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PREFACE 
The VA Evidence Synthesis Program (ESP) was established in 2007 to conduct timely, rigorous, and 
independent systematic reviews to support VA clinicians, program leadership, and policymakers 
improve the health of Veterans. ESP reviews have been used to develop evidence-informed clinical 
policies, practice guidelines, and performance measures; to guide implementation of programs and 
services that improve Veterans’ health and wellbeing; and to set the direction of research to close 
important evidence gaps. Four ESP Centers are located across the US. Centers are led by recognized 
experts in evidence synthesis, often with roles as practicing VA clinicians. The Coordinating Center, 
located in Portland, Oregon, manages program operations, ensures methodological consistency and 
quality of products, engages with stakeholders, and addresses urgent evidence synthesis needs.  

Nominations of review topics are solicited several times each year and submitted via the ESP website. 
Topics are selected based on the availability of relevant evidence and the likelihood that a review on 
the topic would be feasible and have broad utility across the VA system. If selected, topics are refined 
with input from Operational Partners (below), ESP staff, and additional subject matter experts. Draft 
ESP reviews undergo external peer review to ensure they are methodologically sound, unbiased, and 
include all important evidence on the topic. Peer reviewers must disclose any relevant financial or non-
financial conflicts of interest. In seeking broad expertise and perspectives during review development, 
conflicting viewpoints are common and often result in productive scientific discourse that improves the 
relevance and rigor of the review. The ESP works to balance divergent views and to manage or 
mitigate potential conflicts of interest.  
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ABBREVIATIONS TABLE 
Abbreviation Definition 
aHR Adjusted hazard ratio 
aOR Adjusted odds ratio 
ARMS Accuracy root mean square error 
CI Confidence interval  
FDA US Food and Drug Administration 
IQR Interquartile range 
k Number of studies 
PI Prediction interval 
PR Prevalence ratio 
N Number of patients 
NObs Number of paired observations 
SaO2 Arterial oxygen saturation 
SD Standard deviation 
SpO2 Peripheral oxygen saturation measured by pulse oximetry 
VHA Veterans Health Administration 
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BACKGROUND 
Pulse oximeters are used in many clinical settings and provide a rapid and noninvasive means of 
measuring oxygen saturation. Despite this utility, pulse oximeters may over- or underestimate a 
patient’s arterial oxygen saturation (SaO2). Overestimating oxygen saturation is especially concerning 
when pulse oximeter readings of peripheral oxygen saturation (SpO2) indicate a normal blood oxygen 
level while a patient is actually in a hypoxemic state—a situation known as occult hypoxemia. 
Potential clinical impacts of occult or undetected hypoxemia include delayed or inadequate treatment, 
premature treatment de-escalation or discharge, and ultimately, greater morbidity and mortality.1,2  

Inaccurate pulse oximeter readings can occur for a variety of reasons, including severe anemia, 
excessive blood carbon monoxide levels, impaired circulation (hypoperfusion), and patient 
movement.3,4 Because pulse oximeters rely on the transmission of light through the skin to estimate 
SaO2, skin pigmentation level may also influence pulse oximeter accuracy. Differences in pulse 
oximeter accuracy by patient race/ethnicity have been observed in clinical settings for several decades, 
but the COVID-19 pandemic has heightened concern that pulse oximeters may routinely be less 
accurate in patients with darker skin pigmentation. In the United States, the Food and Drug 
Administration (FDA) regulates pulse oximeter accuracy and recommends that pulse oximeter 
performance be within 3% of CO-oximetry in arterial blood (as assessed with accuracy root mean 
square error, or ARMS).5 A recent synthesis of pulse oximeter accuracy studies published prior to mid-
2021 by Shi et al6 reported a somewhat larger pulse oximeter ARMS among Black or African American 
(“Black”) patients compared with White patients (2.3% versus 1.6%).  

The COVID-19 pandemic has also drawn attention to whether racial or ethnic minority patients are at 
greater risk of occult hypoxemia due to pulse oximeter inaccuracy. A widely discussed retrospective 
study7 published in late 2020 analyzed nearly 50,000 paired SpO2–SaO2 measurements, finding that 
the prevalence of occult hypoxemia was over 3 times greater among Black patients compared with 
White patients (11.4% versus 3.4%). In late 2022, the FDA convened a public meeting of its 
Anesthesiology and Respiratory Therapy Devices Panel in response to ongoing concerns about racial 
biases in pulse oximeter accuracy and unrecognized hypoxemia. Guidance on the use and 
interpretation of pulse oximeters was subsequently updated and emphasizes that pulse oximeter 
readings are estimates of oxygen saturation that provide “more utility for trends over time instead of 
absolute thresholds” at the individual patient level.8 

A number of studies of racial or ethnic disparities in occult hypoxemia prevalence have been recently 
published. Most utilize large health system databases and also report data on pulse oximeter accuracy, 
which goes some way to addressing the sparsity of accuracy data in racial and ethnic minority patients 
in the pre-COVID-19 literature reviewed by Shi et al. The aim of the present review was to provide an 
up-to-date synthesis of evidence on racial and ethnic disparities in the accuracy of pulse oximeters, the 
prevalence of occult hypoxemia, and clinical outcomes associated with occult hypoxemia. This review 
was developed in response to a request from the Veterans Health Administration (VHA) National 
Hospital Medicine Program and Office of Specialty Care Services.
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METHODS 
REGISTRATION AND REVIEW 
A preregistered protocol for this review can be found on the PROSPERO register of systematic 
reviews (CRD42023402152). A draft version of this report was reviewed by external peer reviewers; 
their comments and author responses are located in the Appendix.  

KEY QUESTIONS AND ELIGIBILITY CRITERIA 
The following key questions were the focus of this review: 

Key Question 1 Does pulse oximeter accuracy differ by patient race/ethnicity? 
Key Question 2 Does the prevalence or risk of occult hypoxemia differ by patient race/ethnicity? 
Key Question 2b If present, are racial/ethnic disparities in occult hypoxemia associated with differences in 

treatment delivery or harms? 
 
Eligible studies must have been conducted among adults in inpatient or outpatient healthcare settings. 
Accuracy studies were required to report paired SpO2–SaO2 readings measured within 10 minutes of 
one another. Studies reporting occult hypoxemia prevalence were required to define occult hypoxemia 
as, at minimum, arterial oxygen saturation ≤ 88% despite a pulse oximeter reading > 88%. Stricter 
criteria (eg, pulse oximeter reading > 92%) were permitted. Studies that induced hypoxemia in a 
controlled setting were ineligible. We considered evidence on clinical outcomes (treatment delivery or 
harms) of occult hypoxemia only when studies reported within-group comparisons by occult 
hypoxemia status. For example, we included studies that examined whether there was a relationship 
between occult hypoxemia and in-hospital mortality by comparing patients of the same race or 
ethnicity with and without occult hypoxemia (then examined whether this relationship differed across 
race/ethnicity groups), but we did not include studies that investigated whether in-hospital mortality 
differed by patient race or ethnicity in general. 

SEARCHING AND SCREENING 
A research librarian searched Ovid MEDLINE, CINAHL, Scopus, the Cochrane Database of 
Systematic Reviews, and AHRQ and HSR&D databases for relevant studies published through 
February 2023 (see Appendix for complete search strategies). Additional citations were identified by 
hand-searching reference lists. English-language titles, abstracts, and full-text articles were 
independently reviewed by 2 investigators, and disagreements were resolved by consensus. 

DATA ABSTRACTION AND RISK OF BIAS ASSESSMENT 
Participant characteristics, study methodological details, and outcome data were abstracted from all 
included studies. The internal validity (risk of bias) of included studies was rated using tools 
appropriate to each study type: the ROBIS9 tool for systematic reviews, the QUADAS-210 tool for 
studies providing accuracy data, and the QUIPS11 tool for studies of occult hypoxemia prevalence or 
occult hypoxemia as a risk factor for downstream clinical outcomes. Potential biases in prevalence 
estimates were captured in the prognostic factor measurement domain of the QUIPS tool; we 
supplemented criteria for this domain with biases specific to prevalence assessment.12 Risk of bias 
rating and data abstraction were first completed by 1 investigator then checked by another, and 
disagreements were resolved by consensus. See Appendix for complete risk of bias ratings.  

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=402152
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SYNTHESIS 
When 3 or more sufficiently comparable studies were available, study findings were pooled using 
random-effects meta-analysis. We identified a well-conducted systematic review and meta-analysis of 
pulse oximeter accuracy by Shi et al,6 which synthesized accuracy data available through mid-2021. To 
expedite the present review, we took the approach of updating this review with the most recent 
evidence available. This involved pooling mean bias and precision data from studies published since 
the end search date of the review (replicating the methods used by Shi et al), then synthesizing the 
pooled estimates from new evidence with those reported in the existing review. Each of these steps is 
described in detail below. To harmonize risk of bias ratings, we also re-assessed risk of bias of studies 
included in the existing systematic review using the approach described above. 

For newly identified studies, we first adjusted reported standard deviations (SDs) for each 
race/ethnicity group in each study using the formula shown below.13 The purpose of this adjustment, 
which was also implemented by Shi et al, was to produce more conservative estimates of precision that 
account for repeated observations of the same patient. The number of paired oximetry measurements 
per patient was calculated by dividing the total number of oximetry measurements by the number of 
patients (eg, in a group of 50 patients in which 500 paired measurements were collected, the 
approximate number of measurements per patient would be 500/50 = 10 measurements).  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆 = �𝑅𝑅𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆2  × �
𝑇𝑇𝑅𝑅𝐴𝐴𝑇𝑇𝑇𝑇 𝑀𝑀𝐴𝐴𝑇𝑇𝐴𝐴𝐴𝐴𝑅𝑅𝐴𝐴𝑀𝑀𝐴𝐴𝑀𝑀𝐴𝐴𝐴𝐴 − 1

𝑇𝑇𝑅𝑅𝐴𝐴𝑇𝑇𝑇𝑇 𝑀𝑀𝐴𝐴𝑇𝑇𝐴𝐴𝐴𝐴𝑅𝑅𝐴𝐴𝑀𝑀𝐴𝐴𝑀𝑀𝐴𝐴𝐴𝐴 − 𝑀𝑀𝐴𝐴𝑇𝑇𝐴𝐴𝐴𝐴𝑅𝑅𝐴𝐴𝑀𝑀𝐴𝐴𝑀𝑀𝐴𝐴𝐴𝐴 𝑅𝑅𝐴𝐴𝑅𝑅 𝑃𝑃𝑇𝑇𝐴𝐴𝑃𝑃𝐴𝐴𝑀𝑀𝐴𝐴
� 

We also replicated the use of hierarchical random-effects models, cluster-robust confidence intervals, 
and degrees of freedom calculated using the Satterwaithe approximation. These approaches better 
account for dependency among estimates; that is, when estimates from the same study are more similar 
than they would be if they were from a different study and patient sample. The final stage of analysis 
of mean bias and precision data was to synthesize pooled estimates reported by Shi et al with those 
from new studies. We implemented the recommendation of Tang et al14 for updating a meta-analysis 
with new results based on comparable methods, which was to use a fixed-effect model to synthesize 
the final pooled estimates (ie, a pooled estimate corresponding to all evidence prior to September 2021 
from Shi et al, and a pooled estimate of evidence from September 2021 through February 2023).  

To synthesize occult hypoxemia prevalence estimates, we used meta-analytic generalized random-
effects logistic models or hierarchical approximations when dependent prevalence estimates were 
available. Prevalence estimates were transformed using the standard logit transformation for analysis, 
and back-transformed for interpretation and reporting. To facilitate comparison of occult hypoxemia 
prevalences between race/ethnicity groups, we also calculated and synthesized prevalence ratios (PRs). 
Conventional random-effects models were used to pool PRsi as well as adjusted odds ratios (aORs) of 
occult hypoxemia by race/ethnicity group. Models incorporated the Knapp-Hartung adjustment to 

 
i We chose standard random-effects models over more complex options (eg, log-binomial models) 
for prevalence ratios because: 1) overall, occult hypoxemia was fairly rare, and therefore logarithms 
of prevalence ratios and odds ratios would be expected to have similar analytic properties; 2) no 
studies reported zero occult hypoxemia events, meaning we were not required to use continuity 
corrections to carry out standard random-effects modeling (analysis in “one step” using log-
binomial or similar models would be preferable in such a scenario); and 3) the standard approach 
was more compatible with methods to account for dependency in reported estimates. 
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better account for uncertainty in heterogeneity estimation,15,16 and when necessary, we used methods 
for handling dependent data comparable to those described above. 

For all analyses, heterogeneity was estimated using (restricted) maximum-likelihood estimation and is 
presented as 95% prediction intervals (PIs). Prediction intervals describe the likeliest range of true 
effects (eg, true occult hypoxemia prevalence) across studies and provide an estimate of the magnitude 
and direction of effects that would be found in future studies similar to those included in a synthesis.17 
All meta-analyses were conducted using the metafor18 package for R (R Foundation for Statistical 
Computing, Vienna, Austria). When fewer than 3 comparable studies were available for a given 
outcome—or studies were judged to be too disparate in methodological or participant characteristics—
we described evidence narratively. 

For the purposes of synthesizing and reporting findings, the consensus reached among investigators 
was that the following categorizations best balanced data availability with variation in race/ethnicity 
groups reported across studies: Patients described as Black or African American (“Black”), patients 
described as White or Caucasian (“White”), and patients described as Asian, Latino or Hispanic, 
Native American or Indigenous, or other or mixed race/ethnicity. Where possible, we disaggregated 
findings for the latter group by specific race or ethnicity identities. Studies also varied in whether 
prevalence of occult hypoxemia was reported by patients or by paired observations. We synthesized 
each type of prevalence estimate separately. Finally, for consistency with existing literature on pulse 
oximeter accuracy, we also report ARMS values calculated from pooled mean bias and precision results. 
It is important to note, however, that interpretation of ARMS is not straightforward: A value between 2–
3%, for example, equates to roughly 66% of SpO2 readings being within 2–3% of corresponding SaO2 
readings and 95% being within 4–6% of SaO2 readings.8 

Strength of Evidence 

After synthesizing available evidence, we rated the strength of evidence for each outcome based on the 
methodology and risk of bias of available studies, the consistency and certainty of findings, and the 
directness of outcomes (whether reported outcomes are relevant to patients and providers). We used 
the following general algorithm: high strength evidence consisted of multiple, large studies with 
consistent and precise findings at low risk of bias, and clinically relevant outcomes; moderate strength 
evidence consisted of multiple studies with consistent and precise findings at low to moderate risk of 
bias, and clinically relevant outcomes; low strength evidence consisted of a single study, or multiple 
small studies, with moderate to high risk of bias, inconsistent or imprecise findings, and/or outcomes 
with limited clinical relevance; and insufficient evidence consisted of a single study with moderate or 
high risk of bias, or no available studies. Conclusions using likely (eg, “Pulse oximeters likely 
overestimate Black patients’ blood oxygen saturation level”) are based on moderate strength evidence, 
while those using may are based on low strength evidence.
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RESULTS 
LITERATURE FLOW DIAGRAM 
The literature flow diagram summarizes the results of the study selection process. A full list of 
excluded studies is provided in the Appendix. 

 

Notes. a34 primary studies and 1 systematic review. 
Abbreviations. CDSR=Cochrane Database of Systematic Reviews; CINAHL=Cumulative Index to Nursing and 
Allied Health Literature; SR=systematic review. 
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OVERVIEW OF INCLUDED STUDIES 
Our search identified 109 potentially relevant articles after deduplication and title and abstract 
screening. Of these, 34 primary studies and 1 existing systematic review and meta-analysis6 on pulse 
oximeter accuracy met eligibility criteria. Eighteen studies19-36 were included in the identified 
systematic review, which together provided 21,269 paired observations from 3,176 patients. These 
studies were published between 1985 and 2021 and varied considerably in setting and patient 
characteristics (details of all included studies are provided in the Appendix). We found 2 additional 
accuracy studies published in the 1980s37,38 but did not include these in formal syntheses because they 
used pulse oximeters that are no longer commercially available. 

We located 4 recent observational studies3,4,39,40 that reported pulse oximeter accuracy data in 
sufficient detail for meta-analyses; together these studies contribute 241,680 new paired observations 
in 102,841 patients. Four other accuracy studies36,41-43 did not provide adequate outcome data or 
information about race/ethnicity groups to be included in formal syntheses. The 4 studies contributing 
accuracy data noted above also reported occult hypoxemia prevalence; in total, we included 11 
observational studies1-4,7,35,39,40,44-46 that reported occult hypoxemia prevalence and 4 studies1,2,39,46 that 
examined the association between occult hypoxemia and clinical outcomes by patient race/ethnicity. 
Most newly identified studies used data from patients receiving acute care in academic or community 
hospitals or health systems. One study was limited to patients undergoing anesthesia4 and 2 studies 
included surgical inpatients.2,40 Patient race/ethnicity was generally self-reported.  

MAIN FINDINGS 
Pulse Oximeter Accuracy 

Pooled mean bias and precision findings by race/ethnicity groups are shown in the Table below. In 
Black patients, pulse oximeters appear to overestimate blood oxygen saturation by an average of 1.5% 
compared with CO-oximetry in arterial blood (pooled mean bias = 1.54, 95% CI [0.99, 2.10]), based 
on 37,562 paired observations in 14,626 patients. Mean bias among Black patients was considerably 
larger than among White patients (0.62, 95% CI [-0.08, 1.32]; NObs = 154,286) or patients identifying 
as Asian, Latino or Hispanic, Native American or Indigenous, or other or mixed race/ethnicity (0.31, 
95% CI [0.09, 0.54]; NObs = 71,101). Precision of pulse oximeter readings was comparable across 
race/ethnicity groups, with pooled SDs ranging from 1.61 to 1.98.ii In recent studies that contribute 
most available oximetry data, mean bias was larger in all race/ethnicity groups compared with earlier 
evidence. The most substantial increase from older studies was among Asian, Latino or Hispanic, 
Native American or Indigenous, or other or mixed race/ethnicity patients (from 0.31% to 1.41%). 
Precision estimates were comparable across groups but considerably larger than in earlier studies 
(pooled SDs from 4.30 to 5.23), indicating greater variability in bias between patients.  

The calculated ARMS for all accuracy data was 1.64 for Black patients, 0.78 for White patients, and 
0.75 for Asian, Latino or Hispanic, Native American or Indigenous, or other or mixed race/ethnicity 
patients. ARMS values in newly identified studies were much larger: 2.57, 1.83, and 2.03, respectively. 

 
ii Shi et al also pooled studies that reported accuracy by patient pigmentation level (high 
pigmentation, medium pigmentation, or low pigmentation). Pooled mean bias was largest 
among patients with high pigmentation (1.11, 95% CI [0.29, 1.93]). Pooled SDs were similar 
across pigmentation levels and comparable to findings in race/ethnicity groups (1.47 to 1.52).  
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Table. Pulse Oximeter Accuracy, Occult Hypoxemia Prevalence, and Clinical 
Outcomes by Patient Race/Ethnicity 
Patients Described as Black or African American  
Accuracy Patients Paired Obs. Mean Bias [95% CI] Precision [95% CI] 

Shi 2022 Review (k = 9) 459 5,753 1.52 [0.95, 2.09] 1.68 [1.32, 2.14] 
Recent Studies (k = 4) 14,167 31,809 1.96 [-0.57, 4.50] 5.23 [1.50, 18.28] 
Updated Estimate (k = 13) 14,626 37,562 1.54 [0.99, 2.10] 1.75 [1.38, 2.22] 

Occult Hypoxemia Prevalence   % [95% CI] [95% PI] 
Patients (k = 5) 34,869  11.4 [4.6, 25.5] [1.2, 58.1] 
Paired Observations (k = 11)  76,177 6.9 [3.9, 11.9] [0.9, 36.9] 

Clinical Outcomes    
Eligibility Recognition (k = 1) 928  aHR: 0.71 [0.63, 0.80] (ref: White) 
Treatment Delay (k = 1) 681  Median (IQR): 7.0 h (1.9–20.8) 
Length of Stay (k = 1) 26,032  Difference: -3.0 d (p = .00) 
In-hospital Mortality (k = 1) 26,032  Difference: +5.9% (p < .001) 

Patients Described as Asian, Latino or Hispanic, Native American or Indigenous, or Other 
Accuracy Patients Paired Obs. Mean Bias [95% CI] Precision [95% CI] 

Shi 2022 Review (k = 3) 522 2,646 0.31 [0.09, 0.53] 1.55 [0.53, 4.53] 
Recent Studies (k = 3) 23,001 68,455 1.41 [-2.65, 5.47] 4.30 [0.63, 29.17] 
Updated Estimate (k = 6) 23,523 71,101 0.31 [0.09, 0.54] 1.98 [0.78, 5.04] 

Occult Hypoxemia Prevalence   % [95% CI] [95% PI] 
Patients (k = 5) 25,130  9.7 [3.2, 26.1] [0.6, 66.6] 
Paired Observations (k = 6)  89,243 5.3 [2.0, 13.0] [0.4, 42.8] 

Clinical Outcomes   
Eligibility Recognition (k = 1) Asian: 25; Hispanic: 445 aHR: 0.97 [0.62, 1.50]; 0.77 [0.66, 0.89] (ref: White) 
Treatment Delay (k = 1) Asian: 21; Hispanic: 323 Median (IQR): 7.7 h (3.5–13.6); 5.0 h (1.2–15.8) 
Length of Stay (k = 1) Asian: 1,919; Hispanic: 2,397 Difference: +0.5 d (p = .02); +0.8 d (p < .01) 
In-hospital Mortality (k = 1) Asian: 1,919; Hispanic: 2,397 Difference: +5.6% (p = .13); +4.6% (p = .06) 

Patients Described as White or Caucasian 
Accuracy Patients Paired Obs. Mean Bias [95% CI] Precision [95% CI] 

Shi 2022 Review (k = 13) 2,195 12,870 0.55 [-0.21, 1.31] 1.55 [1.32, 1.83] 
Recent Studies (k = 4) 65,673 141,416 1.01 [-0.78, 2.79] 4.63 [1.89, 11.37] 
Updated Estimate (k = 17) 67,868 154,286 0.62 [-0.08, 1.32] 1.61 [1.37, 1.89] 

Occult Hypoxemia Prevalence   % [95% CI] [95% PI] 
Patients (k = 5) 109,286  6.5 [2.8, 14.2] [0.8, 36.8] 
Paired Observations (k = 11)  337,976 3.3 [1.8, 5.9] [0.4, 22.0] 

Clinical Outcomes    
Treatment Delay (k = 1) 427  Median (IQR): 5.3 h (1.4–15.2) 
Length of Stay (k = 1) 57,623  Difference: -0.5 d (p < .01) 
In-hospital Mortality (k = 1) 57,623  Difference: +11.1% (p < .001) 

Abbreviations. aHR=adjusted hazard ratio; CI=confidence interval; d=day; h=hour; IQR=interquartile range; k=number of 
studies; PI=prediction interval. 
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Although available studies of pulse oximeter accuracy generally use observational designs, we judged 
newly identified studies to be at moderate or low overall risk of biased findings. The most common 
concerns were unclear detail about the pulse oximeter or CO-oximeter devices used, lack of reporting 
on blinding (ie, whether pulse oximeter results were read without knowledge of SaO2), and limitations 
arising from use of health record data, including unclear detail about patient characteristics. Shi et al 
found that excluding studies with high risk of bias did not substantively alter conclusions. No newly 
identified studies included in syntheses were rated at high risk of bias.  

Evidence on differential pulse oximeter accuracy by patient race/ethnicity from studies published prior 
to mid-2021 was rated as low or very low strength (certainty) by Shi et al. Despite pooled mean bias 
and SD values being larger in recent studies, the substantial increase in available data and consistent 
magnitude of findings led us to increase the strength of evidence supporting the finding that pulse 
oximeters overestimate SaO2 in Black patients to moderate. Although there were comparable increases 
in the amount of data available for other race/ethnicity groups, there was also much greater variability 
in paired readings. Given this, we did not upgrade the strength of evidence supporting the conclusion 
that pulse oximeters do not overestimate SaO2 to a clinically important degree among Asian, Latino or 
Hispanic, Native American or Indigenous, or other or mixed race/ethnicity patients (from low 
certainty). The same conclusion was upgraded to low strength or certainty (from very low certainty) 
for White patients because of the substantial increase in the number of observations contributing to 
pooled estimates.  

Occult Hypoxemia Prevalence 

Occult hypoxemia prevalence by race/ethnicity groups is shown in the Table above. The pooled 
prevalence of occult hypoxemia was highest among Black patients (11.4%, 95% CI [4.6, 25.5]; N = 
34,869) and Asian, Latino or Hispanic, Native American or Indigenous, or other or mixed 
race/ethnicity patients (9.7%, 95% CI [3.2, 26.1]; N = 25,130), compared with White patients (6.5%, 
95% CI [2.8, 14.2]; N = 109,286). Corresponding prevalence ratios (PRs) are shown in the Figure 
below. Compared with White patients, the prevalence of occult hypoxemia was 71% greater among 
Black patients (pooled PR = 1.71, 95% CI [1.43, 2.06]) and 42% greater among Asian, Latino or 
Hispanic, Native American or Indigenous, or other or mixed race/ethnicity patients (pooled PR = 1.42, 
95% CI [1.10, 1.84]). For Black patients, an even larger disparity was apparent at the observation level 
(pooled PR = 2.04, 95% CI [1.64, 2.54]).  

Four studies2,4,35,44 reported odds of occult hypoxemia adjusted for potential confounders (in most 
cases, patient demographics, comorbidities, and therapeutic variables such as use of vasopressors). 
When results were pooled, Black patients had twice the odds of experiencing occult hypoxemia 
compared with White patients (aOR = 1.99, 95% CI [1.15, 3.41]; N = 8,410). Reported odds ratios 
from all studies were similar in magnitude and consistent in direction. Three2,4,44 of the 4 studies also 
included Asian, Latino or Hispanic, Native American or Indigenous, or other or mixed race/ethnicity 
patients, whose odds of hypoxemia were not significantly greater than those of White participants 
(aOR = 1.36, 95% CI [0.82, 2.25]; N = 20,536). Most odds ratios in this population were consistent in 
direction but differed in magnitude. Prevalence ratios and odds ratios followed similar patterns in each 
group.  
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Figure. Occult Hypoxemia Prevalence Ratios by Patient Race/Ethnicity 

 
Notes. All prevalence ratios use White patients as the reference group, and the dashed line corresponds to a 
prevalence ratio of 1.0 (no difference in prevalence compared with White patients). N indicates the number of 
patients in the race/ethnicity group shown and does not include the number of White patients comprising the 
reference group. Patients reported as Other race/ethnicity are included in the group Asian, Lat./Hisp., NA/Indig 
(Asian, Latino or Hispanic, Native American or Indigenous). 
 
Most studies providing data on occult hypoxemia prevalence were rated at moderate risk of biased 
findings for the same reasons as accuracy studies (given the use of accuracy data to define the occult 
hypoxemia outcome). One study35 reporting odds of occult hypoxemia adjusted only for patient sex 
and measured SpO2, compared with the other available studies which controlled for a more 
comprehensive set of potential confounders. Considering both prevalence and associational findings 
together, occult hypoxemia is likely more common among Black patients than among White patients 
(moderate strength of evidence). Asian, Latino or Hispanic, Native American or Indigenous, or other 
or mixed race/ethnicity patients may also experience occult hypoxemia more frequently than White 
patients, but the inconsistency of findings across studies and sparse data for some subgroups led us to 
rate evidence supporting this conclusion as low strength.  

One recent study40 used approximately 30,000 paired SpO2–SaO2 observations from patients treated in 
VHA surgical and general (non-intensive) care settings between 2013 and 2019. The study found 
larger bias and worse precision in Black VHA patients compared with White patients, and reported 
prevalences of occult hypoxemia (defined as SaO2 less than 88% despite SpO2 of 92% or greater) that 
were among the highest of any included study: 19.6% for Black patients, 16.2% for Hispanic or Latino 
patients, and 15.6% for White patients. The difference in likelihood of occult hypoxemia between 
Black patients and White patients remained after controlling for patient sex, age, and comorbidities    
(p < .001). Investigators also analyzed whether SpO2 and SaO2 values were consistent across pairs of 
patient measurements taken the same day. Black patients had a higher likelihood of occult hypoxemia 
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at a second oximetry reading than White patients, even when patients in both groups did not show 
occult hypoxemia on their first oximetry reading taken the same day (ie, Black patients’ probability of 
occult hypoxemia was more variable among measurement instances than that of White patients). Data 
used in the study were drawn from the Corporate Data Warehouse, and in our appraisal, reasonable 
efforts were made to generate a dataset representative of the general VHA patient population and to 
limit selection biases that could reduce the generalizability of study findings. 

Clinical Outcomes 

We found few studies that examined the association between occult hypoxemia (or differential pulse 
oximeter accuracy) and clinical outcomes by patient race/ethnicity, and evidence was considered 
insufficient to make firm conclusions about this relationship. Nonetheless, there does appear to be 
some signal that Black patients with undetected hypoxemia could experience poorer treatment delivery 
and clinical outcomes than White patients with undetected hypoxemia.  

One multicenter study46 in 215 US hospitals and 315 intensive care units reported length of stay and 
in-hospital mortality by whether patients experienced occult or “hidden” hypoxemia (defined as SaO2 
less than 88% despite SpO2 of 88% or greater in observations separated by no longer than 10 minutes). 
For Black patients (N = 26,032), occult hypoxemia was associated with significantly shorter length of 
stay compared with Black patients without occult hypoxemia (-3.0 days, p < .01). Length of stay for 
White patients (N = 57,623) with occult hypoxemia was also significantly shorter than White patients 
without occult hypoxemia, but by only 0.5 days on average (p < .01). Length of stay was significantly 
longer for Asian (N = 1,919) and Hispanic (N = 2,397) patients with occult hypoxemia, but by less than 
1 day on average compared with patients without occult hypoxemia. In-hospital mortality was more 
common in patients experiencing occult hypoxemia regardless of race or ethnicity, with the largest 
difference among White patients (11.1% greater than White patients without occult hypoxemia,           
p < .001). Length of stay comparisons were unadjusted, while mortality comparisons were adjusted for 
patient age, sex, and Sequential Organ Failure Assessment (SOFA) score. 

A second study,2 which used health record data from 26,603 patients in intensive care or undergoing 
surgery at 3 US academic medical centers, reported that occult hypoxemia was associated with fewer 
hospital-free days and greater in-hospital mortality after adjusting for patient age, sex, comorbidities, 
setting (intensive care unit or surgery), and acuity. Neither outcome significantly differed by patient 
race or ethnicity, though Black, Asian, or American Indian patients together made up a relatively small 
proportion of the patient sample (2,110 versus 24,493 White patients). Only simultaneously collected 
SpO2–SaO2 readings were used in the study, and occult hypoxemia was defined as SaO2 less than 88% 
despite SpO2 of 92% or greater. 

A smaller study1 in patients evaluated in the emergency department or hospitalized for COVID-19 in 
the Johns Hopkins Health System (N = 1,903) examined whether patients predicted to have an SaO2 of 
94% or less prior to a measured SpO2 of 94% or less (ie, an unrecognized hypoxemic state) 
experienced delayed recognition of treatment eligibility or delayed treatment initiation. Failure to 
recognize eligibility or delayed recognition of eligibility was significantly more likely among both 
Black patients (adjusted hazard ratio [aHR] = 0.71, 95% CI [0.63, 0.80]) and Hispanic or Latino 
patients (aHR = 0.77, 95% CI [0.66, 0.89]) with unrecognized hypoxemia compared with White 
patients with unrecognized hypoxemia. Analyses were adjusted for patient demographics, 
comorbidities, acuity, and laboratory values (eg, hemoglobin). In the subset of patients eventually 
recognized as treatment eligible, the median delay to eligibility recognition was about 2 hours longer 
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for Black patients and Asian patients compared with Hispanic or Latino and White patients (see Table 
above; p = .01 for Black patients versus White patients). 

A final observational study39 used a causal inference methodology to assess whether differential bias in 
pulse oximeter measurements led to poorer COVID-19 treatment and health services outcomes for 
Black patients in a large California integrated health system. Compared with White patients, 
overestimation of SaO2 among Black patients (N = 1,699) was associated with a significantly lower 
likelihood of hospital admission (-3.1%, 95% CI [-3.4, -2.8]), initiation of treatment with 
dexamethasone (-3.1%, 95% CI [-3.4, -2.7]), delivery of supplemental oxygen (-4.5%, 95% CI [-4.9,    
-4.2]), and post-discharge return to the hospital (-1.2%, 95% CI [-1.9, -0.5]). Overestimation of SaO2 
was predicted to result in a 37-minute delay in dexamethasone initiation (95% CI [20.1, 54.3]) and a 
279-minute delay in supplemental oxygen initiation (95% CI [181.0, 376.0]). Results were adjusted for 
patient age, sex, common comorbidities, and homelessness and insured statuses. 
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DISCUSSION 
Based on a large body of evidence, pulse oximeters likely overestimate Black patients’ blood oxygen 
saturation level. Most available oximetry data is from recent studies conducted in contemporary 
hospital and health system settings and using modern pulse oximeters. In these studies, pulse oximeters 
also appear to have the largest bias and greatest imprecision among Black patients, though some 
degree of bias and considerable imprecision is evident regardless of patient race/ethnicity. Occult 
hypoxemia is likely more common among Black patients compared with White patients. Asian, Latino 
or Hispanic, Native American or Indigenous, or other or mixed race/ethnicity patients may also 
experience occult hypoxemia more frequently than White patients, but evidence in these groups is less 
certain. Studies examining differences in clinical outcomes associated with occult hypoxemia or biases 
in pulse oximeter accuracy are methodologically inconsistent but provide suggestive evidence that 
Black patients with undetected hypoxemia could experience poorer treatment delivery and clinical 
outcomes than White patients with undetected hypoxemia. 

Re-assessing oxygen saturation in arterial blood more routinely—particularly for patients who show 
signs or symptoms of arterial hypoxemia—has been proposed as one step to reduce the risk of occult 
hypoxemia and subsequent harms arising from biases in pulse oximeter readings.40 Another approach 
suggested to mitigate this risk is to raise the oxygen saturation range from 92–96% to 94–98%, though 
this may increase risk of hyperoxemia.44 Applying a skin-tone-based correction factor to readings from 
currently available pulse oximeters has also been discussed,47 but such adjustments have a 
controversial history48-50 and may have limited efficacy because the accuracy and reliability of pulse 
oximetry readings is influenced by a number of factors that cannot be accounted for in a single 
correction factor.47,49 A broader recommendation has been to revise guidelines for pulse oximeter 
validation studies, in particular to require enrolling more patients with darker skin pigmentation, 
testing oximeters under real-world health care conditions, and incorporating perfusion into validation 
requirements.44,51  

As noted earlier, the systematic review by Shi et al6 identified some studies that reported pulse 
oximeter accuracy by skin pigmentation level rather than race or ethnicity. We focused on the latter 
because most available accuracy data is from recent studies that report their results by race/ethnicity 
(likely due to the use of patient health record data). A concern with the use of race/ethnicity in 
accuracy studies is that it may introduce spurious variation across studies and lead to unexpected or 
clinically counterintuitive findings, given that individuals with a wide range of skin pigmentation 
levels may identify with the same race/ethnicity. 

For instance, groups made up of patients identified as Black through health record data may, in one 
hypothetical study, be composed of individuals who on average have lighter skin pigmentation 
compared with a Black patient group in a different study. Variation in sample composition could be 
caused by many factors, including geographic or other contextual differences between the studies, or 
may simply be due to chance. In the former study, pulse oximeter bias in the Black patient group may 
be smaller and closer to levels observed among White patients, while in the latter study, bias in the 
Black patient group may be more substantial. Underlying differences in sample composition by skin 
pigmentation level, therefore, resulted in inconsistent evidence about the same race/ethnicity group. 
Moreover, findings from any single study (eg, the first study, in which bias was similar across groups) 
could be inappropriately generalized because they do not account for the composition of patient groups 
relative to skin pigmentation level. Given these considerations, use of objective skin pigmentation 
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metrics when determining the accuracy of pulse oximeters has been proposed.51 Extending this 
recommendation to prospective research on disparities in occult hypoxemia is likely warranted. 

Finally, it has been acknowledged that addressing biases in pulse oximeter readings and in the care that 
follows from those readings requires fundamental advancements in the technologies used for routine 
oxygen saturation monitoring. Fawzy et al1 state: 

“Although increased awareness of the limitations of pulse oximetry may mitigate some 
of the adverse effects…the race and ethnicity-based discrepancy of pulse oximetry 
exposes a fundamental 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.” 

Improving pulse oximeter technology is an active research area. A small validation study52 published 
earlier this year, for example, tested an investigational noninvasive oximeter that uses green rather than 
the conventional red light, is designed to target superficial skin layers to increase sensitivity to tissue 
hypoxia, and implements patient-specific skin tone calibration (rather than a pre-programmed 
correction factor). The study enrolled equal proportions of patients with fair skin, brown skin, and dark 
skin. Oxygen saturation readings from the novel oximeter were more highly correlated with blood-
based oximetry (r = 0.76) than pulse oximeter readings (r = 0.47), and the novel oximeter was also 
able to accurately assess oxygen levels in cases in which the pulse oximeter failed, including a patient 
with very high skin pigmentation. 

Limitations 

Incorporating an existing review of pulse oximeter accuracy meant that we could not exclude studies 
with limited relevance to modern clinical practice among Veterans (ie, studies that used older pulse 
oximeter technologies or pediatric samples). Observations from these studies make up a small 
proportion of available accuracy data, so it is unlikely this limitation impacts the validity of the 
review’s findings. We also used sequential data abstraction and risk of bias assessment rather than a 
fully independent (blinded) process.  

CONCLUSIONS 
Pulse oximeters likely overestimate Black patients’ blood oxygen saturation level, increasing the risk 
for unrecognized or occult hypoxemia. Occult hypoxemia occurs to some degree in all races/ethnicities 
but is likely more common among Black patients compared with White patients. Findings of this 
review underscore that clinicians should be aware of the risk of occult hypoxemia in patients with 
darker skin pigmentation. Moreover, while pulse oximeter readings are on average fairly similar to 
arterial oxygen saturation levels, evidence from hospital and health system settings relevant to the VA 
suggests that the amount of bias could vary substantially from patient to patient regardless of their 
race/ethnicity. This finding implies that incorporating conventional race or ethnicity-based correction 
factors into pulse oximeters would not eliminate disparities in occult hypoxemia risk. Although 
proposed changes to clinical practice to accommodate bias and imprecision in pulse oximeters may 
help to mitigate harms in the near-term, advancements in noninvasive oximeter technology are needed. 
As the largest integrated health system in the United States, the VHA is uniquely positioned to 
cultivate innovations in oximeter technology. 
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