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ABSTRACT ARTICLE HISTORY
Purpose: Obesity is a clear risk factor for hypertension. Blood pressure (BP) measurement in Received 29 July 2022
obese patients may be biased by cuff size and upper arm shape which may affect the accuracy Revised 21 September 2022
of measurements. This study aimed to assess the accuracy of the OptiBP smartphone application ~ Accepted 25 September 2022
for three different body mass index (BMI) categories (normal, overweight and obese).
Materials and methods: Participants with a wide range of BP and BMI were recruited at Blood . cuffless:

. . .y . I 3 X . pressure; cuffless;
!_ausanne inve.rsny Hosplta] s hypertensmn clinic |_n'SW|tzerI_and. thlBP estimated BP by record- smartphone; optical signal;
ing an optical signal reflecting light from the participants’ fingertips into a smartphone camera. application;
Age, sex and BP distribution were collected to fulfil the AAMI/ESH/ISO universal standards. Both obese; overweight
auscultatory BP references and OptiBP BP were measured and compared using the simultaneous
opposite arms method, as described in the 81060-2:2018 ISO norm. Subgroup analyses were
performed for each BMI category.
Results: We analyzed 414 recordings from 95 patients: 34 were overweight and 15 were obese.
The OptiBP application had a performance acceptance rate of 82%. The mean and standard
deviation (SD) differences between the optical BP estimations and the auscultatory reference
rates (criterion 1) were respected in all subgroups: SBP mean value was 2.08 (SD 7.58); 1.32
(6.44); —2.29 (5.62) respectively in obese, overweight and normal weight subgroup. For criterion
2, which investigates the precision errors on an individual level, the threshold for systolic BP in
the obese group was slightly above the requirement for this criterion.
Conclusion: This study demonstrated that the OptiBP application is easily applicable to over-
weight and obese participants. Differences between the reference measure and the OptiBP esti-
mation were within I1SO limits (criterion 1). In obese participants, the SD of mean error was
outside criterion 2 limits. Whether auscultatory measurement, due to arm morphology or the
OptiBP is associated with increasing bias in obese still needs to be studied.
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PLAIN LANGUAGE SUMMARY

e What is the context?

e Hypertension and obesity have a major impact on population health and costs.

e Obesity is a chronic disease characterized by abnormal or excessive fat accumulation.

e Obesity, in combination with other diseases like hypertension, is a major risk factor for car-
diovascular and total death.

e In Europe, the obesity rate is 21.5% for men and 24.5% for women.

e Hypertension, which continues to increase in the population, is a factor that can be modi-
fied when well managed.

e Blood pressure measurement by the usual method may be complicated in obese patients due
to fat accumulation and the shape of the arm and can lead to measurement errors. In addition,
the non-invasive blood pressure measurement can be constraining and uncomfortable.

e What is new?
e Smartphone apps are gradually appearing and allow the measurement of blood pressure
without a pressure cuff using photoplethysmography.
e OptiBP is a smartphone application that provides an estimate of blood pressure that has
been evaluated in the general population.
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e The objective of this study is to assess whether OptiBP is equally effective in obese and

overweight patients.

e What is the impact?

e The use of smartphones to estimate BP in overweight and obese patients may be a solu-
tion to the known bias associated with cuff measurement.
e The acquisition of more and more data with a larger number of patients will allow the con-

tinuous improvement of the application’s algorithm.

Introduction

High blood pressure and obesity’s effects on health
and impacts on costs make them public health prior-
ities [1-3]. Obesity is a major risk for mortality [4]
and is associated with co-morbidities including hyper-
tension, type 2 diabetes mellitus, dyslipidemia and
major cardiovascular diseases [5]. The associations
between being overweight or obese and hypertension
are known to be as high as 65-75% [6,7]. Although
initially identified as a problem related to developed
countries, reports now demonstrate obesity’s dramatic
rise in low- and middle-income countries [8].

Auscultatory and automated oscillometric sphyg-
momanometers are the current reference techniques
for blood pressure (BP) measurement, but this is chal-
lenging in obese populations [9]. The optimal cuff and
bladder characteristics for traditional BP measurement
using a sphygmomanometer are still debated, and a
global consensus about their appropriate sizes in rela-
tion to a patient’s arm is still lacking [7]. Indeed, the
American Heart Association (AHA) and the British
Hypertension Society have made different recommen-
dations concerning cuff and bladder sizes [10,11]. The
former recommends using different cuffs according to
arm circumference, and the latter recommends the
same width for all arms but with adaptations of the
length of the bladder according to the arm size.
Furthermore, the frequently tronco-conical shape of
obese subjects’ upper arms can cause measurement
errors, which increase linearly with the increasing cir-
cumference of the arm [12]. Rectangular cuffs have dif-
ficulty fitting on tronco-conical arms, and this can lead
to inaccurate measurements [13]. Furthermore, meas-
urements with cuffs can be inconvenient and cause dis-
comfort. We should mention the European Society of
Hypertension (ESH) working group’s position paper
recommending a tronco-conical cuff for arm circum-
ferences greater than 42 cm, and that wrist or forearm
measurement can be used in clinical practice for indi-
viduals with short upper arms [14].

Culffless approaches using smartphone-based med-
ical applications have recently emerged as promising
new technologies to detect and monitor hypertension
[15-19]. The mobile phone is a very promising tool,
as it is accessible to a wide range of the population in
both industrialised and developing countries. As
described above, the difficulties of measuring blood
pressure in obese and overweight patients could be
circumvented and resolved, if the technology can
ensure the reliability of the measurement in these
patients. The OptiBP smartphone app is a pulse wave
analysis-based BP estimation technique applied using
the photoplethysmogram signals acquired via a dedi-
cated application (OptiBP) on a smartphone. An ini-
tial study of 50 patients assessed the performance of
this technique and a second general population study
involving 100 participants used a standardized proto-
col to demonstrate the OptiBP smartphone applica-
tion’s accuracy according to the AAMI/ESH/ISO
universal standards (ISO 81060-2:2018) for estimating
BP [15,16]. Whether BMI categories would affect the
accuracy of the OptiBP has not been analyzed vyet.
The present study aimed to assess and compare the
performance of the OptiBP smartphone application in
subgroups of overweight and obese subjects.

Material and methods

Participants were recruited from Lausanne University
Hospital’s hypertension clinic in Switzerland and
from the University of Lausanne as previously
described [16]. The study was authorized by the
Human Research Ethics Committee of the Canton of
Vaud (Switzerland, CER-VD no. 2018-01656) and
registered under number NCT03875248 at www.clini-
caltrials.gov on March 14, 2019. Written informed
consent was obtained from all the patients enrolled,
and the protocol was conducted in accordance with
the Declaration of Helsinki.

Hypertension was defined as systolic blood pres-
sure (SBP) over 140mmHg and diastolic blood
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pressure (DBP) over 90 mmHg, based on the 2018
European guidelines for the management of arterial
hypertension [20]. Obesity was defined as a BMI
greater than or equal to 30 kg/m.2 Being overweight
was defined as a BMI greater than or equal to 25kg/
m” but less than 30kg/m* [8]. We carefully analyzed
the results of these subgroups of overweight and
obese patients according to these definitions.

Device description

Light emitted by a Samsung Galaxy S7 smartphone
(Samsung GEC, 26, Sangil-ro 6-gil, Gagdong-gu,
Seoul, Korea) was passed through each patient’s
fingertip, reflecting differently off the tissues as the
volume of blood flow changed there. The light pass-
ing back to the smartphone camera’s image sensor
generated images that were processed by the OptiBP
application to calculate BP. The methodology of
optical signal acquisition and its initial processing
have been published elsewhere recently [15].

OptiBP considered any two consecutive measure-
ments, taken within a two-minute interval, and with
differences of >20mmHg and >10mmHg of SBP
and DBP, respectively, as outliers and excluded them
from the analysis.

Reference BP

Two blinded, independent, experienced observers lis-
tened to patients’ Korotkoff sounds through a dual-
head (Y-tube) stethoscope, while they used a validated
sphygmomanometer to take simultaneous reference
auscultatory BP measurements (A&D UM-101, A&D
Company, Ltd., Toshima Ku, Tokyo, Japan). These ref-
erence BPs were measured on one side, while simul-
taneously on the opposite arm, BPs were recorded with
the OptiBP application, in accordance with the 81060-
2:2018 ISO norm, as described previously and corre-
sponding to an immediate post-qualibration test [16].
The size of the reference cuff was adapted to the cir-
cumference of the subject’s mid-arm using two sizes of
inflatable bladders: 14 x 25cm and 16 x 32 cm. Bladder
size was determined so that the length corresponded to
75-100% of the subject’s mid-arm circumference and
the width corresponded to 37-50%, according to the
AAMI/ESH/ISO universal standard (ISO 81060-
2:2018). Our study protocol used this standard with
minor adjustments due to the cuffless approach.

The statistical analyses were also conducted follow-
ing the AAMI/ESH/ISO universal standard (ISO
81060-2:2018) criteria. For criterion 1, the mean and

standard deviation differences between the optical BP
estimations and the auscultatory reference rates were
calculated. For criterion 2, the standard deviations of
the mean differences between the optical estimations
and the auscultatory references within each subject
were calculated.

As suggested in the Consensus Document for
blood pressure monitor validation by Stergiou and al
[21]., we also report absolute values and Bland-
Altman. The absolute error is the BP measurement by
optiBP minus the BP measurement by the reference
device, therefore error = optiBP
ment — reference measurement. The proportion of
absolute error is the proportion of the calculated error
where this error is smaller than 5, respectively 10 or
15mmHg (Table 1).

measure-

Results

One hundred patients were recruited, but one was
excluded due to inaudible auscultatory BP measure-
ment (inaudible Korotkoff sounds), leaving 99 eligible
patients and 767 recordings. Of these reference meas-
urements, 38 recordings were excluded because the
observers’ measurements disagreed by more than
4mmHg, and 31 were excluded because of BP varia-
tions in the same patient greater than 12mmHg for
SBP or 8mmHg for DBP. Among the recordings
acquired using the OptiBP application, 69 were
excluded because of bad signal quality during record-
ing (due to shivering, tremors, or bad perfusion).
Three measurements were considered outliers and
excluded. One hundred and seventy-six recordings
were used for calibration, and a total of 414 measure-
ments were therefore analyzable (Figure 1).

Of 95 patients, 34 were overweight, 15 were obese
and 46 were of normal weight (Table 2). Two patients
were defined as normal weight, although their BMIs
below 18 kg/m* would be classified as underweight by
WHO standards. Criterion 1, for SBP and DBP, was

Table 1. Proportion of absolute errors estimation for SBP and
DBP (mmHg) for each subgroup: |BPres — BPopyisp)-

<5mmHg <10mmHg <15mmHg

Obese

SBP 0.60 0.77 0.97

DBP 0.75 1.00 1.00
Overweight

SBP 0.59 0.87 0.98

DBP 0.66 0.96 1.00
Normal weight

SBP 0.67 0.91 0.99

DBP 0.84 0.98 1.00

Error = optiBP — Ref.
Proportion(abs(error) <15).
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Figure 1. Data processing flowchart. r: recording; p: patient; Ob:

Table 2. Patients demographic info of the analysed dataset.

Obese Overweight Normal weight
n 15 34 46
Gender (women) 5 14 13
Age 54.9 (11.7) 55.8 (15.2) 50.5 (16.7)
BMI 34.01 (4.26) 27.03 (1.43) 21.82 (1.87)

For age and BMI, reported data are means and SD in brackets. Analysed
recordings are the number of valid pairs for each subgroup.

respected for all subgroups (Table 3), although the
threshold for SBP in the obese group was slightly
above the requirement of the AAMI/ESH/ISO univer-
sal standard (ISO 81060-2:2018) for criterion 2 (Table
4), especially for the standard deviation of the aver-
age error.

Standardized Bland-Altman scatterplots of the
OptiBPTM-reference BP differences against their
average values are shown in Figure 2(a-c) and Figure
3(a-c). We observed a greater dispersion of results in
the obese group and for high blood pressure; differen-
ces between the OptiBP and reference findings were
greater for high blood pressure.

We performed an error grid analysis comparing
the OptiBP application’s BP measurements and the
reference method’s measurements for systolic arterial
pressure. This showed that 100% of the overweight
group had no risk of a potential treatment error due
to a measurement difference using OptiBP. Among
the obese group, 95.4% of measurements using
OptiBP showed no risk of a potential treatment error
and 4.6% had a low risk (Figure 4(a-c)).

v [Recordings used for calibration (r = 176) ]

Figure 1 Data processing flowchart. r : recording; p : patient; Ob:
obese; Ow: Overweight; Nw : Normal Weight

obese; Ow: overweight; Nw: normal weight.

Table 3. 1SO81060-2 criterion 1 performance.
OptiBP results

SBP (mmHg) DBP (mmHg) ISO requirement

Obese

Mean 2.08 2.95 <I51 PASS

SD 7.58 3.06 <8 PASS
Overweight

Mean 132 2.82 <I5l PASS

SD 6.44 433 <8 PASS
Normal weight

Mean —2.29 0.80 <I51 PASS

SD 5.62 4.00 <8 PASS

Mean value of the differences between each valid pair of reference and
OptiBP estimation and the associated standard deviation (SD) on
each subgroup.

Table 4. 1SO81060-2 criterion 2 performance.
OptiBP results

SD of average BP difference ISO requirement

Obese
SPB 6.85 <6.62 FAIL
DPB 2.10 <6.30 PASS
Overweight
SPB 533 <6.82 PASS
DPB 3.67 <6.34 PASS
Normal weight
SPB 4.66 <6.55 PASS
DPB 3.24 <6.89 PASS

Standard deviation of mean error by patient for each subgroup. The
requirement to pass the criterion is determined by the mean calculated
for criterion 1 and reported in Table 1 of the I1SO ISO81060-2 norm.

There was no correlation between the error and
arm size for the SBP (r(413) = 0.04; p=0.46); how-
ever, there was a positive correlation between the
DBP and arm size (r(413) = 0.14; p < 0.01).
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Figure 2. Systolic BP. Standardised Bland-Altman scatterplots
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(SBP: systolic blood pressure; DBP: diastolic blood pressure). (a)
Obese; (b) Overweight; (c) Normal weight.

Discussion

This study demonstrated that the performance of the
OptiBP smartphone application has a high acceptance
rate and that the mean difference and its standard
deviation are within the limits of ISO 81060-2:2018
criteria 1 in a population subgroup of overweight sub-
jects. The standard deviation of the mean error (cri-
terion 2) was slightly above the recommendation.
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Figure 3. Diastolic BP. Standardised Bland-Altman scatter-

plots of the OptiBP-reference Bp differences against their

average (SBP: systolic blood pressure; DBP: diastolic blood

pressure). (a) Obese; (b) Overweight; (c) Normal weight.

Our population sample contained 48.4% normal
weight, 35.7% overweight and 15.7% obese patients.
This was significantly below the 52.7% of overweight
people in Europe, and the 21.5% of males and 24.5%
of females who are obese; it is well below the 42.4%
prevalence of obesity in the United States. The inclu-
sion of two underweight patients in the normal-
weight population did not change the precision of the
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results. Using same-day calibration, validation criter-
ion 1 was fulfilled for SBP and DBP. For validation
criterion 2, the standard deviation of the average error
per patient for SBP of the obese patient subgroup was
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slightly above the requirement of the AAMI/ESH/ISO
universal standard. We attributed this to the small
sample of only 15 obese patients. Indeed, four obese
patients had measurements with a significantly greater
BP error estimation than the other patients in the
same sample. Their data might have been sufficient to
impact the overall result of such a small group.
Among these four obese patients, three had a BMI
over 35kg/m,” whereas, among the other 11 patients,
only one did (i.e. 44kg/m®). We further investigated
whether differences in upper-arm circumference could
raise questions about the bladder’s precision in certain
circumstances: there were no differences in upper-
arm circumferences. However, we observed a positive
correlation between the errors in DBP and large arm
size, confirming the difficulties in precisely measuring
BP in obese patients [13]. All the patients in each
subgroup underwent about four BP recordings, mak-
ing the average error per patient more comparable.

B. Saugel et al. [22] suggested that BP measure-
ment differences were of different clinical relevance
according to the absolute level of BP. Ideally, when
introducing a new BP measurement device, statistical
tests should reflect this. Those authors proposed error
grid analysis for studies comparing BP measurement
methods because that analysis can illustrate the differ-
ences in the clinical relevance of BP measurement
between a new test method and a reference method.
The error grid analysis analyzed the clinical risks of
using our new BP measurement device and gave a
satisfactory appraisal of our results. Nevertheless, even
on standardized Bland-Altman scatterplots, we could
observe a tendency for the application to slightly
overestimate higher BP and underestimate lower BP
in overweight and obese patients. With the assump-
tion that cuff measurement is devoid of bias in obese
participants, this can, of course, go towards further
adaptations and improvements of the OptiBP applica-
tion and its algorithms, as these estimations could
have clinical significance in decisions to initiate or
modify treatment.

However the accuracy of cuffless device BP meas-
urement remains debatable for various reasons, as
described by Mukkamala et al.: the lack of a validated
protocol for the cuffless device, the difficulty to obtain
the inter- and intra-individual BP variations and the
influence of the demographics variables on the math-
ematical model used [23]. Consequently, the use of
new BP modalities in clinical practice remains chal-
lenging due to the absence of standardized validated
protocols. Smartphone-based solutions have been
shown to be useful and effective in contexts involving
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diagnosing, treating and monitoring chronic diseases.
Using new information and communication technolo-
gies (ICTs) to improve patient management defines
the rise of e-health in recent years. ICTs contribute to
measuring parameters scientifically but also to chang-
ing behaviours [24]. They are key tools in the man-
agement of hypertensive patients, improving diagnosis
and follow-up and detecting early uncontrolled hyper-
tension which could later lead to cardiac decompensa-
tion [25]. Furthermore, ICTs can increase patient
autonomy and satisfaction, hence we could observe
better adherence to treatment and increased BP con-
trol. Follow-up studies explored the potential of add-
itional parameters or other target groups of
patients [26-28].

Using smartphones as tools to follow BP makes
clinical follow-up accessible to the large part of the
population that owns one, at every layer of society,
including in low- and middle-income countries.
However, numerous applications and wireless solu-
tions lack validation studies. Our OptiBP smartphone
application was initially validated for BP measure-
ments against reference auscultatory measurements
[15], and a second study demonstrated its accuracy at
estimating BP values in a general population [16],
with a very good performance acceptance rate.

The present study demonstrated the clinically
adequate performance of the OptiBP smartphone
application in small population subgroups of over-
weight and obese patients. All these results were pre-
liminary data, and they will require a further study
with a bigger sample of obese patients for validation.
Multiple ongoing studies will enable the acquisition of
more and more data, and continuous improvements
in data analysis will result from the constant evolu-
tion of artificial intelligence and machine learning.
Every step in the algorithm can therefore be improved
[29,30].

Limitations

Our study had some limitations. When our protocol
was written, in 2018, the AAMI/ESH/ISO universal
standard seemed to be the most appropriate. We
know that the IEEE Standard for Wearable Cuffless
Blood Pressure Measuring Devices was updated in
2019. Knowing that these new recommendations are
not yet unanimously accepted, we used the ISO stand-
ards validation plan as best we could. A new ISO
protocol is in preparation, but a consensus is strug-
gling to emerge. However, the intended use of the
OptiBP APP is similar to that of the traditional

oscillometric device (standard sitting position). We
know that within-subject variability over time requires
more studies to ensure future development progress.
We think however that the actual protocol is fitted to
the research question, which was whether BMI would
affect the accuracy of the BP estimation. Nonetheless,
in order to minimize the measurement margin errors
in obese and overweight patients, cuff and cuffless BP
measures should be compared to invasive BP meas-
urements. This strategy has recently been evaluated in
intensive care patients by Desebbe et al. and revealed
satisfying results [31].

Other limitations included our small samples of
overweight and obese patients, the lack of existing
norms for cuffless BP measurement devices, error val-
ues for gold standard BP measurement devices (cuff
and obese), and our non-representative sample of
the population.

According to our preliminary data, the OptiBP
smartphone application has shown its accuracy in a
general population sample and among obese patients.
In our initial study, we used same-day calibration.
Our next step will be to demonstrate the OptiBP
application’s constant accuracy over time. Further
studies are currently underway.
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