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Significance 

There is growing attention and 
concern about racial biases in 
some of the decision tools that 
clinicians use to decide on 
medical interventions, but 
considerably less evidence on 
the downstream consequences 
of these biases for patient 
treatment. To shed light on this, 
we compare medical care for 
Black and White patients when 
doctors use a medical technology 
(pulse oximetry) that overstates 
oxygen saturation among 
darker-skinned patients. Despite 
Black patients therefore being 
more medically appropriate for 
follow-up care than White 
patients with the same pulse 
oximetry reading, we find that 
Black patients systematically 
receive lower rates of follow-up 
care than White patients with 
the same reading. 

We compare care for Black vs. White patients following pulse oximetry, a widely used 
device for measuring blood oxygen levels which overestimates oxygen saturation in 
darker-skinned patients. Black patients are therefore medically more appropriate for 
follow-up care than White patients with the same pulse oximetry reading. Yet, using 
data from the Veterans Health Administration on 3.5 million emergency department 
visits between 2014 and 2018, we find that Black patients systematically receive lower 
rates of follow-up care than White patients with the same reading. Our findings 
illustrate how bias in a medical screening device can be propagated and potentially 
amplified in downstream care. 

pulse oximetry | racial bias | health care 

There is growing attention and concern about the potential for “algorithmic bias,” in 
which an ostensibly objective decision tool ends up making systemic errors that adversely 
impact a particular group. Within medicine, a particular focus has been on racial biases 
in the algorithms clinicians use to decide on medical interventions. Racial biases in 
clinical algorithms have been documented across many areas of medicine, including 
cardiology, nephrology, obstetrics, neonatal care, pulse oximetry, lung-function testing, 
and complex care management (e.g., refs. 1–4). In all these instances, the algorithms 
are biased toward underdiagnosing potential health problems in Black patients. For 
example, the long-standing clinical algorithm used to gauge kidney function from an 
easily obtained measure of serum creatinine level (the estimated Glomerular Filtration 
Rate, or eGFR) includes an unwarranted “race correction” which causes the algorithm 
to overstate the kidney function of Black patients (2). 

There is considerably less evidence, however, on the downstream consequences of 
these algorithmic biases for patient treatment. The concern is that, by underestimating 
the severity of illness in Black patients, these clinical decision tools may result in 
Black patients receiving less of the recommended follow-up care than White patients 
of the same underlying health status. Of course, if health-care providers are rational and 
informed about the algorithmic bias, and there are no other race-specific frictions—such 
as differential trust, communication barriers, or implicit biases—in the provider–patient 
interaction, providers might (partly or fully) debias the output from the clinical algorithm. 
In this scenario, there would be higher rates of follow up care for Black patients with 
the same algorithmic reading as White patients, and potentially no differential treatment 
by patient race across patients of the same underlying health status. Whether and to 
what extent Black patients receive higher rates of follow-up care from biased devices and 
clinical decision tools is thus an empirical question. 

We examine this question empirically in the specific context of pulse oximetry. The 
pulse oximeter is a widely used clinical screening and monitoring device, typically slipped 
onto the finger, that painlessly and quickly produces a measure of blood oxygenation. 
Recommended follow-up care after a reading of low blood oxygenation from the pulse 
oximeter includes an arterial blood gas (ABG) test to determine blood oxygenation rates 
directly, as well as timely administration of supplemental oxygen. 

As we discuss in more detail below, both theoretical physics and existing clinical 
evidence indicate that the pulse oximeter overstates (biases) the blood oxygen content for 
darker-skinned individuals relative to lighter skinned individuals. This arises from the 
combination of the spectroscopic phenomenon the pulse oximeter exploits and its having 
been calibrated and validated on light-skinned patients. Absent any other race-specific 
frictions, if clinicians were unaware of or did not do anything to debias the pulse oximetry 
readings, Black and White patients with the same pulse oximeter reading would receive 
the same rates of recommended follow-up care. If, on the other hand, providers partially 
or fully debias the pulse oximetry readings, we should observe, on average, higher rates of 
subsequent interventions for Black patients than White patients with the same reading. 
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Using data on 3.5 million Emergency Department (ED) visits 
to 39 facilities of the Veterans Health Administration (VA) from 
2014 to 2018, we therefore compare rates of follow-up care for 
Black and White patients with the same pulse oximeter reading. 
The VA’s detailed electronic medical records and its high share 
of Black patients (approximately one third in our sample) make 
it an ideal empirical setting for this exercise. 

Contrary to the hypothesis that we would find similar or greater 
rates of follow-up care for Black patients than White patients 
with the same pulse oximeter reading, we find that Black patients 
systematically receive lower rates of clinical follow-up care, at all 
pulse oximetry values we study. The differences in rates of follow-
up care are statistically and substantively significant. For example, 
in the five hours after an initial pulse-oximetry reading, Black 
patients with a pulse oximetry measurement of 89% or lower (a 
measure well below the threshold at which standard guidelines 
would suggest follow up is expected) are about 6 percentage 
points (20%) less likely to receive an ABG test and about 4 
percentage points (7%) less likely to receive supplemental oxygen 
relative to White patients with the same pulse oximetry reading. 
These findings are not affected by the inclusion of controls for 
demographic and (detailed) clinical characteristics. 

It is important to emphasize that these differences in follow-up 
care occur in a context in which, due to the algorithmic bias, the 
appropriate rates of follow-up care (conditional on the same pulse 
oximetry reading) “should” have been higher for Black patients. 
Indeed, once we apply a correction for the bias based on estimates 
from the literature, the racial differences in follow-up care more 
than double. For example, we find that among patients whose 
skin-tone-corrected initial pulse oximetry measurement would be 
89% or lower, Black patients are now about 12 percentage points 
less likely to receive an ABG test and about 19 percentage points 
less likely to receive supplemental oxygen. Our results suggest that 
differences in rates of follow-up care cannot be explained solely 
by bias in the underlying screening device but must also reflect 
decisions by the clinician. We also note that while the device 
bias is unambiguously the result of skin tone, the difference in 
clinician decisions conditional on the device reading may be the 
result of skin tone or of factors that may be correlated with skin 
tone, such as socioeconomic status. 

Our paper relates to a large literature on racial bias in high 
stakes settings like health care and criminal justice. We add to 
scholarship that documents racial bias by individual decision 
makers, such as physicians, caseworkers, judges, and police (e.g., 
refs. 5–8), by examining potential biases introduced by the 
medical devices and decision support tools these individuals use. 
In this sense, our paper relates to the work of Bohren et al. (9) 
who note that total discrimination is the sum of “direct” and 
“systemic” discrimination. Our primary contribution is to use a 
well-established instance of racial bias in medical screening results 
to document how it is propagated through the care pathways. 

Our study also relates to the large literature on racial and 
ethnic disparities in health care. This has been an important area 
of policy and academic attention since the landmark publication 
of Unequal Treatment by the Institute of Medicine in 2003 
(10) and updated in 2024 (11). The causes of these gaps are 
multifaceted, and include social, economic, and institutional 
factors, in addition to medical ones. Within the study of 
medical factors, there are large literatures documenting both 
differences in access to care by race and ethnicity as well as 
the fact that patients of different race or ethnicity systematically 
receive differential medical treatment from the same health 
care provider. In particular, there is considerable evidence that 

Black and Hispanic patients receive less intensive treatment than 
otherwise similar White patients.* The disparate treatment has 
typically been interpreted as arising through individual behavior, 
such as incorrect clinical beliefs, communication challenges, or 
taste-based discrimination. Our study highlights the role of the 
development and commercialization of racially biased medical 
devices in affecting disparate treatment. 

The rest of the paper proceeds as follows. Section 1 provides an 
overview of pulse oximetry, including its clinical uses, the effects 
of skin tone on its readings, and the history of the development 
and commercialization of racially biased pulse oximetry readers. 
Section 2 describes the VA data, and Section 3 presents our 
findings. The final section concludes. 

1. Setting 

1.1. Pulse Oximetry. Pulse oximetry is a noninvasive optical 
technique used ubiquitously in clinical medicine to gauge the 
oxygen saturation of blood (13–15). The technology was adopted 
widely in hospitals during the 1980s, and quickly became so 
widespread that it is often referred to as the “fifth vital sign,” 
regularly collected along with temperature, blood pressure, pulse, 
and respiration rate to provide a rapid assessment of a patient’s 
lung function and peripheral tissue oxygenation (16, 17). Today, 
it is used routinely in a variety of settings from acute care to the 
home, and for both diagnosis and treatment management. 

Anyone who has ever been to a physician—and certainly 
to a hospital or ED—has likely had a pulse oximeter slipped 
onto their finger early in their visit. Its routine use is due to 
the fact that pulse oximetry is painless and quick: Typically, a 
probe is placed on a finger or ear and a reading instantaneously 
appears on a digital monitor. However, pulse oximetry provides 
only a noisy signal of the underlying blood oxygen saturation. 
By contrast, the gold standard alternative, an arterial blood gas 
(ABG), provides a direct measurement of oxygen saturation. Yet, 
an ABG requires puncturing an artery to sample arterial blood— 
an invasive and painful procedure—and subsequent laboratory 
processing introduces delays. Pulse oximetry is therefore used as 
a routine screen to quickly and painlessly gauge whether or not 
the patient may be hypoxemic. 

Given the vital importance of oxygenation for bodily functions 
and the narrow window in which a patient oxygen’s saturation 
level can become of serious clinical concern with potentially 
life-threatening consequences, the clinical guidelines are to take 
additional investigative steps if the pulse oximeter measure falls 
below a given threshold—typically 92% oxygenation or lower, 
but sometimes 95% or lower (18, 19). Standard protocol, if 
the pulse oximetry measures falls below the threshold, is to 
engage in follow-up care; depending on the circumstances, that 
could involve a repeat pulse oximetry measure, a more expensive 
and invasive—but also accurate—ABG, and/or administration 
of supplemental oxygen (20). 

The clinical use of pulse oximetry to diagnose and treat acute 
illness is thus similar to that of many other noninvasive medical 
screens used in a broad range of settings, from pregnancy, to 
newborns, to cancer diagnosis and treatment. These screens allow 
clinicians to obtain a relatively inexpensive, risk-free, painless, 
yet noisy signal which can then guide decisions on whether to 
undergo more invasive, expensive, risky, and potentially painful 
procedures that can provide definitive diagnoses (21). Our focus 
here, however, is not on the lack of precision in the measure, but 

*Currie, MacLeod, and Musen provide a recent review (12). 
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on the potential bias: Pulse oximetry readings, like many other 
optical sensors, perform with varied accuracy across different skin 
tones. As a result, this can lead to differential clinical decision-
making and worse health outcomes among people with darker 
skin tones. 

1.2. Skin-Tone Eects. The interpretation of a pulse-oximetry 
reading depends on skin tone—which has implications for people 
with different skin tones, which may be more prevalent in certain 
racial and ethnic groups—as well as on underlying disease (e.g. 
jaundice), and other factors such as nail polish and motion 
artifact. The role of skin tone arises from its impact on the 
rate of light absorption, and therefore affects the interpretation 
of many noninvasive medical screening devices that use optical 
sensing, such as temporal artery (forehead) thermometers (22) 
and electronic transcutaneous bilirubin (TcB) devices used to 
screen for neonatal jaundice (23), as well as wearable technologies 
such as fitbit tracking of heart rates (24, 25). 

In the case of pulse oximetry, the oximeter gauges blood 
oxygenation rates by leveraging the fact that oxygenated and 
deoxygenated blood have different light absorption properties. 
The pulse oximeter uses two light emitting diodes (LEDs) which 
emit light of two different wavelengths: red and infrared. A sensor 
measures the relative amount of red vs. infrared light absorption 
and translates this into an estimate of blood oxygenation (O2 
saturation values) using an experimentally derived calibration 
curve (26, 27). 

Skin tone affects that calibration curve, which is based on a 
ratio of ratios known as the R-value which measures the ratio 
of direct to alternating current in red vs. infrared light. Melanin 
affects the absorption of red light through skin tissue more so 
than the absorption of infrared light. The net effect is to skew the 
R-value in patients with darker skin (27). Because calibration 
curves were primarily calibrated using paired pulse oximeter 
and ABG readings on lighter-skinned individuals (26, 28), 
pulse oximetry readings therefore deliver an overestimate of the 
oxygenated hemoglobin for patients with darker skin tones. 

Recently, Starnes et al. conducted a prospective study to 
carefully measure the extent of this miscalibration (29). They 
simultaneously took pulse-oximetry measures and ABG measures 
for a sample of patients undergoing cardiac catheterization. They 
report oxygen saturation bias—i.e., systematic measurement 
error, defined as oxygen saturation measured via pulse oximetry 
minus the corresponding (“true”) ABG measure—across three 
skin-tone categories, measured using spectrometer, and for two 
different pulse oximeter devices (Nellcor and Masimo); we will 
use these for a bias-correction factor in some of our analyses 
below.† 

1.3. History of Product Development and Commercialization. 
How did the differential light absorption properties of darker 
and lighter skin get baked into biased measurements in a near-
universal screening technology? We briefly review the history 
of product development for pulse oximetry, emphasizing that 
the effect of skin tone on pulse oximetry measures was well 
documented when it was first developed in the 1970s, and 
that an alternative device that worked well on all skin types 
was deemed not commercially viable and not developed. This 
history provides a concrete example of how lack of representation 
in the development of medical technologies (31) as well as 
†A limitation is that the sample is comprised of mostly children and underrepresents 
Hispanic individuals. However, it is otherwise broadly comparable to that of the US 
population. A retrospective study of paired pulse oximetry and ABG measures among 
ICU patients (30) suggests a similar bias correction. 

the market-based pull-factors that affect the development and 
commercialization of medical technologies (e.g., refs. 32 and 33) 
can affect clinical care. 

The fundamental observation that oxygenated blood is more 
transparent to red light than deoxygenated blood has been known 
since the 1930s. But this insight was not sufficient for building 
a practical, continuous, noninvasive arterial oxygen monitoring 
device, since red light absorbance is also affected by the rate of 
blood flow. This issue was ultimately resolved by including a 
second spectra of light (infrared) where the absorption was more 
similar across the two types of blood and thus sensitive only 
to the amount of blood (34). Yet, by the mid-1970s accuracy 
issues remained a concern, including the fact that patient 
movement and skin tone could affect measurements, and that 
the pulsatile nature of arterial blood introduced noise into 
measurement (34, 35). 

In the 1970s, engineers from Hewlett-Packard (HP) seeking 
to address these issues learned that by including additional 
wavelengths they could create a device that performed accurately 
on all skin tones, and that they could deal with sensitivity to 
patient movement by creating an ear cuff-based measurement 
device. In 1976, they published an article describing a model 
they had designed that used eight different wavelengths and that, 
when tested on a diverse set of individuals, achieved high accuracy 
“regardless of skin pigmentation” (34). However, their expensive 
and somewhat cumbersome over-the-ear design was not further 
commercialized (36). 

Meanwhile, Takuo Aoyagli, an engineer in Japan, overcame 
the issue of noise introduced by the pulsatile nature of arterial 
blood by creating the “Ratio of Ratios” concept described above 
(37, 38). In the 1980s, the US-based companies Biox Technology 
and Nellcor began to commercialize products based on this 
“Ratio of Ratios” concept, but reverted to using two (red and 
infrared) light spectra rather than the eight used in the HP design 
(39). Although subsequent refinements were made to reduce 
measurement error created by patient movement, little attention 
was paid to skin tone in model design improvements (35), and 
it is unclear how salient the skin-tone bias was for medical care 
providers during our 2014–2018 study period. 

1.4. Existing Literature. In the decades subsequent to the wide-
spread diffusion of the modern pulse oximeter in the 1980s, the 
skin-tone bias in pulse oximetry received some, but relatively 
limited attention (e.g., refs. 40 and 41). All of this changed 
in 2020 with the arrival of the Covid-19 pandemic. Starting 
in 2020, a flurry of academic research papers (e.g., refs. 3 and 
42–44), as well as articles in the broader media (e.g., refs. 28 
and 36) documented and discussed the skin-tone bias in pulse 
oximetry.‡ This upsurge of attention likely stemmed from both 
the increased prominence of pulse oximetry during the pandemic 
(28), the murder of George Floyd, and the increased attention to 
racial differences in health and health care treatment in the wake 
of strong racial differences in the pandemic’s mortality impacts 
(e.g., refs. 47–49). In February 2021, the FDA issued a safety 
communication about pulse oximetry’s accuracy in pigmented 
skin, among other situations (50). Prospective studies on the 
difference in accuracy across racial lines were launched and 
committees were convened by the FDA to discuss performance-

‡Indeed, the leading internal medicine textbook, Harrison’s Principles of Internal Medicine, 
updated its guidance on respiratory monitoring in its 22nd Edition to note: “Studies 
during the COVID pandemic noted that pulse oximetry overestimates oxygen saturation 
in patients with darker skin, thus making correlation with arterial PaO2 more imperative.” 
This statement was absent from earlier editions, including the 19th Edition (2015), despite 
otherwise nearly identical text in the relevant section (45, 46). 
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related benchmarks for oxygen measurement devices moving 
forward, culminating in a January 2025 draft guidance from 
the FDA for future blood oximetry device testing (51). 

Many of the academic papers documenting bias, including 
those described above, follow a similar format: They examine 
pairs of measures of oxygen saturation by pulse oximetry and 
ABG among patients who received not only the routine pulse 
oximetry but also the follow-up ABG test, and compare how ABG 
levels (which provide a definitive measure of blood oxygenation) 
vary across patient race, conditional on the corresponding pulse 
oximetry reading. These papers consistently find evidence that, 
conditional on the pulse oximetry measure, Black patients or 
darker-skinned patients who receive a follow-up ABG test have 
lower rates of arterial oxygen saturation (as measured by the ABG 
test) than White patients or lighter-skinned patients. Martin et 
al. provide a systematic review of almost four dozen such studies 
documenting bias in paired measures of oxygen saturation from 
pulse oximetry and ABG from 1970 through 2023, more than 
half of which were published in 2020 or later (52). A challenge, 
however, with all of these studies is that they condition on 
having a follow-up ABG test, something that is not a common 
occurrence and could introduce selection, especially if the rate 
of follow-up testing, conditional on the pulse-oximetry reading, 
differs by race. 

Compared to the voluminous number of papers documenting 
bias in paired measures of oxygen saturation from pulse oximetry 
and ABG, there is relatively less work on the consequences of 
this bias for follow-up care or downstream health outcomes. 
One study that did look at downstream outcomes documented 
that, during the Covid-19 pandemic, pulse oximetry bias was 
associated with delays in receiving treatment for Covid-19 among 
Black patients (42); this study attracted considerable attention 
(e.g. refs. 53 and 54). Other studies have documented lower 
rates of administration of supplemental oxygen and higher in-
hospital mortality among Black ICU and surgical patients that is 
attributed to bias in pulse oximetry readings (e.g., refs. 55 and 56). 
However, like the large literature examining bias by comparing 
paired measures from pulse oximetry and ABG tests, all of 
these papers on downstream care and outcomes also restricted 
the analysis to the potentially selected sample of patients who 
received an ABG test following their pulse oximetry reading. We 
complement these existing studies by conditioning only on a 
pulse oximetry reading so that we can examine the differences in 
follow-up care among Black and White patients with the same 
pulse oximetry reading.§ 

2. Data 

Our data come from electronic health records at the Veterans 
Health Administration (VA)—the largest integrated healthcare 
system in the United States, treating over 6 million veterans in 
2018 (58). Its electronic medical records and high share of Black 
patients make it a particularly useful setting for our analyses. 
Prior work at the VA has documented that among VA inpatients 
who receive a follow-up ABG test, Black patients have lower rates 
of blood oxygenation (based on ABG tests) than White patients 
with the same initial pulse oximetry reading (43). 

Our setting is patients in the Emergency Department (ED) 
where, as noted earlier, a pulse oximeter is routinely applied to all 
patients as part of collecting vital signs at intake. We begin with 

§Matos et al. find lower rates of ABG testing for ICU patients who are Asian, Black, or 
Hispanic than for White patients, but do not compare ABG rates across patients with the 
same pulse oximeter reading (57). 

the universe of all ED visits in the VA over the five-year period 
from 2014 to 2018. This initial sample contains a total of 10.3 
million ED visits to 105 VA facilities. 

We make several sample restrictions to arrive at our primary 
analysis sample. First, given our focus on racial differences in 
measurement, we focus on Black non-Hispanic and White non-
Hispanic patients only [because the correction factor we employ 
underrepresents Hispanic patients (29)]. These account for 8.7 
million (84%) of the original sample. Second, although vital 
signs—including pulse oximetry—are almost always measured 
during ED visits at the VA, they are not always stored (within 
the electronic health records) in structured fields (59). Structured 
pulse oximetry measurements are available in only about 70% of 
all ED visits during this period; in the remaining cases these data 
are often stored as free text from clinical notes or device outputs, 
making it difficult to consistently extract. To ensure consistent 
measurement, we restrict our analysis to the 39 facilities where 
at least 90% of ED visits include a (structuredly stored) pulse 
oximetry reading, yielding 3,689,401 ED visits. In this sample, 
96% of ED visits are associated with a pulse-oximetry reading, 
with similar rates of measurement of other vital signs (such 
as blood pressure). Finally, we further restrict attention to the 
3,513,937 (95%) visits associated with a pulse oximetry of 80% 
or higher due to the relatively small number of patients with lower 
pulse oximetry rates and the possibility that these lower rates 
may reflect data errors. These 3.5 million visits form our baseline 
sample. 1,147,893 (33%) of these visits are associated with a 
(non-Hispanic) Black patient, while the remaining 2,366,044 
visits involve a (non-Hispanic) White patient.¶ 

For each ED visit, we observe the patient’s self-reported 
demographics, including age, sex, race, and ethnicity; we do 
not observe the skin tone of patients, and instead use Black race 
to proxy for darker skin tones. We also observe the time the 
patient arrived at the ED, the time stamped procedure codes 
for any subsequent tests or treatment they receive in the ED 
or after being admitted to the hospital, and the results of any 
of these subsequent tests. Most importantly for our context, we 
observe vital signs (including pulse oximetry readings), diagnostic 
laboratory results of any ABG tests, and administered procedures 
including supplemental oxygen; all of these are associated with 
time stamps, so that we know the sequencing of the different 
procedures and measurements. Finally, we construct indicators 
for preexisting Elixhauser comorbidities (60) based on medical 
diagnoses (in outpatient and inpatient settings) in the year prior to 
the ED visit; there are 30 such conditions including, for example, 
hypertension, diabetes, and depression. 

2.1. Summary Statistics. Consistent with pulse oximetry being 
routinely used, there are no differences by race in the probability 
of receiving an initial pulse oximetry reading in our data (SI 
Appendix, Table S1). This is true both across all 105 VA EDs 
where—due to the idiosyncrasies of the electronic medical record 
storage system described above—we observe pulse oximetry 
readings for only 70% of patients [columns (1) and (2)] and 
in our primary analysis sample of the 39 EDs, where we 
observe pulse oximetry readings for 96% of patients [columns 
(3) and (4)]. 

Table 1 presents summary statistics for our primary analysis 
sample, separately for Black and White patients. Not surprisingly, 
there are noticeable differences in the characteristics of Black 
¶For some of our analyses we also use the full sample of visits from all 105 facilities, after 
applying the same restrictions above regarding self-reported race and a pulse oximetry 
measure of 80% or higher. This expanded sample includes 6.1 million ED visits, of which 
31% are associated with Black patients. 
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Table 1. Summary statistics 
Black White Difference 
(1) (2) (3) 

Female 0.14 0.09 0.05 
Age 57.6 61.0 −3.3 
Age: 18 to 34 0.08 0.10 −0.02 
Age: 35 to 49 0.17 0.13 0.04 
Age: 50 to 64 0.45 0.29 0.16 
Age: 65 to 79 0.25 0.37 −0.13 
Age: 80+ 0.06 0.11 −0.05 
Number of elixhauser comorbidities 3.19 3.33 −0.14 
Comorbidity: Hypertension 0.62 0.58 0.04 
Comorbidity: Diabetes 0.33 0.31 0.02 
Comorbidity: Depression 0.28 0.29 −0.01 
Comorbidity: Chronic pulmonary disease 0.19 0.27 −0.08 
Comorbidity: Cardiac arrhythmia 0.13 0.21 −0.08 
N (number of visits) 1,147,893 2,366,044 
N (number of patients) 273,599 674,954 

Notes: This table presents summary statistics at the ED visit level. Comorbidities are 
diagnoses in the year prior to the ED visit. There are a maximum of 30 Elixhauser 
comorbidities; we report the average number, as well as rates for the top 5 most common 
ones in our sample. Column 1 and 2 shows the average for Black non-Hispanic and White 
non-Hispanic patients. Column 3 shows the Black–White difference (Black - White). All 
differences are statistically significant at the 0.001 level (with and without adjustment for 
observable differences by race in sex and age (or just sex or just age when looking at age 
and sex respectively). 

and White veterans who visit the ED at the VA. Compared 
to the average ED visit by a White patient, the average ED 
visit by a Black patient involves a patient who is more likely 
to be female (14% compared to 9%), and is, on average, 3 y 
younger (average age of 57.6 among Black patients relative to 
61 for Whites). Black patients also have slightly fewer diagnosed 
comorbidities (0.14 fewer; 3.19 compared to 3.33), and this 
remains true even conditional on sex and age (0.09 fewer). 
However, we show below that our main results are not affected 
by controlling for these demographic and health differences 
between Black and White patients, which is consistent with 
the clinical guidelines of treating the pulse oximetry reading 
as a “sufficient statistic” for follow-up oxygenation tests or 
treatments. 

Fig. 1 presents the distribution of the initial pulse oximetry 
measurement, separately by race, in our baseline sample. Recall 
that clinical guidelines typically suggest that a pulse oximetry 
measurement of 92% or lower warrants additional tests and/or 
treatment. As one would expect, the vast majority of pulse 
oximetry readings are “normal,”—with readings of 95% or 
higher—but there is a left tail of lower rates that would potentially 
trigger follow-up care. Pulse oximetry measurements for Black 
patients are slightly higher on average (97.5%, compared to 
96.7% for White patients), which may reflect underlying health 
differences, skin-tone effects on measurement, or both. In all of 
our subsequent analyses we will condition on the initial pulse 
oximetry measure. 

3. Results 

3.1. Racial Dierences in Follow-Up Care. Fig. 2 presents our 
main findings: the propensity of subsequent follow-up care, by 
race, conditional on the initial pulse oximetry measurement. 
Panel (A) plots the fraction of patients to receive a follow-up 
ABG test within 300 min of the first pulse oximetry reading 
across race, and Panel (C ) plots the fraction of patients to receive 
supplemental oxygen, again within 300 min of the first pulse 
oximetry reading. In both cases Black patients are less likely to 

receive follow-up care conditional on their initial pulse oximetry 
measurement.# 

These differences are statistically significant—Panels (B) and 
(D) plots the racial differences and 95% CI constructed using 
heteroskedastic robust SEs—and quantitatively not trivial. For 
example, conditional of an initial pulse oximetry measurement 
of 89% or lower, Black patients are about 6 percentage points 
(20%) less likely to receive an ABG test; 31.9% of White patients 
receive an ABG test compared to only 26.4% of Black patients. 
Black patients are also about 4 percentage points (7%) less likely 
to receive supplemental oxygen (51.4% do, compared to 55.8% 
for White patients).|| Moreover, these results are unaffected by 
controlling for observable differences across Black and White 
patients (SI Appendix, Fig. S2), or measuring follow-up care 
through 150 min rather than 300 (SI Appendix, Fig. S3), and 
are similar to what we find if we use ED visits in all VA facilities 
(SI Appendix, Fig. S4). 

While we have focused on the two main types of follow-
up testing and care, another plausible response to a low pulse 
oximetry measure is to conduct an additional pulse oximetry 
reading. Indeed, the top two panels of SI Appendix, Fig. S5 
show that additional pulse oximetry readings are common for all 
patients (about 30% of patients with an initial pulse oximetry 
reading of 95% or higher receive an additional pulse oximetry 
reading in the next 300 min) and more common for patients 
whose first reading is low. It also shows that for low levels of 
initial pulse oximetry, Black patients are more likely to receive 
a subsequent (biased) pulse oximetry reading. This suggests 
that subsequent pulse oximetry is being used as a substitute 
for administering an ABG to Black patients. Consistent with 
partial, but incomplete substitution, panels (C ) and (D) of SI 
Appendix, Fig. S5 show that the probability of any follow up 
(ABG, supplemental oxygen, or additional pulse oximetry) is 
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Fig. 1. Distribution of first pulse oximetry measurements, by race. Notes: 
This figure plots the distribution of the first pulse oximetry reading taken 
in the emergency department for Black non-Hispanic (black bars) and White 
non-Hispanic patients (gray bars) in our primary analysis, which consists of 
1,147,893 ED visits and 2,366,044 ED visits with pulse oximetry readings for 
Black and White patients, respectively. The average pulse oximetry for Black 
(White) patients is 97.5 (96.7), SD for Black (White) patients is 2.0 (2.4), and 
the share of pulse oximetry between 80 to 89, 90 to 94, and 95 to 100 for 
Black (White) patients are 0.006 (0.013), 0.06 (0.13), 0.94 (0.86). 

#And, naturally, also unconditionally, given that—as we saw in Fig. 1—Black patients are 
associated with higher initial measurement. 
|| In addition, consistent with prior work both at the VA (43) and in many other settings (52), 
conditional on receiving an ABG test, the tests reveal that Black patients have much lower 
rates of oxygen saturation than White patients with the same initial pulse oximetry reading. 
SI Appendix, Fig. S1 shows these results, which are typical of the studies documenting lower 
underlying blood oxygenation for Black patients than for White patients with the same 
pulse oximetry reading, conditional on receiving an ABG test. 
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A 

C D 

B 

Fig. 2. Racial differences in follow-up care. Notes: This figure plots two clinical decisions by first pulse oximetry reading in the ED and by race: any ABG (Top 
row) and any supplemental oxygen (Bottom row), both within 300 min of the first pulse oximetry measurement. Panel (A) shows the fraction of patients who 
receive an arterial blood gas within 300 min by first pulse oximetry reading in the ED. Blue squares and black circles correspond to White and Black patients, 
respectively. Panel (B) plots the average Black–White difference in receiving an arterial blood gas within 300 min and the 95% CI (calculated using heteroskedastic 
robust SEs). Panels (C) and (D) is the same but with any supplemental oxygen as the outcome. The sample consists of 1,147,893 ED visits and 2,366,044 ED visits 
with pulse oximetry readings for Black and White patients, respectively. 

more similar for Black and White patients at low levels of 
initial pulse oximetry than the probability of ABG or of oxygen, 
although Black patients still receive less follow up care of any 
kind. 

3.2. Measurement-Corrected Results. Because of the skin-tone 
differences in the expected blood oxygen rates for Black and 
White patients with the same pulse oximetry measurement, 
comparing rates of follow-up care conditional on the pulse 
oximetry measurement will understate differences in rates of 
follow-up care conditional on “true” underlying blood oxygen 
rates. 

We therefore reproduce the analysis of Fig. 2 after attempting 
to “correct” for the pulse oximetry skin-tone effect so that the 
corrected pulse-oximetry measurements are more comparable 
across patients of different race. Specifically, we draw on the 
estimates from Starnes et al. (29) which, as discussed in Section 
1.2, compare pulse oximetry measures of blood oxygenation to 
ABG measures taken at the same time. Starnes et al. report 

the average bias (i.e., difference between these two measures) 
for three different skin tone categories; they do this for two 
different, common pulse oximetry devices (the Nellcor and the 
Masimo device). We calculate the average bias across these two 
devices for the darkest skin tone category (ITA 5 or 6) and 
the lightest category (ITA 1 or 2), and assign these to Black 
and White patients, respectively. We then adjust each observed 
pulse oximetry value by subtracting the relevant bias according 
to patient race. This serves as our corrected pulse oximetry 
measurement. 

The resulting analysis is shown in Fig. 3. Conditioning on 
the “true” blood oxygen level (that is, the skin-tone-corrected 
initial pulse oximetry measurement) rather than the “raw” pulse 
oximetry measure greatly amplifies the lower propensity of Black 
patients to receive follow-up care. For example, conditional on an 
initial corrected estimate of blood oxygen measurement of 89% or 
lower, Black patients’ propensity to receive ABG is now about 12 
percentage points lower than White patients (13.9% compared 
to 26.3%) and their propensity to receive supplemental oxygen 
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Fig. 3. This figure plots two clinical decisions by “corrected” first pulse oximetry reading in the ED and by race: any ABG (Top row) and any supplemental 
oxygen (Bottom row), both within 300 minutes of the first pulse oximetry measurement. Panel (A) shows the fraction of patients who receive an arterial blood 
gas within 300 minutes by “corrected” first pulse oximetry reading in the ED. Panel (B) plots the average Black-white difference in receiving an arterial blood 
gas within 300 minutes and the 95% CI (calculated using heteroskedastic robust SEs). Panels (C) and (D) are the same but with any supplemental oxygen as the 
outcome. The “corrected” pulse oximetry readings use the Starnes et al. correction (29). Specifically, using their Table 1 results, rounded to the nearest integer, 
we “correct” pulse oximetry by subtracting 1 from white patients and 3 from Black patients. Across all panels, the lighter transparent points are noncorrected 
and identical to Fig. 2. The darker points are corrected. Blue squares and black circles correspond to white and Black patients, respectively. The 95% CIs are 
calculated using heteroskedastic robust SEs. The sample consists of 1,147,893 ED visits and 2,366,044 ED visits with pulse oximetry readings for Black and white 
patients, respectively. 

is now about 19 percentage points lower (31.0% compared to 
49.5%). 

4. Conclusion 

In this paper, we investigated how racial bias embedded in 
technology, specifically in pulse oximetry, contributes to dis-
parities in follow-up care between Black and White patients. A 
widely used, noninvasive tool to measure blood oxygenation, 
pulse oximeters overestimate blood oxygenation for darker-
skinned individuals relative to lighter-skinned ones due to the 
combination of differences in physical light absorption properties 
by skin tone and device calibration based primarily on lighter-
skinned individuals. 

Using data from 3.5 million ED visits in the VA, we find that 
Black patients with the same pulse oximetry readings as White 
patients receive significantly less follow-up care, including an 
intervention listed by the World Health Organization as being 
essential: supplemental oxygen (61). These gaps persist even after 
controlling for observable characteristics. Our findings highlight 
how systemic bias in product development and commercializa-
tion can have downstream consequences for clinical care, and 
underscore the importance of representation in all steps of the 
scientific process. Further research would be useful to study how 
these downstream consequences for clinical care affect morbidity 
and mortality. 

This study has several limitations. First, skin tone is not 
directly observed; instead, race is used as a proxy, which may also 
capture other patient characteristics—such as underlying health 
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conditions or socioeconomic status—that could independently 
influence care. Second, we do not observe patients’ true under-
lying health status, limiting our ability to fully adjust for clinical 
severity. Third, our measurement correction is derived from a 
sample composed primarily of children and relies on a discretized 
skin tone scale. Fourth, it is unclear to what extent clinicians 
were aware of skin-tone–related bias in pulse oximetry during 
the study period. Finally, observed differences in care reflect a 
combination of device measurement bias and clinician responses 
to those measurements, which we are unable to separately 
identify. 

Data, Materials, and Software Availability. The data used in this study were 
obtained from the U.S. Department of Veterans Affairs (VA) Corporate Data 
Warehouse (62) and contain sensitive patient-level information. These data are 

not publicly available due to legal and ethical restrictions under U.S. federal law 
and VA policy. Access to VA data may be granted to qualified researchers with 
an approved VA appointment and an approved research protocol or operations 
project. The analytic code used in this study is available from the corresponding 
author upon request. 
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