimore, Maryland; Bayview
Medical Center, Baltimore, Maryland; Howard County Gen-
eral Hospital, Columbia, Maryland; Suburban Hospital,
Bethesda, Maryland; and Sibley Hospital, Washington, DC). The
institutional review board of each hospital approved this study
as minimal risk and waived informed consent requirements.
COVID-19 was defined as the detection of SARS-CoV-2 from any
nucleic acid test combined with an International Statistical Clas-
sification of Diseases and Related Health Problems, Tenth Re-
vision (ICD-10) code indicating the presence of symptomatic
disease.11 Patients who were evaluated in the emergency de-
partment or hospitalized between March 4, 2020, and Novem-
ber 12, 2021, were eligible for inclusion. Some patients were
included in prior studies.10,11,13-18

Exposures and Outcomes
Patients self-reported their race and ethnicity during hospi-
tal registration, which was then coded into prespecified cat-
egories (eTable 1 in the Supplement). Individuals who self-
identified their race as Asian, Black or African American, or
White and their ethnicity as Hispanic or non-Hispanic were in-
cluded in this analysis. To most accurately reflect skin tone and
because the health outcomes of Black Hispanic patients most
closely align with non-Hispanic Black patients,19,20 individu-
als who reported Black race and Hispanic ethnicity were cat-
egorized as Black. Consequently, race was categorized as Asian,
Black or African American (which comprised Hispanic and non-
Hispanic ethnicity), non-Black Hispanic, or non-Hispanic

Key Points
Question Are there systematic racial and ethnic biases in pulse
oximetry among patients with COVID-19, and is there an
association between such biases and unrecognized or delayed
recognition of eligibility for oxygen threshold–specific therapy?

Findings In this retrospective cohort study of 7126 patients with
COVID-19, an analysis of 1216 patients with oxygen saturation
levels that were concurrently measured by pulse oximetry and
arterial blood gas demonstrated that pulse oximetry
overestimated arterial oxygen saturation among Asian, Black, and
Hispanic patients compared with White patients. Separately,
among 6673 patients with pulse oximetry measurements and
available covariate data, predicted overestimation of arterial
oxygen saturation levels by pulse oximetry among 1903 patients
was associated with a systematic failure to identify Black and
Hispanic patients who were qualified to receive COVID-19 therapy
and a statistically significant delay in recognizing the
guideline-recommended threshold for initiation of therapy.

Meaning The study results suggest that overestimation of arterial
oxygen saturation levels by pulse oximetry occurs in patients of
racial and ethnic minority groups with COVID-19 and contributes
to unrecognized or delayed recognition of eligibility to receive
COVID-19 therapies.
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White. The SpO2 readings and SaO2 values from arterial blood
gases were collected from the electronic medical record. All
arterial blood gases were analyzed using the ABL825, ABL827,
or ABL90 blood gas analyzer (Radiometer America), which uti-
lize cooximetry to determine oxygen saturation values. The pri-
mary outcome of interest was the difference between SpO2 and
SaO2 for readings that occurred within 10 minutes of one an-
other. Occult hypoxemia was defined as an SaO2 of less than
88% in the setting of an SpO2 of 92% to 96%.5 The secondary
outcome of interest was the relative difference in time to rec-
ognition of eligibility for treatment with oxygen threshold–
specific COVID-19 therapies between patients of racial and eth-
nic minority groups and White patients with COVID-19. Based
on the joint guidelines of the US Centers for Disease Control
and Prevention and Infectious Diseases Society of America, we
set the threshold of interest as an oxygen saturation of 94%
or less or use of supplemental oxygen, reflecting eligibility for
treatment with dexamethasone or remdesivir.21,22

Statistical Analysis
For each SaO2 value, we first identified a concurrent SpO2 value,
which was defined as an SpO2 measured within 10 minutes be-
fore or after the corresponding SaO2. If there were multiple val-
ues within the period, the closest one was selected. For the
paired SpO2 and SaO2 values, the mean and standard error of
the paired differences were calculated within each racial and
ethnic category. The occurrence of occult hypoxemia (de-
fined as SaO2 <88% with concurrent SpO2 measurement of
92%-96%) was presented as the proportion of individuals with
at least 1 instance of occult hypoxemia during their hospital
encounter and the proportion of measurements consistent with
occult hypoxemia by racial and ethnic category.

The association between racial and ethnic category and the
difference in paired SpO2 and SaO2 measurements (response
variable) was examined using an unadjusted linear mixed-
effects model that accounted for repeated measurements, with
statistical significance defined as P < .02 based on Bonfer-
roni correction. The linear mixed-effects model was then ad-
justed for covariates that captured disease severity or an un-
derlying comorbidity or had a known or theoretical association
with pulse oximetry accuracy, including demographic char-
acteristics along with time-varying clinical and laboratory
variables.1 All covariates and their interactions with race and
ethnicity were included as fixed effects, and time-varying vi-
tal and laboratory measurements were included as random ef-
fects (complete model details are described in eMethods 1 in
the Supplement). Only complete cases (ie, records with no
missing data in covariates) were included in the adjusted lin-
ear mixed-effects model. R-squared (the proportion of vari-
ance explained by the model’s independent variables) was cal-
culated to measure the goodness of fit of the model. The mean
absolute prediction error from 10-fold cross validation was pre-
sented to show model prediction accuracy.

The fitted linear mixed-effects model was subsequently
used to explore the association of differential pulse oximetry
accuracy by race and ethnicity with recognition of eligibility
for treatment with oxygen threshold–based COVID-19 phar-
macologic therapy. Among all patients with COVID-19 who were

admitted between March 4, 2020, and November 12, 2021, who
were not already receiving supplemental oxygen or mechani-
cal ventilation, we estimated the predicted SaO2 correspond-
ing to each SpO2 measurement using the fitted linear mixed-
effects model and nearest covariates. Individuals with missing
covariates, those who did not have a predicted SaO2 of 94%
or less, or those who initiated treatment with oxygen or had a
measured SpO2 of 94% or less before a predicted SaO2 of 94%
or less were excluded from this analysis.

Proportions were presented by racial and ethnic category
for patients with delayed recognition or unrecognized treat-
ment eligibility, defined as those patients with a predicted SaO2

of 94% or less before a measured SpO2 of 94% or less or oxy-
gen treatment initiation (delayed recognition) or those with a
predicted SaO2 of 94% or less who did not initiate treatment
with oxygen or have a recorded SpO2 of 94% or less at any time
(unrecognized). The difference in time to recognition of treat-
ment eligibility between patients of racial and ethnic minor-
ity groups and White patients was estimated using a Cox pro-
portional hazards model. Patients were censored at 96 hours
if they were discharged before experiencing an event or expe-
rienced the event after 96 hours (censoring 2.3% of events).

Among individuals with delayed recognition of treat-
ment eligibility, we calculated the length of delayed recogni-
tion as the time between predicted SaO2 of 94% or less and
measured SpO2 of 94% or less or oxygen treatment initiation
and compared the distributions between patients of racial and
ethnic minority groups and White patients using Wilcoxon rank
sum tests. A sensitivity analysis excluding observations in
which titration of oxygen may have occurred between SpO2 and
SaO2 measurement was also conducted (eMethods 2 in the
Supplement). All statistical analyses were conducted using R,
version 4.0.2 (R Foundation for Statistical Computing), and the
linear mixed-effects model was fitted using the lme4 package.23

Results
Of the 7448 individuals evaluated in the emergency depart-
ment or hospitalized for COVID-19 during the period of inter-
est, 1216 patients (16.3%) had a total of 32 282 concurrently mea-
sured SpO2 and SaO2 levels during their hospital encounter, with
a median (IQR) of 10 (2-30) measurements per patient. A pa-
tient flow diagram is presented in Figure 1, and characteristics
stratified by race and ethnicity are presented in the Table. Com-
pared with White patients, Black and non-Black Hispanic pa-
tients were younger, had longer hospital stays, and more SaO2

measurements per person. In addition, non-Black Hispanic pa-
tients had a smaller proportion of women and fewer comor-
bidities. The median SaO2 for Asian and Black patients was con-
sistently lower than the SpO2 value (ie, SpO2 overestimated the
true oxygen saturation) for all SpO2 readings of 88%- to 96%,
while the median SaO2 was consistently higher than the SpO2

value (SpO2 underestimated the true oxygen saturation) for
White patients with an SpO2 of 88% to 96% (Figure 2). Using
the unadjusted linear mixed-effects model that was limited to
SpO2 values from 88% to 96%, compared with White patients,
SpO2 overestimated SaO2 by 2.1% for Asian patients (P < .001),

Research Original Investigation Racial and Ethnic Discrepancies in Pulse Oximetry and COVID-19 Treatment Eligibility

732 JAMA Internal Medicine July 2022 Volume 182, Number 7 (Reprinted) jamainternalmedicine.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2022.1906?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2022.1906
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2022.1906?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2022.1906
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2022.1906


Fi
gu

re
1.

Pa
tie

nt
Fl

ow
D

ia
gr

am
D

et
ai

lin
g

Pa
tie

nt
sI

nc
lu

de
d

in
th

e
Pu

ls
e

O
xi

m
et

ry
In

ac
cu

ra
cy

An
al

ys
is

an
d

An
al

ys
is

of
U

nr
ec

og
ni

ze
d

or
D

el
ay

ed
Tr

ea
tm

en
tE

lig
ib

ili
ty

74
48

W
ith

 h
os

pi
ta

l e
nc

ou
nt

er
 a

t J
HH

S 
fo

r C
OV

ID
-1

9

71
26

Pa
tie

nt
s

1 
41

2 
57

9
Sp

O
2 

m
ea

su
re

m
en

ts
59

 9
74

Sa
O

2 
m

ea
su

re
m

en
ts

60
3

Ex
cl

ud
ed

59
1

No
 p

re
di

ct
ed

 S
aO

2 
≤9

4%
 1

2
M

ul
tip

le
 a

dm
is

si
on

s

41
67

Ex
cl

ud
ed

27
14

Sp
O

2 
≤9

4%
 p

re
di

ct
ed

 S
aO

2
<9

4%
14

53
In

iti
at

ed
 o

xy
ge

n 
be

fo
re

pr
ed

ic
te

d 
Sa

O
2 

≤9
4%

32
2

Re
po

rt
in

g 
ra

ce
 a

nd
 e

th
ni

ci
ty

 o
th

er
th

an
 A

si
an

, B
la

ck
, H

is
pa

ni
c,

 o
r W

hi
te

 

18
8

Hi
sp

an
ic

36
3

W
hi

te
39

9
Bl

ac
k

54
As

ia
n

12
16

Pa
tie

nt
s w

ith
 3

2 
28

2 
Sp

O
2 

m
ea

su
re

m
en

ts
m

at
ch

ed
 to

 S
aO

2 
w

ith
in

 1
0 

m
in

66
73

Pa
tie

nt
s w

ith
 9

06
 1

40
 S

pO
2 

m
ea

su
re

m
en

ts
 a

nd
co

m
pl

et
e 

co
va

ria
te

s a
va

ila
bl

e 
fo

r S
aO

2 
es

tim
at

io
n

25
09

W
hi

te

26
42

Bl
ac

k
11

70
Hi

sp
an

ic

35
2

As
ia

n

32
3

Hi
sp

an
ic

42
7

W
hi

te
68

1
Bl

ac
k

21
As

ia
n

10
04

Pa
tie

nt
s w

ith
 2

7 
36

7 
m

at
ch

ed
 S

pO
2 

an
d

Sa
O

2 
m

ea
su

re
m

en
ts

 w
ith

 c
om

pl
et

e 
co

va
ria

te
s

14
52

W
ith

 p
re

di
ct

ed
 S

aO
2 

≤9
4%

 b
ef

or
e 

Sp
O

2
≤9

4%
 o

r o
xy

ge
n 

in
iti

at
io

n
45

1
W

ith
 p

re
di

ct
ed

 S
aO

2 
≤9

4%
 n

ev
er

 h
ad

Sp
O

2 
≤9

4%
 o

r o
xy

ge
n 

th
er

ap
y

Pu
ls

e 
ox

im
et

ry
 in

ac
cu

ra
cy

 a
na

ly
si

s 
an

d
lin

ea
r m

ix
ed

-e
ff

ec
ts

 m
od

el
 g

en
er

at
io

n
D

el
ay

ed
 tr

ea
tm

en
t e

lig
ib

ili
ty

 a
na

ly
si

s
U

nr
ec

og
ni

ze
d 

tr
ea

tm
en

t e
lig

ib
ili

ty
 a

na
ly

si
s

12
2

Hi
sp

an
ic

78
W

hi
te

24
7

Bl
ac

k
4

As
ia

n

JH
H

S
in

di
ca

te
sJ

oh
ns

H
op

ki
ns

H
ea

lth
Sy

st
em

;S
aO

2,
ox

yg
en

sa
tu

ra
tio

n
le

ve
ls

in
ar

te
ria

lb
lo

od
;S

pO
2,

pu
lsa

til
e

flo
w

of
ar

te
ria

lb
lo

od
.

Racial and Ethnic Discrepancies in Pulse Oximetry and COVID-19 Treatment Eligibility Original Investigation Research

jamainternalmedicine.com (Reprinted) JAMA Internal Medicine July 2022 Volume 182, Number 7 733

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2022.1906


1.4% for Black patients (P < .001), and 0.8% for non-Black
Hispanic patients (P < .001). Results were attenuated but quali-
tatively similar when considering the entire range of SpO2 mea-
surements (eTable 2 in the Supplement).

Occult hypoxemia (SaO2 <88% with concurrent SpO2 mea-
surement of 92%-96%) was identified in 3.7% of samples from
Asian patients, 3.7% of samples from Black patients, 2.8% of
samples from non-Black Hispanic patients, and 1.7% of samples
from White patients. At the patient level, 19 Asian patients
(30.2%), 136 Black patients (28.5%), 64 non-Black Hispanic pa-
tients (29.8%), and 79 White patients (17.2%) had occult hy-
poxemia at some point during the hospital encounter.

Results of the adjusted fully specified model are pre-
sented in eTable 3 and eFigure 1 in the Supplement. The in-
teraction of race and ethnicity with SpO2 and oxygen device
was statistically significant and included in the final parsimo-
nious model (eTable 4 in the Supplement), which had an

R2 0.88 and mean (SD) absolute prediction error of 2.64 (0.11).
In the adjusted parsimonious linear mixed-effects model, com-
pared with White patients, SpO2 overestimated SaO2 by an av-
erage of 1.7% among Asian patients (95% CI, 0.5%-3.0%;
P = .01), 1.2% among Black patients (95% CI, 0.6%-1.9%;
P < .001), and 1.1% among non-Black Hispanic patients (95%
CI, 0.3%-1.9%; P = .01; Figure 3). The absolute differences be-
tween SaO2 and SpO2 by race and ethnicity as stratified by oxy-
gen device are presented in eFigure 2 in the Supplement.

Among 6673 patients with SpO2 measurements and avail-
able covariate data for estimation of predicted SaO2 using the
mixed-effects model, 1903 (28.5%) had a predicted SaO2 of 94%
or less before a measured SpO2 of 94% or less or oxygen treat-
ment initiation and were thus included in the analysis of un-
recognized or delayed treatment eligibility (see eTable 5 in the
Supplement for baseline characteristics). Within each race and
ethnicity, more Black and Hispanic patients unrecognized or

Table. Baseline Characteristics of Patients Testing Positive for COVID-19 Who Had Arterial Oxygen Saturation and Pulse Oximetry Measured
Concurrently Within 10 Minutes by Race and Ethnicity in the Johns Hopkins Health System Between March 4, 2020, and November 12, 2021

Characteristic

No. (%)

Asian
(n = 63)

Black
(n = 478)

Hispanic (excluding
Black Hispanic)
(n = 215)

White, non-Hispanic
(n = 460)

Age, mean (SD), y 66.0 (18.3) 58.7 (18.3) 50.3 (18.4) 64.5 (18.7)

Female 22 (34.9) 238 (49.8) 52 (24.2) 195 (42.4)

Male 41 (65.1) 240 (50.2) 163 (75.8) 265 (57.6)

Location

Johns Hopkins Hospital 10 (15.9) 215 (45) 72 (33.5) 129 (28)

Bayview Medical Center 4 (6.3) 96 (20.1) 36 (16.7) 135 (29.3)

Howard County General Hospital 28 (44.4) 89 (18.6) 40 (18.6) 82 (17.8)

Sibley Memorial Hospital 2 (3.2) 30 (6.3) 11 (5.1) 29 (6.3)

Suburban Hospital 17 (27.0) 48 (10) 49 (22.8) 77 (16.7)

Hemoglobin level on admission, mean (SD), g/dL 12.5 (2) 11.5 (2.4) 12.8 (2.1) 12.1 (2.4)

Bilirubin level on admission, mean (SD), mg/dL 1.2 (0.9) 2.1 (2.5) 1.2 (1.5) 1.6 (1.5)

Creatinine level on admission, mean (SD), mg/dL 0.6 (0.6) 0.8 (1.9) 0.7 (0.5) 0.9 (2.5)

BMI 25.7 (4.2) 31.4 (10.1) 31.5 (13.6) 30.4 (8.5)

Underweight (<18.5) 2 (3.2) 27 (5.6) 7 (3.3) 15 (3.3)

Normal or overweight (18.5 to <30) 50 (79.4) 198 (41.4) 95 (44.2) 212 (46.1)

Obesity (≥30) 8 (12.7) 229 (47.9) 92 (42.8) 193 (42)

Charleston Comorbidity Index score

1-4 41 (65.1) 307 (64.2) 146 (67.9) 319 (69.3)

≥5 8 (12.7) 111 (23.2) 9 (4.2) 97 (21.1)

Diabetes 38 (60.3) 271 (56.7) 103 (47.9) 199 (43.3)

COPD 17 (27) 198 (41.4) 43 (20) 211 (45.9)

Peripheral vascular disease 8 (12.7) 88 (18.4) 12 (5.6) 90 (19.6)

Chronic kidney disease 17 (27) 184 (38.5) 27 (12.6) 125 (27.2)

Maximum respiratory support needed

Room air or oxygen by mask or nasal prongs 7 (11.1) 85 (17.8) 28 (13) 90 (20)

Noninvasive ventilation or high-flow oxygen 9 (14.3) 41 (8.6) 20 (9.3) 38 (8.3)

Mechanical ventilation 47 (74.6) 352 (73.6) 167 (77.7) 332 (72.2)

No. of SpO2 measurements per person, median (IQR) 9 (2-30.5) 11 (2-28) 14 (2.5-43.5) 7 (2-27)

Length of stay, median (IQR), d 15.4 (10.7-31.5) 18.1 (9.2-33.2) 20.8 (10.7-34.1) 15.9 (7.1-26.8)

Died during hospitalization 24 (38.1) 153 (32) 64 (29.8) 203 (44.1)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared); COPD, chronic obstructive pulmonary disease;
SpO2, pulsatile flow of arterial blood.

SI conversion factors: To convert bilirubin to μmol/L, multiply by 17.104. For
creatinine to μmol/L, multiply by 88.4. For hemoglobin to g/L, multiply by 10.
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delayed recognition of treatment eligibility compared with
White patients (25 Asian [7.1%], 928 Black [35.1%], and 445 non-
Black Hispanic patients [38.0%] vs 505 White patients [20.1%]).

Compared with White patients, Black patients had a 29%
lower hazard of eligibility recognition (hazard ratio [HR], 0.71;
95% CI, 0.63-0.80; P < .001) and non-Black Hispanic patients
had a 23% lower hazard of eligibility recognition (HR 0.77; 95%
CI, 0.66-0.89; P < .001), with no difference between Asian and
White patients (HR, 0.97; 95% CI, 0.62-1.5; P = .90; Figure 4).
Of these 1903 patients, 451 (23.7%) never had a recorded SpO2

of 94% or less or received oxygen therapy and were consid-
ered to have unrecognized treatment eligibility. Most of these
patients were Black (247 [54.8%]), followed by non-Black His-
panic (122 [27.1%]), White (78 [17.3%]), and Asian (4 [0.9%]).
Among the remaining 1452 patients with eventual recogni-
tion of eligibility, the median (IQR) time until recognition was
highest for Asian patients (7.7 [3.5-13.6] hours) and Black pa-
tients (7.0 [1.9-20.8] hours), followed by non-Black Hispanic
patients (5.0 [1.2-15.8] hours) and White patients (5.3 [1.4-
15.2] hours). Compared with White patients, Black patients had
a significantly higher median difference in time to recogni-
tion of eligibility by 1 hour (95% CI, 0.23-1.9 hours; P = .01).
There was no statistically significant difference in treatment

delay between Asian and Hispanic patients and White
patients (eFigure 3 and eTable 6 in the Supplement). The
sensitivity analysis refitting the linear mixed-effects model af-
ter excluding observations in which treatment with supple-
mental oxygen may have been titrated between SpO2 and SaO2

measurement produced similar results (eResults in the
Supplement).

Discussion
In this retrospective analysis of a large clinical data set of pa-
tients with COVID-19 who were admitted to a regional health
care system, we identified persistent overestimation of arte-
rial oxygen saturation among Asian, Black, and Hispanic in-
dividuals. This was associated with systematic misclassifica-
tion of patient oxygenation status based on racial or ethnic self-
identification. When comparing pulse oximetry measurements
with arterial oxygen saturation, approximately one-third of pa-
tients from each racial or ethnic minority group had at least 1
unidentified episode of hypoxia compared with fewer than one-
fifth of White patients. In addition, we found a systematic fail-
ure to identify Black and Hispanic patients who were likely

Figure 2. Difference Between Arterial Blood Oxygen Saturation and Noninvasive Oxygen Saturation Levels
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qualified to receive COVID-19 therapy and a statistically sig-
nificant delay in recognizing the guideline-recommended
threshold for initiation of therapy among Black patients com-
pared with White patients.

A recent investigation also reported overestimation of ar-
terial oxygen saturation levels by pulse oximetry among Black
individuals, with a 2.7-fold greater incidence of occult hypox-
emia in Black patients compared with White patients, which
was corroborated in a pre–COVID-19 pandemic sample of pa-
tients who were about to undergo extracorporeal membrane
oxygenation.5,24 By limiting the patient sample to individu-
als who had a common pulmonary diagnosis (COVID-19), the
present study minimizes the patient heterogeneity in the prior
investigations while accounting for several factors that may be
associated with pulse oximetry inaccuracy. This study also ex-
tends these findings by demonstrating similar overestima-
tion of oxygen saturation levels, occult hypoxemia, and asso-
ciated disparities in recognition of treatment eligibility among
non-Black Hispanic patients.

The finding that occult hypoxemia affected more pa-
tients from all racial and ethnic minority groups compared with
White patients is at odds with the finding by Wong et al6 that
occult hypoxemia was similar between Asian and White pa-
tients. This discrepancy may result from Wong et al6 limiting
their investigation to the first arterial blood gas measure-
ment or heterogeneity of the Asian populations between the
studies. Two recent studies from the United Kingdom of in-
dividuals with COVID-19 reported conflicting results and were
limited by overall small sample sizes comprising predomi-
nantly White patients with few Black patients (<10%) and no
Hispanic patients.25,26

By leveraging a large data set of paired SaO2-SpO2 mea-
surements to predict the time at which therapies would be-
come indicated, we found that most patients who had an un-
recognized indication for COVID-19 therapy were Black, along
with statistically significant differences in time to recogni-
tion of treatment eligibility for Black and Hispanic patients com-

pared with White patients. While long-term clinical data may
inform whether the delay in recognition of treatment eligibil-
ity had clinical consequences, these data are not yet available
for this cohort. However, recognizing that delays in care may
exist because of inaccurate pulse oximetry measurements in-
forms studies that have investigated COVID-19 outcomes
among patients of racial and ethnic minority groups.12,27-30 Be-
cause occult hypoxia is associated with higher in-hospital mor-
tality, particularly among racial and ethnic minority groups,6

it is possible that occult hypoxia in COVID-19 contributes to ra-
cial and ethnic disparities in COVID-19 outcomes.31-33

While pulse oximetry has become a fundamental tool in
diagnosis, triage, and management decisions in the acute care
setting, the device’s lack of accuracy in certain populations has
not been adequately investigated or addressed, although it has
been recognized for several decades34 and was highlighted in
a 2020 safety communication by the US Food and Drug
Administration.35 With the integration of economical light-
emitting diodes and semiconductors, pulse oximeters have also
migrated out of the acute care setting and are now available
and affordable to the average consumer for home use. The ex-
panded use of a differentially inaccurate device potentially ex-
acerbates racial and ethnic health disparities. For example, a
Black individual who tests positive for COVID-19 in the
outpatient setting may be advised against or decide to delay
seeking care based on false reassurance from normal pulse ox-
imetry readings. Such a scenario was reflected in the overrep-
resentation of Black patients who had unrecognized eligibil-
ity for treatment with remdesivir and dexamethasone. The
differential inaccuracy of pulse oximetry in racial and ethnic
minority groups may be similarly associated with treatment
and triage decisions for other respiratory illnesses, such as
pneumonia and acute respiratory distress syndrome. Al-
though increased awareness of the limitations of pulse oxim-
etry may mitigate some of the adverse effects, innovative ap-
proaches, such as the integration of additional wavelengths36

or calibration based on skin pigmentation, are needed. Un-
like the use of race and ethnicity in the calculation of glomer-
ular filtration rate37 or interpretation of pulmonary function
testing,38 which have come under recent scrutiny, the race and
ethnicity–based discrepancy of pulse oximetry exposes a fun-
damental flaw in the acquisition rather than interpretation of
data, although all the aforementioned biases are associated
with systematic underdiagnosis of disease or withholding of
therapies for racial and ethnic minority groups.39-43

Although the principal objective of the study was to char-
acterize relative biases in pulse oximetry, the absolute biases
identified among all racial and ethnic minority groups are no-
table. While some variability may be explained by the allow-
ance of 10 minutes between paired SpO2 and SaO2 measure-
ments, such variability would not explain the systematic error
among White patients that is separate from the pulse oxim-
eter’s imprecision. This imprecision was more pronounced
among racial and ethnic minority groups, as reflected by the
standard errors in eTable 2 in the Supplement, which corrobo-
rates previous findings and may exacerbate the biases identi-
fied in this investigation.44 This study’s results suggest that for
critical treatment decisions that rely on arterial oxygen satu-

Figure 4. Cumulative Incidence of Treatment Eligibility Recognition
Based on Pulse Oximetry (SpO2) of 94% or Less or Oxygen Treatment
Initiation Since Predicted Arterial Oxygen Saturation (SaO2)
of 94% or Less Among Patients Diagnosed With COVID-19

0.90

0.75

0.60

0.45

0.30

0.15

0

Cu
m

ul
at

iv
e 

in
ci

de
nc

e 
of

 tr
ea

tm
en

t
el

ig
ib

ili
ty

 re
co

gn
iti

on

Hours since predicted arterial oxygen saturation SaO2 ≤94%

Asian
Black
Hispanic, non-Black
White

0

25
928
445
505

24

6
395
171
146

48

5
311
136
106

72

4
280
129

98

96

4
267
124

89

No. at risk
Asian
Black
Hispanic, non-Black
White

Research Original Investigation Racial and Ethnic Discrepancies in Pulse Oximetry and COVID-19 Treatment Eligibility

736 JAMA Internal Medicine July 2022 Volume 182, Number 7 (Reprinted) jamainternalmedicine.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2022.1906?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2022.1906
http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2022.1906


ration, use of pulse oximetry may be inadequate and produce
opportunities for undertreatment and overtreatment irrespec-
tive of the patient’s race or ethnicity. This mirrors inaccura-
cies in capillary blood glucose levels reported among pa-
tients with critical illness.45

Strengths and Limitations
The strengths of this study include a large diverse patient popu-
lation spanning multiple hospitals that allows statistical in-
ferences to be made for several racial or ethnic minority groups;
many paired measurements, which decreases susceptibility to
bias; a curated data set with prior validation of important co-
variates; and the relative uniformity of underlying disease state.
However, there are several limitations. Self-reported race and
ethnicity is used in this study as a surrogate marker for skin
tone, which is not routinely collected in the clinical setting.
Thus, we were unable to measure or account for heteroge-
neity in skin tones within each racial or ethnic group. Rapid
fluctuations in clinical condition among patients with COVID-19
may introduce downward bias in SpO2-SaO2 calculations if
there is a preponderance of patients who quickly deteriorate
after their SpO2 measurement is logged. However, such bi-
ases should not be different between racial and ethnic minor-
ity groups. Because the analysis estimating racial and ethnic
difference in SpO2-SaO2 required a blood gas measurement, re-
sults may not be generalizable to healthy individuals or those

with less acute illness. Furthermore, use of an oxygen satura-
tion threshold to represent recognition of drug eligibility is an
imperfect estimate of the actual delay in treatment that is at-
tributable to pulse oximetry, as clinical attention, time to or-
dering, medication delivery, and drug availability are all con-
tributory factors. However, this would tend to conservatively
bias estimates. Finally, treatment delay estimates depend on
the frequency with which SpO2 was measured or recorded,
which may potentially differentially underestimate delay in rec-
ognition of treatment eligibility based on the patient’s level of
care.

Conclusions
In this cohort study using a large multihospital COVID-19 clini-
cal data set, we found statistically significant and persistent
overestimation of arterial oxygen saturation by pulse oxim-
etry among Asian, Black, and Hispanic patients compared with
non-Hispanic White patients. Black and Hispanic patients were
more likely to experience unrecognized and delayed recogni-
tion of eligibility to receive COVID-19 therapy. Differential in-
accuracies in pulse oximetry should be examined as a poten-
tial explanation for disparities in COVID-19 outcomes and may
have implications for the monitoring and treatment of other
respiratory illnesses.
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