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Background: Pulse oximetry derived oxygen saturation (SpO2) is an estimate of true
arterial oxygen saturation (Sa02). The aim of this review was to evaluate available
evidence determining the effect of skin tone on the ability of pulse oximeters to
accurately estimate SaO2.

Methods: Literature was screened to identify clinical and non-clinical studies enrolling
adults and children when SpO2 was compared to a paired co-oximetry SaO2 value.
We searched literature databases from their inception to March 20th 2023. Risk of bias
(RoB) was assessed using the QUADAS-2 tool. Certainty of assessment was
evaluated using the GRADE tool.

Results: Forty-four studies were selected reporting on at least 222,644 participants
(6121 of whom were children) and 733,722 paired SpO2-Sa02 measurements.
Methodologies included laboratory studies, prospective clinical and retrospective
clinical studies. A high RoB was detected in 64% of studies and there was
considerable heterogeneity in study design, data analysis and reporting metrics.

Only 11 (25%) studies measured skin tone in 2353 (1.1%) participants; the remainder
reported participant ethnicity. 68,930 (31.0%) participants were of non-White ethnicity
or had non-light skin tones. The majority of studies reported overestimation of SaO2 by
pulse oximetry in participants with darker skin tones or from ethnicities assumed to
have darker skin tones. Several studies reported no inaccuracy related to skin tone.
Meta-analysis of the data was not possible.

Conclusion: Pulse oximetry may overestimate true SaO2 in people with darker skin
tones. The clinical relevance of this bias remains unclear, but its magnitude is likely to
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Detailed Response to Reviewers

EDITOR'S COMMENTS

The reviewers considered the topic important, and so we are keen to see a revision of this
manuscript. However, substantial work is needed, as indicated by the comments of both
reviewers. You will need to address all their comments, responding point-by-point and

making changes to your manuscript.

Thank you for the opportunity to revise our manuscript and apologies that it has taken some
time. We have gone to considerable lengths to address the excellent feedback from the

reviewers and are extremely grateful for their thoughtful and constructive input.

We enrolled the assistance of an experienced clinical trial unit statistician to go through each
report included in this review, with the aim of conducting a meta-anlysis. Due to the
incredible heterogeneity of methodological approaches and the manner in which data were
presented, this was simply not possible. As outlined to the reviewer below, whilst we could
have simply combined dissimilar data together (which we believe to have been the situation
in the single meta-analysis performed in this field in 50 years), we felt this would yield

meaningless and highly biased outcomes for your reader. Please see below for more details.

Another important issue raised by the second reviewer (who | believe to be based in the
USA) is one of terminology. They wish for the term ‘race’ to be used in favour of ‘ethnicity.
Basically, we believe this to be fundamentally incorrect, most certainly in the UK. Having
talked to a large number of people who work in the field of ethnic health research (research |
am conducting involves close contact with multiple community groups who may be affected
by pulse oximetry inaccuracy), all of them confirmed the term ethnicity is preferable and this
is also the view of the UK government and all major institutions in the UK who have
published on this specific issue. We have therefore stuck to using the term ethnicity

throughout our article. Please see below for further explanation.

We hope our revised manuscript is closer to being acceptable and would be very happy to

make further changes.

If you decide that you would prefer to submit your work elsewhere rather than making the
extensive changes indicated by the reviewers, then | will quite understand. Of course, if you
are willing to amend your manuscript to meet the reviewers' comments then we will be very

happy to send a revision our for re-review.



Reviewer 1:

The authors present a systematic review of the effect of skin tone on the accuracy of oxygen
saturation measurement. This is an important clinical question, which is highly topical.
However, the lack of any quantitative analysis makes interpretation of the results difficult and

makes assessment of the clinical significance of the reviews findings impossible.

Major comments

The main problem with your review is the lack of any quantitative analysis. | accept you
report that there was heterogeneity in how outcomes were reported (this is often the case in
systematic reviews), but are you sure quantitative analysis is impossible? Your analysis
could include meta-analysis of statistics from Bland-Altman plots (which are reported by
some studies) or using meta-analysis of diagnostic test accuracy where the condition is
hypoxaemia and the screening test SpO.. Ultimately, you only need a few studies to report
results in this way to have some form of quantitative analysis. If this is still not possible, the
next logical step would be to try to obtain individual patient data from studies not reporting in
a way that can be included in a meta-analysis. At present, we are left with a vote counting
analysis which makes conclusions difficult to interpret and does not take into account
differences in sample sizes or variance between different studies (a result from one large
study can outweigh five small ones). Meta-analysis would also allow investigation of
heterogeneity (you include healthy and pathological conditions, as well as retrospective and
prospective studies). You note in your discussion that another systematic review has
performed meta-analysis (showing a small overestimation) which suggests it is possible to

perform this (certainly with more data).

Thank you for taking the time to provide such useful feedback on our manuscript. We
wholeheartedly agree that what this systematic review lacks is some summary data to hang
one’s hat on. We would like to stress to the reviewer that this is not through lack of trying.
Having undertaken a scoping review before this systematic review, it became obvious to us
that the way in which data has been presented in these studies precludes any form of
meaningful analysis. To provide some expert guidance on this we brought a statistician into
our group, who has spent a great deal of time looking at the way in which data has been
summarised in the studies included in this review. In short, we were disappointed to discover
that our non-expert synopsis of the situation was actually right. Both with the prospective
studies reporting bias and the retrospective studies reporting frequency of occult
hypoxaemia, there is simply not enough information that could be pulled together and be of

value to readers. We have provided a more detailed description below and added the



statistician to our group of authors, given the large amount of time she put into trying to

extract something feasible from all these data.

Shi et al. did indeed combine data in a series of meta-analyses, from a wide range of
methodologically dissimilar studies and studies that did not set out to compare the effect of
skin tone or ethnicity to pulse oximeter accuracy. Whilst this was of course possible
mathematically it is difficult to believe the final result has any meaning at all as meta-analysis
was never designed to summarise such incredibly heterogeneous data. From the outset, we
felt very strongly that we would only conduct a meta-analysis if there were a suitable number
of similarly designed studies, reporting data in a comparable way, that added to the review
by creating a value that would be meaningful to the readers. Whilst we could just merge
dissimilar data together, this does not feel right or scientific justified to us. The fact that Shi et
al’s is the only meta-analysis in the literature on this topic leads us to suspect that many
others have tried to perform a meta-analysis in this field and failed. It would be highly
unusual to have so many primary reports published and there to be just one published meta-

analysis, if combining these data was both simple and methodologically sound.

Of note, when re-reviewing Shi’s work, we noticed that there was a study in their review that
we had previously not included in ours. When we looked at it we all agreed that it did fulfil
the inclusion criteria for our review so took the decision to include it: that study is Pilcher et
al. 2020, which is a prospective clinical study so has been added to that group in our review.
Having reviewed our search strategy, it was likely missed as skin pigmentation and ethnicity

terms were not present in the title or abstract.

Details regarding consideration of meta-analyses:

Unfortunately, most of the older prospective studies do not report any measures of accuracy
that could be summarised by skin tone/ethnicity. There are three studies that could
theoretically be combined in a meta-analysis as the bias (SpO, — Sa0,) is presented
separately for each skin tone group (Avant 1997, Adler 1998 and Foglia 2017). However,
different classifications are used for skin tone (White and Black patients versus patients with
light, intermediate and dark skin tones) and at least one of the studies (unclear in Foglia

2017) includes multiple readings per participant, so the observations are not independent.

It would be ideal to conduct a meta-analysis of the retrospective studies and the diagnostic
test accuracy of the diagnosis of hypoxaemia by the SpO: test. However, most studies (all
but Bangash 2022, Wiles a 2022 and Vesoulis 2022) present the proportion of occult

hypoxaemia out of the total number of participants or the number of participants with SpO-



between 92 and 96%. The latter is equivalent to presenting the negative predictive value of
SpOy-’s ability to diagnose hypoxaemia. Both of these statistics are affected by the
prevalence of true hypoxaemia, which is unreported in most studies and so these results
cannot be pooled. Guides to conducting a meta-analysis of diagnostic test accuracy
(including Lee et al. 2015) advise combining only sensitivity and specificity, as these values
are not affected by prevalence and therefore can be pooled and compared across various
scenarios. Three studies (Bangash 2022, Wiles a 2022 and Vesoulis 2022) present the
sensitivity of SpO», however, Wiles and Vesoulis include multiple paired readings from

individual participants and therefore the observations are not independent.

These reasons, combined with the heterogeneity in study design, population and pulse
oximeter have led us to conclude a meta-analysis would not be possible at this stage.
Graphical demonstration of the negative predictive values and the proportion of overall
occult hypoxaemia have been created to help in summarising the results. However, these

displayed percentages can only be compared within and not between studies.

Lee J, Kim KW, Choi SH, Huh J, Park SH. Systematic Review and Meta-Analysis of Studies
Evaluating Diagnostic Test Accuracy: A Practical Review for Clinical Researchers-Part Il.
Statistical Methods of Meta-Analysis. Korean J Radiol. 2015 Nov-Dec;16(6):1188-96. doi:
10.3348/kjr.2015.16.6.1188. Epub 2015 Oct 26. PMID: 26576107; PMCID: PMC4644739.

Even in the above point is not possible to address, | think you should consider using some
form of plot to summarise your narrative results. At present, it is quite a lengthy read to
extract all the study results and a plot may help with this. One that demonstrates differences
for both groups. Although | accept this may be difficult given the problems with differences in

reporting in the included studies.

To try and address the lack of meta-analysis in this review, we have followed the reviewer’s
very sound advice and produced a series of bar graphs and Forest plots (Figures 2-4 in the
revised manuscript). We have used data from the retrospective clinical studies to show the
frequency of occult hypoxaemia (a clinically important outcome measure) across various

study populations. We hope this adds to the readers’ experience and helps them to absorb

the importance of these data.

In view of the lack of quantitative analysis, it is difficult to assess the clinical significance of
some results from studies. Some of your reported bias statistics for healthy volunteer studies
are small enough that they are of questionable clinical significance. This is complicated by



the fact you report some of your narrative results using vague language which makes
interpretation difficult, for example: "whereas the other two identified skin tone related
inaccuracies”. This is all the more important as the meta-analysis you reference in the first

paragraph of your discussion notes a small bias of small clinical significance.

We hope that this unintended vagueness has now been addressed in the extensively

revised manuscript.

You state in the results that: "This, along with a high potential for bias in the

studies meant that meaningful data synthesis would be invalid". High potential for bias in
included studies does not invalidate data synthesis but it will affect the GRADE certainty of
evidence. If you are so concerned with bias that you think it would invalidate data synthesis,

then why include these studies at all?

Please see our explanation above to explain why, despite considerable efforts, we have
been unable to perform a meta-analysis. Whilst heterogeneity was the factor that we
believed most important to being unable to achieve this, we hope that the revised
explanation form a statistician, highlighting that the data required simply isn’t presented in

the reports, is sufficient.

| don't think you can include studies which analysed results using correlation. There are fatal
flaws in using this analysis method for determining agreement between paired
measurements. These results will add nothing to your review and may produce confusion for

readers unfamiliar with these flaws.

Thank you for highlighting the potential issues raised including studies that used correlation
as the statistical tool to determine accuracy. At the time of writing the registered protocol, we
did not restrict our inclusion of reports to those using specific statistical analyses, hence why
these studies have been included. To remove them now may be considered to be an
unwanted source of bias as after having reviewed them, we will have rejected them outside
of the stated eligibility criteria for studies. We have (and we hope this is acceptable) decided
to keep them in but have highlighted any study that used corelation in the text and tables.
Furthermore, we have added text in the discussion to alert readers to the fact that this is an
unsound method of determining accuracy, although it was the accepted methods at the time
the studies were published. Only one study beyond 1990 used correlation to compare SpO:
to Sa02. We hope the reviewer agrees that this is a reasonable repone to the issue that

avoids adding an element of unnecessary bias to the review.



When listing your gold standard tests in the methods section, it may be worth adding some
detail around non-invasive multiple-wavelength oximetry as a suitable gold standard test.

Has it been found be as accurate as ABG for example?

This is a very relevant point and one that was also raised by the second reviewer. Initially we
thought that this was a valid method to measure SaO., however, on further reading and
taking into account the expertise of the second reviewer, we have decided to remove the
three studies that compared pulse oximetry to a multi-wavelength oximeter i.e.

e Ochoa-Gutierrez 2022

e Chapman 1983

e Cahan 1990
We have adjusted the methods, results, tables and CONSORT diagram accordingly. We
have also added an explanation for this deviation from the protocol in the supplementary

data document.

Excluding non-English language studies may introduce bias and excludes some populations
who would potentially benefit most from your findings. It also exacerbates one of your
reported limitations: "none appear to have included participants from low or middle-income
countries". Also, your lack of search for unpublished studies leaves your review at risk of

publication bias.

We agree that any review that does not include non-English manuscripts risks a degree of
bias. We took the decision to exclude them as we had no reliable way to ensure accurate
translation. Exclusion of non-English language manuscripts is highlighted in our registered

protocol so we feel we should stick to this and have highlighted it as a limitation.

The results from prospective clinical studies should take precedence over other types of
study design as they are associated with less bias and are more clinically relevant to

readers.

We agree with this valid point. Retrospective studies are powerful in terms of their number of
participants, however, the databases used were never designed to answer the question
being asked of them so the findings of these studies have to be taken as hypothesis
generating rather than substantive evidence. The prospective studies are, however, also not
without bias. Those using correlation have already been identified as being limited by their

methodology.



Minor comments

Out of interest, have there been any changes to the manufacture of pulse oximetry devices
over the years that aim to improve the differences in measurements in those with darker

skin? This has implications for the inclusion of older studies.

This is a very good question indeed. One would hope this to be the case but manufacturers
are very guarded about the algorithms they use and we have certainly not heard of any
coming forwards and claiming to have done so. Whilst some of the hardware may have
improved to achieve better signal stability, it is not clear to us whether the digital ‘look up’
tables are constantly being updated with data from bigger and more diverse groups of
healthy volunteers. It is therefore difficult to exclude pulse oximeters based on age as there
is no clear (if any exists at all) cut-off, after which technology improved. Furthermore, whilst
very old devices are almost certainly obsolete now, moderately old devices may still be used
in low-income settings around the world. Which devices are and are not in general use

globally is not clear.



Reviewer 2:
Thank you for writing this review on a timely topic. Please find my comments below by

section:

Abstract:
Page 3, Line 2 - might state evidence from both controlled lab studies in healthy volunteers

and clinical studies in hospitalized patients were evaluated...

We have added the phrase ‘clinical and non-clinical’ to the abstract. The strict word limitation

in this section prevents us expanding the explanation further.

Page 3 line 27 - 'measured skin tone' might be more specific as this is an active area of
research... X measured skin tone with subjective scales and Y measured skin tone with

objective methods... this is very relevant and of interest to readers

Unfortunately, with a word limit of 250, it would not be possible to add this to the abstract

without removing other vital information.

Might consider tone vs color vs pigment and optimal wording to be consistent with literature

and methods evaluated

Also would review use of ethnicity, race and skin color terminology to be specific (e.g. "non-

white ethnicity")

Thank you for raising this important issue, which we have put a lot of thought into, discussed
with groups around the UK and read through numerous UK documents to insure we get this
right. Our summary of the situation is that ethnicity is the correct term to be used in this
scenario and we will explain our reasons for this. Language is constantly evolving and there
are a number of terms in use around race and ethnicity. Hence it is very important to pause
and consider the current situation, which we found to be a very useful exercise. In short,
race refers to a person's physical characteristics, such as bone structure and skin, hair, or
eye colour. Ethnicity, however, refers to cultural factors, including nationality, regional
culture, ancestry and language. We found an incredibly useful document produced by the
University of Leicester, titled Guide to Race Related Terminology (2021). The Centre for
Ethnic Health Research in the UK is based in Leicester and we have worked closely with
them this year during the conduct of a study on skin tone. They will have likely helped the

university produce this comprehensive document. In that document it states:



“An example of race is brown, white, or black (all from various parts of the world), while an
example of ethnicity is Asian Indian or Black African. Your race is often determined by how
you look while your ethnicity is determined by the social and cultural groups you belong to.
The term ‘race’will only be used when referring to our commitment and action to overcome
race-based inequalities. The University recognises a person'’s right to self-identification of
their ethnicity and race, which enables individuals the opportunity to reflect their unique

experiences and outcomes to their identified ethnic group.”

The document goes on to state:
“The University recognises that classifying groups and individuals by ‘race’ can exacerbate
racism and related inequalities. Wherever possible, the University will seek to identify

individuals and groups by their ethnic background.”

The authors of this manuscript support this use of the term ethnicity and prefer it to the term

race. They also sought advice from independent sources, who all agreed.

The UK government also advises using the term ethnicity: https://www.ethnicity-facts-

figures.service.gov.uk/style-quide/writing-about-ethnicity.

In the UK, Section 9 of the Equality Act 2010 states that race includes:
a) Colour
b) Nationality
c) Ethnic or national origins
d) Caste

It defines race as being a protected characteristic which is:

a) Areference to a person who has a particular protected characteristic is a reference to a
person of a particular racial group.

b) A reference to persons who share a protected characteristic is a reference to persons of
the same racial group.

¢) A racial group is a group of persons defined by reference to race; and a reference to a
person's racial group is a reference to a racial group into which the person falls.

d) The fact that a racial group comprises two or more distinct racial groups does not prevent

it from constituting a particular racial group.

Whilst there are clear limitations with the origins and use of the term race, it is a term which

is widely used when talking about race equality. The term race is used in equalities


https://www.ethnicity-facts-figures.service.gov.uk/style-guide/writing-about-ethnicity
https://www.ethnicity-facts-figures.service.gov.uk/style-guide/writing-about-ethnicity

legislation and national charters which seek to address inequalities related to ethnicity. The
term is often used in relation to over-arching initiatives, activities and policies and is not used
to refer to specific ethnic groups, for example, ‘race groups’ or ‘racial groups’ should be

avoided.

We therefore feel very strongly that in this manuscript we should use the term ethnicity (as it
is the currently preferred language in the UK) regardless of the term used in the original
report. One factor that has become apparent to us is that the discrepancies seen in reports
within this review could be a transatlantic one. The majority of reports in the review were
published in the USA, where the term race appears to be preferred. Of note, the three UK
manuscripts of the 18 retrospective clinical studies all use the term ethnicity. We see this as
clear evidence of a difference in use of language between countries. Given this review has
been submitted to a British journal we feel we should adhere to the advised language in the
UK and will double check this with the editor.

In addition to the discussion about the terms ethnicity and race, through ongoing research
collaborations in this field we have sought advice from several patient and community
groups in the UK and skin tone is the preferred terminology, regardless of the terminology
used in the original reports. Our community groups were very clear that the term colour
should not be used when referring to skin as it has connotations of past racial inequity. We

have therefore avoided this term.

Other useful UK links on this topic are:

https://www.ethnicity-facts-fiqures.service.gov.uk/style-quide/ethnic-groups

https://en.wikipedia.org/wiki/Classification of ethnicity in the United Kingdom#/media/File:

2011 UK census ethnic group question.png

We thank the reviewer for raising this extremely important point as we do not want to get our
language wrong. We have put a great deal of time and thought into this and hope that what

we have proposed is both correct (in the UK) and acceptable to the reviewer.

Race categorizations are not universal, it would be helpful to know from how many different
countries the studies were from and perhaps even a table comparing the different race and
ethnicity categories found across all studies

As outlined above, it is clear that ethnicity is categorised differently from country to country

and has also done so across time. Therefore, terms and phrases exist which may be difficult


https://www.ethnicity-facts-figures.service.gov.uk/style-guide/ethnic-groups
https://en.wikipedia.org/wiki/Classification_of_ethnicity_in_the_United_Kingdom#/media/File:2011_UK_census_ethnic_group_question.png
https://en.wikipedia.org/wiki/Classification_of_ethnicity_in_the_United_Kingdom#/media/File:2011_UK_census_ethnic_group_question.png

to accurately define. For example, the language used in UK and US censuses does not
align. Further adding to what has already been commented on as a long paper may detract
from the key messages we are trying to highlight. So, we have decided to add this point into
the limitations section of the discussion and hope that will go some way to highlighting the

issue. A more detailed description can be seen above.

Introduction:

Overall the introduction is quite light on detail and while it references other papers that dive
deeper into the topic, it might benefit readers to include some high level summaries of the
issues at hand. Including what this review is specifically looking at. There are gaps in

knowledge that could be emphasized

We agree and apologise for that. The reason was that the following sections of the
manuscript were fairly long (as there was a lot to cover) so we had to reduce the size of our
original introduction in order to not exceed the word limit for the journal. None the less, we
have expanded the introduction a little to better frame the work that follows, being clearer

about our aims and the importance of studying this area of practice.

Page 4 Line 2 - could be more specific, pulse ox estimates O2 on the Hgb in the blood

Agreed, we have added this.

Page 4, line 9 - might expand on the timeline... as the initial data for this observations goes
back multiple decades, thought more recently has been linked to health and healthcare

disparities which has triggered another wave of primary data

We agree this is worth highlighting and have now clarified this in the introduction.

Methods:

Page 4 line 57 - In the discussion the 'reference standards' might expand on the use of pulse
oximeters as 'reference’ devices instead of ABG. This is a debated aspect of pulse ox
regulation and pulse reference testing. The cited manuscript here is a 'theory' paper by
Aoyagi. The multiwavelength HP oximeter from the 1970-80s is not considered a gold
standard. The device required manipulations of the ear (‘arterialization') to avoid blood
pooling and to produce an accurate measure... the Biox was a heated sensor i believe...this
limiting interpretability of results. Might consider more heavily qualifying those studies or just

omitting them.



This is a very relevant point and one that was also raised by the first reviewer (see above).
Initially we thought that the HP multi-wavelength device was a valid method to measure
Sa0,, however, on further reading and taking into account your exlanation, we have decided
to remove the three studies that compared pulse oximetry to a multi-wavelength oximeter i.e.

e Ochoa-Gutierrez 2022

e Chapman 1983

e Cahan 1990
We have adjusted the methods, results, tables and CONSORT diagram accordingly. We
have also added an explanation for this deviation from the protocol in the supplementary

data document.

Need to review papers by probe/model etc - as some papers like Ebmeier | believe found

positive vs negative bias

We agree that result may differ from manufacturer to manufacturer. However, to undertake a
re-analysis of the data from every study would be a very large piece of work. Given the
extent to which we have modified the manuscript already and the additional length that has
been added as a consequence of that, we respectfully request not to undertake this
substantial piece of work for this article. It could, however, form the basis of a completely

new article, which would be a very interesting project.

Page 5 Line 7 - might specify ...according to ethnicity or skin tone by any method including

self reporting... etc

We have now tried to address this throughout the manuscript.

Were definitions of occult hypoxemia tracked and recorded across the reviewed studies
Would include information about how race or ethnicity or skin color were determined in each
study and include this in the reporting table for each study (e.g. self reported, EMR,
investigator observed etc)

This is a very good point. As highlighted in the manuscript, we found five separate definitions
for occult hypoxaemia in the literature selected for review. Part of this is probably down to
the fact that there is no agreed definition for hypoxaemia (beyond arterial oxygenation that is
‘less than normal’). So, we have gathered together the different ways investigators have

defined occult hypoxaemia and highlighted them against the studies in a new table in the



supplementary material. Ultimately the differences are not large ones so cautious
comparison between studies is probably acceptable. This dilemma is seen in RCTs of
‘liberal’ and ‘conservative’ oxygen administration, where one team’s liberal is another’s

conservative, bringing much confusion to the area.

Consider reviewing some of the literature/guidance on reporting for race and ethnicity - BJA

may have additional guidance - https://jamanetwork.com/journals/jamal/fullarticle/2783090

Many thanks for highlighting this article. It is an interesting read and sets out the
complexities of this area although does not clearly provide answers to the language choices

that exist.

Results:

There are two "table 2"

Thank you, this has been amended.

Page 8, line 11 - 'non white ethnicity' - again might need to define terminology used in the
methods or intro for 'race' and 'ethnicity.' Do you intend to say non-White ethnicity and not

race?

As above, we have now gone through all of our language related to ethnicity and race and
tried to be as clear and consistent as possible.
The link below has also provided us with information to guide us on this:

https://www.lawsociety.org.uk/topics/ethnic-minority-lawyers/a-quide-to-race-and-ethnicity-

terminology-and-
lanquage#:~:text=Ethnicity%20is%20broader%20than%20race,Caribbean%2C%20Indian%
2C%?20Irish).

Page 8 line 16 - no studies used race? All remaining studies specifically used ethnicity? |

don't think this is accurate.

See above.

Page 8 line 29 - might change 'conducted' to 'reviewed' as there have been many thousand
studies on this topic conducted in that time period that have not been published


https://jamanetwork.com/journals/jama/fullarticle/2783090
https://www.lawsociety.org.uk/topics/ethnic-minority-lawyers/a-guide-to-race-and-ethnicity-terminology-and-language#:~:text=Ethnicity%20is%20broader%20than%20race,Caribbean%2C%20Indian%2C%20Irish
https://www.lawsociety.org.uk/topics/ethnic-minority-lawyers/a-guide-to-race-and-ethnicity-terminology-and-language#:~:text=Ethnicity%20is%20broader%20than%20race,Caribbean%2C%20Indian%2C%20Irish
https://www.lawsociety.org.uk/topics/ethnic-minority-lawyers/a-guide-to-race-and-ethnicity-terminology-and-language#:~:text=Ethnicity%20is%20broader%20than%20race,Caribbean%2C%20Indian%2C%20Irish
https://www.lawsociety.org.uk/topics/ethnic-minority-lawyers/a-guide-to-race-and-ethnicity-terminology-and-language#:~:text=Ethnicity%20is%20broader%20than%20race,Caribbean%2C%20Indian%2C%20Irish

Many thanks, we have amended this.

Table 1 - would amend 'skin tone measured' to be either 'skin tone reported' or further
categorized by which studies used subjective skin color assessment (e.g. Massey Martin,
Fitzpatrick, von luschan etc) or objective skin color measurement (e.g. spectroscopy, ITA,
melanin index) etc. Measured implies a specific method for direct, objective measurement,

which most studies surely did not do.

Many thanks, we have amended this.

It would also be very helpful to know how many studies relied on self reported race vs

ethnicity vs investigator assessed skin color (subjective and objective).

Thank you for raising this point. We agree that it is important to know how ethnicity has been
determined but are not sure how we will be able to use that information when considering
the findings. All of the retrospective studies will have been self-reported as data was drawn
from electronic patient record systems (where a patient or their relative will have provided
this information to a clerk / administrator on admission). One can only assume this would be

a reasonably accurate process.

For this table would consider changing column label for 'balance of skin tones/ethnic groups'
to something more specific. Skin tone and race or ethnicity should not be conflated. This

column seems to report racial composition.

Thank you, this has been amended.

Data on which studies heated hands from the health volunteer studies would be useful as
would data on which report perfusion, given recent and evolving data that perfusion may be
a factor in skin color performance (ie you could have a device that performs poorly if low
perfusion and dark skin, but well if good perfusion and dark skin)

For healthy lab studies - would add

- https://papers.ssrn.com/sol3/papers.cfm?abstract id=4578562

Thank you for raising these points. We had not seen this publication before and read it with
great interest. We commend the authors on their fine work and have added a reference to it

in the manuscript.


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4578562

It might be worth noting which studies were sponsored by or conducted by the manufacturer
of the device being tested (e.g. Ajizian Medtronic; Barker Masimo etc) as their results have

been quite different than independent analyses.

Thank you for highlighting this, we have added the information to the relevant table and
added the phrase “industry funded” prior to mentioning them in the text along with a
description of them in the results section. We are not sure how to discuss this in the
manuscript without appearing to suggest that this funding may have in some way influenced
the findings of these two studies. So, we have opted to just state the information and allow

readers to determine for themselves, the potential impact of this.

Page 9 line 9 - When referring to ABG co-oximetry in the results and Table 2 - it is important
to report if Sa02 was indeed functional saturation or fractional saturation. There is a mix
among the studies you reviewed. There are hypotheses being tested that this may account

partly for some observations of bias in clinical trials.

We have been through all the manuscripts again and found that 6 of the 44 studies reported

whether functional or fractional saturation was used:

Cecil = functional

Lee = functional

Mendelsen = functional

Zeballos = functional & fractional (one for each of the two devices tested as the devices
being tested produce each of them respectively)

Bickler = functional

Feiner = functional

We can only assume that clinical studies reported functional saturation as this would be
more usual, however, we cannot state that with certainty. To be honest, we are not sure how
to incorporate this information into the review without a lengthy description of the subtle
differences between these measures. With so few studies reporting which was used, it is

hard to draw any conclusions from this.

Page 9 line 18 - 'method to measure skin tone' - please be more specific in the language on
this... subjective vs objectives methods vs self reporting



We have reviewed all language related to skin tone measurement and hope it is more

accurate now.

Page 9 line 18 - what do you mean with the sentence 'the proportion of participants with
darker skin tones or of non white ethnicity largely reflected the local population
demographics."? Were most of these studies in high income countries? Were most in

predominantly light skinned populations? Could be more specific

Yes, what we were trying to state there was that the ethnic diversity was limited, we have

revised the language around this as it was not as clear as we had intended it to be.

Page 9 line 45 - Sa02 functional vs fractional should be specified where available and if not

available, then stated how many did not report

Please see response above. This information is only available for a small number of studies
so we have elected not to include this as the manuscript is already fairly long and
complicated. If the reviewer feels strongly about this and the editors allow it, we could

reconsider this although it will add to the overall length of the manuscript.

Page 9 line 56 - ethnicity or race used as a surrogate for skin tone? For example, Sjoding et

al used self identified race, not ethnicity.

See above. In the UK, the preferred terminology is ethnicity as this is what we collect in our

census data, not race.

Page 10 line 1 - in light of the Gudelunas et al paper and the common clinical observation of
worse performance of oximetry in low perfusion, was the lack of reporting of perfusion also

considered in the RoB analysis?

Thank you for raising this point which the authors are right to highlight as a potential
confounding factor in certain clinical scenarios, such as intensive care. We do not think this
is a factor to be considered in the RoB tool as it is rarely / never reported by studies. Healthy
volunteers should have no perfusion problems (unless part of an underling chronic illness);
prospective clinical studies were generally not set up to evaluate perfusion; and

retrospective studies did not have access to these data.

Throughout, it may be worth mentioning the year for studies done >15 years ago, arguably



even > 10 years ago as the manufacturers would content the technology in the recent 10
years is markedly different. While | am not sure that it completely accurate... it might help
put some of these studies from the 1980s into context. The relevance of the Biox and HP
device performance is very hard to put into context of contemporary device performance.

The design is quite different.

This is a very good point and one that was also raised by reviewer 1. As we outlined to
reviewer 1, we would certainly hope that pulse oximetry has improved over time but have no
evidence to substantiate this. Manufacturers appear to be very guarded about the algorithms
they use in their pulse oximeters and we have certainly not heard of any wishing to come
forward and claim to have undertaken specific improvements. Although, we wouldn’t know
where to find this information if they had done. Whilst some of the hardware may have
improved in order to achieve better signal stability, it is not clear to us whether the digital
‘look up’ tables are constantly being updated with data from bigger and more diverse groups
of healthy volunteers. So, we are not sure if technology has been improving with time or

whether the errors of the past have simply been replicated for decades.

Page 12, line 54, it should probably be noted the range of SpO2 in this study was almost all

> 95%... a range where bias is not thought to be very low if present

Thank you for pointing out this important fact, we have added this to the text to draw the

reader’s attention to it.

For the studies, it would be very useful to report the median SpO2 or some sense of the
SpO2s in the study... for studies where most SpO2 are >94%, they have limited ability to
help with conclusions about anything other than bias in that saturation range. At a minimum

this should be highlighted in the discussion.

This is a relevant point but not all studies reported median SpO, / Sa0,. Given the extensive
changes made in this version of the manuscript we request to pause on this for now and see
what the reviewers think of this version, before embarking on a great deal more data
extraction. We hope the reviewer feels this is reasonable for now.

Page 13 line 33 - race vs ethnicity, pls be consistent and correct

Please see responses above.



Page 13 line 34 - they also mixed manufacturer probes/devices

Noted

Page 14, line 27 - please provide citation for the statement on American Indian... pls also

consider not using the term and replace with Indigenous American

Thank you for highlighting this very important issue, we have amended it throughout.

Page 14 line 42 - is the section on "studies in which skin tone was measured and reported"” -
were these all retrospective, prospective, lab? Could help to specify to guide/frame for the
reader

Thank you, this has been amended.

Page 14 lune 55 - 'one was a relatively large study... observed pulse ox function poorly
more often in those with dark skin' this seems at odds with the beginning of the sentence...
do you mean they did not report quantified inaccuracies? Perhaps that can be qualified

Thank you, this has been amended.

Table 2 - the 'population' column could be clarified/more specific - perhaps geographic

setting would be more useful to report here;

Thank you, this has been amended.

Table S2 - might be useful to provide the OH definitions for each study as well

Thank you, we have now added this to the table in the supplementary data file.
Impact/Discussion/Conclusions:
Page 15, line 43 - the word 'ethnic' likely can be removed here or replaced with 'diversity of

skin pigment'

Thank you, this has been amended.



Page 16, line 9 - it may be worth noting all of these studies occurred in high income

countries, that are predominantly light skinned populations

Thank you, we have amended the text accordingly.

Page 16, line 56 - to say they are 'still valid' is probably a stretch.... Many would argue the

design of devices has changed considerably since the 1980s.

Thank you and we agree, this is probably not the case. We have removed this sentence.

Page 17 line 14 - newer multi wavelength devices are not bulky but are expensive; their
performance in dark skin vs modern 2 wavelength oximeters has not been fully

characterized/published

We have removed this sentence and those studies from the review (see above)

Limitations should discuss the social construct and variable nature of race and ethnicity as a

limitation when discussing skin color

See above regarding the discussion on race and ethnicity. We agree that this is a complex
situation but perhaps this review is not the place for a lengthy discussion about this. Might
we suggest that an accompanying editorial would help draw readers into a wider discussion

about this very important topic.

Limitations should address functional vs fractional saturation and potential impact
Page 17, line 47 - consider adding this reference with applicability data of FP scale and

pulse ox testing - https://papers.ssrn.com/sol3/papers.cfim?abstract id=4578562

We have added the reference to our discussion but as outlined above, we have chosen to
avoid the functional / fractional issue as there is so little information about this in the selected
manuscripts and it would lengthen the manuscript without gaining a clearer answer to the
accuracy problems outlined. The likelihood is that most studies used functional saturation
(as this is the clinical norm) and we only found one study of 33 participants that used
fractional oxygen saturation. As such, the effects of this study on the overall findings of the
review are likely to be minimal. We can, however, we can re-explore this if the reviewer and

editor considers it to be an important factor for readers to consider.


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4578562

Page 17, line 54 - similar to prior comments, be specific and consistent when talking about

race, ethnicity, skin color or all three... which can all have biases as you describe here

See responses above.

Page 18, line 49 - what was the 'innovative search technique' - maybe expand on why

innovative?

The search hedges employed during the literature search, we have been more specific

about this now.

Page 19, line 28 - 'harm' could be expanded upon; in most cases, it is unlikely that an SpO2
being 2-4% lower than the real SaO2 causes harm from a physiologic standpoint...
however/rather it is how this is used to give/withhold care that impacts health outcomes and

health disparities.

We agree and have reworded this.



Further to my earlier email with the decision on your submitted manuscript, it has just come
to my attention that the BJA includes in this month's issue two manuscripts of relevance. |

would be grateful if you could consider these when revising your manuscript.

1. Light source spectra are the likely cause of systematic bias in pulse oximeter readings for

individuals with darker skin pigmentation.

Thank you, this reference was already included in the original submitted manuscript.

2. Improving pulse oximetry accuracy in dark-skinned patients: technical aspects and current

regulations.

Thank you, this reference was already included in the original submitted manuscript.
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Abstract [max 250 words]

Background: Pulse oximetry derived oxygen saturation (SpO.) is an estimate of true arterial
oxygen saturation (Sa0.). The aim of this review was to evaluate available evidence
determining the effect of skin tone on the ability of pulse oximeters to accurately estimate
Sa0..

Methods: Literature was screened to identify clinical and non-clinical studies enrolling adults
and children when SpO; was compared to a paired co-oximetry SaO. value. We searched
literature databases from their inception to March 20" 2023. Risk of bias (RoB) was
assessed using the QUADAS-2 tool. Certainty of assessment was evaluated using the
GRADE tool.

Results: Forty-four studies were selected reporting on at least 222,644 participants (6121 of
whom were children) and 733,722 paired SpO2-SaO, measurements. Methodologies
included laboratory studies, prospective clinical and retrospective clinical studies. A high
RoB was detected in 64% of studies and there was considerable heterogeneity in study
design, data analysis and reporting metrics. Only 11 (25%) studies measured skin tone in
2353 (1.1%) participants; the remainder reported participant ethnicity. 68,930 (31.0%)
participants were of non-White ethnicity or had non-light skin tones. The majority of studies
reported overestimation of SaO by pulse oximetry in participants with darker skin tones or
from ethnicities assumed to have darker skin tones. Several studies reported no inaccuracy
related to skin tone. Meta-analysis of the data was not possible.

Conclusion: Pulse oximetry may overestimate true SaO- in people with darker skin tones.
The clinical relevance of this bias remains unclear, but its magnitude is likely to greater when

Sa0; is lower.

This review was registered with the International Prospective Register of Systematic

Reviews (PROSPERO): CRD42023390723.

Abstract word count: 252
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Introduction:

Pulse oximetry provides a non-invasive approximation of the amount of oxygen in arterial
blood. The value this device produces is termed peripheral arterial haemoglobin oxygen
saturation (SpO-), which is an estimation of true arterial haemoglobin oxygen saturation
(Sa02). Whilst haemoglobin is the primary source of absorption of the two wavelengths used
in pulse oximetry, melanin, a pigment found in skin, can also absorb these wavelengths.*
Traditional understanding of pulse oximetry was that skin pigmentation should not influence
the accuracy of pulse oximeters because melanin within the skin absorbs a constant, non-
pulsatile, fraction of the transmitted light. As only the pulsatile fraction of the detected light
signal is used in the pulse oximeter algorithm to determine SpO., the non-pulsatile light
absorption by melanin should be irrelevant. However, early data from small laboratory and
clinical studies suggested that this may not be the case? ® and following a landmark report
published in 2020* a number of retrospective studies have suggested that SpO.
overestimates SaO: in individuals with darker skin tones. The recent COVID-19 pandemic
led to a focus on specific SpO- thresholds for treatment initiation, reminding us of the
importance of medical device accuracy in acutely unwell patients. There has been
considerable debate about the effect of skin tone on pulse oximeter accuracy®~’ and the
topic has recently been summarised in this journal.® This has triggered concerns about the
limitations of pulse oximetry in certain circumstances and the regulatory processes that
govern these devices.® It is important to remain abreast of new evidence in this field and
consider it systematically, particularly as not all studies in this field have reached similar
conclusions. Therefore, the purpose of this review was to gather and synthesise all evidence
to date that describes original research evaluating the effect of ethnicity and/or skin tone on
the accuracy of pulse oximetry to estimate SaO.. In doing so the aim was to determine
whether there is a robust body of evidence to support the suggestion that pulse oximetry
overestimates SaO- in people with darker skin tone. If confirmed, the importance of this bias
would be that overestimation of true oxygenation may lead to a failure to recognise clinically

important hypoxaemia, resulting in delayed treatment and / or harm.



O©CoO~NOOTA~AWNE

Martin et al. Systematic review of pulse oximetry accuracy across different skin tones

Methods:

This systematic review was reported in accordance with the international Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 updated
guidelines®® and was registered with the International Prospective Register of Systematic

Reviews (PROSPERO): CRD42023390723.

Eligibility criteria
Inclusion criteria:

1. Studies that enrolled human participants (adults or children) to conduct original
research in which pulse oximetry readings were compared to a reference standard to
enable an evaluation of accuracy.

2. The index test was pulse oximetry derived SpO..

3. The reference standard (comparator) was arterial blood gas (ABG) co-oximetry
measured SaO..

4. Prospective or retrospective design.

5. Laboratory experiments that enrolled healthy volunteers.

6. Clinical studies that enrolled patients.

7. Pulse oximeter accuracy was determined according to ethnicity or skin tone.

Exclusion criteria:
1. Studies of animals.
2. Studies not including human participants (e.g. the use of experimental phantoms).

3. No acceptable reference standard was used.

The eligibility of studies was not restricted by geography or setting.



O©CoO~NOOTA~AWNE

Martin et al. Systematic review of pulse oximetry accuracy across different skin tones

Information sources

We searched MEDLINE (Ovid), Embase (Ovid), CINAHL (Ebsco) and Web of Science.
Studies published since the inception of each database until the search date (March 20"
2023) were included. Only studies which were obtainable in English were included. The
reference list of articles selected for full text review along with review articles identified by

the search were screened for additional studies that had not appeared in the search results.

Search strategy

The search strategy was developed following the PICO (population, intervention,
comparator, outcome) search formula and was peer reviewed using the Peer Review of
Electronic Search Strategy (PRESS) guideline.!! The strategy incorporated the BAME
search hedge produced by Library and Knowledge Service for NHS Ambulance Services in

England (https://ambulance.libguides.com/searchblock/BAME) for each respective source

where available. Search terms incorporated proximity syntax and all fields were searched to
ensure widest recall. No limits or filters were applied. The full search strategies are detailed

in the supplementary data file.

Search strategy selection process

Titles and abstracts of potentially eligible studies were screened by two reviewers
independently. The full text of all studies that either reviewer identified as potentially eligible
was retrieved and the same two reviewers independently screened these against inclusion
and exclusion criteria, with any disagreements resolved through consensus or by a third

reviewer.

Data collection process
Data were extracted in a standardised manner by the first reviewer, randomly checked by

the second reviewer, and discrepancies resolved by a third reviewer.
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Data items

Tables S2 to S4 show the structure of the tool used to extract data from reports. Information
relating to the measurement of participant skin tone and / or ethnicity was recorded. The
primary outcome was any measure of accuracy of the tested pulse oximeter(s). Accuracy
can be evaluated by correlation or using Bland and Altman plots*? to calculate bias
(systematic error, the mean difference between SpO; and SaO.), precision (random error,
the standard deviation of mean difference) and overall accuracy (root mean square error),
which combines bias and precision. Another commonly used, patient-focused metric is
termed ‘occult hypoxaemia’; when true hypoxaemia (e.g. an SaO, <88%) goes undetected
by pulse oximetry SpO; due to overestimation of Sa0O,, e.g. an SpO; of 92-96%.

Other information extracted included study setting (laboratory or clinical), type of participants
(healthy volunteers, patients, adults, children), make and model of pulse oximeter (if known),

and type of reference standard.

Study risk of bias assessment
Risk of bias (RoB) was assessed using the criteria set out in the QUADAS-2 tool for
evaluation of diagnostic studies, with the RoB being classified a low, high or unclear for each

assessment domain.!?

Synthesis methods

Statistical analyses, including meta-analysis, were not undertaken.

Certainty assessment
The quality of the selected evidence was evaluated using the GRADE criteria

(https://gdt.gradepro.org/app/handbook/handbook.html) and discussed amongst all authors

to determine the final rating.


https://gdt.gradepro.org/app/handbook/handbook.html
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Results

Study selection

The initial search yielded 824 results of which 258 were duplicates, leaving 566 potential
studies to screen. Eighty-one studies were identified from abstracts as being potentially
eligible, two of which had no full text available, leaving 79 full text manuscripts to evaluate.
Forty of the 79 full text manuscripts were eligible for the review; the reasons for excluding
the other 39 are detailed in Figure 1. Additionally, four eligible studies were identified from
the references of screened manuscripts and added to the review, making the total number of

included studies 44.

Study characteristics

The 44 eligible studies included at least 222,644 participants (one study did not report
participant numbers!4) and at least 733,722 paired SpO.-Sa0O, measurements (not all
studies reported these data). Summary details are shown in Table 1. Amongst the
participants 68,930 (31.0%) were of non-White ethnicity or had non-light skin tones and 6121
(2.7%) were children. A total of 15 studies undertook a measurement of skin tone, the
remaining studies only reported participant ethnicity. After reviewing the design of the
eligible studies, they were divided into either healthy volunteer (n=8), prospective clinical
(n=18) or retrospective clinical (n=18). The methodology between these categories was

markedly different, so results in this review were organised by study design for clarity.

Healthy volunteer studies

Eight laboratory studies, published between 1976 and 2023, were reviewed, containing a
total of 438 healthy adult volunteers (Table 1). Two studies (n=221) were industry funded
retrospective analyses of historic laboratory data and it was not possible to determine if data

from studies already included in the review were contained within these.> ¢ All of the
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studies involved patrticipants breathing 21% oxygen or less in order to evaluate the effect of
lowering blood oxygenation. A range of pulse oximeters were evaluated in this category;
many early devices are now obsolete including the multiple wavelength Hewlett-Packard
47201A. Evaluation of skin tone only occurred in three studies.'®*® The proportion of
participants with darker skin tones or of non-White ethnicities were particularly low in earlier

studies (Table S2). One study comprised 100% Black participants.?

Prospective clinical studies

The 18 prospective clinical studies (Table 1) were published between 1985 and 2022; they
included a total of 2170 patients and at least 5243 paired SpO,-Sa0O, measurements. A
range of pulse oximeters were evaluated and similarly to the healthy volunteer studies, many
from earlier reports are now obsolete. The reference standard was ABG co-oximetry in all
studies. Participants included hospitalised adults,'*-2! adult outpatients,® 1° 21-23 adults
admitted to emergency departments,? adults on intensive care units (ICUs) or high
dependency units (HDUSs),? 25-2° adults post cardiac surgery,* children on ICUs®-3* and
children with cyanotic heart disease.®* A method to measure skin tone was employed in 11
of the 18 studies.® 20-22. 24, 26-28, 31,34, 35 The proportion of participants with darker skin tones or
of non-White ethnicities largely reflected the local population demographics. One study

enrolled only participants with dark skin tones.?®

Retrospective clinical studies

More retrospective clinical studies were published between Dec 2020 and March 2023 than
there were prospective studies from 1970 to 2023 (Table 1). They included at least 220,036
participants and 709,587 paired measurements. These studies used previously collected
data derived from hospital records, extracting paired SpO.-SaO, measurements. The gap
between measuring SpO2 and SaO2 ranged from less than 1%¢ to 30 minutes.®” Most studies

reported occult hypoxaemia rather than bias; however, at least five different definitions for
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occult hypoxaemia were detected amongst the selected reports. Reporting included the
proportion of patients with occult hypoxaemia at some point and the proportion of paired
readings with occult hypoxaemia, whereas some studies included more than one paired
reading per patient. The denominator for the calculation of the percentage of occult
hypoxaemia varied between studies and included the total number of patients/readings and
the number of SpO, readings without hypoxia (1 — the negative predictive value). Three
studies®**° reported the percentage of occult hypoxaemia out of true hypoxaemia (1-
sensitivity); this value is not influenced by the prevalence of hypoxaemia. Only three studies
reported the make of pulse oximeter evaluated -2 and all studies used ABG-derived SaO;
as the reference standard. All of the studies used inpatient data; settings included adult
ICUs,* %6:39,41,43-46 ' adult wards,* 14 37.38.47 adults in an emergency department 8, adults
undergoing anaesthesia,*?, paediatric wards,* *° paediatric cardiac catheterisation®* and
prematurely born infants.*° All the studies analysed mixed ethnicity populations that reflected
the regional population demographics. None of the studies measured skin tone, instead self-
reported ethnicity was used as a surrogate for skin tone when evaluating pulse oximeter

accuracy.

Risk of bias in studies

Risk of bias for each study is summarised in supplementary Table S1. High RoB was
identified in 28/44 (64%) of the studies. In general, the RoB varied in nature between the
three categories of study. Common themes included, non-randomised or non-consecutive
selection of participants in healthy volunteer studies; unique clinical scenarios in the
prospective clinical studies (hypothermia, during exercise, in newborns); and a varied time

delay between the SpO; and SaO, measurements in retrospective clinical studies.

10
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Results of individual studies

Healthy volunteer studies

Data from these studies are found in Table S2. The first two studies in this group used
correlation to compare SpO; to SaO- and reported no skin tone related inaccuracy.®? 53 All
the remaining studies presented the bias (mean [+ standard deviation] difference) between
SpO; and SaO, values. For patients with dark skin tones, four studies reported
overestimation of SaO- by pulse oximetry,> 1’54 one reported underestimation'® and one (a
conference abstract) reported increased errors.'® The magnitude of bias varied between
studies, particularly in relation to SaO-; lower SaO, was associated with a greater degree of
overestimation bias. Bias of up to 10.4 (+ 6.8)% was reported in profoundly hypoxaemic
participants (SaO; approximately 75%) using an old device no longer in service (Biox
Ohmeda IIA ear probe).2 The bias was smaller in less dated models (combined data from
Nonin Onyx, Novametrix 513 and Nellcor N-595): 0.17 (x 1.29)% at an SaO; of 90-100%,
0.93 (x 1.64)% at an SaO; of 80-90%, 2.01 (+ 2.30)% at an SaO- of 70-80% and 3.56 (+
2.45)% at an Sa0; of 60-70%.%* Similarly, a bias of 2.4-3.6% at an SaO- range of 70-80%
for Nellcor N-595 and Nonin 9700 pulse oximeters with adhesive probes and 4.5-4.9% was

reported at an SaO, of 60% and 70%."

Three studies? 52 53 evaluated the Hewlett-Packard 47201A, which is not strictly a pulse
oximeter as it uses multiple wavelengths of light.>®> One of these three studies presented bias
data and reported a consistent underestimation of true SaO- in a cohort of 33 Black

participants with a maximum bias of -7.1 (+ 9.0)%.2

The two studies summarising collated data from numerous laboratory studies and analysed

by manufacturers (Medtronic and Masimo) failed to demonstrate a difference in bias related

to skin tone.1> 16
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Prospective clinical studies
Details of these studies are found in Table S3. All 18 studies used ABG-derived SaO; as the
reference standard but there was no standardised statistical method used to report

accuracy.

Nine of the 18 studies (50%) reported no inaccuracy related to skin tone, 23 2426, 30, 32, 34,35
although one of these studies did note that pulse oximetry functioned poorly more often in
those with darker skin tones.?* The largest of the studies reporting no inaccuracy due to skin
tone, enrolled 400 hospitalised participants from hospitals in Australia and New Zealand,
and tested several different pulse oximeters.?! Whilst the investigators assessed skin tone
using the Fitzpatrick scale, there was only one participant in the group defined as having
dark skin (Fitzpatrick V and VI) so they could only compare light (Fitzpatrick |1 and I1) to
medium (Fitzpatrick 11l and 1V) skin tones. Another large study reporting no inaccuracy
enrolled 295 adults admitted to an emergency department (ED) in the USA.?* All pulse
oximetry was performed using the Nellcor D-25 and the investigators assessed skin tone
using a colour chart system (the Munsell colour system) which was then categorised into
light, intermediate or dark. Whilst no difference was reported in bias or precision between
the skin tone groups, investigators noted that suboptimal pulse oximeter function (unstable
signal) occurred in 11% of the light skin tone group, 11% of the intermediate skin tone group
and 32% of the dark skin tone group (p=0.003). In another relatively large study that enrolled
100 critically ill patients with dark skin tones, the investigators used reflectance
spectrophotometry to quantify skin tone objectively.?® Three different pulse oximeters were
evaluated and whilst there was variation in their accuracy, they all demonstrated good
precision and bias values that were within the manufacturers’ quoted ranges. However, most
of the SaO, values in this study were above 95%. A relatively large study evaluated three
pulse oximeters in 101 adult outpatients with chronic respiratory disease undertaking an
exercise test.2 Only 5% of participants had moderately dark skin tones and the method of

determining this was not stated in the manuscript. All the remaining studies reporting no
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inaccuracy had 50 or fewer participants. Of note, three of these smaller studies were
conducted in cohorts of hospitalised children in the USA.32 3+ 3% Two of these were published

within the last ten years, using equipment likely to still be available to clinicians.3* 3%

Amongst those reporting skin tone related inaccuracy the largest study was conducted
relatively recently (2018) using pulse oximeters currently in use (manufactured by Masimo
and Philips).?” Investigators recruited 394 critically ill adults in Australia and New Zealand of
whom 17.1% were from an ethnicity likely to have darker skin tones. The Fitzpatrick scale
was used to measure skin tone and darker skin tone was associated with an overestimation
of Sa0- by pulse oximetry. However, the magnitude of this effect was reported as being
small (2.4 (95% CI 1.2 to 3.6)% for light versus dark skin tones). A study conducted in 225
hypoxaemic children admitted to hospital reported a lower likelihood of bias in African
American participants (n=20) compared to other ethnicities using Masimo and Nellcor pulse
oximeters.*® It was the only study in this review to report lower bias in a patient cohort with
darker skin tones. In the other studies, inaccuracy was detected in adults with respiratory
disease undertaking an exercise test,* 22 infants in a neonatal unit,>* mechanically ventilated
adults post cardiac surgery,*® hospitalised adult patients,?® and critically ill adults on an
ICU.%28.29 Al reported greater overestimation of SaO; by pulse oximetry in participants with

darker skin tones.

Retrospective clinical studies

Details of these studies are shown in Table S4. Most studies compared the frequency of
occult hypoxaemia in different ethnic groups. Comparing findings between studies was
complicated by investigators using different methods to analyse and report data, such that
the denominator for occult hypoxemia varied between them. Figures 2-4 display the
summary data from studies reporting occult hypoxaemia. A forest plot is presented (Figure
4a) to display the risk difference of SpO2 not detecting hypoxaemia in hypoxaemic White and

Black patients. However, forest plots for the risk difference of occult hypoxaemia out of all
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patients and those with normal SpO- readings (displayed in Figures 2 and 3) are not
presented as the prevalence of hypoxaemia is unknown and may not be equal between
studies or between White and Black patients. The definition of occult hypoxaemia varied
between reports and this is outlined in Supplementary Table S2. Only one relatively small
retrospective study that analysed data from 194 adult patients with COVID-19 pneumonitis
(28% of whom were of non-White ethnicity) detected no significant effect of ethnicity on the
accuracy of pulse oximetry.* All the remaining 17 studies reported some degree of pulse
oximetry inaccuracy related to self-reported ethnicity, with a tendency for pulse oximetry to
over-estimate SaO; in patients whose ethnicity would be associated with darker skin tones.
The magnitude of difference between the frequency of occult hypoxaemia between ethnic
groups tended to be greatest between White and Black participants and least between White
and Asian participants, when the latter was reported (Figures 2-4). When comparing the
frequency between White and Black patients, occult hypoxaemia was reported as being up
to three times greater amongst Black patients.* ¢ For Asian versus White patients the
difference in occult hypoxaemia frequency was not greater than two-fold,® 42 4" whilst one
study showed a lower frequency of occult hypoxaemia amongst Asian patients?* 343 and
three showed no difference.* A number of studies reported data from Hispanic or Latino
patients, reporting a higher frequency,* 4347 or no difference to**-°! White participants. The
only study that reported data from Indigenous American participants showed them to have a

significantly higher frequency of occult hypoxaemia than White participants.?®

Given the timing of the publications in this category, numerous studies reported data from
patients with COVID-19 and findings from these studies did not appear to be different from
those patients who did not have COVID-19. Three studies used data from children and in all

of these studies, greater pulse oximetry inaccuracy was observed in Black children.?
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Studies in which skin tone was measured and reported

Of the 13 studies in which an assessment of skin tone was undertaken, 8 (61.5%) of them
reported inaccuracies related to skin tone. A variety of methods were employed to measure
skin tone including visual inspection and grading, comparison to colour charts and
spectrophotometry. Of those that did not report any inaccuracies, one only recruited
participants with dark skin tones (without a light skin tone comparator) and evaluated
relatively high SaO, readings (mainly >94%).2! In addition, one was a relatively large
prospective study of 295 adults which observed that pulse oximetry functioned poorly more
often in those with dark skin (but no bias was reported),3* % one only compared light versus
medium skin tones (not dark skin tones)>® and the remaining two were very small studies of

children 31-35, 40, 49-51

Data analysis

Meta-analysis was not possible in either the whole cohort of studies, or in sub-sets. The key
reasons were heterogeneity in study design, population, pulse oximeter make and data
reported. The lack of required data available in published reports was also significant.

Further details are outline in the supplementary data section.

Certainty of evidence
The certainly of the findings in this review was rated as moderate i.e., the true effect is likely

to be close to the estimate of the effect, but it is possible they are substantially different.

Discussion

Summary of findings
Most studies (30/44, 68%) in this review reported that pulse oximetry was more likely to
overestimate SaQO: in participants with darker skin tones (i.e. greater bias) and a number of

studies stated that this error was exacerbated at lower values of SaO,. One reported lower
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bias in participants with darker skin tones. The magnitude of overestimation (bias) was
frequently small and determining the clinical relevance of this is difficult. Data from older
studies may not be relevant as the pulse oximeters evaluated are now largely obsolete.
Study design and the methodology used to evaluate accuracy varied widely across the
studies in this review as did the approach to data analysis and reporting. The technical
reasons for detected inaccuracies remain unclear but may be related to the light source
spectra used by pulse oximeters and the diversity of skin tone in participants enrolled into

original pulse oximeter calibration studies.3! 3340, 49-51

The results of this review are in line with other systematic reviews, one of which was
published in 2022 and reported on 32 studies including only 6505 participants.>” The authors
managed to conduct a meta-analysis of assorted outcome and concluded that pulse
oximetry overestimated true SaO; in people with the darkest skin tones (pooled mean bias
1.11%; 95% confidence interval 0.29 to 1.93%). Understanding the validity of the meta-
analysis is difficult given the heterogenous nature of the data entered into it. The second
review was also published in 2022 and included 41 articles, including letters, review articles
and case reports.®® The authors performed a bibliometric analysis and concluded that whilst
some older studies did not find any bias related to darker skin tones, more recent studies
tended to show that pulse oximeters have limitations for patients with dark skin tone,

particularly when SaO:; is low.

Retrospective studies contributed the greatest proportion of participants and paired
measurements to this review and all but one of them reported inaccuracies related to
ethnicity (Table S4 and Figures 2-4). While findings from retrospective studies come with the
caveat of interpretation from large databases that were not designed with this analysis in
mind, they provide an important body of evidence that is difficult to ignore. All of these
studies were carried out in high income countries where the majority of the population have

light skin tones. The major finding in this cohort of studies relates to the incidence of occult
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hypoxaemia (an important clinical metric) with an incidence of up to 21.5% in Black patients.
Most studies reported an occult hypoxaemia incidence 25-75% higher in Black compared to
White patients with other ethnic groups having a 25-50% higher incidence. Furthermore,
error and bias in readings in Black compared to White patients worsened with greater
degrees of hypoxaemia, especially in the clinically important SaO- range of 85-88% where

deterioration can be rapid.

Only nine studies exclusively enrolled children, with a total of 6121 participants.®” There
were no healthy volunteer studies of children. Six of the nine studies reported skin tone-
related inaccuracies.?® Given the overall number of children was low, it is difficult to draw

clear conclusions, but inaccuracies were commonly reported.

Limitations of the evidence

As with all systematic reviews, the findings are dependent on the quality of the original
research. Significant numbers of included studies were performed some time ago with
associated limitations on reporting standards. Particularly in the prospective group of
studies, the number of included patients were low which creates significant uncertainty in the
findings. A number of prospective studies®? used correlation to evaluate accuracy, which has
significant methodological limitations, so the results of these studies should be viewed with
caution. However, the number of included studies with comparable findings and conclusions

suggests that despite this heterogeneity the overall conclusion is well-founded.

A wide range of pulse oximeter types were used in these studies and a large proportion of
the earlier studies used pulse oximeters no longer in clinical use which may limit the
transferability of these findings to modern practice. From this review it was not possible to
determine whether pulse oximeters have become maore or less accurate over time. Whilst all
prospective studies reported the manufacturer and model of pulse oximeter evaluated, the

majority of post-2020 retrospective clinical studies did not. Given that most of the from the
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retrospective studies were extracted from recently constructed hospital databases using
modern equipment currently in use we can conclude that skin tone related inaccuracies are

not a historic phenomenon.

The broad range of outcome metrics described in the studies with variable criteria and
definitions means that some caution must be applied. Similarly, a wide range of different
devices for measuring SaO. with ABG co-oximetry were used. This heterogeneity

contributed to meta-analysis not being possible.

Perhaps the most important limitation in most studies was that skin tone was either not
measured or was measured in a subjective manner, including the use of colour charts.
Whilst certain ethnicities are associated with lighter or darker skin tones, a broad distribution
of skin tones can exist within them. Measuring skin tone can be challenging and amongst
studies in this review, eight used colour charts.®® The Fitzpatrick classification is a commonly
used tool but fails to provide valid results in 40-60% of subjects®®-! and has recently been
shown to miscategorised people as having darker skin tone when compared to objective
quantification.®? All colour charts are prone to bias as variations in ambient lighting can
influence skin colour and chart colour differently; in addition, they lack similarity with real skin
colour. The ability to perceive colour accurately and similarly may differ between
investigators and racial bias can occur when an assessor from one ethnic background
evaluates an individual from a different ethnic background.®® In only one study was an
objective measure of skin tone made, using reflectance spectrophotometry.*® In a sizable
number of studies in this review (including all retrospective clinical studies) pulse oximetry
accuracy was evaluated according to a participant’s self-reported ethnicity, a surrogate for
skin tone. This is further complicated by the fact that the way ethnicity is defined varies
between countries, therefore adding to the challenge of interpreting findings from the
selected reports. The heterogeneity of skin tones within an ethnic group is only likely to

reduce the magnitude of any detected inaccuracy that results from skin tone. Therefore,

18



O©CoO~NOOTA~AWNE

Martin et al. Systematic review of pulse oximetry accuracy across different skin tones

studies using ethnicity as a surrogate for skin tone may have underreported pulse oximeter

inaccuracy.

In the retrospective studies, paired SpO,-Sa0, measurements were sought from databases
with considerable variation between studies in the maximum allowed time difference
between the two individual measurements. In those studies that permitted longer time
windows there is likely to be a greater margin of error as the clinical situation may have

altered between the two readings.

Most of the studies were conducted in high-income countries; none appear to have included
participants from low or middle-income countries, which could be due to the exclusion of
non-English reports. This is relevant as low and middle-income countries often contain high
proportions of inhabitants with darker skin tones and funding for healthcare may be such that
pulse oximetry is the only available monitor for unwell patients.®*  In addition, older
equipment may be more prevalent in low or middle-income countries. The clinical impact of

inaccuracies may therefore be greater in these settings.

Limitations of the review process

The review followed a rigorous process with pre-defined inclusion criteria, outcomes, data of
interest and methodology. Our search paradigm was developed using well-established
standards and criteria, included a validated search hedge and had a broad and
comprehensive scope. This is reflected in the small number of additional studies that were

identified outside the literature searches that came from screening of reference lists.

We were able to obtain full text for most of the included studies. The three studies we were

unable to obtain full text were older publications that contained data likely not to be relevant

to the review.
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We have not performed a search of the grey literature so we recognise that there may be

other material available that we have not included in this review.

Conclusion

Overestimation of true SaO- by pulse oximetry was reported in most studies in this review.
The magnitude of this overestimation was greatest in people with the darkest skin tones and
the overestimation was greater when SaO;was low. The clinical ramification of this bias is
unclear from these studies but there is a potential for pulse oximetry to fail to identify
hypoxaemia in patients with darker skin tones and therefore expose these patients to a

greater risk of harm.
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Tables

Table 1. Summary characteristics of the included studies

Item | Summary statistic (%)
Overall
Total number of participants > 222 ,644*
Total number of paired measurements > 733,722*
Average number of paired measurements | 3.3*
per participant
Study design
e Prospective healthy volunteer 8 (18.6%)

e Prospective clinical

18 (40.9%)

e Retrospective clinical

18 (41.8%)

Adult participants

216,551 (97.2%)

Child participants

6121 (2.7%)

Participants for which skin tone was
reported

2353 (1.1%)

Participants of non-White ethnicity or with
darker skin tones

68,930 (31.0%)

Prospective healthy volunteer

per participant

Total number of participants 438
Total number of paired measurements 18,892*
Average number of paired measurements | 60.2*

Adult participants

438 (100%)

Child participants

0

Participants for which skin tone was
reported

270 (61.6%)

Participants of non-White ethnicity or with
darker skin tones

257 (58.7%)

Prospective clinical

per participant

Total number of participants 2170
Total number of paired measurements 5234
Average number of paired measurements | 4.3

Adult participants

1,827 (84.2%)

Child participants

343 (19.4%)

Participants for which skin tone was
reported

1853 (85.4%)

Participants of non-White ethnicity or with
darker skin tones

780 (35.9%)

Retrospective clinical

per participant

Total number of participants 220,036*
Total number of paired measurements 709,587*
Average number of paired measurements | 3.2

Adults

214,258 (97.4%)

Children

5778 (2.6%)

Skin tone reported

0

Non-White ethnicity / darker skin tones

67,893 (30.9%)

* for those studies reporting those data
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Figures

Figure 1. PRISMA diagram describing the identification, screening and inclusion of

reports for the systematic review

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ

2021;372: n71. doi: 10.1136/bmj.n71.
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Figure 2. Frequency of occult hypoxaemiain paired SpO.-SaO, measurements

amongst non-hypoxaemic SpO, readings

Bar chart of the retrospective clinical studies displaying the percentage of readings with occult
hypoxaemia out of readings/patients with non-hypoxaemic SpO: (definitions for each study provided
in supplementary Table S5). The percentage reflects one minus the negative predictive value for the
detection of hypoxaemia by SpOz2, therefore the results within each study are affected by the
(unknown) prevalence of true hypoxaemia, and comparison cannot be drawn between studies

(comparison within studies requires the assumption of equal prevalence between groups).

*Studies including multiple readings per patient.
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Figure 3. Frequency of occult hypoxaemia amongst patients

Bar chart of the retrospective clinical studies displaying the percentage of readings with
occult hypoxaemia out of all readings/patients (definitions for each study provided in
supplementary Table S5). The percentages are affected by the (unknown) prevalence of
true hypoxaemia, and comparison cannot be drawn between studies (comparison within

studies requires the assumption of equal prevalence between groups).

*Studies including multiple readings per patient.

AStudies reporting occult hypoxaemia from at least one reading per patient
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Figure 4a. Occult hypoxaemia in those patients with true hypoxaemia

Bar chart of the retrospective clinical studies displaying the percentage of readings with
occult hypoxaemia out of readings/patients with true hypoxaemia (definitions for each study
provided in supplementary Table S5). The percentage reflects one minus the sensitivity for

the detection of hypoxaemia by SpO..

*Studies including multiple readings per patient.
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Figure 4b. Forest plot of occult hypoxaemia in White and Black patients with true

hypoxaemia

Forest plot of the retrospective clinical studies displaying the risk difference between reading
from White and Black patients with occult hypoxaemia out of readings/patients with true
hypoxaemia. The percentage reflects one minus the sensitivity for the detection of

hypoxaemia by SpO,.

*Studies including multiple readings per patient.
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