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Vital signs obtained by photoplethysmography-based devices might be influenced by
subcutaneous fat and skin color. This observational comparison study aimed to test the
accuracy of blood pressure (BP) measurements between a photoplethysmography-based
device and cuff-based BP device in ambulatory individuals, coming for a routine BP checkup.
Systolic BP (SBP) and diastolic BP (DBP) measurements were stratified based on sex, BMI
(<25; 25 ≤BMI<30; 30 ≤kg/m2), and skin color (types 1–3 and 4–6 by the Fitzpatrick scale). A
total of 1548 measurements were analyzed. Correlations of SBP and DBP between the
devices among males/females were between 0.914–0.987 (p < 0.001), and Bland-Altman
analysis showed a bias of less than 0.5mmHg for both sexes. Correlations of SBP and DBP
between the devices among BMI groups were between 0.931–0.991 (p < 0.001), and Bland-
Altman analysis showed a bias of less than 1mmHg for all. Correlations of SBP and DBP
between the devices among the skin color groups were between 0.936–0.983 (p < 0.001),
and Bland-Altman analysis showed a bias of less than 1mmHg for all. This study shows similar
and high agreements between BP measurements obtained using a PPG-based non-invasive
cuffless BP device and a cuff-based BP device across sex, BMI, and skin color groups.
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INTRODUCTION

Collecting physiological vital signs, such as blood pressure and blood oxygen saturation, is regarded as a
basic component in the clinical assessment of individuals. One of the challenges in collecting these vital
signs is the accuracy of themeasurements in individuals that are overweight or obese and individuals with
dark skin color, as measurements seem to be less reliable (Ries et al., 1985; Ries et al., 1989; Jubran and
Tobin, 1990; Zeballos andWeisman, 1991; Young, 1995; O’Brien, 1996; Palatini and Parati, 2011; Palatini
et al., 2019). This is still an ongoing debate with conflicting evidence and is especially relevant in devices
employing photoplethysmography (PPG) technology. As the US population is comprised of about 13.4%
African-Americans (see https://www.census.gov/), and 42.4% of the US population is obese (see https://
www.cdc.gov/obesity/data/adult.html), verifying the accuracy of such devices in these sub-populations is
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highly important to allow their general use. Moreover, though sex is
regarded as a fundamental aspect of human physiology, it is usually
not considered in the design of studies, or in developing personalized
medical strategies (Miller, 2014).

In the medical literature, several research groups have found that
skin pigmentation does not affect the bias or precision of pulse
oximetry, and has no clinically significant effect on pulse oximetry
signal quality (Bothma et al., 1996; Adler et al., 1998; Pipek et al.,
2021). In a recent study in patients with COVID-19 pneumonitis,
measurement of SpO2 was not affected by patient ethnicity to a
clinically significant degree (Wiles et al., 2021). Other research groups
have found that several pulse oximeters overestimated arterial oxygen
saturation during hypoxia in dark-skinned individuals (Bickler et al.,
2005; Feiner et al., 2007); in a study of two large cohorts, dark-skinned
patients had nearly three times the frequency of occult hypoxemia
that was not detected by pulse oximetry as White patients (Sjoding
et al., 2020). According to The US Food and Drug Administration’s
standards for studies undertaken to test the accuracy of pulse
oximeters, they should include among other components a range
of skin pigmentations, including at least two darkly pigmented
subjects or 15% of the study population, whichever is larger (US
Food and Drug Administration, 2013).

TABLE 1 | Demographic data of the participants.

Characteristic Mean ± SD

Age (years) 35.1 ± 23.8
Sex (M/F) 592/467
BMI (kg/m2) 24.1 ± 4.7
Fitzpatrick 3.3 ± 1.5

Total samples

n (%) Males (%) Age (years)
1548 (100%) 664 (42.9%) 35.1 ± 23.8

BMI

BMI<25 1057 (68.3%) 417 (39.4%) 29.1 ± 21.4
25 ≤ BMI<30 346 (22.4%) 168 (48.4%) 43.8 ± 24.3
30 ≤ BMI 145 (9.4%) 79 (54.5%) 48.6 ± 23.5

Skin color type

Fitzpatrick 1–3 936 (60.5%) 420 (44.9%) 35.2 ± 23.8
Fitzpatrick 4–6 612 (39.5%) 244 (39.9%) 34.9 ± 23.8

Body mass index (BMI): overweight defined as 25 ≤BMI <30, and obese defined as 30
≤BMI. The Fitzpatrick color scale: Type 1—always burns, never tans, palest, can have
freckles; Type 2—usually burns, tans minimally, light-colored but darker than fair; Type
3—sometimesmild burn, tans uniformly, golden honey or olive; Type 4—burnsminimally,
always tans well, moderate brown; Type 5—very rarely burns, tans very easily, dark
brown; and Type 6—never burns, deeply pigmented dark brown to darkest brown.

FIGURE 1 | Bland-Altman analysis of males and females. SBP systolic blood pressure, DBP diastolic blood pressure.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9115442

Nachman et al. Photoplethysmography-Based Blood Pressure Measurements

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


In recent years, exciting algorithm and hardware improvements
in PPG technology allowed the development and validation of non-
invasive monitoring methods of blood pressure and other advanced
hemodynamic parameters (Nachman et al., 2020a; Nachman et al.,

2020b; Nachman et al., 2021). Whether these devices provide
accurate measurements of such parameters in both sexes, in
various skin tones, and body girth was not fully studied yet. In
the current study, we aimed to test the accuracy of blood pressure

TABLE 2 | Level of agreement between the PPG-based wearable measurements across commonly accepted standard.

<5 mmHg 5–7 mmHg 7–10 mmHg >10 mmHg

SBP DBP SBP DBP SBP DBP SBP DBP
Sex
Male 79.2% 80.1% 15.9% 13.7% 4.9% 6.2% 0.0% 0.0%
Female 76.9% 80.0% 17.1% 14.7% 5.6% 4.9% 0.3% 0.3%

Weight category
Normal weight 77.0% 79.7% 17.7% 14.9% 5.0% 5.3% 0.3% 0.2%
Overweight 80.7% 79.6% 14.2% 13.9% 5.1% 6.2% 0.0% 0.4%
Obese 76.3% 83.1% 16.1% 11.9% 7.6% 5.1% 0.0% 0.0%

Skin color
Fitzpatrick 1–3 77.3% 80.8% 17.4% 13.9% 5.3% 5.1% 0.0% 0.2%
Fitzpatrick 1–3 78.8% 78.8% 15.4% 14.9% 5.3% 6.0% 0.5% 0.2%

Number in the table are percentage of measurements with a delta of less than 5, 5–7, 7–10 or above 10 mmHg between the reference device and the PPG-based wearable
measurements. Body mass index (BMI): overweight defined as 25 ≤BMI <30, and obese defined as 30 ≤BMI. The Fitzpatrick color scale: Type 1—always burns, never tans, palest, can
have freckles; Type 2—usually burns, tans minimally, light-colored but darker than fair; Type 3—sometimes mild burn, tans uniformly, golden honey or olive; Type 4—burns minimally,
always tans well, moderate brown; Type 5—very rarely burns, tans very easily, dark brown; and Type 6—never burns, deeply pigmented dark brown to darkest brown.

FIGURE 2 | Correlation curves of males and females. SBP systolic blood pressure, DBP, diastolic blood pressure.
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(BP) measurements using a novel PPG-based device stratifying the
data based on sex, BMI, and skin color, in a field setting.

METHODS

Study Population
This was an observational comparative field study. Male and
female volunteers of all ages were recruited as they arrived for a
BP checkup provided by skilled evaluators from the Israeli
National Emergency Medical Services (EMS) in designated BP

measurement public screening stations deployed across the
country. Each participant has signed an informed consent
form as defined by the Institutional Review Board of the Tel-
Aviv Medical Center, Tel-Aviv, Israel (0032-15-TLV).

Study Protocol
Reference calibration BP measurements using a cuff-based device
(Welch Allyn DuraShock DS65 hand sphygmomanometer,
Skaneateles Falls, NY 13153, United States) were taken from
each participant and used as a baseline calibration value for the
PPG-based wearable device. Next, the wearable device was

FIGURE 3 | Bland-Altman analysis of the body mass index (BMI) groups. Normal weight was defined as BMI<25, overweight was defined as 25 ≤BMI <30, and
obese was defined as 30 ≤BMI. LOA level of agreement, SBP systolic blood pressure, DBP diastolic blood pressure.
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attached to each of the subjects by the EMS personnel and left for
30 s to acquire a PPG signal reading while the volunteers were at
rest. This was repeated on the other hand to show there are no
differences. After obtaining a signal, BP was measured
concomitantly in all subjects using both devices - the standard
cuff-based device previously mentioned on one hand and the
PPG-based device on the opposite arm. Since the cuff-based
device occludes blood flow to the arm, PPG measurements

cannot be obtained if the device is located on that same arm.
When comparing the PPG-based device to the cuff-based BP
device, and since it takes time between the systolic and the
diastolic measurements when using the cuff-based device, the
systolic value of the PPG-based device was recorded once the
systolic value was reached in the cuff-based device, and once the
diastolic value was reached in the cuff-based device, the diastolic
measurement in the PPG-based device was recorded. Adverse

FIGURE 4 |Correlation curves of the body mass index (BMI) groups. Normal weight was defined as BMI <25, overweight was defined as 25 ≤BMI <30, and obese
was defined as 30 ≤BMI. SBP systolic blood pressure, DBP diastolic blood pressure.
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events were recorded by the research team. The evaluators were
also recording basic demographic details of each participant,
including height, weight, and based on the Fitzpatrick color
scale provided to each, also determined the skin color type of
each participant. There was one evaluator per patient, as the aim
was to sustain the local routine blood pressure check-up protocol.

The PPG-Based Device
The skin-attached device (BB-613WP, Biobeat Technologies Ltd.,
Petah Tikva, Israel) is indicated for use in measuring and
displaying pulse oxymetry and blood pressure values, as well as
other advanced cardio-pulmonary parameters, using reflective
PPG. Following transmission of several specific wavelengths of
light, a detector measures the changing absorbance resulting from
the pulsating arterial blood at each of the wavelengths. When using
the device, a preliminary calibration step is performed using an
FDA-cleared cuff-based BP device. The calibration value is entered
into a user’s application, valid for up to 3 months (relevant
supportive clinical data has been presented by the company and
accepted by the FDA), after which a new calibration measurement
should be taken and introduced into the application using the same
method. From that moment on, the PPG measurements are
analyzed using pulse wave transit time (PWTT).

Statistical Analysis
Participants were stratified by sex, by BMI (BMI<25, defined as
normal weight; 25 ≤BMI<30, defined as overweight; and
30 ≤BMI, defined as obese; based on the World Health
Organization (WHO) definitions, https://www.who.int/news-
room/fact-sheets/detail/obesity-and-overweight), and skin color
based on the Fitzpatrick scale, divided between type 1–3 and type
4–6 (Fitzpatrick, 1988) (stratifications based on USFDA, 2013).
Correlation analysis was performed using Pearson’s correlation,
and agreement was evaluated based on the Bland-Altmanmethod
using 95% limits of agreement (LOA). p-values were set at 0.05.
Data analysis was performed using GraphPad Prism 8 and
presented as mean ± standard deviation.

RESULTS

Table 1 includes demographic data and characteristics of the
participants, stratified by BMI and skin color. No adverse events
were recorded during the study. A total of 1548 samples recorded
from 1057 participants were included in the analysis. For SBP, the
Bland-Altman analysis of the whole group showed that the PPG
had a bias of -0.02 ± 3.7 mmHg with 7.3 and −7.2 mmHg 95%

FIGURE 5 | Bland-Altman analysis of the body’s skin color is based on the Fitzpatrick color scale (Fitzpatrick, 1988). Type 1—always burns, never tans, palest, can
have freckles; Type 2—usually burns, tans minimally, light-colored but darker than fair; Type 3—sometimes mild burn, tans uniformly, golden honey or olive; Type
4—burnsminimally, always tans well, moderate brown; Type 5—very rarely burns, tans very easily, dark brown; and Type 6—never burns, deeply pigmented dark brown
to darkest brown. SBP systolic blood pressure, DBP diastolic blood pressure.
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LOA, and Pearson’s correlation (r) of 0.985. For DBP, the Bland-
Altman analysis of the whole group showed that the PPG had a bias
of −0.3 ± 4.2 mmHgwith 8.0 and −8.6 mmHg 95% LOA, r = 0.931.

Among males, we found a bias of 0.2 ± 3.5 mmHg with 7.1 and
−6.6 mmHg 95% LOA for SBP, with r = 0.987 (Figures 1A, 2A),
and a bias of 0.2 ± 3.8 mmHg with 7.3 and −7.7 mmHg 95% LOA
for DBP, with r = 0.949 (Figures 1B, 2B). Among females, we
found a bias of 0.1 ± 3.8 mmHg with 7.4 and −7.7 mmHg 95%
LOA for SBP, with r = 0.982 (Figures 1C, 2C), and a bias of −0.4 ±
3.9 mmHg with 8.5 and −9.3 mmHg 95% LOA for DBP, with r =
0.914 (Figures 1D, 2D).

In the three BMI groups, for SBP, a bias of −0.08 ±
3.8 mmHg with 7.3 and −7.5 mmHg 95% LOA was found in
the normal weight group, r = 0.981; 0.1 ± 4.1 mmHg with 8.0
and −8.2 mmHg 95% LOA in the overweight group, r = 0.978;
and −0.7 ± 3.5 mmHg with 6.3 and −7.6 mmHg 95% LOA in
the obese group, r = 0.991 (Figures 3A,C,E, and Figures
4A,C,E). For DBP, a bias of −0.5 ± 4.0 mmHg with 7.3 and
−8.3 mmHg 95% LOA in the normal weight group, r = 0.931;
−0.4 ± 3.6 mmHg with 6.6 and −7.4 mmHg 95% LOA in the
overweight group, r = 0.935; and −0.7 ± 3.3 mmHg with 5.8
and −7.3 mmHg 95% LOA in the obese group, r = 0.965
(Figures 3B,D,F, and Figures 4B,D,F).

Next, we analyzed the data of the two groups defined by the
Fitzpatrick scale. For SBP, the Bland-Altman analysis showed
that the PPG has a bias of −0.1 ± 3.9 mmHg with 7.4 and
−7.4 mmHg 95% LOA in type 1–3 group, r = 0.982; and −0.1 ±
3.8 mmHg with 7.2 and −7.5 mmHg 95% LOA in type 4–6
group, r = 0.983 (Figures 5A,C and Figures 6A,C). For DBP,
the Bland-Altman analysis showed that the PPG has a bias of
−0.4 ± 3.8 mmHg with 7.1 and −7.9 mmHg 95% LOA in type
1–3 group, r = 0.936; and −0.6 ± 3.9 mmHg with 7.1 and
−8.3 mmHg 95% LOA in type 4–6 group, r = 0.938 (Figures
5B,D and Figures 6B,D).

We also tested the level of agreement between the PPG-based
wearable measurements across commonly accepted standard
(Table 2). Overall, we found that the level of agreement
between divides for all sub-population was 8̃0% within
5 mmHg, 94% within 7 mmHg, and 99% in the range of
10 mmHg.

DISCUSSION

In this study, we found a high level of accuracy of BP obtained by
cuffless PPG-based BP device as compared to cuff-based BP

FIGURE 6 | Correlation curves of the body’s skin color are based on the Fitzpatrick color scale (Fitzpatrick, 1988). Type 1—always burns, never tans, palest, can
have freckles; Type 2—usually burns, tans minimally, light-colored but darker than fair; Type 3—sometimes mild burn, tans uniformly, golden honey or olive; Type
4—burnsminimally, always tans well, moderate brown; Type 5—very rarely burns, tans very easily, dark brown; and Type 6—never burns, deeply pigmented dark brown
to darkest brown. SBP systolic blood pressure, DBP diastolic blood pressure.
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measurements, an agreement that was not influenced by sex,
BMI, or skin color.

Hypertension is a leading risk factor for cardiovascular
morbidity and mortality in industrialized and developing
countries. Despite numerous developments in treatment, one-
third of patients are considered to suffer from uncontrolled BP.
The diagnosis and continuous management of BP rely on
accurate BP measurements. Although BP measurements using
sphygmomanometer are common and acceptable practice they
suffer from detrimental limitations, including the provision of
only point measurements, they are cumbersome, uncomfortable,
and in many patients, the measurements are unreliable due to
technical issues (Kronish et al., 2017; Ruzicka and Hiremath,
2017).

According to theWHO, in 2016, 39% of adults aged 18 years
and over (39% of men and 40% of women) were overweight,
and about 13% of the world’s adult population (11% of men
and 15% of women) were obese (see URL in the Statistical
analysis section). BMI and skin color are regarded as two
important personal characteristics when looking at BP
measurements, particularly as African Americans and obese
are at higher risk of hypertension (Muntner et al., 2018;
Chrysant, 2019; Ferdinand et al., 2020).

Novel PPG-based devices may provide continuous BP
measurements with ease, making long-term BP monitoring
and tailored therapy adjustments a reality (Nachman et al.,
2021). Some PPG-based oximeters demonstrated unreliable
measurements on people with darker skin tone (Ries et al.,
1985; Ries et al., 1989; Jubran and Tobin, 1990; Zeballos and
Weisman, 1991; Young, 1995). It is also accepted that cuff-based
BP measurements are influenced by an individual’s BMI. Thus,
these two personal characteristics could lead to biased and less
accurate measurements and have an impact on the quality of care,
and it is of utmost importance to assure accurate measurement
when using a PPG-based device.

In the current study, we compared BP measurements using a
novel PPG-based non-invasive cuffless BP device with a gold
standard non-invasive cuff-based BP device, and when stratifying
the participants based on sex, BMI, and skin color, we found a
high correlation and accordance between BP measurements
obtained using the two devices in all sub-groups. We have
previously shown that the device stands for the ANSI/AAMI/
ISO 81060-2 requirements, for intermittent BP measurement, as
defined in Stergiou et al., 2018 (Nachman et al., 2020a).

The PPG-based device may allow transformative
monitoring options with substantial clinical impacts such as
improving BP control and diagnosis. Our group demonstrated
the accuracy of the PPG-based device for continuous 24-h BP
measurement in a small pilot study and validation studies are
now undertaken by our group to show the accordance with
other physiological parameters recorded using the same PPG-
based devices, including more advanced hemodynamic
parameters such as stroke volume, cardiac output, and
systemic vascular resistance.

Future studies in a large population in which several BP
measurements will be taken for each participant along several
time points, rather than single time points, could further
strengthen the observations of this study.

A limitation of this study is that we did not follow an accepted
standard such as the ANSI/AAMI/ISO 81060-2 (Stergiou et al.,
2018), however the standard deals with cuff-based devices, and
there are currently no accepted standards beyond unofficial
recommendations regarding validation of cuff-less devices.
Moreover, this was a field study in which we did not want to
interfere too much with the routine. For this reason, we had only
one evaluator per patient measuring the BP and assessing the skin
type color, and not two. This also allowed us to collect data from
more people in a relatively short period and a real-world setting.

CONCLUSION

We have found that the PPG-based BP device provides valid
measurements regardless of sex, skin tone, or BMI. These findings
provide confidence in the generalizability of such technology,
helping in paving the way to a future of seamless, personalized BP
management.

REPORTING SUMMARY

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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