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Abstract

Background: Photoplethysmography (PPG) is a technology routinely used in clinical practice to assess blood oxygenation
(SpO,) and pulse rate (PR). Skin pigmentation may influence accuracy, leading to health outcomes disparities.

Objective: This systematic review and meta-analysis primarily aimed to evaluate the accuracy of PPG-derived SpO, and PR
by skin pigmentation. Secondarily, we aimed to evaluate statistical biases and the clinical relevance of PPG-derived SpO, and
PR according to skin pigmentation.

Methods: Weidentified 23 pulse oximetry studies (n=59,684; 197,353 paired SpO,-arterial blood observations) and 4 wearable
PR studies (n=176; 140,771 paired PPG-€l ectrocardiography observations). We eval uated accuracy according to skin pigmentation
group by comparing SpO, accuracy root-mean-square values to the regulatory threshold of 3% and PR 95% limits of agreement
valuesto +5 or -5 beats per minute (bpm), according to the standards of the American National Standards Institute, Association
for the Advancement of Medical Instrumentation, and the International Electrotechnical Commission. We evaluated biases and
clinical relevance using mean bias and 95% ClI.

Results:  For SpO,, accuracy root-mean-square values were 3.96%, 4.71%, and 4.15%, and pooled mean biases were 0.70%
(95% CI 0.17%-1.22%), 0.27% (95% Cl —0.64% to 1.19%), and 1.27% (95% Cl 0.58%-1.95%) for light, medium, and dark
pigmentation, respectively. For PR, 95% limits of agreement values were from —16.02 to 13.54, from —18.62 to 16.84, and from
—33.69 to 32.54, and pooled mean biases were —1.24 (95% CI —5.31 to 2.83) bpm, —0.89 (95% CI -3.70 to 1.93) bpm, and -0.57
(95% CI —9.44 to 8.29) bpm for light, medium, and dark pigmentation, respectively.

Conclusions: SpO, and PR measurements may be inaccurate across all skin pigmentation groups, breaching U.S. Food and
Drug Administration guidance and industry standard thresholds. Pulse oximeters significantly overestimate SpO, for both light

and dark skin pigmentation, but this overestimation may not be clinically relevant. PRs obtained from wearables exhibit no
statistically or clinically significant bias based on skin pigmentation.

(J Med Internet Res 2024, 26:€62769) doi: 10.2196/62769
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Introduction

Photoplethysmography (PPG) technology has been used in
medicine since the 1970s to assess pulse rate (PR) and blood
oxygenation (Sp0O,). The accuracy of PPG-based SpO, and PR
is critical for medical practice, clinical decision-making, and
patient outcomes [1].

Technological advancements have led to rapid expansion of
this technology into consumer devices [2]. This has enabled
consumersto continuously and unobtrusively track health status,
generating information that is becoming commonly used in
health care settings and as a source of research end points[3,4].

Researchers have identified several factors that influence the
accuracy of PPG-based measurements, including skin
temperature, sensor contact pressure, skin thickness, and
hydration level [5,6]. Notably, darker skin pigmentation may
influence PPG-based SpO, and PR readings [7-10]. Patients
with darker skin pigmentation are more likely than patientswith
lighter skin color to have overestimated SpO, readings, leading
to lower hospital admission; higher occult hypoxemia; and
delayed or no access to dexamethasone, therapeutic oxygen,
and COVID-19 therapies, resulting in increased hospital
readmission, organ dysfunction, and mortality [11-18].

Starting in 2013, aseries of U.S. Food and Drug Administration
(FDA) guidances, safety communications, and more recently,
statementsfrom attorneys general have called to address darker
skin pigmentation bias in pulse oximeters[19]; however, these
guidances lacked standards for assessing skin tone[20]. Recent
pulse oximeter research has rekindled interest in skin
pigmentation disparities in PPG sensor accuracy, leading to
increased mediaand regulatory attention [21-24]. In November
2023, more than 24 attorneys general wrote a letter calling on
the FDA to take urgent action to address pulse oximeter skin
pigmentation disparities [25,26].

More recent research has also highlighted the potential presence
of these biases in research-grade and consumer PPG-based
wearabledevices[4,27-29], leading to callsto addressinequity,
bias, and discrimination in wearable heath technology and
clinical practice algorithms [30,31].

Accuracy guidance for pulse oximeters and heart rate or PR
devices has been delineated by regulatory bodies, industry, and
medical standards. Overall accuracy of pulse oximeters can be
assessed with accuracy root-mean-square (A,.g, which
combines mean bias and precision (SD of bias) into a single
metric [32]. FDA guidance hasathreshold of A,,,<3% [19] for
transmittance devices and a threshold of A,,s<3.5% [19] for
ear clip and reflectance devices, while international thresholds
are set at A, :<4% [32]. For heart rate or PR devices, overall
accuracy can be assessed with 95% limits of agreement (LoAS).
The American National Standards Institute (ANSI), Association
for the Advancement of Medical Instrumentation (AAMI), and
International Electrotechnical Commission (IEC) have set the
recommendation that electrocardiography (ECG) devices have
mean bias of +5 or -5 beats per minute (bpm) or mean absolute
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percentage error<10%, whichever is greater [33,34]. Devices
with accuracy measures breaching these accuracy thresholds
can produce questionabl e results.

Itis, therefore, critical to generate evidenceto inform the design
and calibration of these devices to reduce algorithmic bias and
improve accuracy, so that PPG-based technology can generalize
to all segments of the population, mitigating racial disparities
in health outcomes. There have been systematic reviews on
PPG skin pigmentation bias, but these have been limited to
either consumer device PR [35] or pulse oximeter SpO, [36-38].
Only 1 meta-analysis focused on pulse oximetry for this topic
isavailable[36], and an additional 7 studies have been published
recently, providing an additional 50,980 participants and
182,369 paired observations. Therefore, performing a
comprehensive meta-analysis to examine PPG accuracy,
potentia bias, and clinical relevance for SpO, and PR by skin
pigmentation is timely.

Methods

Search Strategy and Selection Criteria

We followed the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines [39] and
developed a MEDLINE systematic search. Searches were
performed between April 2022 and June 2023, and a final ad
hoc search was conducted in June 2023. No additional studies
were included after this date.

We included studiesthat (1) investigated PPG-derived SpO, or
PR test devices per definition [40]; (2) used arterial blood gas
(Sa0,) or ECG as the reference device; and (3) reported mean
bias and SD, SE, 95% LoA, or 95% CI by race, ethnicity, or
skin tone. Inclusion disagreementswere resol ved by consensus.

Exclusion criteria included (1) literature reviews, systematic
reviews, commentary, and meta-analyses, (2) non-English
manuscripts; (3) irretrievable full source texts; (4) studies on
remote PPG; and (5) those that lack SaO, or ECG as the
reference device. We chose to not exclude papers based on
measurement hardware or underlying algorithms given that all
measurement devices relied on contact-based PPG to measure
the same end points of interest—SpO, and PR.

Data Analysis

Data Extraction

Datawereindependently extracted from published manuscripts
(BWN and SS). A third and fourth reviewer (MRB and HG)
adjudicated any differences between theinitial 2 reviewersand
resolved any disagreements by checking manuscripts. Thefirst
author verified the quality of manuscripts. Standardized data
extraction was developed to extract the study characteristics
(see the Materials—Data Extraction section in Multimedia
Appendix 1). For 1 paper, we used participant-level data from
the supplementary materials to calculate mean bias and SE by
skin pigmentation category [41]. Thisresulted in 27 studiesin
our final analysis (Figure 1 and Table 1).
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Figure 1. PRISMA (Preferred Reporting ltems for Systematic Reviews and Meta-Analyses) diagram. ECG: electrocardiography; PPG:
photoplethysmography; SpO-: blood oxygenation.

8582 potentially eligible
studies identified through 104 potentially eligible studies
database search: identified through other sources:
PubMed (n = 1548) Citation searching (n =33)
Embase (n = 2652) Ad hoc internet searches (n=71)
Scopus (n = 2654)
Web of Science Core

Collection (n =1543)
ClinicalTrials.gov (n = 185)

3500 duplicate records automatically removed
prior to screening

5186 records screened

4969 records excluded:
3634 reports did not discuss PPG data obtained from wearable devices
125 reports did not discuss skin tone
1210 reports discussed neither PPG data obtained from wearable devices nor skin tone

217 full-text studies assessed
for eligibility

156 records excluded:

34 records were duplicates of other records in this search

26 records reported no race, ethnicity, or skin tone data

11 records were review papers

9 records did not discuss PPG and/or skin tone

9 records assessed SpO, but did not use blood gas as a reference device

9 records were letters, replies, responses, errata, or oral presentations

8 records were abstracts

8 studies did not comment on primary endpoints of interest

6 records did not contain primary research

5 studies collected race but did not report on it

4 records did not have full-texts that could be obtained

4 records reported simulations with no human subjects

3 records reported benchtop testing with no human subjects

3 records assessed pulse rate but did not use ECG as a reference device

3 records collected skin tone but did not report data categorized by skin tone
27 studies included in meta- 2 records were metai-anah..lses .

analysis 2 records were published in textbooks and were not peer-reviewed

2 records featured a study device that utilized a combination of ECG and PPG
2 reports assessed the effect of nail polish and not skin tone
1 record contained survey data and did not directly study PPG
1 record did not have an English full-text available
1 record featured a study device that utilized a combination of audio and PPG
1 record noted significant difficulty in classifying subject skin tone
1 report utilized a prototype device
1 record combined Fitzpatrick Skin Scale Types 1-3 into one category

61 studies met criteria for
qualitative review
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Table 1. Characteristics of included studies.

Singh et d

Device type and Sample Test device evaluated Reference de- Sa0,2 (%) Participant popu- Research  Skin pigmentation
study (author, year) size,n vice lation setting method
range
Pulse Oximetry
Abramset al 200 Nellcor N-200 Radiometer Not report- Medical—adult  Inpatient ~ Race—Black and
[42], 2003 ABL-520 ed patients with cir- White
rhosis
Adlereta [43], 298 Nellcor D-25 4-wavelength  50-99 Medical—adult  Inpatient Skin tone—Munsell
1998 spectro-pho- emergency depart- color system catego-
tometer, or co- ment patients rized into light,
oximeter (Ra medium, or dark
diometer
OSM3)
Andrist et a 1061 Not reported Not reported Not report- Medical—pedi-  Inpatient Race
[44], 2022 ed atric
Barker and Wil- 75 Masimo SET pulse ~ Rediometer 70-100 Mixed—healthy Research  Race
son [45], 2023 oximeterswith RD- ~ ABL-835Flex and mild sys- — laborato-
SET sensors CO-Oximeter temic disease ry
Bickler et a 23 Nellcor N-595 with Radiometer 60-100 Healthy—non- Research  Ethnicity—light
[20], 2005 Nellcor OxiMax A fin- OSM3 smoking —laborato-  (Northern European)
ger probe ry and dark (African
Novametrix 513smod- American)
els (2 types)
Nonin Onyx models (2
types)
Bothmaet al 100 Simed S100e I1L482 Co- 87.8-99.2 Medicad—critica- Inpatient  gyintone—EEL S re-
[46], 1996 Nihon Koden oximeter Sys- ly ill adult pa- flectance spectropho-
Ohmeda 3740 tem tients tometer; all partici-
pants had dark skin
tone
Burnett et 46,253 Unspecified Nellcor GEMStat Pre-  Not report- Medical—pa- I npatient Race and ethnicity
[47], 2022 and Masimo devices  mier 3000 ed tients receiving
anesthesia
Crookset a 2997 Not reported Not reported Not report- Medi- I npatient Race
[48], 2022 ed cal—COVID-19
Ebmeier et a 394 Marquette Rac-4A Radiometer Not report- Medical—multi-  Inpatient Ethnicity
[49], 2018 monitorswithMasimo ABL 800FLEX ed ple conditions
sensors and PhilipsIn-  SaO, analyzer
telliVue
MP70 monitors with
Philips
Adult Reusable SpO,
sensors
Fawzy et a 1216 Not reported ABL825, Not report- Medi- Inpatient Race and ethnicity
[17], 2022 ABL827, or ed ca—COVID-19
ABL90 blood
gas anayzers
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Device type and Sample Test device evaluated Reference de- Sa0,2 (%) Participant popu- Research ~ Skin pigmentation
study (author, year) size, n vice lation setting method
range
Feinereta [8], 36 Nellcor N-595 (Oxi- Radiometer 60-100 Healthy—non- Research  Ethnicity—light
2007 Max A adhesiveprobe) OSM3 multi- smoking —laborato-  (Caucasian), interme-
Nellcor N-595 (aclip- wavelength ry diate (Hispanic, Indi-
type probe) oximeter an, Filipino, or Viet-
Masimo Radical (clip namese), and dark
probe) (African American)
Masimo Radical (adhe- categories
sive disposable probe)
Nonin 9700 (clip-type
probe)
Nonin 9700 (dispos-
able adhesive probe)
Fogliaet 36 Nellcor Oximax (Covi- SiemensRapid- 60-92 Medical—infants Inpatient ~ Skintone—Munsell
[50], 2017 dien) lab 1265 with cyanotic color system
Masimo Rainbow SET congenital heart
Radica 7 disease and oxy-
gen saturation
<90%
Jubranand To- 54 Nellcor pulseoximeter CO-oximetry Not report- Medicd—critica-  Inpatient Race—Black and
bin [51], 1990 with disposable or ed ly ill, ventilator- White
reusable probes dependent pa-
Ohmeda-Biox3700 tients
pulse oximeter with
reusable probe
McGoverneta 8 Ohmeda 3700 IL 482 Co- Not report- Medical—adults Research ~ Race—all White
[52], 1996 oximeter ed withstablecondi- —laborato-
tion with severe  ry
corp
Mufoz et a 846 Minolta Pulsox-7 IL 682 co- Not report- Medical—adults Outpatient Race—all White
[53], 2008 oximeter ed under assessment
for long-term
home oxygen
therapy
Pilcher et a 400 Carescape B450 moni-  Radiometer 72-100 Medical—hospi-  Inpatient Skin Tone—Fitz-
[54], 2020 tor with Nellcor probe  ABL800 talized adult pa=  and outpa-  patrick Scale catego-
GE Dash 3000 tients tient rized into light,
Masimo Radica 7 medium, and dark
Masimo SET Quartz
(unspecified)
Masimo SET Quartz
Q400
Nonin 2120
Nonin 2140
Nonin Avant (unspeci-
fied)
Nonin Avant 4000
Nonin Avant 9700
Nonin Lifesense
Medair
Novametrix Model 512
Ohmeda Biox 3700E
withaGE TruSignal or
Nellcor probe
Philips Intellivue
MP70 with aGE
TruSignal Nellcor or
Philips probe
Welch Allyn with a
Nellcor probe
774 Not reported Not reported I npatient Race
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Device type and Sample Test device evaluated Reference de- Sa0,2 (%) Participant popu- Research ~ Skin pigmentation
study (author, year) size, n vice lation setting method
range
Ruppel et a Not report- Medica—cardiac
[55], 2023 ed catheterization
Sudat et a [56], 8735 Not reported Not reported Not report- Medical—multi- Inpatient Race
2023 ed ple conditions
Thrush and 25 Critikon Dinamap Plus  1L482 co- 80-100 Healthy—non- Research  Race—all White
Hodges [57], Model 8700 oximeter smoking adults ~ — laborato-
1994 Critikon Oxyshuttle ry
Ohmeda 3700 Catalyst
Research MiniOx IV
Vabuenaetal 372 Not reported Not reported, Not report- Medical—adult  Inpatient ~ Race and ethnici-
[12], 2022 bloodgasanaly- ed patients with res- ty—White, Black,
sis piratory failure or Hispanic, and Asian
COVID-19
Vesouliset d 294 Nellcor SpO, module  Radiometer Not report- Medi- Inpatient Race—White and
[58], 2021 with Neonatal-Adult  ABL800 Flex  ed ca—pretermin- Black
MAX-N adhesive fants at neonatal
SpO, sensor (Covidi- intensive care
en) (used with either unit
Philips IntelliVue
MP70 or M X800 moni-
tors)
Wilesetal [59], 194 Nellcor reusable SpO, RAPIDpoint Not report- Medical—adult  Inpatient Race—Asian, Black,
2022 probesor Mindray dis- 500 analyser ed patients with White, and other
posable SpO, probes  (Siemens COVID-19 pneu-
(GE Healthcare B1x5 ~ Hedlthcare monitis
M/P monitor) GmbH)
Zeballosand 33 Hewlett-Packard HP-  1L282 co- Not report- Healthy—non-  Research  Race—all Black
Weisman [9], 47201A oximeter ed smoking volun-  —laborato-
1991 OhmedaBiox I1A teers ry
Pulse Rate
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Device type and Sample  Test device evaluated Reference de- Sa0,2 (%) Participant popu- Research ~ Skin pigmentation
study (author, year) size,n vice range lation setting method
Benteta [41], 53 « EmpaticaE4 BittiumFaros N/AY Healthy Research  Skin tone—Fitz-
2020 «  AppleWatch 180, Bittium — |aborato-  patrick Scale:
«  Fitbit Charge Inc. ry . 1(n=7)
o  Garmin Vivosmart 3 . 2(n=8)
«  Xiaomi Miband . 3(n=10)
«  Biovotion Everion . 4(n=9)
. 5 (n:9)
. 6(n=10)
Nelson and 1 o AppleWatch 3 VrijeUniver-  N/A Heslthy Research  Skin tone—Fitz-
Allen [60], «  Fitbit Charge 2 siteit Ambulato- —red patrick Scale:
2019 ry Monitoring world . 1(n=1)
System
Sanudo et & 45 «  AppleWatch (verson  Polar Chest N/A Healthy Research  Skin tone—Fitz-
[61], 2019 not reported) Strap —laborato-  patrick Scale:
ry . 2(n=15)
. 3(n=15)
« 4(n=15)
Chow andYang 40 o  Garmin Vivosmart Polar H7 Chest  N/A Heslthy Research  Ethnicity and skin
[62], 2020 HR+ Strap —laborato-  tone—East Asian,
«  Xiaomi Mi Band 2 ry Fitzpatrick Scale 3
and 4

8350, arterial blood gas.

bSET: Signal Extraction Technology.

CEEL: electron energy loss.

dSpoz: blood oxygenation.

fcoPD: chronic obstructive pulmonary disease.
IN/A: not applicable.

Quality Assessment of the Overall Evidence

QUADAS-2 tool was used to evaluate risk of hias and
applicability (Figure S1 in Multimedia Appendix 1). Funnel
plots eval uated publication bias using the metafor package [63]
(Figures S2 and S3 in Multimedia Appendix 1).

Statistical Analysis

Skin Tone Categorization

We mapped skin tone, race, and ethnicity into 3 primary skin
pigmentation groups of light, medium, and dark, following
published methodology [36] (see Table S1 in Multimedia
Appendix 1) and examined biases for SpO, and PR by each
skin pigmentation group (described below).
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We elected to use this same skin pigmentation categorization
schemaas has previously been used, with the goal of expanding
upon the analysis of Shi et a [36].

Statistical Analysis

The objective of the study was to assess whether the devices
were accurate in estimating SpO, and PR when compared with
a Sa0, and ECG reference device, respectively, for each skin
pigmentation group. If these measures were found to be
inaccurate, biases were quantified and their clinical relevance
was assessed. The analytical approach to execute these research
objectiveswas formul ated based on methodologies usedin prior
meta-analyses within the discipline [36].

Evaluation End Points and Criteria

A summary of the evaluation criteriaused can befoundin Table
2.
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Table 2. Evaluation end points and criteria for blood oxygenation (SpO,) and pulse rate studies.

Category and objective Evaluation end point Evaluation criteria
SpO2
Evaluate accuracy Arme Accurate if Amgs3%
Statistically significant bias Mean bias (95% Cl) Statistically significant bias if 95% CI does not contain O
Clinically relevant bias Mean bias (95% Cl) Clinically relevant bias if either upper bound of 95% Cl<4% or lower
bound of 95% CI>4%
Pulserate
Eval uate accuracy 95% LoAP Accurate if 95% LoA is bounded by +5 or -5 bpm®
Statistically significant bias Mean bias (95% Cl) Statistically significant bias if 95% CI does not contain O
Clinically relevant bias Mean bias (95% Cl) Clinically relevant biasiif either upper bound of 95% CI <5 bpm or lower

bound of 95% CI >5 bpm

A ms: &ccuracy root-mean-square.
BLoA: limits of agreement.
Cbpm: beats per minute.

Accuracy

To evaluate the accuracy of SpO, , A, Was used to measure
accuracy, because of its commonality in the regulatory space

[19]. It was calculated as vbias? + precision® | where precision
is the SD of bias [42,43]. A, is useful in clinical settings
because it provides a single metric that accounts for both the
systematic error (bias) and the random error (precision) in
measurements and it provides a comprehensive assessment of
how close the measurements are to the true values. A lower
A value indicates better accuracy, meaning that the
measurement is closer to the true value, whereas a higher A,
value suggests|ower accuracy, indicating that the measurement
is further away from the true value.

For SpO,, our study used the stricter A,,,c>3% threshold to
define inaccuracy as per FDA guidance [19]. We used this
threshold as 22 (96%) out of 23 of pulse oximeter studies used
a transmittance device and only one used an ear clip, which
would have set a more liberal threshold of 3.5%. To evaluate
accuracy of PR, the 95% LoA of bias was used, and LoA was
constructed asmean bias (SD 1.96). For PR, apooled 95% LoA
not bounded by +5 or -5 bpm was considered inaccurate per
ANSI/AAMI/IEC standards [33,34].

Bias
To evaluate bias of both SpO, and PR, mean bias and its 95%

Cl were used. For each data point that compares the test with
the reference device, bias was constructed as test device —
reference device. Based on the final results, a measure was
considered to have statistically significant bias if the 95% CI
of itsmean bias did not contain 0, with the estimated mean bias
over 0 indicating overestimation and under O indicating
underestimation.

Clinical Relevance of Estimated Bias

To evaluate the clinical relevance of the estimated biasfor SpO.,,
if the 95% CI of mean bias was out of the +4% to —4% range

https://www.jmir.org/2024/1/e62769

it was considered clinically relevant. This threshold isinferred
from FDA guidance on Pulse Oximeters—Premarket
Notification Submissions[510(k)s] : Guidance for Industry and
Food and Drug Administration Saff [19]. To evaluate the
clinical relevance of the estimated bias for PR, if the 95% ClI
of mean bias was out of the bound of +5 or -5 bpm, it was
considered clinically relevant as per ANSI/AAMI/IEC standards
[33,34].

Statistical Meta-Analysis

To obtain pooled resultsfor above listed end points, we collected
sample size, paired observations, mean bias, and SD from
various studies. When not available, we either transformed
relevant parameters, such as 95% LoA and 95% Cl, into these
statistics or obtained them by analyzing the raw data.

Methods to Pool Measures of Bias

Correlated and hierarchical effect (CHE) models were used to
pool mean biases from various studies. Specifically, 3-level
hierarchical modelswere constructed, with Level 1 representing
individual data points collected in astudy, Level 2 representing
potentially multiple comparisons within a research study, and
Level 3 representing various studies included in the
meta-analysis. Within a study, there may be multiple devices
compared using the same participants' data, and these effect
sizes are dependent. To account for this dependence, the CHE
model used the robust variance estimation (RVE) method, which
allowed usto combine data from single-measure design studies
with multiple dependent estimates of effect size, even when the
dependence is unknown [64]. To execute the CHE model with
RVE, we needed to plug in assumed correl ation coefficientsfor
these dependent effect sizes. We used correlation coefficient
0.9 following published methods [36], and small ( =0.30) and
moderate ( =0.60) correlation coefficients were also explored
in sensitivity analyses. Additionally, one report [48] had
substantially larger SE, so we conducted a separate analysis
excluding its results as part of the senditivity analysis. To
evaluate the heterogeneity of the studies, we reported the overall

12 (percentage of variability in the effect sizesthat is not caused
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by sampling error) and its breakdown of within-study (Iz,_a,dz)

and between-study (IZLa,dg,) portions. We conducted subgroup
analysesto seeif there were statistically significant differences
in bias between skin pigmentation categories (Table S2 from
Multimedia Appendix 1). Forest plotswere provided to visualize
the mean bias (Figures S2 and S3 from Multimedia Appendix
1).

Methods to Pool Measures of Accuracy

When it comes to providing pooled 95% LOA and A, hO
established methodologies exist, so we followed an analytical
approach used in prior meta-analyseswithin the discipline [36].
Specifically, SD of bias across studies were pooled using CHE
models similar to those used to pool mean biases. The pooled
mean bias and pooled SD were then used to provide pooled
estimates of 95% LoA and A, Specifically,

Overdl accuracy ,A\rms = 4/the pooled mean bias? + the pooled SD?
«  Overdl 95% LoA = pooled mean bias+ 1.96 x pooled SD

https://www.jmir.org/2024/1/e62769
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Other Methods

Descriptive statistics were provided for study characteristics,
the deviceintended use, mean bias based on different skin tones,
and reference devices. All analyses were conducted using R
(version 4.3.1; R Foundation for Statistical Computing) with
statistical models based on R packages metafor [63] and
clubSandwich [65].

Results

Study Selection and Characteristics

Search strategy resulted in 8582 records. We selected 27 studies
for full review (pulse oximetry: n=23, PR: n=4; Figure 1, Table
1, and Table 2). A total of 23 pulse oximetry studies involving
59,684 participantswith 197,353 paired SpO,-Sa0, observations
wereincluded. Additionally, 4 PR studieswith 176 participants
and 140,771 paired PR-ECG observationswere analyzed (Table
3).
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Table 3. Summary characteristics of included studies®.

Singh et d

Item and subitem

Pulse oximetry (n=23), n (%)

Pulse rate (n=4), n (%)

Participants (pulse oximetry: n=59,684; pulse rate: n=176)

Light skin pigmentation 40,416 (67.72)
Medium skin pigmentation 9967 (16.70)
Dark skin pigmentation 9301 (15.58)

31(17.61)
129 (73.30)
16 (9.09)

Paired observations (pulse oximetry: n=197,353; pulserate: n=140,771)

Light skin pigmentation 131,008 (66.38)
Medium skin pigmentation 32,095 (16.26)
Dark skin pigmentation 34,250 (17.35)
Devicetypeincluded in study
Medical 23 (100)
Nonregulated 0(0)
Sensor type
Transmittance 22 (96)
Reflectance 1(4)
Patient population
Healthy 4(17)
Medical 18 (78)
Healthy and medical 1(4)
Not reported 0(0)
Resear ch setting
Medical inpatient 15 (65)
Medical outpatient 1(4)
Medica combined 1(5)
Research |aboratory 6 (26)
Research in the real world 0(0)
Skin pigmentation method
Skin tone 4(17)
Race 13 (57)
Ethnicity 3(13)
Race and ethnicity 3(13)

43,116 (30.60)
90,733 (64.50)
6922 (4-92)

0(0)
4 (100)

0(0)
4 (100)

3(75)
0(0)
0(0)
1(25)

0(0)
0(0)
0(0)
3(75)
1(25)

4 (100)
0(0)
0(0)
0(0)

3\l edical device defined as devices that received regulatory clearance for either blood oxygenation (SpOy) or pulse rate (PR).

Descriptive Statistics on Race, Ethnicity, and Skin
Tone

Pulse Oximetry

Skin pigmentation was classified by racein 13 (57%) out of 23
studies, ethnicity in 3 (13%) studies, skin tone in 4 (17%)
studies, and both race and ethnicity in 3 (13%) studies (Table
3). Of the 59,684 patients with 197,353 paired observations,
there were atotal of 40,416 (67.72%) patients with light skin
pigmentation with 131,008 (66.38%) paired observations, 9967
(16.70%) patients with medium skin pigmentation with 32,095
(16.26%) paired observations, and 9301 (15.58%) patientswith

https://www.jmir.org/2024/1/e62769
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dark skin pigmentation with 34,250 (17.35%) paired
observations.

PR Results

Skin pigmentation was classified by race or ethnicity in 0 (0%)
out of 4 studies and skin tone in 4 (100%) studies (Table 3). Of
the 176 patients with 140,771 paired observations, there were
atotal of 31 (17.61%) participantswith light skin pigmentation
with 43,116 (30.60%) paired observations, 129 (73.30%)
participants with medium skin pigmentation with 90,733
(64.50%) paired observations, and 16 (9.09%) participantswith
dark skin pigmentation with 6922 (4.92%) paired observations.
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PPG Accuracy and Bias by Skin Pigmentation

Pulse Oximetry

The pooled A, across different skin pigmentation groups was
3.6%, 3.96%, 4.71%, and 4.15% for combined, light, medium,
and dark skin pigmentation, respectively (Table 4 and Figures
2-4[8-11,17,42-51,54-56,58,59]). Of note, studiesimplementing
multiple trial conditions or using multiple study devices were
shown multiple times in Figures 2-4 to delineate different
devices used within the same study. We observed a pooled mean
percent bias of 0.82% (95% CI 0.29%-1.35%) across al skin
pigmentation groups using the CHE model. Between-study

heterogeneity (12 o43) accounted for 14.53% of the total

Singh et d

variation, while within-study heterogeneity (1% o,q,) explained
84.02% of total variation. Delineating by skin pigmentation,
the pooled mean percent bias from the CHE model was 0.70%
(95% CI 0.17%-1.22%) for light skin, 0.27% (95% CI —0.64%
t0 1.19%) for medium skin, and 1.27% (95% CI 0.58%-1.95%)
for dark skin (Tables S3 and $4 in Multimedia Appendix 1).
Subgroup analyses found no statistically significant difference
between light and medium skin pigmentation (estimate=0.113,
SE 0.259; 95% CI —0.459 to 0.686), but therewas a statistically
significant difference between light and dark skin pigmentation
(estimate=0.596, SE 0.240; 95% CI 0.069-1.123), such that
pooled bias for those with darker skin was higher as compared
to those with lighter skin (Table S2 in Multimedia Appendix
1).

Figure 2. Forest plot showing biasin SpO, measurements in patients with light skin pigmentation. Multiple entries from the same study are included,

each representing different devices evaluated. Squares denote study weight; center of squares denote observed study effect size; vertical lines denote
study Cls; and diamond denotes pooled effect. CHE: correlated and hierarchical effect; SpO,: blood oxygenation.

Author(s) and Year Device

Weight Estimate [95% CI]

McGovern et al. 1996 IL 482 Co-oximeter e 0.92% -1.70[-3.71, 0.31
Pilcher et al. 2020 14 models a 1.74% -1.20[-1.41,-0.99
Feiner et al. 2007 Nonin 9700 (clip) =] 2.78% -0.95[-1.84, -0.06
Feiner etal. 2007 Masimo Radical (adﬁesive) - 2.50% -0.64]-1.97, 0.69
Wiles et al. 2022 Nelcor GE B1x5 M/P ] 1.74% -0.28[-0.46, -0.10
Bickler et al. 2005 Nellcor D-25 [l 217% -0.27[-1.61, 1.07
Bickler et al. 2005 Nonin Onyx = 243% -0.21[-1.14, 0.72
Ebmeier et al. 2018 Philips (IntelliVue MP70) ] 2.21% -0.17[-0.60, 0.26
Barker et al. 2023 Masimo SET® pulse oximeters ] 1.68% -0.05[-0.50, 0.40
Thrush et al. 1994 Dinamap Plus 8700 - 291% 0.00[-1.28, 1.28
Thrush et al. 1994 Ohmeda Oxyshuttle B 3.05% 0.00[-0.85, 0.85
Thrush et al. 1994 MiniOx IV HEH 2.60% 0.00[-1.70, 1.70
Thrush et al. 1994 MiniOx IV L 3.05% 0.00[-0.85, 0.85
Thrush et al. 1994 Ohmeda 3700 L 291% 0.00[-1.28, 1.28
Foglia et al. 2017 Masimo Radical (Rainbow) HH 1.95% 0.20[-1.43, 1.83
Burnett et al. 2022  Not Specified- Hospital Standard Pulse Oximeter [ ] 1.75% 0.20[ 0.12, 0.28
Feiner et al. 2007 Masimo Radical (Clip) - 2.73% 0.21[-0.80, 1.22
Valbuena et al. 2022 Not Specified- Hospital Standard Pulse Oximeter - 141% 0.30[-0.75, 1.35
Feiner et al. 2007 Nellcor N-595 (clip{ - 2.75% 0.36[-0.63, 1.35
Murfioz et al. 2008 Minolta pulse oximeter " 1.74% 047 [ 0.31, 0.63]
Feiner etal. 2007 Nonin 9700 (adhesive) | | 2.80% 0.52[-0.28, 1.32
Vesoulis et al. 2021 nelcor MAX-N gl 1.25% 0.72[-0.62, 2.06]
Fawzy et al. 2022 Not Specified- Hospital Standard Pulse Oximeter » 1.74% 0.75[ 0.57, 0.93]
Ruppel etal. 2023  Not Specified- Hospital Standard Pulse Oximeter . 1.73% 0.88[ 0.63, 1.13]
Thrush et al. 1994 Dinamap Plus 8700 | ] 3.05% 1.00[ 0.15, 1.85
Thrush et al. 1994 Dinamap Plus 8700 ] 3.05% 1.00[ 0.15, 1.85]
Thrush et al. 1994 Dinamap Plus 8700 n 2.96% 1.00[ 0.57, 1.43
Thrush et al. 1994 Ohmeda Oxyshuttle [l 291% 1.00[-0.28, 2.28
Thrush et al. 1994 Ohmeda Oxyshuttle ] 2.96% 1.00[ 0.57, 1.43]
Thrush et al. 1994 MiniOx IV L] 291% 1.00[-0.28, 2.28
Thrush et al. 1994 MiniOx IV u 3.05% 1.00[ 0.15, 1.85
Thrush et al. 1994 Ohmeda 3700 .- 217% 1.00[-1.13, 3.13
Thrush et al. 1994 Ohmeda 3700 ] 3.05% 1.00[ 0.15, 1.85
Feiner et al. 2007 Nellcor N-595 & OxiMax (adhesive) - 277% 1.04[ 0.13, 1.95]
Ebmeier et al. 2018 Masimo (GE Marguette Rac-4A) ] 2.25% 1.07] 0.75, 1.39]
Bickler et al. 2005 Novametrix 513 [l 2.31% 1.15[-0.02, 2.32
Sudat et al. 2023 Not Specified- Hospital Standard Pulse Oximeter " 1.75% 1.53[ 142, 1.64
Thrush et al. 1994 Ohmeda Oxyshuttle - 291% 2.00[ 0.72, 3.28]
Thrush et al. 1994 Ohmeda 3700 A | 3.05% 2.00[ 1.15, 2.85
Jubran et al. 1990 NellcorfOhmeda Biox 3700 | 157% 2.20[ 1.49, 2.91
Adler et al. 1998 Nellcor D-25 ‘ 1.56% 2.50[ 1.75, 3.25]
Foglia et al. 2017 . Nellcor OxiMax ) s B 1.45% 3.00[ 0.75, 5.25]
Crooks etal. 2022  Not Specified- Hospital Standard Pulse Oximeter | 0.01% 3,205-22‘75. 29.15
Andrist et al. 2022 Not Specified - 1.71% 3.50[ 3.17, 3.83]
Model-Based Estimates: :

CHE Model 4 100% 0.70[ 0.17, 1.22)

[ T T T T T 1
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Figure3. Forest plot showing biasin SpO, measurementsin subjects with medium skin pigmentation. Multiple entries from the same study areincluded,

each representing different devices evaluated. Note: squares denote study weight, center of squares denote observed study effect size, vertical lines
denote study Cls, and diamond denotes pooled effect. CHE: correlated and hierarchical effect; SpO,: blood oxygenation.

Author(s) and Year Device Weight Estimate [95% CI]
Pilcher et al. 2020 14 models . 2.80% -1.10[-1.35, -0.85]
Ebmeier et al. 2018 Philips (IntelliYue MP70) l 10.02% -0.45[-0.89, -0.01]
Burnett et al. 2022  Not Specified- Hospital Standard Pulse Oximeter l 2.83% -041[-0.57,-0.26]
Feiner etal. 2007 Masimo Radical (adhesive) III 11.51% -0.34[-1.90, 1.22]
Ebmeier et al. 2018 Masimo (GE Marquette Rac-4A) I 9.89% -0.11[-0.61, 0.39]
Feiner et al. 2007 Nonin 9700 (clip) |l1 11.60% 0.03[-1.50, 1.56]
Valbuenaetal. 2022 Not Specified- Hospital Standard Pulse Oximeter m 227% 027[-0.77, 1.31]
Wiles et al. 2022 Not Specified " 2.76% 0.33[-0.04, 0.70]
Feiner et al. 2007 Nonin 9700 (adhesive) |—.4 8.44% 0.51[-1.60, 2.62]
Feiner et al. 2007 Nellcor N-595 (clip) |. 11.65% 0.64[-0.63, 1.91]
Fawzy et al. 2022 Not Specified- Hospital Standard Pulse Oximeter u 2.79% 0.79] 0.52, 1.06]
Feiner et al. 2007 Nellcor N-595 & OxiMax (adhesive) I-l1 10.04% 0.83[-1.04, 2.70]
Feiner et al. 2007 Masimo Radical (clip) rll 11.08% 0.99]-0.68, 2.66]
Adler et al. 1998 Nellcor D-25 L] 231% 2.80[ 1.81, 3.79]
Crooks etal. 2022  Not Specified- Hospital Standard Pulse Gximeter : | 0.01% 5.10[-23.80, 34.00]
Model-Based Estimates: :

CHE Model 0 100% 0.27[-0.64, 1.19]

I T T T 1
-40 -20 0 20 40

Percent Bias

Figure 4. Forest plot showing biasin SpO, measurements in patients with dark skin pigmentation. Multiple entries from the same study are included,

each representing different devices evaluated. Squares denote study weight; center of squares denote observed study effect size; vertical lines denote
study Cls; and diamond denotes pooled effect. CHE: correlated and hierarchical effect; SpO,: blood oxygenation.

Author(s) and Year Device Weight Estimate [95% CI]
Zeballos et al. 1991 Hewlett-Packard 47201A HEH 240% -4.80[-7.68,-1.92
Ebmeier et al. 2018 IntelliVue MP70 B 2.85% -2.24[-3.44,-1.04
Ebmeier et al. 2018 GE Marquette Rac-4A L 3.01% -1.10[-1.48,-0.72
Bothma et al. 1996 Ohmeda 3740 (ear) | 3.00% -1.00[-1.47,-0.53
Zeballos et al. 1991 Hewlett-Packard 47201A n 2.95% -0.80[-1.80, 0.20
Feiner etal. 2007 Nonin 9700 (clip) B 3.00% -0.63[-1.20,-0.06
Burnett et al. 2022  Not Specified- Hospital Standard Pulse Oximeter ] 3.03% -0.60 [-0.85, -0.35]
Zeballos et al. 1991 Hewlett-Packard 47201A [ ] 3.01% -0.40[-0.98, 0.18
Feiner etal. 2007 Masimo Radical (adhesive) = 2.83% -0.24[-1.61, 1.13
Barker et al. 2023 Masimo SET® pulse oximeters [ | 3.01% -0.20[-0.65, 0.25
Bickler et al. 2005 Nonin Onyx ] 2.93% 0.15[-0.76, 1.08]
Bothma et al. 1996 Ohmeda 3740 (flnger) n 3.01% 055[ 0.16, 0.94
Wiles et al. 2022 Not Specified n 2.98% 0.75[ 0.11, 1.39
Bothma et al. 1996 Nihon Koden n 3.00% 0.85[ 0.36, 1.34
Fawzy et al. 2022 Not Specified- Hospital Standard Pulse Oximeter ] 3.02% 1.16[ 0.91, 1.41
Bothma et al. 1996 Simed S100e ] 3.01% 1.20[ 0.83, 1.57
Feiner etal. 2007 Nonin 9700 (adhesive) u 292% 1.26[ 0.23, 2.29
Bickler et al. 2005 Nellcors 595 [ ] 2.84% 1.29] 0.03, 2.55
Foglia et al. 2017 Masimo Radical il 2.46% 1.60[-0.91, 4.11
Valbuena etal. 2022 Not Specified- Hospital Standard Pulse Oximeter i 2.22% 1.70[-1.12, 4.52]
Vesoulis et al. 2021 Nellcor MAX-N - 2.70% 1.73[ 0.08, 3.38
Bickler et al. 2005 Novametrix 513 k 2.83% 1.83[ 0.52, 3.14
Feiner et al. 2007 Nellcor N-595 (clip) H | 292% 2.04[ 1.02, 3.06
Zeballos et al. 1991 Ohmeda Biox IIA H | 3.00% 2.10[ 1.42, 2.78
Feiner etal. 2007 Nellcor N-595 (Oximax, adhesive) | 2.88% 213[ 095, 3.31
Feiner etal. 2007 Masimo Radical (clip) . 281% 2.14[ 0.71, 3.57
Adler et al. 1998 Nellcor D-25 | 2.83% 220 096, 3.44
Sudat et al. 2023 Not Specified- Hospital Standard Pulse Oximeter | 3.02% 245] 219, 271
Ruppel etal. 2023  Not Specified- Hospital Standard Pulse Oximeter ‘m 3.01% 261][ 2.19, 3.03
Jubran et al. 1990 Nellcor/fOhmeda Biox 3700 ‘m 2.90% 3.30[ 2.31, 4.29
Zeballos et al. 1991 Ohmeda Biox IIA | 2.81% 3.50[ 1.85, 5.15
Abrams et al. 2002 Nellcor N200 N | 298% 3.60[ 2.96, 4.24
Andrist et al. 2022 Not Specified N | 296% 4.30[ 3.57, 5.03
Crooks etal. 2022  Not Specified- Hospital Standard Pulse Gximeter ; | 0.07% 5.40[-25.95, 36.75
Foglia et al. 2017 Nellcor Oximax L HEH 2.39% 540][ 2.73, 8.07
Zeballos et al. 1991 Ohmeda Biox IIA i = 240% 9.80[ 6.92, 12.68
Model-Based Estimates:
CHE Model 4 100% 1.27[ 0.58, 1.95]
T T T T 1
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Table 4. Pulserate and pulse oximetry bias by skin pigmentation?.

Singh et d

Device type and skin Studies Samplesize  Unit Pooled mean Pooled SD 95% LoAP Ams Overal 12 (be-
pigment category (evalua- (datapairs), n bias(95% Cl)  (SE) (%) tween- and with-
tions), n in-study hetero-
geneity)
Pulse oximetry
Light 20 (44) 40,416 Percent 0.70(0.17 to 3.90(1.36) —6.94t08.34 3gg¢ 97.45% (46.44%
(131,008) 1.22) d and 51.01%)
Medium 9(15) 9,967 (32,095) Percent 0.27(-0.64t0 4.71(1.71) —8.95t09.50 471© 95.31% (81.16%
1.19) and 14.14%)
Dark 19 (36) 9,301(34,250) Percent 1.27 (0.58to 3.96 (1.30) —6.49109.02 4158 98.46% (0.00%
1.95) and 98.46%)
Combined 23 (95) 59,684 Percent 0.82(0.29to 3.50 (1.28) —6.04t07.68 302 98.55% (14.53%
(197,353) 1.35) and 84.02%)
Pulserate
Light 3(9) 31(43,116) bpmf -1.24(-5.31to 7.54(2.13) 160290 N 10.99% (0.00%
0,
2.83) 13549 and 10.99%)
Medium 3(9) 129 (90,733) bpm -0.89(-3.70to 9.05(1.75) -18629%t0 — 25.01% (0.00%
0,
1.93) 16,849 and 25.01%)
Dark 1(6) 16 (6,922) bpm -057(944t0 16.89(131) _33699t0 — 13.70% (N/Ai
8.29) 32.549 and 13.70%)
Combined 4(24) 176 (140,771) bpm -0.29(-3.87to 8.64(1.67) 172%%0 — 30.66% (26.76%
3.29) 16,659 and 3.90%)

%=0.9 was used in correlated and hierarchical effect models to pool both mean bias and SD.

BLoA: limits of agreement.
A ms: accuracy root-mean-square

ditalicization denotes statistical s gnificance.

®Exceeds U.S. Food and Drug Administration guidance for pulse oximetry.

fbpm: beats per minute.

9Exceeds American National Standards I nstitute standards for pulse rate.
Not applicable.

IN/A: not available.

PR Results

Analysis using the CHE model revealed LoA values of —17.23
to 16.65 bpm and a mean bias of —0.29 (95% Cl —3.87 to 3.29)
bpm across al studies. Heterogeneity analysis demonstrated

that 26.76% of the variation in bias (1% gq3) Stemmed from
between-study differences, while 73.34% (1% o) Originated

from within-study variation. Our analysis revealed 95% LoA
of —16.02 to 13.54 bpm, —18.62 to 16.84 bpm, and —33.69 to

https://www.jmir.org/2024/1/e62769
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32.54 bpm for light, medium, and dark skin pigmentation
groups, respectively. Mean biases were —1.24 (95% Cl -5.31
to 2.83) bpm, —0.89 (95% CI —3.70 to 1.93) bpm, and —0.57
(95% Cl —9.44 t0 8.29) bpm for the corresponding groups (Table
4 and Figures 5-7 [41,60-62]). Detailed results are provided in
Tables S4 and S5in Multimedia Appendix 1. Subgroup analyses
found no statistically significant difference between light and
medium or between light and dark skin pigmentation pooled
bias (P=.05; Table S2 in Multimedia Appendix 1).
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Figure 5. Forest plot showing pulse rate measurement bias in patients with light skin pigmentation. Squares denote study weight; center of squares
denotes observed study effect size; vertical lines denote study Cls; and diamond denotes pooled effect. CHE: correlated and hierarchical effect.

Author(s) and Year Device Weight Estimate [95% CI]
Bent et al. 2020 Biovotion Everion f - i T1A7% -4.82[-15.75, 6.11]
Bent et al. 2020 Fitbit Charge 2 I—I—l 12.44% -4.06[-11.51, 3.39]
Bent et al. 2020 Garmin Vivosmart 3 I—l—! 14.72% -3.47[-9.94, 3.00]
Nelson et al. 2019 Fitbit Charge 2 L | 4.28% -3.47[-15.56, 8.62]
Bent et al. 2020 Xiaomi Miband 3 F = . 9.40% -2.96[-12.11, 6.19]
Nelson et al. 2019 Apple Watch 3 : : 3.00% -1.80[-16.30, 12.70]
Sanudo et al. 2019  Apple Watch (Version not reported) »—.—1 20.08% -1.50[-3.19, 0.19]
Bent et al. 2020 Empatica E4 L l | 9.27% -0.63[-9.87, 8.61]

Bent et al. 2020 Apple Watch 4 — . 19.63% -0.38[-5.18, 4.42]

Model-Based Estimates:

CHE Model R 100% -1.24 [-5.31, 2.83]

Mean Bias (bpm)

Figure 6. Forest plot showing pulse rate measurement bias in patients with medium skin pigmentation. Squares denote study weight; center of squares
denotes observed study effect size; vertical lines denote study Cls; and diamond denotes pooled effect. CHE: correlated and hierarchical effect.

Author(s) and Year Device Weight Estimate [95% CI]
Bent et al. 2020 Garmin Vivosmart 3 ' w | 8.40% -5.49[-13.81, 2.83]
Bent et al. 2020 Biovotion Everion : i 4.92% -5.16[-16.95, 6.63]
Bent et al. 2020 Fitbit Charge 2 L 1 7.87% -4.09[-12.80, 4.62]
Bent et al. 2020 Xiaomi Miband 3 } | 6.24% -3.77 [-13.94, 6.40]
Bent et al. 2020 Empatica E4 ' ! 597% -1.53[-11.99, 8.93]
Sanudo et al. 2019  Apple Watch (Version not reported) l-l| 21.44% -1.50[-2.51, -0.49]
Chow et al. 2020 Xiaomi Mi Band 2 l—u—-—1 10.75% -1.35[-4.66, 1.96]
Chow et al. 2020 Garmin Vivosmart HR+ |—l—4 17.89% -0.55[-2.77, 1.67]
Bent et al. 2020 Apple Watch 4 »—l—| 16.51% -0.19[-4.66, 4.28]

Model-Based Estimates:

CHE Model —— 100% -0.89 [ -3.70, 1.93]
| ! | I I I |
20 15 -10 -5 0 5 10

Mean Bias (bpm)
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Figure 7. Forest plot showing pulse rate measurement bias in patients with dark skin pigmentation. Squares denote study weight; center of squares
denotes observed study effect size; vertical lines denote study Cls; and diamond denotes pooled effect. CHE: correlated and hierarchical effect.

Author(s) and Year Device

Weight Estimate [95% CI]

Bent et al. 2020 Fitbit Charge 2 = | 16.13% -5.42 [-13.39, 2.55]
Bent et al. 2020 Biovotion Everion 8.96% -4.87[-17.32, 7.58]
Bent et al. 2020 Garmin Vivosmart 3 I—I—| 21.28% -3.28[-9.18, 2.62]
Bent et al. 2020 Xiaomi Miband 3 - | 13.77% -2.93 [-12.06, 6.20]
Bent et al. 2020 Empatica E4 - i 14.15% -0.98[-9.91, 7.95]
Bent et al. 2020 Apple Watch 4 — 25.71% -0.39[-4.75, 3.97]
Model-Based Estimates:
CHE Model o — 100% -0.57 [-9.44, 8.29]
| | ! | | I |
20 15 -10 -5 0 5 10
Mean Bias (bpm)
e Despite not meeting FDA guidance across all groups, pulse
Sensitivity Analyses =D 9 9 groups, p

Sensitivity analyses were performed for pulse oximetry SpO,
by removing Crooks et al [48] as an outlier dueto substantially
large SE (Tables S6 and S7 in Multimedia Appendix 1). The
pooled mean percent biases and 95% LOA were essentially
unchanged, while the pooled A, s across all skin pigmentation
groups was 3.00%, 2.91%, and 3.40% for light, medium, and
dark skin pigmentation, respectively. Sensitivity analysesusing
CHE modelswith arange of correlation coefficients (including
small and moderate values) yielded similar conclusionsto those
obtained with a high correlation coefficient (p=0.9), except for
the PR analysis in the light skin pigmentation group. This
analysis revealed a statistically significant bias when a low
correlation coefficient (p=0.3) was used. Details are provided
in Table S6 in Multimedia Appendix 1.

Discussion

Principal Findings

The study revea ed a paucity of studies properly assessing skin
pigmentation, atendency for uneven distribution across different
skin pigmentation groups (overrepresentation of light skin for
SpO, and a single study with representation of dark skin for
PR), and lack of consumer-device reporting despite growing
usein clinical setting. Results suggest inaccurate SpO, and PR
measurements acrossall skin pigmentation groups asthey breach
FDA and ANSI/AAMI/IEC standards, respectively, with
wearable accuracy varying considerably depending on the
model, which may be due to date of model production or
algorithm devel opment. Pul se oximeters may also overestimate
SpO, significantly for light and dark skin pigmentation, but
without clinically relevant bias. We did not find statistically
significant or clinically relevant biasin wearable PR devices.
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oximeter SpO, was inaccurate only across medium and dark
skin pigmentation groups when compared to the more liberal
international thresholds. Additionally, in the sensitivity analyses
without the outlier study of Crooks et al [48], all pooled A,
values dropped, resulting in inaccurate pulse oximeter SpO,
only for dark skin pigmentation and no group exceeding
international thresholds.

The results showing pul se oximeters significantly overestimating
SpO, were expected for dark pigmentation and supported by
findings on patient outcomes [11-15,17], but overestimated
values for light pigmentation were unexpected. Two possible
reasons come to mind. First, less melanin in lighter skin could
distort the PPG signal [18]. Second, devices calibrated on
individuals with medium skin pigmentation (note that 48% of
the US population is categorized as Fitzpatrick Skin Tone Scale
I11 [66]) may lead to inaccurate readings for both lighter and
darker skin pigmentation, since both may be suboptimally
represented during algorithm training and testing.

Lastly, it should be noted that both SpO, and PR studies had
lower between-study heterogeneity and higher within-study
heterogeneity, indicating that the studies that were included in
these analyseswere largely consistent with one another and that
most of the variation came from within studies potentially due
to higher variability across devices used or participants enrolled
within each study.

Overal, thesefindings suggest that when pul se oximetry devices
are deployed in their setting of intended use (ie, uncontrolled
settings, such real-world medical settings and home
environmentswith diverse patient popul ations), the performance
observed in analytical validation studies may not generalize.
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Strengths and Limitations

There were afew limitations, mostly from limitations inherent
in prior studies, that should be noted. First, our skin
pigmentation categorization approach has strengths but also
limitations. It was an effort to overcome the reporting
heterogeneity and the tendency in the published literature to
conflate data collection on race, ethnicity, and skin tone. This
isparticularly problematic as skin toneisaphysiological concept
(determined by the melanin amount in the basal layer of the
epidermis), while ethnicity and race arelargely social constructs,
with high underlying physiological heterogeneity [66]. To
reduce heterogeneity, this meta-analysis reclassified race,
ethnicity, and skin tone into a universal schema for skin
pigmentation based on the system used by Shi et al [36]. This
method, however, classifies most White people in the United
States as light rather than medium skin pigmentation [66].
Second, there were only 4 prior PR studies that collected
participant skin tone that also reported on device accuracy and
only 1 that had participants with dark pigmentation. Third, our
study used stated FDA and ANSI/AAMI/IEC standards as set
thresholds to gauge device performance. It is possible that
guidelines and thresholds cited in our study may change in the
future, potentially limiting the applicability of the conclusions
drawn in this paper. Fourth, our study chose to group papers
using avariety of patient populations and testing methodol ogies
with the goal of aggregating the largest pool of data possible
on which to draw conclusions across multiple contexts. As
described above, low between-study heterogeneity indicates
that the studies used in thismeta-analysiswere largely consistent
with one another. This reduces the likelihood of a moderating
variable having a significant effect between studies. Instead, it
suggests that most of the variation originated within studies,
possibly due to higher variability across devices used or
participants enrolled within each study. Despite this, we
conducted subgroup anayses to examine the potential

Textbox 1. Recommendations for future analytical validation studies.
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moderating variables of medical versus healthy populationsfor
pulse oximeters (see Table S8 in Multimedia Appendix 1). We
did not conduct these analyses for pulse rate because most
studies did not specify whether subjects were healthy or part of
medical populations. We did not examine the potential
moderating effects of sensor type, transmittance versus
reflectance sensors, wavelength of light used by sensors, and
location of sensor placement given the core sensor technology
studied was PPG across all included studies. The level of SpO,
was not examined given thisstudy’sgoal of gathering thelargest
sample upon which to study the effect of skin tone. Participant
activity level was not evaluated asamoderator variable because
many included studies did not delineate participant activity level
explicitly. Future studies should evaluate the effect of theseand
other moderating variables on SpO, and PR.

Evidence Generation Guidelinesfor Future Analytical
Validation Studies

The 2013 FDA guidance may beinsufficient to ensure accuracy
in pulse oximeters across all skin pigmentation and settings of
intended use [19]. But there are now multiple FDA guidances
for digita health tools requiring fit-for-purpose evidence as
well asgrowing concern/guidance on clinical research diversity
[4,30,31,67-73]. The FDA currently categorizes consumer
devices as low-risk wellness products, exempting them from
stringent regulatory oversight. However, as these devices are
integrated into clinical decision-making and used as tools in
clinical research [3,4], it becomes crucial to understand and
communicatetheir advantages and limitations. Increased reliance
on consumer devicesincreasesthe demand for accurate devices
whose performance features and potential impact on health
outcomes are known with transparency. To generate
fit-for-purpose evidence applicable to diverse population, here,
we propose 5 recommendations based on FDA guidance and
literature (Textbox 1) [4,30,31,67-73]:

Recommendation 1

It is vitally important for medical pulse oximetry devices as well as nonregulated research and consumer devices to incorporate the V3 framework
[74] for sensor verification and analytical validation of derived SpO, and PR values for regulatory submission before these metrics can be responsibly

deployed in medical, consumer, and research settings.

Recommendation 2

When possible, analytically validate devices in settings of intended use [74], rather than relying on controlled laboratory settings where digits may
be warmed prior to testing, and confirm device accuracy in all subgroups (sex, race, skin pigmentation, healthy vs medical populations).

Recommendation 3

Use objective measures of skin pigmentation, rather than relying on race and ethnicity, as this will reduce heterogeneity in studies and alow for a
more accurate understanding of how skin pigmentation impacts device performance.

Recommendation 4

Industry should set a priori maximum allowable difference thresholds using FDA and ANSI guidelines, properly power each subgroup, and require
that 95% L oA fit within these standards for each subgroup and in the setting of intended use before receiving regulatory approval, production, and

deployment.

Recommendation 5

Future studies should report device and firmware versions, as firmware updates may include changes in underlying algorithms influencing accuracy

of metric generation, as described previously in the literature [4].

https://www.jmir.org/2024/1/e62769
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Conclusions

PPG has been applied in clinical practice for decades, and its
accuracy in patients with different skin pigmentation has long
been in question. Whether this technology contributes to
diagnostic biases and by how much is only more pressing for
clinicians and patients with the advent of consumer wearable
PPG sensors and the growing interest and incorporation of these
devices into clinical practice and in clinical research. This
systematic review and meta-analysis found that pul se oximeter
SpO, and wearable PR were inaccurate across al skin

pigmentation groups as the resulting accuracy values breached

Singh et d

FDA guidance and ANSI/AAMI/IEC standard thresholds,
respectively, although pulse oximeter SpO, was only found to
beinaccurate for dark skin pigmentation in sensitivity analyses.
In addition, despite not exceeding clinically relevant bias
thresholds, pulse oximeters were found to significantly
overestimate SpO, for light and dark skin pigmentation. No
systematic or clinically relevant bias was found in estimation
of PR. The recommendations in this paper can help advise
patients, study participants, care providers, device
manufacturers, application developers, researchers, and
legislators on best practices going forward.
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