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Summary
Background Fingertip pulse oximeters are widely available, inexpensive, and commonly used to make clinical de-
cisions in many settings. Device performance is largely unregulated and poorly characterised, especially in people
with dark skin pigmentation.

Methods Eleven popular fingertip pulse oximeters were evaluated using the US Food and Drug Administration (FDA)
Guidance (2013) and International Organization for Standardization Standards (ISO, 2017) in 34 healthy humans
with diverse skin pigmentation utilising a controlled desaturation study with arterial oxygen saturation (SaO 2)
plateaus between 70% and 100%. Skin pigmentation was assessed subjectively using a perceived Fitzpatrick Scale
(pFP) and objectively using the individual typology angle (ITA) via spectrophotometry at nine anatomical sites.

Findings Five of 11 devices had a root mean square error (ARMS) > 3%, falling outside the acceptable FDA per-
formance range. Nine devices demonstrated worse performance in participants in the darkest skin pigmentation
category compared with those in the lightest category. A commonly used subjective skin colour scale frequently
miscategorised participants as being darkly pigmented when compared to objective quantification of skin pigment by
ITA.

Interpretation Fingertip pulse oximeters have variable performance, frequently not meeting regulatory requirements
for clinical use, and occasionally contradicting claims made by manufacturers. Most devices showed a trend toward
worse performance in participants with darker skin pigment. Regulatory standards do not adequately account for the
impact of skin pigmentation on device performance. We recommend that the pFP and other non-standardised
subjective skin colour scales should no longer be used for defining diversity of skin pigmentation. Reliable
methods for characterising skin pigmentation to improve diversity and equitable performance of pulse oximeters
are needed.
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Research in context

Evidence before this study
Several studies have shown worse device performance in
people with subjectively darker skin, using either self-reported
race or a subjective scale to determine skin pigmentation of
individuals, however, none have objectively measured skin
pigmentation. Available data suggest poor root mean square
error (ARMS) for many of these devices. Few prior studies
have investigated the performance of inexpensive pulse
oximeters with regard to the impact of skin pigment on
device performance.

Added value of this study
This study utilises objective skin pigmentation measurement
at various anatomical sites used for pulse oximetry. It
compares them to the measurement with subjective scales, as
well as testing more oximeters than prior studies. We found
that a) many oximeters had variable performance, at times
inconsistent with regulatory claims, b) current regulatory

guidance does not adequately ensure diversity of skin
pigmentation for device testing, and c) the optimal site for
the objective measurement of skin pigment has not been
defined and requires further investigation to ensure that pulse
oximetry is valid for people with a diversity of skin tones.

Implications of all the available evidence
The findings of our study highlight the presence of variable
pulse oximeter performance in the setting of nonspecific,
non-harmonised regulatory requirements for inclusion of
diverse individuals in device testing. Subjective, non-
standardised skin colour scales should no longer be used for
defining diversity of skin pigmentation in pulse oximeter
validation studies. Attention should be given to creating
standardised objective skin colour measurements used for
regulatory testing in order to improve equity in device
performance.
Introduction
Pulse oximetry is globally recognised as an essential tool
across a variety of clinical settings. Recently, there has
been a dramatic increase in low-cost, fingertip pulse
oximeter (POX) devices on the market.1,2 Despite this
increase, an estimated 15% of operating rooms, 42% of
post-anaesthesia care unit beds, and up to 64% of
healthcare facilities in low-income and middle-income
countries (LMICs) lack access to POXs.3,4 Inexpensive
POXs are regularly utilised in hospital and home set-
tings, particularly in LMICs, often without adequate
device performance information. LMICs are dispropor-
tionately affected due to an unprecedented volume of
COVID-19 related donations and the increased likeli-
hood of cost impacting POX procurement decisions.
There are significant safety concerns with these devices
which are frequently and inappropriately used for clin-
ical decision making.5–9 Many of these devices do not
adhere to regulatory standards, at times making inac-
curate claims about performance. Few have been thor-
oughly and independently investigated, especially
regarding the impact of skin pigment on device per-
formance.5 Collectively, these issues have made pulse
oximetry a specific focus of the Lancet Global Health
Commission on Medical Oxygen Security.10
Since the late 1980’s, studies have demonstrated that
POX performance is impacted by dark skin pigmenta-
tion.6,7 Studies performed on healthy volunteers have
demonstrated that POXs in darkly pigmented, hypoxemic
individuals exhibited a greater positive bias in peripheral
oxygen saturation (SpO 2), greater than the recorded
functional arterial oxygen saturation (SaO 2) compared to
lightly pigmented individuals.11–13 In recent years and
during the COVID-19 pandemic, multiple studies from
the clinical setting demonstrated positive bias for SpO2
as well as associations with delayed, withheld treatments
and increased readmission rates for patients with darker
skin pigment or who self-identify as black.14–18

The Food and Drug Administration (FDA) and In-
ternational Organization for Standardization (ISO)
currently require POXs to be tested on at least ten
healthy humans, and the FDA requires at least two or
15% of these individuals to be ‘darkly pigmented’.
However, the small proportion of participants with dark
pigment as well as the lack of definition for the term
‘darkly pigmented’ have been flagged as problematic
and possible contributing factors to pulse oximetry
bias.19 Studies assessing the effect of skin pigment on
POX accuracy, including those from our laboratory20

and recent clinical studies,14,15 have failed to objectively
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n 34

Age (years) Median (IQR Q1, Q3) 26.5 (23, 30)

Gender

Female 17 (50%)

Male 17 (50%)

Ethnicity

Asian 9 (27%)

Black 7 (21%)

Caucasian 8 (24%)

Hispanic 5 (15%)

Multiethnic 5 (15%)

Fitzpatrick scale

I 1 (3%)

II 2 (6%)

III 12 (35%)

IV 10 (29%)

V 5 (15%)

VI 4 (12%)

ITA◦ Median (IQR Q1, Q3); Range

Forehead 19.5 (−4.3, 30); (−65.7, 44.7)

Dorsal DP 23.4 (−4.2, 30.6); (−67, 46.8)

Inner upper arm 32.2 (14, 40); (−54.7, 62.3)

BMI (kg/m2)

<20 6 (18%)

20–25 20 (59%)

26–30 7 (21%)

Table 1: Demographic information.

Articles
measure skin pigmentation and have instead relied on
either non-standardised subjective colour scales or self-
reported ethnicity or race.13 The Fitzpatrick Scale in
particular, which is a question-based and non-visual
assessment of the propensity of sun-exposed skin to
burn and tan, is one of the most commonly used sub-
jective measures of skin pigmentation for POX
studies.21 Though not intended to be a visual analogue
scale, it is common practice to estimate a perceived
Fitzpatrick skin phototype (pFP) by subjectively match-
ing an individual’s perceived facial skin colour with a
non-standardised visual analogue scale, ranging from
I-VI. Significant concerns regarding the pFP have been
previously raised, including the subjective and non-
standardised nature of the assessment and inadequate
representation of darker skin types.22 Furthermore, in
the context of POX validation studies, the pFP is usually
estimated by visual assessment of the forehead or cheek
and may not accurately approximate the optical proper-
ties at the site of POX measurement (e.g. fingertip or
ear).

With low-cost POXs flooding the market via con-
sumer procurement and donations to LMICs, and
renewed concerns about performance problems in pa-
tients with darkly pigmented skin, we aimed to assess
the performance of 11 popular fingertip oximeters using
current regulatory requirements for device perfor-
mance. We also sought to compare subjective skin
pigmentation assessment with objective skin pigmen-
tation assessment by spectrophotometry, and to deter-
mine if using pFP to ensure diverse skin pigmentation
in regulatory testing is adequate.
Methods
We tested 11 fingertip POXs and a laboratory tabletop
POX (used for participant monitoring), referred to as
the clinical reference device, in 34 healthy participants
who volunteered for pulse oximetry controlled desatu-
ration studies at the UCSF Hypoxia Research Laboratory
from 2022 to 2023. Participants were adults, non-
smokers and without lung disease, obesity, or cardio-
vascular comorbidities. Gender was self-reported by
study participants. Demographic data on the study
population are presented in Table 1.

Pulse oximeters tested are listed in Table 2, and
further details surrounding these devices can be found
at the OpenOximetry.org website.23 Nine of the 11 de-
vices cost less than $60 USD; the Masimo MightySat
and Nonin Onyx Vantage 9590 cost approximately $199
USD. Study devices were selected based on popularity
in online marketplaces and discussions about device
availability with providers from diverse practice set-
tings. Four devices had FDA 510(k) premarket notifi-
cation clearance (Contec–K082641, Biolight–K151287,
Masimo–K181956, Nonin–K112843).24 These four de-
vices also report to have met ISO standard 80601-2-61.
www.thelancet.com Vol 102 April, 2024
Participants were studied using protocols previously
described by our laboratory.23 Briefly, inspired oxygen,
nitrogen, and carbon dioxide partial pressures were
monitored in real time and adjusted via a partial
rebreathing circuit to achieve stable target arterial oxy-
gen saturation (SaO 2) plateaus between 70% and 100%
and PaCO2 values of 35–45 mm Hg. Participants were
motionless and each desaturation lasted approximately
20 min. To determine stability of the plateaus, judge-
ment of the investigator controlling inspired gas mix-
tures as well as a software algorithm were used. The
algorithm continuously measures the slope of calculated
oxygen saturation (ScO2) based on end tidal oxygen
concentration as well as the measured SpO 2 on the
clinical reference oximeter. The slope is converted to the
amount that oxygen saturation would change over 1 min
given the current slope. If this change is predicted to
be ≥ 1.5, then a red light appears on the study computer
and sampling is not done. In accordance with regulatory
guidance, we waited for at least a period of at least 60 s
between plateaus, and 30 s between samples within a
plateau. Time to plateau stability ranged from 1 to
5 min. There is currently no standard approach for
defining stability for controlled desaturation studies.
Pulse oximeter readings were recorded each time an
arterial blood sample was taken. Clinical research
3
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70–100% 70–80% 80–90% 90–100%

Lightest Third Medium Third Darkest Third Lightest Third Medium Third Darkest Third Lightest Third Medium Third Darkest Third

Number of SaO2 measurements

Nellcor (Reference) 1084 112 124 78 140 153 95 134 153 95

Nonin Onyx Vantage 9590 332 24 40 42 39 33 47 27 40 40

Masimo Mightysat 329 36 42 16 36 56 18 41 61 23

Walgreens MD300CN350R 309 30 38 14 37 57 15 42 59 17

Zacurate CMS 500DL 223 16 28 13 20 30 30 30 32 24

Walgreens OxyWatch C20 289 34 27 19 33 43 24 42 39 28

Choice MMed MD300CN340 309 36 35 16 37 52 18 41 51 23

Zacurate 500C 327 32 42 16 35 57 18 43 61 23

Bodymed BDMOXMTRBLK 224 16 26 9 20 40 21 30 42 20

Roscoe POX-ROS 326 28 30 17 40 47 33 42 53 36

CONTEC CMS50M 287 31 38 16 26 49 18 35 51 23

Biolight M70 321 49 24 21 64 28 33 49 24 29

Bias (95% CI, %)

Nellcor (Reference) 1.1 (1.0, 1.2) 0.4 (0.0, 0.7) 1.1 (0.8, 1.4) 3.0 (2.4, 3.5) 1.0 (0.7, 1.2) 1.6 (1.2, 2.0) 1.7 (1.4, 1.9) 0.4 (0.2, 0.7) 0.7 (0.5, 0.9) 0.5 (0.2, 0.8)

Nonin Onyx Vantage 9590 0.6 (0.4, 0.8) 0.5 (−0.2, 1.2) 0.9 (0.4, 1.3) 2.0 (1.7, 2.4) 0.0 (−0.3, 0.4) 1.1 (0.5, 1.9) 0.8 (0.5, 1.2) 0.1 (−0.5, 0.6) 0.2 (−0.7, 1.0) −0.2 (−1.3, 0.2)

Masimo Mightysat 0.7 (0.5, 0.9) 0.3 (−0.3, 0.8) 0.9 (0.1, 2.0) 4.0 (3.1, 4.8) 0.6 (0.2, 1.1) 0.4 (0.1, 0.8) 2.4 (1.9, 3.1) −0.1 (−0.8, 0.3) 0.0 (−0.2, 0.2) 1.6 (1.1, 2.3)

Walgreens MD300CN350R 0.8 (0.6, 1.1) 0.4 (−0.4, 1.1) 0.4 (−0.6, 1.3) 4.3 (2.8, 5.7) 0.9 (0.4, 1.4) 1.1 (0.8, 1.5) 3.2 (2.2, 4.2) −0.8 (−1.2, −0.4) 0.7 (0.4, 1.1) 0.6 (−2.3, 1.7)

Zacurate CMS 500DL 1.6 (1.3, 1.8) 1.8 (0.7, 2.6) 1.1 (−0.0, 2.0) 4.2 (3.4, 4.9) 2.0 (1.4, 2.5) 1.9 (0.9, 2.5) 2.4 (1.9, 2.8) −0.1 (−0.6, 0.4) 1.7 (1.3, 2.2) 0.6 (0.1, 1.3)

Walgreens OxyWatch C20 1.3 (1.0, 1.6) 0.8 (0.1, 1.5) 0.8 (−0.1, 1.6) 4.0 (2.0, 6.8) 1.4 (0.8, 1.8) 1.6 (1.1, 2.0) 2.7 (1.9, 3.7) −0.0 (−0.6, 0.4) 0.9 (0.5, 1.4) 1.0 (0.7, 1.3)

Choice MMed MD300CN340 1.6 (1.4, 1.9) 2.4 (1.4, 3.5) 2.2 (1.7, 2.8) 2.5 (1.2, 3.6) 2.0 (1.5, 2.6) 1.7 (1.4, 2.1) 2.1 (−0.1, 3.1) 1.0 (0.5, 1.5) 0.6 (0.3, 0.8) 1.2 (−0.3, 2.2)

Zacurate 500C −0.0 (−0.4, 0.3) 0.1 (−1.4, 1.3) −1.1 (−2.0, −0.2) −3.6 (−8.5, 1.1) 1.8 (1.3, 2.2) 0.3 (−0.1, 0.7) 1.0 (−1.1, 2.9) 0.3 (−0.1, 0.7) −0.5 (−0.8, −0.2) 0.7 (−0.2, 1.7)

Bodymed BDMOXMTRBLK 2.0 (1.6, 2.4) 2.5 (0.1, 4.1) 4.2 (2.7, 6.0) 5.1 (3.8, 6.1) 1.9 (0.9, 2.8) 1.7 (0.8, 2.5) 3.1 (2.6, 3.6) −0.1 (−0.7, 0.4) 1.5 (0.9, 2.1) 0.9 (0.5, 1.3)

Roscoe POX-ROS −0.9 (−1.4, −0.5) −0.8 (−1.4, −0.2) −0.8 (−1.5, 0.1) 2.7 (−0.1, 6.7) −0.1 (−0.7, 0.6) −1.1 (−1.9, −0.4) −3.6 (−6.8, −0.5) −1.1 (−1.5, −0.6) 0.4 (−0.1, 0.9) −3.1 (−4.1, −2.3)

CONTEC CMS50M −2.0 (−2.5, −1.6) −4.0 (−5.7, −2.5) −2.6 (−3.7, −0.6) −3.4 (−6.9, −0.4) −2.0 (−3.5, −0.6) −2.8 (−3.4, −2.3) −0.1 (−1.8, 1.3) −0.9 (−1.9, 0.1) −1.3 (−1.9, −0.7) −0.4 (−1.8, 0.6)

Biolight M70 0.2 (−0.3, 0.6) −2.0 (−3.6, 0.0) −1.1 (−3.3, 1.8) 1.5 (−0.5, 3.7) 1.0 (0.2, 1.7) 0.2 (−1.3, 2.5) −1.0 (−2.6, 0.0) 1.8 (0.7, 2.5) −0.6 (−2.2, 0.6) 1.0 (0.7, 1.3)

|Bias| (95% CI, %)

Nellcor (Reference) 1.6 (1.5, 1.7) 1.6 (1.4, 1.8) 1.8 (1.6, 2.0) 3.3 (2.9, 3.8) 1.3 (1.1, 1.5) 2.0 (1.7, 2.4) 1.7 (1.5, 2.0) 1.2 (1.0, 1.3) 1.1 (1.0, 1.3) 1.1 (0.9, 1.3)

Nonin Onyx Vantage 9590 1.4 (1.2, 1.5) 1.7 (1.4, 2.0) 1.4 (1.1, 1.7) 2.0 (1.7, 2.4) 0.9 (0.7, 1.2) 1.5 (1.1, 2.2) 1.1 (0.8, 1.4) 1.0 (0.7, 1.5) 1.9 (1.3, 2.7) 0.9 (0.6, 2.0)

Masimo Mightysat 1.4 (1.3, 1.6) 1.4 (1.1, 1.7) 2.0 (1.4, 3.0) 4.0 (3.1, 4.8) 1.1 (0.8, 1.5) 1.0 (0.7, 1.3) 2.4 (1.9, 3.0) 1.4 (1.1, 1.9) 0.7 (0.6, 0.9) 1.7 (1.2, 2.4)

Walgreens MD300CN350R 1.7 (1.6, 1.9) 1.8 (1.4, 2.2) 2.4 (1.9, 3.0) 4.4 (2.9, 5.8) 1.4 (1.1, 1.8) 1.5 (1.2, 1.8) 3.2 (2.2, 4.2) 1.2 (1.0, 1.6) 0.9 (0.7, 1.3) 2.4 (1.5, 4.7)

Zacurate CMS 500DL 2.1 (1.9, 2.3) 2.3 (1.7, 3.0) 2.3 (1.7, 3.1) 4.2 (3.4, 4.9) 2.0 (1.5, 2.5) 2.4 (2.0, 2.9) 2.4 (2.0, 2.8) 1.1 (0.9, 1.4) 1.8 (1.4, 2.3) 1.2 (0.9, 1.7)

Walgreens OxyWatch C20 1.8 (1.6, 2.1) 1.9 (1.5, 2.3) 2.0 (1.5, 2.5) 4.0 (2.0, 6.7) 1.7 (1.4, 2.0) 1.7 (1.4, 2.1) 2.7 (1.9, 3.7) 1.2 (0.9, 1.6) 1.3 (1.0, 1.7) 1.2 (0.9, 1.4)

Choice MMed MD300CN340 2.1 (1.9, 2.3) 3.5 (2.8, 4.3) 2.3 (1.9, 2.9) 3.0 (2.1, 3.8) 2.1 (1.6, 2.7) 1.8 (1.5, 2.1) 3.5 (3.1, 4.2) 1.5 (1.1, 1.9) 0.8 (0.7, 1.0) 2.4 (1.7, 3.4)

Zacurate 500C 2.3 (2.0, 2.6) 3.0 (2.3, 4.1) 2.4 (1.8, 3.1) 9.8 (7.8, 12.4) 2.0 (1.7, 2.4) 1.5 (1.2, 1.7) 4.1 (3.3, 4.7) 1.1 (0.9, 1.4) 1.1 (0.9, 1.4) 2.0 (1.4, 2.7)

Bodymed BDMOXMTRBLK 2.6 (2.4, 3.0) 3.8 (2.4, 5.1) 4.8 (3.6, 6.4) 5.1 (3.9, 6.1) 2.4 (1.7, 3.1) 2.7 (2.2, 3.4) 3.1 (2.7, 3.6) 1.1 (0.8, 1.5) 2.0 (1.5, 2.5) 1.1 (0.8, 1.4)

Roscoe POX-ROS 2.5 (2.2, 3.0) 1.5 (1.2, 1.8) 1.7 (1.2, 2.4) 5.2 (3.1, 8.6) 1.8 (1.5, 2.2) 2.0 (1.5, 2.6) 7.2 (5.1, 9.7) 1.4 (1.1, 1.7) 1.3 (1.0, 1.8) 3.1 (2.3, 4.1)

CONTEC CMS50M 3.1 (2.8, 3.5) 5.1 (4.0, 6.3) 3.7 (2.7, 5.3) 5.5 (3.4, 8.3) 3.5 (2.6, 4.7) 2.8 (2.3, 3.4) 2.8 (2.0, 3.8) 2.5 (2.1, 3.3) 2.0 (1.6, 2.5) 2.0 (1.3, 3.0)

Biolight M70 3.2 (2.9, 3.6) 5.5 (4.6, 6.6) 4.5 (3.1, 6.5) 4.1 (2.9, 5.6) 2.6 (2.2, 3.2) 3.7 (2.8, 5.4) 2.0 (1.2, 3.5) 2.7 (2.3, 3.5) 2.5 (1.5, 3.7) 1.1 (0.9, 1.4)

Precision (%)

Nellcor (Reference) 1.9 1.9 1.9 2.6 1.4 2.3 1.4 1.4 1.3 1.4

Nonin Onyx Vantage 9590 1.9 1.8 1.5 1.1 1.2 2.0 1.3 1.5 2.9 2.0

Masimo Mightysat 2.0 1.7 3.2 1.8 1.4 1.4 1.3 1.9 0.9 1.4

Walgreens MD300CN350R 2.3 2.1 3 2.9 1.5 1.5 2 1.4 1.3 3.8

Zacurate CMS 500DL 2.0 2.0 2.8 1.4 1.2 2.0 1.3 1.3 1.3 1.5

Walgreens OxyWatch C20 2.3 2.1 2.2 5.4 1.3 1.4 2.3 1.6 1.4 0.9

(Table 2 continues on next page)
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70–100% 70–80% 80–90% 90–100%

Lightest Third Medium Third Darkest Third Lightest Third Medium Third Darkest Third Lightest Third Medium Third Darkest Third

(Continued from previous page)

Choice MMed MD300CN340 2.1 3.4 1.6 2.5 1.8 1.3 3.1 1.7 0.8 2.9

Zacurate 500C 3.4 3.9 3.0 10.6 1.5 1.7 4.4 1.4 1.3 2.5

Bodymed BDMOXMTRBLK 2.9 4.1 4.4 1.8 2.2 2.9 1.1 1.4 2.1 0.9

Roscoe POX-ROS 4.2 1.5 2.2 7.3 2.1 2.6 9.3 1.4 1.9 2.8

CONTEC CMS50M 3.8 4.6 4.6 6.9 3.9 2.0 3.5 3.0 2.3 2.9

Biolight M70 4.5 6.4 6.2 5.1 3.1 5.0 3.7 2.9 3.7 0.8

ARMS (95% CI, %)

Nellcor (Reference) 2.2 (2.0, 2.3) 1.9 (1.7, 2.1) 2.2 (2.0, 2.5) 3.9 (3.4, 4.4) 1.7 (1.5, 1.9) 2.8 (2.3, 3.6) 2.1 (1.9, 2.5) 1.5 (1.3, 1.7) 1.5 (1.3, 1.7) 1.5 (1.3, 1.8)

Nonin Onyx Vantage 9590 2.0 (1.8, 2.3) 1.8 (1.6, 2.3) 1.7 (1.4, 2.1) 2.3 (2.0, 2.7) 1.2 (1.0, 1.5) 2.2 (1.6, 3.0) 1.5 (1.2, 2.0) 1.4 (1.0, 2.0) 2.9 (2.1, 4.1) 2.0 (0.7, 4.5)

Masimo Mightysat 2.1 (1.9, 2.4) 1.7 (1.4, 2.1) 3.3 (2.3, 4.4) 4.3 (3.5, 5.1) 1.5 (1.2, 2.0) 1.4 (1.1, 1.9) 2.7 (2.1, 3.4) 1.8 (1.5, 2.7) 0.9 (0.7, 1.3) 2.1 (1.5, 3.3)

Walgreens MD300CN350R 2.4 (2.2, 2.8) 2.1 (1.8, 2.6) 3.0 (2.5, 3.6) 5.2 (3.9, 6.4) 1.7 (1.4, 2.1) 1.8 (1.5, 2.3) 3.7 (2.8, 4.6) 1.6 (1.3, 2.0) 1.4 (1.1, 1.9) 3.8 (2.1, 7.2)

Zacurate CMS 500DL 2.5 (2.3, 2.8) 2.7 (2.1, 3.6) 3.0 (2.3, 4.2) 4.4 (3.7, 5.1) 2.3 (1.9, 2.7) 2.8 (2.3, 3.4) 2.7 (2.4, 3.1) 1.3 (1.1, 1.6) 2.2 (1.8, 2.6) 1.6 (1.2, 2.1)

Walgreens OxyWatch C20 2.6 (2.2, 3.3) 2.2 (1.9, 2.7) 2.3 (1.9, 2.9) 6.6 (4.0, 9.3) 1.9 (1.6, 2.3) 2.1 (1.8, 2.5) 3.5 (2.6, 4.6) 1.6 (1.1, 2.4) 1.7 (1.4, 2.1) 1.4 (1.1, 1.7)

Choice MMed MD300CN340 2.7 (2.5, 2.9) 4.1 (3.3, 5.0) 2.7 (2.3, 3.3) 3.5 (2.7, 4.3) 2.7 (2.1, 3.4) 2.2 (1.8, 2.5) 3.7 (3.2, 4.5) 1.9 (1.6, 2.5) 1.0 (0.8, 1.1) 3.1 (2.3, 4.4)

Zacurate 500C 3.4 (2.9, 4.1) 3.9 (2.9, 5.3) 3.1 (2.5, 3.9) 10.8 (8.6, 13.2) 2.3 (1.9, 2.8) 1.7 (1.5, 2.0) 4.4 (3.7, 4.9) 1.4 (1.2, 1.7) 1.4 (1.2, 1.7) 2.5 (1.9, 3.2)

Bodymed BDMOXMTRBLK 3.5 (3.1, 3.9) 4.7 (3.7, 5.8) 6.0 (4.6, 7.7) 5.3 (4.3, 6.3) 2.8 (2.2, 3.5) 3.3 (2.7, 4.2) 3.3 (2.9, 3.8) 1.4 (1.1, 1.8) 2.5 (2.1, 3.0) 1.3 (1.0, 1.7)

Roscoe POX-ROS 4.3 (3.6, 5.1) 1.7 (1.5, 2.1) 2.3 (1.7, 3.3) 7.6 (4.7, 11.5) 2.1 (1.7, 2.9) 2.8 (2.1, 3.7) 9.9 (7.8, 12.3) 1.7 (1.4, 2.0) 1.9 (1.5, 2.4) 4.1 (3.2, 5.6)

CONTEC CMS50M 4.3 (3.8, 4.9) 6.1 (4.9, 7.5) 5.2 (3.8, 8.1) 7.5 (5.3, 10.5) 4.4 (3.4, 6.1) 3.4 (2.9, 4.0) 3.4 (2.6, 4.4) 3.1 (2.5, 4.5) 2.6 (2.1, 3.4) 2.9 (1.9, 4.4)

Biolight M70 4.5 (4.0, 5.0) 6.6 (5.7, 7.7) 6.2 (4.5, 8.5) 5.2 (3.8, 6.7) 3.2 (2.7, 4.2) 4.9 (3.5, 7.3) 3.8 (2.3, 5.9) 3.4 (2.7, 4.8) 3.6 (2.5, 5.1) 1.3 (1.1, 1.6)

Lower LOA (95% CI, %)

Nellcor (Reference) −2.3 (−2.5, −2.0) −3.0 (−3.1, −2.5) −3.1 (−3.8, −2.7) −2.2 (−3.0, −2.1) −1.5 (−2.1, −1.2) −1.8 (−2.5, −1.1) −0.6 (−0.9, −0.3) −2.8 (−2.9, −1.9) −1.5 (−1.8, −0.9) −2.0 (−2.3, −1.5)

Nonin Onyx Vantage 9590 −2.2 (−3.9, −1.8) −2.4 (−2.4, −2.2) −2.0 (−2.0, −1.7) 0.0 (0.0, 0.3) −2.9 (−2.9, −2.0) −1.8 (−1.8, −1.2) −1.0 (−1.0, −0.9) −3.9 (−3.9, −2.9) −9.6 (−9.6, −6.6) −11.5 (−11.5, −1.6)

Masimo Mightysat −2.4 (−3.1, −2.2) −2.4 (−2.4, −2.3) −2.5 (−2.5, −2.3) 1.1 (1.1, 1.7) −1.5 (−1.5, −1.3) −2.3 (−2.3, −1.8) 0.3 (0.3, 1.1) −6.5 (−6.5, −3.1) −3.3 (−3.4, −1.4) −1.0 (−1.0, 0.4)

Walgreens MD300CN350R −3.6 (−4.5, −2.7) −4.5 (−4.5, −3.0) −5.3 (−5.3, −4.5) −0.2 (−0.2, 0.8) −2.1 (−2.1, −1.6) −2.7 (−2.7, −1.6) 0.9 (0.9, 1.1) −3.8 (−3.8, −3.7) −1.2 (−1.2, −1.1) −12.5 (−12.5, −1.1)

Zacurate CMS 500DL −2.7 (−6.0, −1.8) −3.7 (−3.7, −0.1) −7.9 (−7.9, −4.0) 1.6 (1.6, 2.4) −0.1 (−0.1, 0.3) −6.0 (−6.0, −1.5) −0.1 (−0.1, 0.0) −2.7 (−2.7, −2.1) −1.3 (−1.3, −0.1) −1.8 (−1.8, −1.3)

Walgreens OxyWatch C20 −2.4 (−5.0, −1.9) −3.1 (−3.1, −2.4) −5.0 (−5.0, −2.3) −0.2 (−0.2, 0.1) −3.0 (−3.0, −1.9) −0.9 (−0.9, −0.8) −0.1 (−0.1, 0.1) −6.0 (−6.0, −3.5) −1.9 (−1.9, −1.7) −0.8 (−0.8, −0.5)

Choice MMed MD300CN340 −2.4 (−6.1, −1.3) −2.8 (−2.8, −2.4) −1.6 (−1.6, −0.3) −1.3 (−1.3, −0.9) −0.7 (−0.7, −0.3) −0.6 (−0.6, −0.5) −6.5 (−6.5, −6.1) −4.5 (−4.5, −1.2) −1.4 (−1.4, −1.2) −7.2 (−7.2, −6.2)

Zacurate 500C −9.1 (−15.9, −6.5) −10.8 (−10.8, −8.9) −8.0 (−8.0, −7.3) −18.9 (−18.9, −15.9) −2.5 (−2.5, −1.0) −3.5 (−3.5, −2.9) −5.7 (−5.7, −5.2) −1.9 (−1.9, −1.7) −2.6 (−4.0, −2.1) −4.6 (−4.6, −2.9)

Bodymed BDMOXMTRBLK −3.5 (−4.1, −2.5) −8.7 (−8.7, −0.8) −3.6 (−3.6, −2.3) 1.7 (1.7, 3.8) −3.5 (−3.5, −1.4) −4.1 (−4.1, −4.0) 1.0 (1.0, 1.8) −3.1 (−3.1, −2.8) −3.8 (−3.8, −1.3) −1.4 (−1.4, −0.3)

Roscoe POX-ROS −12.0 (−16.0, −7.5) −3.7 (−3.7, −3.2) −5.5 (−5.5, −3.3) −10.2 (−10.2, −3.9) −3.1 (−3.1, −2.6) −8.9 (−8.9, −6.6) −22.1 (−22.1, −21.3) −3.2 (−3.2, −3.1) −4.8 (−4.8, −4.1) −12.0 (−12.0, −8.9)

CONTEC CMS50M −11.0 (−12.4, −9.3) −12.4 (−12.4, −10.3) −11.0 (−11.0, −9.3) −16.9 (−16.9, −11.9) −11.8 (−11.8, −7.7) −6.9 (−6.9, −6.6) −6.7 (−6.7, −6.2) −9.6 (−9.6, −3.6) −8.0 (−8.0, −5.4) −7.9 (−7.9, −7.2)

Biolight M70 −10.3 (−11.7, −9.2) −11.7 (−11.7, −11.2) −11.5 (−11.5, −8.7) −4.7 (−4.7, −4.2) −3.9 (−10.9, −3.5) −6.5 (−6.5, −6.2) −13.5 (−13.5, −10.3) −12.2 (−12.2, −7.1) −9.2 (−9.2, −8.0) −0.4 (−0.4, −0.3)

Upper LOA (95% CI, %)

Nellcor (Reference) 5.3 (4.9, 6.1) 3.5 (3.4, 5.0) 5.0 (3.8, 6.4) 8.0 (6.8, 8.1) 4.3 (3.7, 5.2) 6.7 (5.2, 12.6) 5.2 (4.2, 5.9) 3.4 (3.0, 3.8) 3.8 (3.2, 3.9) 3.8 (3.5, 4.9)

Nonin Onyx Vantage 9590 4.5 (4.1, 5.2) 2.4 (2.1, 3.9) 3.1 (2.9, 4.4) 4.3 (3.8, 4.6) 2.4 (1.0, 2.6) 5.2 (4.1, 5.8) 3.6 (2.2, 4.8) 3.0 (1.4, 3.1) 5.3 (5.2, 5.3) 1.7 (1.2, 1.7)

Masimo Mightysat 5.8 (4.8, 7.6) 3.5 (3.4, 3.5) 8.2 (7.7, 9.6) 6.9 (6.6, 6.9) 3.7 (2.4, 4.2) 4.0 (3.5, 4.8) 5.2 (4.9, 5.2) 2.5 (2.0, 3.0) 1.1 (1.0, 1.4) 3.8 (2.8, 6.1)

Walgreens MD300CN350R 5.7 (5.0, 7.2) 3.4 (2.8, 3.8) 5.0 (4.7, 6.5) 8.3 (7.8, 8.3) 3.3 (2.9, 3.5) 4.8 (2.7, 5.2) 6.0 (5.9, 6.0) 1.4 (1.0, 1.5) 4.1 (3.5, 4.3) 4.2 (3.6, 4.2)

Zacurate CMS 500DL 5.4 (4.7, 6.4) 5.7 (3.5, 5.7) 5.4 (4.0, 6.5) 6.4 (5.8, 6.4) 3.7 (3.5, 3.7) 4.3 (3.8, 4.8) 4.0 (3.4, 4.7) 1.9 (1.2, 2.5) 3.9 (3.7, 4.7) 3.0 (2.4, 3.8)

Walgreens OxyWatch C20 6.7 (4.0, 13.3) 4.6 (4.3, 4.6) 3.4 (3.1, 4.5) 14.1 (13.4, 14.1) 3.4 (2.8, 3.7) 4.2 (3.7, 4.8) 7.2 (6.7, 7.6) 1.8 (1.5, 3.0) 4.0 (2.5, 4.0) 2.2 (2.0, 2.7)

Choice MMed MD300CN340 6.2 (5.4, 7.4) 8.0 (7.4, 8.5) 4.9 (4.5, 6.0) 5.8 (5.3, 5.8) 6.2 (5.7, 6.2) 4.2 (3.9, 4.5) 4.2 (4.0, 4.2) 4.0 (3.8, 4.4) 1.8 (1.4, 1.9) 4.1 (3.4, 7.1)

Zacurate 500C 5.3 (4.7, 6.2) 5.0 (4.1, 5.5) 4.1 (3.4, 4.5) 9.8 (7.3, 9.8) 3.8 (3.4, 5.2) 3.1 (2.7, 3.5) 5.9 (5.3, 5.9) 3.0 (2.2, 3.5) 2.6 (1.1, 2.9) 4.5 (4.1, 4.6)

Bodymed BDMOXMTRBLK 8.5 (7.0, 11.1) 6.5 (6.1, 6.5) 11.7 (10.0, 12.6) 7.6 (6.4, 7.6) 5.5 (4.7, 5.5) 7.0 (5.7, 8.5) 4.7 (4.0, 5.2) 2.2 (1.6, 2.8) 4.8 (4.6, 5.4) 2.8 (2.4, 2.8)

Roscoe POX-ROS 6.7 (3.8, 13.7) 2.2 (1.6, 2.4) 3.5 (0.7, 6.7) 19.6 (14.4, 19.6) 3.8 (2.5, 6.6) 2.5 (1.9, 2.9) 12.7 (10.6, 13.7) 1.1 (0.7, 2.5) 4.8 (3.7, 5.0) −0.3 (−0.6, −0.2)

CONTEC CMS50M 4.5 (3.9, 6.0) 3.0 (2.4, 4.5) 1.2 (−0.1, 19.3) 7.8 (2.1, 7.8) 4.4 (2.2, 5.7) 0.5 (−0.2, 0.5) 4.9 (3.9, 4.9) 5.0 (3.9, 5.5) 2.4 (0.9, 6.0) 3.1 (1.7, 3.2)

Biolight M70 10.0 (7.7, 13.4) 12.9 (11.4, 13.0) 14.0 (3.4, 14.8) 9.3 (8.9, 10.0) 5.5 (4.8, 8.7) 13.4 (4.0, 14.0) 2.9 (2.0, 3.4) 6.3 (3.9, 7.7) 4.1 (2.8, 4.2) 2.1 (1.7, 2.9)

Table 2: Device data by SaO 2 plateau.
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coordinators who were recording SpO2 values on the
devices under test were blinded to arterial SaO2. Each
device was tested on at least four independent finger
locations chosen at random. We compared POX read-
ings (SpO2) with SaO2 (Radiometer ABL90 Flex Plus) to
calculate the error (SpO2–SaO2), the bias (mean of the
error), the precision (SD of the error), and the root mean
square error (ARMS).

Skin pigmentation of each participant was measured
subjectively by pFP and objectively with a spectropho-
tometer (Konica Minolta CM-700d) according to our
previously published protocol.23 Perceived Fitzpatrick was
assigned by study personnel by matching forehead colour
to a visual analogue Fitzpatrick Scale obtained online23

and printed with a colour laser printer (Sharp MX-
M363N). The spectrophotometer with 3 mm aperture
was utilised to measure the relative intensity of reflected
light from 400 to 700 nm with 10 nm resolution and
specular reflection was included. Measurements were
obtained in triplicate at nine anatomical sites in each
participant: middle of the fingernail, dorsal distal phalanx
(DDP) between the joint and the fingernail, palmar distal
phalanx (PDP), inner upper arm, front and back of the
earlobe, cheek, forehead, and the external surface of one
nare.23 All measurements, including pFP, were taken
with ambient fluorescent overhead lighting conditions in
the laboratory. The CM-SA Skin Analysis Software
(Konica Minolta, Tokyo, Japan) was used to process
measured CM-700d data with the illuminant set to ‘D65’
and observer angle set to 10◦ before exporting CIELAB
L*,a*,b* colour space coordinates. Conversion from LAB
values to RGB values was achieved using the lab2rgb()
function in MATLAB, or the python-colormath package
(3.0.0) in Python, with D65 white point and sRGB col-
orspace. Individual typology angle (ITA) has been shown
to correlate with melanin content and is defined as the
angle in the L*b* coordinate plane between (0,50) and
(b*,L*) by the equation.

ITA = [arctan((L*-50)/b*)] *180/π.25–27

For analysis, participants were grouped by ITA
values measured at the DDP into upper, middle and
lower thirds, corresponding to lightest, medium and
darkest pigmentation respectively. The ITA cut-off
values that resulted in near equal groupings for light-
est, medium, and darkest pigmentation were ITA > 30◦
(light), 2◦ < ITA<30◦ (medium), and ITA < 2◦ (dark).
With respect to categorising participants by pFP, in
accordance with other studies28 light pigmentation was
defined as pFP I/II, medium was defined as pFP III/IV,
and dark pigmentation was defined as pFP V/VI.

Ethics
This study was approved by the University of California,
San Francisco (UCSF) Committee on Human Research
IRB. It is consistent with Standards for Reporting
Diagnostic Accuracy Studies.29 Written informed
consent was obtained from all participants (UCSF IRB
#21-35637) in accordance with the Declaration of
Helsinki.

Statistics
All analyses were performed using MatLab (The Math-
works, Inc., Boston, MA) and STATA v 17.0 (Statacorp.,
College Station, TX). The Shapiro–Wilk test was used to
assess normality. Bias was computed as the mean dif-
ference between the oximeter SpO 2 and the corre-
sponding arterial SaO 2, and absolute bias was calculated
as the mean of the absolute difference. Given that
hemoximeters at times report SaO2 values > 100%, and it
is uncertain how pulse oximeter software handles values
where the algorithm suggests >100% SpO2 or how values
are truncated, data points where SaO2 and/or SpO2 were
≥100% were excluded from analysis to avoid the potential
problem of incorrectly altering the mean bias values. Data
were visualised using a modified Bland-Altman plot for
each tested device where error (SpO2-SaO2) is plotted
against SaO2. Giving non-normally distributed error (by
Shapiro–Wilk), non-parametric limits of agreement were
determined by determining the 2.5% and 97.5% per-
centiles of the ordered errors.30

Linear regression was performed between ITA values
measured at different anatomic locations in the same
individual across all 34 participants and Spearman rank
correlation coefficients were determined for each ITA
comparison between anatomic sites. A Fischer trans-
form was used to determine 95% confidence intervals
for Spearman rank correlation coefficients.

Average root mean square error (ARMS) was calcu-
lated as the square root of the mean value of the squared
SpO 2-SaO 2 differences. The 95% confidence intervals
for all values were calculated by using the bootci function
in MatLab to bootstrap with random resampling over
5000 repetitions using the bias corrected and accelerated
percentile method.

Spectrophotometer measurements were made in
triplicate at each skin site with the spectrophotometer
held in a single position. LAB and ITA values were
derived from spectrophotometer measurements, and
the median ITA was used for analysis to minimise
impact of outlier values. Standard deviation of ITA for
each individual at each anatomic site from the triplicate
readings was determined to assess measurement
reproducibility.

Role of funders
Funders did not have any role in study design, data
collection, data analyses, interpretation, or writing of
this report.
Results
Readings from 11 fingertip POXs and the clinical
reference POX were obtained, corresponding to 4360
www.thelancet.com Vol 102 April, 2024
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blood samples in 34 participants. Each POX tested had
>200 samples of coupled SpO 2 and SaO 2 data from at
least ten participants. All devices had at least two par-
ticipants with dark pigmentation (exceeding 15% of the
study population) as per current FDA Guidance. De-
mographics of all study participants are presented in
Table 1.

Whether an individual met criteria to be included in
the ‘darkly-pigmented’ group depended on whether
pigment was assessed by subjective or objective means.
Fewer participants were categorised as having dark skin
pigment when using the objective cutoff of ITA < −30◦
as compared to the subjective pFP classification of pFP
V/VI. When using ITA, nine of 11 POXs tested as well
as the clinical reference POX did not have enough data
to meet the FDA threshold for proportion of participants
with dark pigment compared to all POXs meeting FDA
threshold when assessed with pFP (Fig. 1).

There was a wide range in SpO 2-SaO 2 error be-
tween devices, and the two best (Nonin and Masimo) as
well as two poorly performing devices (Biolight and
Roscoe) are highlighted in Fig. 2, where the device error
(SpO2–SaO2) is plotted against SaO2. Of note because
there were few participants in the traditionally defined
ITA < −30◦ ‘darkly pigmented’ group, we applied alter-
native ITA cutoffs that divided participants into lightest
pigmented third (11 participants, DDP ITA 30.1◦–
46.8◦), medium pigmented third (13 participants, DDP
ITA 13.7◦–28.0◦), and darkest pigmented third (ten
participants DDP ITA -67.0◦–1.8◦). In Supplemental
Figures S1 and S2, similar plots are presented for the
remaining devices.

The ARMS, bias, absolute bias, precision, and non-
parametric limits of agreement for each device,
including all data from 70 to 100% as well as grouping
data by SaO 2 deciles (70–80%, 80–90%, 90–100%) and
pigmentation groups (lightest third, middle third, and
darkest third) are presented in Table 2. Six of the 11
POXs tested and the clinical reference POX met the FDA
criteria of ARMS ≤3% between the SaO2 range of
70–100%, while the remaining five POX devices,
including 2 with 510(k) premarket notification clearance,
had an ARMS >3% (Fig. 3, Table 2). Eight of the 11 POXs
and the clinical reference POX met ISO Standard criteria
for ARMS ≤4%. Ten of 11 devices and the reference
device demonstrated higher ARMS in study individuals
categorised at the lowest third of ITA values (dark),
compared with the highest third of ITA values (light),
measured at the DDP (Fig. 4). Seven of the 11 POXs
tested and the reference POX demonstrated a positive
bias among individuals with darker pigmentation
compared to individuals with lighter pigmentation
(Fig. 4). Most POX demonstrated higher ARMS at lower
SaO2 values, especially in individuals with darker skin
pigment (Table 2, Supplemental Figures S3 and S4).

While ITA values measured at different anatomic
sites within the same participant showed considerable
www.thelancet.com Vol 102 April, 2024
variation, some sites like the inner arm, forehead, and
DDP showed strong correlation (Fig. 5). The standard
deviation of triplicate ITA measurements within the
same participant (Supplemental Figure S5) did not
exceed 10◦ when measuring the inner arm, cheek,
forehead, or DDP. However, for the remaining
anatomic sites, a higher degree of variability among
triplicate measurements was noted with ITA standard
deviation exceeding 10◦. The back earlobe showed the
greatest degree of variability (Supplemental Figure S5),
and also demonstrated the lowest Spearman ⍴ co-
efficients when correlated to other anatomic sites
(Fig. 5).

The range of ITA values observed among partici-
pants with the same pFP varied based on anatomic site
(Supplemental Table S1). For example, for individuals
with pFP I-VI, ITA values measured at the fingernail
(−9.8◦ to 68.1◦) and PDP (−3.4 to 40.7) showed a nar-
rower range of values and lighter pigmentation (higher
ITA) than ITA values measured at the forehead (−65.7◦
to 44.7◦) (Fig. 6, Supplement Figures S6 and S7). Fig. 6
and Supplement Figures S6 and S7 demonstrate an
overall decrease in ITA with increasing pFP across
multiple sites (i.e. forehead ITA −23.2◦ to 44.7◦ for pFP
I/II/III and −65.7◦ to −15.3◦ for pFP VI). However,
among participants with the same pFP of III, forehead
ITA values ranged across 4 separate ITA-defined
pigmentation groups (Del Bino-defined Brown (−30◦
to 10◦), Tan (10◦–28◦), Intermediate (28◦–41◦), and
Light (41◦–55◦). A visual representation of the forehead
skin colour of study participants with corresponding
ITA values is presented in Supplemental Figure S8.
Discussion
This study evaluated the performance of 11 fingertip
POXs and found that six devices had ARMS ≤3% (FDA
510k compliance) and eight devices had ARMS ≤4%
(ISO Standard compliance). Of the four POXs that had
received FDA 510(k) compliance, only two demonstrated
an ARMS ≤3% in our study. We found that the pFP scale
was inadequate to assess skin pigmentation, whereas
objective skin pigmentation measurement by ITA was
feasible and has potential to better ensure enrolment of
individuals spanning the full spectrum of skin pigmen-
tation. These findings may be especially relevant in set-
tings that care for populations with dark skin
pigmentation and where low-cost fingertip POXs are
commonly used.

Our findings corroborate prior studies that have
demonstrated low-cost fingertip POXs have variable
performance, which is at times inconsistent with man-
ufacturers’ regulatory claims.29 We found that some
POXs exhibited poor performance on participants with
darker skin pigmentation, though note that some prior
studies such as Bothma et al. have reported no effect of
skin pigment on device performance; however, our
7

http://www.thelancet.com


Nellcor (R
eference)

Nonin Onyx Vantage 9590

Masimo Mightysat

Walgreens MD300CN350R

Zacurate CMS 500DL

Walgreens OxyWatch C20

Choice MMed MD300CN340

Zacurate 500C

Bodymed BDMOXMTRBLK

Roscoe POX-ROS

CONTEC CMS50M

Biolight M
70

100

50

15

0

15

50

100
%

 S
ub

je
ct

s 
pe

r p
ig

m
en

ta
tio

n 
gr

ou
p

G
ro

up
ed

 b
y 

pF
P

G
ro

up
ed

 b
y 

IT
A°

Light (pFP I/II)
Medium (pFP III/IV)
Dark (pFP V/VI)

Light (ITA>41°)
Medium
Dark (ITA<-30°)

Fig. 1: Comparison of participants grouped by objective and subjective measures. The pFP and ITA range of healthy volunteers studied per
device. Upper Y axis shows percent of participants per device grouped by pFP with pFP I/II defining the light pigmentation group, pFP III/IV
defining the medium pigmentation group, and pFP V/VI defining the dark pigmentation group. Lower Y axis shows percent of participants per
device grouped by ITA, with ITA > 41◦ defining the light pigmentation group, −30◦ < ITA < 41◦ defining the medium pigmentation group, and
ITA < −30◦ defining the dark pigmentation group. Current FDA guidelines require a minimum of 15% of participants in a performance study to
have dark pigmentation (horizontal dashed line).
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study tested oximeters at lower SaO 2 values and with
more thoroughly characterised skin pigment.8

Our data show that current regulatory guidance and
standards for POXs do not adequately ensure diversity of
skin pigmentation. At the time of this study, FDA
guidelines mandate that POXs be tested on a minimum
of ten participants with at least two, or 15% of partici-
pants (whichever is larger) being ‘darkly pigmented’.31,32

There are two problems with this guidance: first, the
small absolute number of individuals with dark skin;
and second, the lack of specific requirements on how to
assess skin pigment.

Lack of regulatory guidance or scientific consensus on
how to measure skin colour and how to define dark and light
skin phenotypes is a challenge that must be addressed to
ensure equitable device performance when skin colour is a
factor. Several prior studies have commonly used race as
a surrogate for skin colour and assumed that inclusion
of certain races would ensure appropriate inclusion of
darkly pigmented people. Data from many countries
show that the range of skin colours within most ethnic
or racial categories is as wide as between them, refuting
the use of race as a surrogate for skin colour or the use
of skin colour as a surrogate for race.33,34 There are
limited data to guide optimal use of ITA including
which numerical cutoffs to use for categorising skin
pigment (i.e. light vs dark). The ITA was introduced in
1991 with suggested ITA cutoffs to categorise skin
colour (very light >55◦ > light >41◦ > intermediate
>28◦ > tan >10◦ > brown). However, that study included
only Caucasian individuals and only non-sun-exposed
skin. Subsequent work by Del Bino et al., in 2013
included a more diverse study population and intro-
duced an additional cut-off of < −30◦ to denote dark
pigmentation25 Notably, this expanded categorization by
ITA was still based on arguably flawed bins from the
original 1991 data and kept bin cutoffs unchanged
despite measuring ITA at a sun-exposed site. In our
study, for the purpose of comparison with the pFP scale,
we considered defining dark pigment as an ITA < -30◦.
www.thelancet.com Vol 102 April, 2024
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However, given the small number of participants with
ITA < −30◦ and uncertainty around the validity of that
cutoff, we conducted our analysis by grouping
1 2 3 4 5
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participants into upper, middle, and lower thirds of ITA
values found in our study pool (lightest, medium,
darkest). In our study, all device testing cohorts met
6 7
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current minimum FDA criteria with respect to inclusion
of individuals with ‘darkly pigmented’ skin despite the
fact that most of the participants in our study did not
have objectively dark pigmentation (ITA < −30◦). This
highlights the fact that when ‘dark pigmentation’ is not
objectively defined, there is a risk that one can meet
regulatory requirements while failing to adequately test
people across the full range of skin pigmentation. As
illustrated by Fig. 1, when subjectively categorising
participants as ‘dark’ using the pFP V/VI categories, we
are led to the false conclusion that the study cohort has
adequate inclusion of darkly pigmented individuals.
However, when objectively categorising dark skin
pigment using Del Bino’s ITA < −30◦ cutoff, the same
cohort demonstrated inadequate inclusion of darkly
pigmented individuals (Fig. 1). Efforts are currently
underway by multiple initiatives to better define
methods for assessing skin pigmentation.

Our data support several steps that could be taken now to
update regulatory guidance and improve performance stan-
dards. The commonplace reliance on subjective, non-
standardised skin pigmentation assessment tools (e.g.
pFP) is problematic and should be abandoned for
several reasons, including the lack of standardised col-
ours, inter-operator variability and bias, and the misap-
propriation of the initial purpose of the scales. For each
subjectively assessed pFP phototype, we found a wide
and overlapping range of objectively measured ITA
values (Fig. 6, Supplemental Figures S6 and S7). A key
problem with scales like pFP is the lack of standardised
colours (i.e. colours are not traceable to a specific RGB)
and consequent gross variability in visual appearance of
published scales. The flaws highlighted in the use of the
pFP are likely similarly seen in other subjective non-
standardised scales, such as the Massey-Martin Scale.23

Subjective scales that include standardised colours
(e.g. the Monk Skin Tone Scale23), may address some
limitations of existing subjective colour scales, however,
objective skin pigment assessment (e.g. ITA) may pro-
vide a path for avoiding the limitations above while also
ensuring traceability and comparability of data as well as
avoiding potential operator bias seen with subjective
scales.

The optimal site for objective measurement of skin
pigment has not been established but is an additional
important consideration when defining skin pigment di-
versity. Skin pigment varies across the body (Fig. 6,
Supplemental Figures S6 and S7) due to natural distri-
bution of pigment, sun exposure, and practical chal-
lenges of capturing data using spectrophotometry. For
example, the back of the earlobe is challenging due to its
small size and the fingernail is challenging due to its
rigid, convex surface. The optimal site for skin colour
measurement for the purpose of POX performance is
uncertain though likely is one that directly impacts the
physio-optical properties where the POX is placed. In
theory, an appropriately placed POX probe on the finger
aligns the LED emitter and sensor through the
www.thelancet.com Vol 102 April, 2024
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Fig. 5: Correlation between individual typology angle measurements at different anatomical sites. Correlation between ITA measurements
at different anatomical sites. Each box plots the correlation of ITA measurement at two different anatomical sites. Colour used to represent data
points is intended to represent study participant skin colour based on LAB values when transformed to RGB. Spearman rank correlation co-
efficient ⍴ with 95% confidence intervals is provided in each plot. Reproduced print and online figures may not portray accurate colour as
intended. (Fn = fingernail, DDP = dorsal distal phalanx, IA = inner upper arm, FE = front earlobe, BE = back earlobe, N = nare, Ch = cheek,
PDP = palmar distal phalanx, Fh = forehead).
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fingernail and the PDP. However, due to scattering and
reflection of light throughout the finger, it is likely that
the DDP is relevant and impacts POX performance.35

Given the strong correlation of the DDP and forehead
ITA (Spearman ⍴ = 0.86), it is likely that study recruit-
ment based on forehead colour can achieve a similar
range of DDP ITA values.

Another finding highlighted by the present study which
contributes to variable performance of POXs available on the
market is the lack of harmonisation among regulatory
agency requirements. While FDA guidelines mandate
ARMS ≤3% for transmittance devices to reach 510(k)
compliance, current ISO Standards mandate an ARMS
≤4%. Given that all POXs can be expected to perform
worse in real-world, patients with an illness (as
compared to controlled laboratory studies in healthy
volunteers),19 and given ongoing concerns around
additional errors in people with darkly pigmented skin,
an ARMS ≤4% is likely too low of a bar to optimise
patient safety and health equity. Harmonisation of
www.thelancet.com Vol 102 April, 2024
global standards to an ARMS ≤3% could help eliminate
multiple coexisting standards while also raising the bar
for POX performance.

Caveats and limitations
This study has several limitations. First, we enrolled
only young, healthy adults which do not reflect the
heterogeneity of anatomy and pathophysiology of pa-
tients with an illness, children or people with comor-
bidities (e.g. hypercholesterolemia, hypertension, and
obesity). Additionally, we did not account for perfusion
(i.e. pulsatility amplitude), a factor known to impact
POX performance (which is not adequately accounted
for in ISO standards or FDA guidance).20 Here we tested
relatively few POXs, and the applicability of our findings
to other POXs (including other brands, models, or
production years) is uncertain. There are also several
additional limitations in the study design including the
relatively small sample size as well as lack of regulatory
guidance on the use of limits of agreement in Bland–
11
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Altman analyses for nonparametric data. The sample
size is based on existing FDA and ISO recommenda-
tions, not our own sample size calculations or analytical
design. Due to limited statistical power, we were ulti-
mately unable to fully assess the impact of skin
pigmentation on POX performance. Further work is
underway to clarify optimal sample size for better
characterising impact of skin colour on device perfor-
mance. An additional limitation relates to ITA and the
prior discussion of data supporting its use. While ITA is
a reproducible, quantitative surrogate for pigmentation,
it is not a perfect estimate of melanin content or
colour.36 A final limitation of this and similar studies, is
the low number of individuals recruited with dark skin.
This reflects the distribution of skin pigmentation of the
population residing within the city where the study was
conducted as well as previously described challenges of
recruiting participants with diverse skin colours.37 Pri-
oritising and addressing these challenges are essential
components to improving equity in the performance of
medical devices.

Conclusion
Fingertip POXs have variable performance, frequently
not meeting regulatory requirements for clinical use,
and at times contradicting claims made by
manufacturers. The FDA guidance and ISO standards at
the time of this study do not adequately account for the
potential impact of skin pigmentation on POX perfor-
mance. We recommend that the pFP scale and other
non-standardised, subjective skin colour scales no
longer be used for defining diversity of skin pigmenta-
tion in POX validation studies. Further studies are
needed to better define methods for ensuring diversity
to improve equitable performance of POXs.
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