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Elevated blood pressure (BP) is a key risk factor in cardiovascular diseases. However, obtaining reliable and reproducible BP
remains a challenge. This study, therefore, aimed to evaluate a novel cuffless wristband, based on photoplethysmography
(PPG), for continuous BP monitoring.

Predictions by a PPG-guided algorithm were compared to arterial BP measurements (in the sub-clavian artery), obtained
during cardiac catheterization. Eligible patients were included and screened based on AAMI/European Society of
Hypertension (ESH)/ISO Universal Standard requirements. The machine learning-based BP algorithm required three
cuff-based initialization measurements in combination with ~100 features (signal-derived and patient demographic-based).
Ninety-seven patients and 420 samples were included. Mean age, weight, and height were 67.1 years (SD 11.1), 83.4 kg (SD
16.1), and 174 cm (SD 10), respectively. Systolic BP was <100 mmHg in 48 samples (11%) and >160 mmHg in 106 samples
(25%). Diastolic BP was <70 mmHgin 222 samples (53%) and >85 mmHg in 99 samples (24%). The algorithm showed mean
errors of 3.7 mmHg (SD 4.4 mmHg) and £2.5 mmHg (SD 3.7 mmHg) for systolic and diastolic BP, respectively. Similar
results were observed across all genders and skin colours (Fitzpatrick I-VI).

This study provides initial evidence for the accuracy of a PPG-based BP algorithm in combination with a cuffless wristband
across a range of BP distributions. This research complies with the AAMI/ESH/ISO Universal Standard, however, further
research is required to evaluate the algorithms performance in light of the remaining European Society of Hypertension
recommendations.
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Introduction

Blood pressure (BP) monitoring is essential in clinical and ambulatory
care settings for accurate diagnosis and management of various medical
conditions. However, current BP measurement methods encounter
challenges, including the fact that it is time consuming, along with
record-keeping difficulties. The gold-standard for BP measurement is
intra-arterial measurement, however, the use of uncomfortable indwel-
ling catheters poses risks to vulnerable patients.” Hospital cuff BP meas-
urement can be influenced by confounding factors like isolated office
hypertension and masked hypertension.>> Additionally, the principle
of vessel compression and subsequent blood flow alterations used in
cuff BP measurements does not correlate well with invasive measure-
ments in conditions such as high BP or widespread vessel atheroscler-
osis.* In ambulatory care, the sporadic nature of measurements may fail
to capture true BP patterns over time, hindering optimal management
of high BP.

Therefore, there is an unmet need for a non-invasive method of BP
measurement that meets the high level of quality required for clinical
care, combined with higher measurement frequencies, high accuracy,
and ease of use. To this end, the photoplethysmography (PPG) tech-
nique has recently emerged as a potential alternative to cuff BP moni-
tors, showing promise in meeting these requirements.” However,
despite its potential, no PPG-based BP monitors have met strict care
standards and they have not been implemented in clinical practice
thus far.

Our study aims to fulfil this need by evaluating the feasibility and ac-
curacy of a cuffless wristband (CardioWatch 287-2, Corsano Health,
The Hague, The Netherlands) in combination with a PPG-guided
BP-algorithm for continuous BP measurement. Eventually, the aim is
to overcome the limitations of cuff BP measurements and to test
whether such a PPG-based wristband is able to meet the Association
for the Advancement of Medical Instrumentation/European Society
of Hypertension/International Organization for Standardization
(AAMI/ESH/ISO) Universal Standard requirements.®”® Therefore, by
evaluating the wristband in light of the AAMI/ESH/ISO Universal
Standard requirements for BP monitoring, our research contributes
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to the advancement of BP measurement practices, ultimately enhancing
patient care and outcomes in both clinical and ambulatory settings by
improving the quantity and accuracy of data available for treatment
optimization.

Methods
Study design

The present study is a cross-sectional, single-centre, single-arm study con-
ducted at the Reinier de Graaf Gasthuis (Delft), a teaching hospital in The
Netherlands. This study followed an earlier algorithm development trial
and was registered under NCT05566886 (ClinicalTrials.gov) and
NL80236.000.22 (ToetsingOnline.nl). The study adhered to the principles
outlined in the Declaration of Helsinki and received approval from the re-
gional Dutch medical ethical committee.

The AAMI/ESH/ISO Universal Standard used to evaluate the BP monitor-
ing performance of the PPG-based wristband includes ISO 81060-2:2019
+A1:2020%” and the AAMI/ESH/ISO collaboration statement.?

Screening and enrolment

For the populations size the AAMI/ESH/ISO Collaboration Statement re-
commendations were followed. Therefore, a total of 85 patients for BP ac-
curacy testing with adequate statistical power. A drop-out of 15% was
expected due to difficulties with obtaining valid measurement pairs during
short and dynamic catheterization exams. Accordingly, the sample size
was 100 subjects.

Patients were screened for inclusion and exclusion criteria (Table 1).
Informed consent was obtained before any study interventions. Patient
demographics and medical history were collected during the screening pro-
cess. Additionally, measurements were taken to determine the patient's
arm circumference and mean lateral BP difference, following the recom-
mendations of I1SO 81060-2:2019+A1:2020. The diagnostic angiography
procedures were performed in a non-interventional cardiology centre,
with a triage system to bypass ST elevation patients to interventional cen-
tres. As a result, only patients who were hemodynamically stable were in-
cluded in this research. Patients were excluded if they had a documented
diagnosis of persistent arrhythmias or severe tachycardia, or if these condi-
tions were detected during the heart catheterization procedure.
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Table 1 Trial in- and exclusion criteria

Inclusion criteria Exclusion criteria

e >18 years old; e Unable to wear the CardioWatch 287-2;

e Arterial line as part e Unable or not willing to sign informed

of standard care; consent;
e Able to provide e Significant mental or cognitive impairment;
consent. e No suitable entry site for the invasive arterial
line;

e Additional conditions provided by ISO

81060-2:2019+A1:2020

e Pregnancy;

e Persistent arrhythmia(‘s) (atrial/
ventricular);

e Severe tachycardia (>120 bpm);

e Peripheral artery disease.

e Arm circumference not within cuff range
(2242 cm)

e Lateral systolic blood pressure difference
greater than 15 mmHg

e Lateral diastolic blood pressure difference

greater than 10 mmHg

Devices

Investigational product

The CardioWatch 287-2 (CW?2) is a rechargeable, wearable device that
monitors multiple vital signs, including heart rate, heart rate variability
(interbeat intervals), electrocardiogram (ECG), saturation (SpO2), res-
piration rate, core body temperature, activity, and sleep. It utilizes PPG
to perform measurements on the wrist, combining signals from light
sources, light sensors, electrodes, and an accelerometer. BP is deter-
mined from the PPG signal by means of an artificial intelligence model.
This algorithm uses three cuff-based initialization measurements in
combination with ~100 features. Initialization measurements are per-
formed using a validated conventional automated BP cuff (model
TMB-2084-A, Zhongshan Transtek Eelctronics Co., Ltd).9

To provide a valid prediction, a combination of statistical features, time
and frequency domain features, demographic features, first/second de-
rivative features, width-related PPG features, and features from the
PPG signal are used in combination with the initialization measurements.
Demographic features included the patient’s height, weight, gender, age,
and body mass index (BMI). This collection of ~100 features was chosen
after a thorough literature study on features that affect BP.

The intended use of the CW2 BP-algorithm is to provide a single BP
reading every 30 min. Nevertheless, due to the use of continuous PPG
data BP measurements are possible at various time intervals. As the ob-
jective of this study was to evaluate the performance of the CW2
BP-algorithm in light of EU regulatory standards, here, the device was
used to output a single BP reading across a 30 s window.

Non-investigational (reference) product

The Fysicon QMAPP® Hemodynamic Monitoring module (Fysicon
B.V., Oss, the Netherlands) was used to record the reference invasive
BP measurements in the sub-clavian artery. The QMAPP® device is
both EU-Medical Device Regulation (MDR) and US-Food and Drug
Administration (FDA) approved, providing accurate raw data with a

high sampling frequency.’® The validated accuracy and sampling rates
of the QMAPP® system are as follows:

e Invasive BP sampled at 100 Hz with an accuracy of + 1 mmHg.
e Non-invasive BP with an accuracy of +5 mmHg.

Measurements

Study interventions were conducted before, during, and immediately fol-
lowing cardiac examination in the catheterization laboratory. An overview
of the study procedure is presented in Figure 1 and a step-by-step summary
of all study interventions is provided in Appendix 1.

In short: First, the CW2 measurement was initiated before the inva-
sive procedure. During this initiation, three cuff BP measurements were
performed on the non-CW?2 arm to allow for BP-algorithm initializa-
tion. After the invasive procedure, a 4-min continuous invasive BP ref-
erence measurement within the sub-clavian artery was conducted using
the 6 French diameter arterial line. These measurements could be com-
pared to the CW2 BP measurements which were performed simultan-
eously on the contralateral arm. The entire study procedures were
carried out during this single visit, with no follow-up.

All cuff BP measurements adhered to the recommendations outlined
by the American Heart Association and ISO 81060-2:2019
+A1:2020.*%7 The cuff BP measurements were performed with pa-
tients at rest, without speaking, legs uncrossed, and with their back
and cuffed arm supported. Additionally, a time interval of 1-2 min
was maintained between consecutive cuff BP measurements.

Study endpoints

The primary endpoints of this study were to meet the AAMI/ESH/ISO
Universal Standard requirements. These endpoints included:

(1) Mean error and standard deviation (SD) for systolic and diastolic
BP, individually, for a comparison between CVW2 BP measurements
and invasive reference BP measurements [adjusted for lateral dif-
ference (LD)].

(2) The number of absolute BP differences between CW2 BP mea-
surements and invasive reference BP measurements within 5, 10,
and 15 mmHg, along with the corresponding standardized Bland—
Altman scatterplots.

The secondary endpoints of the study involved analysing the results
of the primary endpoints based on gender category (male/female) and
skin colour categories (Fitzpatrick I-VI).

Statistical design and analysis

Mean error and SD for systolic and diastolic BP individually were calcu-
lated in accordance with EU regulatory standards. The reference
systolic BP was defined as the range of +1 experimental SD around
the mean value of the invasive BP values obtained during a 30 s window.
The reference diastolic BP was defined in the same way. If the average
BP value obtained by the CW?2 across the corresponding 30 s window
lay within the range of the invasive reference BP an error of 0 mmHg (0
kPa) was assigned. If the average value obtained from the CW2 deter-
mination lay outside the range of the invasive reference BP, the adjacent
limit of the reference BP was subtracted from the CW?2 determination.
That difference represented the error for this specific determination.

Using this information, the arithmetic mean of the errors and its ex-
perimental SD were determined for the systolic and diastolic BP indi-
vidually [Appendix 2, Formula (1) and (2)]. Since the opposite limb
was used as a reference, the results were corrected for the LD
[Appendix 2, Formula (A3), (A4), and (A5)]. In order to comply with
the requirements of ISO 81060-2:2019+A1:2020 the resulting arithmet-
ic mean of the error and its experimental SD were required to be no
greater than +5.0 mmHg (£0.67 kPa), and 8.0 mmHg (1.07 kPa),
respectively.
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Figure 1 Overview of study procedures.

Next to the calculation of the mean error and its experimental SD
the number of absolute BP differences within 5, 10, and 15 mmHg
was provided as well as corresponding standardized Bland—Altman
scatterplots, in line with the AAMI/ESH/ISO collaboration statement
requirement.

Results

Patient characteristics

A total of 124 subjects who underwent heart catheterization as part of
their standard care between October 2022 and February 2023 were
screened for inclusion in the study. 100 patients were included. The
additional 24 patients that were screened for inclusion were replaced
due to the following reasons:

e Systolic or diastolic LD higher than required by ISO81060:2-2019 +
A1:2020 (n=8)

Arm circumference not within cuff range (n=1)

Atrial fibrillation or other severe arrhythmia (n =5)

Peripheral artery disease (n = 3)

Unforeseen difficulties during heart catheterization leading to time
shortage (n=2)

Other medical reasons (e.g. patient in isolation for infection) (n = 1)
e Technical difficulties (measurement not started) (n=1)

e Catheterization procedure cancelled or postponed (n = 3)

Retrospectively, data from three individuals were excluded from the
analysis due to overdamping of the invasive reference measurement. As
a result, data from 97 patients was used for the analysis, resulting in a
total of 420 measurement pairs. An overview of the characteristics of
these patients is provided in Table 2. Lateral differences ranged from
0.00 to 14.70 and 0.00 to 8.30 for systolic BP and diastolic BP, respect-
ively. Mean LD for systolic BP was 4.5 (SD 3.0) mmHg and 2.7 (SD 2.1)
mmHg for diastolic BP.

Measurement characteristics

Mean damping coefficient and resonant frequency of the reference in-
vasive BP monitoring equipment were 0.38 (range 0.23-0.57) and
12.11 Hz (range 6.48-19.98 Hz), respectively, complying with the dy-
namic requirements proposed by Gardner et al.'* in all but three cases.
These three cases were excluded from the analysis.

Invasive BP distributions were in line with AAMI/ESH/ISO Universal
Standard recommendations and are provided in Table 3.

Primary endpoints

The mean error and corresponding SD of the differences between
CW?2 and reference invasive BP measurements was +3.7 mmHg (SD
4.4 mmHg) and +2.5 mmHg (SD 3.7 mmHg) for systolic and diastolic
BP, respectively. The pooled Bland—Altman plots for the CW2 BP
and the invasive Fysicon BP reference are provided in Figure 2.
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Table 2 Patient characteristics

Age (years) 67.1 (SD 11.1)
32 (33%)

83.4 (SD 16.1)
174.1 (SD 10.0)
21 (21.6%)

28 (28.9%)

29 (29.9%)

Gender (female)

Weight (kilograms)

Height (centimetres)

Diabetes (n)

Previous myocardial infarction (n)

Coronary revascularization in past or
recommended (n)

Skin colour (Fitzpatrick)' Class I-I: 78 (80.4%)

Class IlI-IV: 16 (16.5%)

Class V-VI: 3 (3.1%)

Class Nill/Sparse: 56 (57.7%)

Class Moderate: 35 (36.1%)

Class High: 6 (6.2%)

Arm hair density'?

The probability of a mean error <10 mmHg between CW2 BP mea-
surements and invasive reference BP measurements was estimated to
be 100% for systolic and 99% for diastolic BP. The percentage of abso-
lute BP differences between CW?2 and the invasive reference within 5,
10, and 15 mmHg are provided in Table 4.

Secondary endpoints

Table 5 provides the mean error and corresponding SD of the
differences between CW?2 and reference invasive BP measurements
per gender category. More samples were collected for males than
females (n =282 vs. n=138). The mean error and SD were largest
for male systolic BP, + 3.8 mmHg (SD 4.6 mmHg).

Table 6 provides the mean error and corresponding SD of the differ-
ences between CW2 and reference invasive BP measurements per skin
colour category according to the Fitzpatrick scale. The largest number
of samples was collected for Fitzpatrick scale Il (n=313), followed by
Fitzpatrick Il (n=76). Systolic BP of Fitzpatrick Il yielded the largest
mean error and SD, + 3.7 mmHg (SD 4.5 mmHg).

Discussion

The CW2 BP-algorithm mean errors of +3.7 mmHg (SD 4.4 mmHg)
and +2.5 mmHg (SD 3.7 mmHg) for systolic and diastolic BP, respect-
ively, across the entire study population. Similar results were observed
in all study subgroups, confirming the algorithm’s consistency. These re-
sults are in accordance with the AAMI/ESH/ISO Universal Standard.®”®
Consequently, this study, provides initial evidence supporting the feasi-
bility and accuracy of PPG-based BP measurements, potentially making
this technique suitable for clinical use in various patient populations and
BP ranges.

Compared to the conventional gold standard of ambulatory BP
measurement, which is typically confined to a 24-h period and records
only a single vital sign, PPG-based wristband BP measurements offer
distinct advantages.” Traditional cuff-based BP monitoring often fails
to provide optimal visit intervals for effectively tailored therapy. In con-
trast, the evaluated method allows for frequent BP measurements with
minimal intervals as well as extended monitoring periods.

Furthermore, the direct measurement of BP using PPG-technology
offers several advantages over traditional cuff-based methods. PPG is
not influenced by cuff inflation, limb compression, or cuff size selection,
thereby circumventing potential biases and inaccuracies.'*"”
Consequently, the application of a PPG-based wristband is expected

Table 3 Invasive BP distribution for all patients
according to AAMI/ESH/ISO universal standard
recommendations

1SO 81060-2:2019+A1:2020%7 AAMI/ESH/ISO
Collaboration
Statement®

Systolic blood pressure
e 48 samples (11%) < 100 mmHg
e 106 samples (25%) > 160 mmHg

Systolic blood pressure

e 12 patients (12%) < 100 mmHg
e 30 patients (31%) > 160 mmHg
e 52 patients (54%) > 140 mmHg
Diastolic blood pressure

e 20 patients (21%) < 60 mmHg
e 5 patients (5%) > 100 mmHg

e 22 patients (23%) > 85 mmHg

Diastolic blood pressure
e 222 samples (53%) <70 mmHg
e 99 samples (24%) > 85 mmHg

to expand the possibilities for at-home patient monitoring and reduce
the need for hospital or ambulatory measurements. Moreover, timely
adjustments to medication based on these simple and frequent BP
readings can help prevent both low and high BP-related events, ensur-
ing optimal patient care.

To date, only a few studies have investigated the performance of
PPG-based BP measurements in the light of AAMI/ESH/ISO Universal
Standard. Islam et al.'® conducted a meta-analysis on PPG-based BP
measuring techniques evaluated between 2012 and 2019. Their findings
showed a mean difference of 3.16 £4.13 mmHg (range: —1.80 to
13.19 mmHg) for systolic BP and 1.22 + 2.25 mmHg (range: —1.00 to
5.86 mmHg) for diastolic BP. It is worth noting that all evaluations in-
cluded in this meta-analysis used cuff-based BP measurements as a ref-
erence, while the present study employed arterial reference
measurements, as this may provide a more direct representation of
the patients BP."” Although cuff and arterial BP measurements are
known to deviate for specific BP ranges the results found here align
with those presented in the meta-analysis by Islam et al. (2022).">%°
This result may be explained by the fact that only the average differ-
ences across the entire population were compared whilst approxi-
mately half of the patients studied had BPs within ranges that are
considered comparable between cuff and arterial measurements
(<120/80 mmHg and >160/120 mmHg).”® A closer comparison to
the technique proposed here may be formed by Pellaton et al.2" which
also used arterial reference measurements. However, their results
showed a larger deviation from those presented here, as they achieved
mean differences of 0.0 + 7.1 mmHg for the systolic BP and 0.0 +
2.9 mmHg for the diastolic BP. This may be due to the fact that this
study had a relatively small sample size of 23 subjects compared to
the 97 patients included in this research.

Variations in outcomes may also be related to differences in features
or underlying algorithms. In this research a collection of ~100 features
was used, including statistical features, time and frequency domain fea-
tures, demographic features, first/second derivative features,
width-related PPG features, and features from the PPG signal. To iden-
tify this optimal collection of features the performance of various fea-
ture sets was evaluated during internal research. This research also
revealed that the use of demographic features alone results in a linear
regressor model per patient or patient group, leading to large predic-
tion errors in cases with high inter- and intra-patient variability. This
finding is in line with earlier research.*?

Most of the investigated PPG-based BP measurement devices only
allow the measurement of BP." However, the ability to measure mul-
tiple other parameters, such as pulse rate, atrial fibrillation, SpO,,

20z Areniged 6z uo 1senb Aq 9/£092/9009B1Z/UpIU8/E60 L 0 1/10P/loIE-00UBADE/YPIYS/LL0D dNO-OlWSPEDE//:SARY WO POPEOIUMOQ



M. van Vliet et al.

A

mucorrelatmn between CardioWatch and reference for all subjects (r = 0.985, n = 420)

= = = =
1%} B o @
o =) k=3 =3

Systolic blood pressure reference CardioWatch (mmHg)
5
=

100 120 140 160 180 200
Systolic blood pressure reference (mmHg)

Bland Altman analysis of CardioWatch vs, reference for all subjects
Mean bias -0.17 mmHg Systolic blood pressure, LoA = [-8.74, B.4] mmHg Systolic blood pressure
15

)
I 1w
E o . e -.'.c (]
g « Soe’ o -
2 5|, @ ° R ey ‘208 .
g s & ‘\-"”0 .-_'a'i,g @ * o°
s . o . % 9 oy
] ’ . o!‘° | Jenilp- : Pe
FRC L S T R SO R s e WL
v L]
E :z ° Al P o{."'.:o °
z < % Pyl o°
£ 75 S o PP e .« ..‘ LR
g . o & % e e  o%e
% L) °?® e * 0o 0% .‘ .
2 -10 * . 9
18]
.
-15
100 120 140 160 180 200

Reference Systolic blood pressure (mmHg)

120Cq:m'elatlun between CardioWatch and reference for all subjects (r = 0.961, n = 420)

110 4
100
90
80
70 4
601

50 4

w]{ *¢

Diastolic blood pressure reference CardioWatch (mmHg)

30

30 40 50 60 70 80 90 100 110 120
Diastolic blood pressure reference (mmHg)

Bland Altman analysis of CardioWatch vs. reference for all subjects
Mean bias 0.2 mmHg Diastolic blood pressure, LoA = [-6.96, 7.37] mmHg Diastolic blood pressure

-5 4

CardioWatch - Diastolic blood pressure (mmHg)
L |

30 40 50 60 70 80 %0 100 110 120
Reference Diastolic blood pressure (mmHg)

Figure 2 (A) Correlation of CW2 BP with reference (fysicon), BP. (B) Bland—Altman plot comparing the CW?2 Software-derived BP and the invasive
Fysicon reference BP pooled over all subjects. Solid lines represent bias and dashed lines represent the limits of agreement.

Table 4 Percentage of absolute blood pressure
differences between CW2 and invasive reference within
5, 10, and 15 mmHg

<5 mmHg <10 mmHg <15 mmHg
(%) (%) (%)
Systolic blood 86.4 100 100
pressure (mmHg)
Diastolic blood 933 99 99.3

pressure (mmHg)

breathing frequency, and accelerometer data, alongside BP, could assist
in the early detection of various disease states and could facilitate im-
proved guidance of therapies. For instance, medically certified wrist-
band data can be linked to exercise levels, shortness of breath,
palpitations, pain, and fatigue, enabling objective, cost-effective, and
timely differential diagnostics. Therefore, a device such as the one eval-
uated in this study may facilitate early intervention and personalized
treatment strategies, ultimately improving patient outcomes and redu-
cing healthcare burdens.?®

Despite the significant findings of this study, it is essential to acknow-
ledge its limitations. Firstly, the study was conducted in a single-centre
with a limited number of patients, which may limit the generalizability of
the results. For the study size, AAMI/ESH/ISO collaboration statement
recommendations were followed, however, this statement is not con-
siderd an invasive reference method. Nonetheless, the invasive 1ISO
81060-2 protocol only provides a maximum amount of measurements
and not a maximum amount of participants. Due to the high amount of
cardiac catheterizations and limited additional patient burden a study
population of 100 patients was considered ethical. Moreover, this large
study population allowed a more thorough evaluation of the perform-
ance of the CW?2 BP-algorithm across various patient characteristics, as
also stated by the AAMI/ESH/ISO collaboration statement.

The diagnostic angiography setting, as well as catheter placement
choice, should also be noted, as selection bias may have occurred
here. Due to size, the catheter was placed in the sub-clavian artery
and not in the brachial artery, where spasm and flow impairment would
be more likely. Future studies involving larger, multi-centre cohorts are
necessary to validate the findings across diverse populations and health-
care settings. Secondly, the exclusion of patients with arrhythmias, se-
vere tachycardia (>120 bpm), and peripheral artery disease may
restrict the applicability of the PPG-based wristband in these specific
patient groups. Further research is warranted to assess the perform-
ance of these populations. Moreover, the current trial recordings
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Table 5 Mean and standard deviation of the differences between CW2 and reference invasive BP measurements per

gender category

Male
Systolic blood

pressure (n =282)

Diastolic blood
pressure (n = 282)

Male

Female
Diastolic blood
pressure (n = 138)

Female
Systolic blood
pressure (n=138)

Mean error

Standard deviation

3.8 mmHg
4.6 mmHg

2.5 mmHg
3.5 mmHg

3.5 mmHg
4.1 mmHg

2.6 mmHg
4.1 mmHg

Table6 Mean and standard deviation of the differences
between CW2 and reference invasive BP measurements
per skin colour category according to Fitzpatrick scale

Mean error

Standard deviation

Mean error

Standard deviation

Mean error

Standard deviation

Mean error

Standard deviation

Mean error

Standard deviation

Fitzpatrick |

Systolic blood pressure
(n=12)

3.2 mmHg

3.6 mmHg

Fitzpatrick Il

Systolic blood pressure
(n=313)

3.7 mmHg

4.5 mmHg

Fitzpatrick IIl

Systolic blood pressure
(n=76)

3.5 mmHg

4.1 mmHg

Fitzpatrick IV

Systolic blood pressure
(n=6)

2.4 mmHg

2.0 mmHg

Fitzpatrick V and VI

Systolic blood pressure
(n=13)

3.4 mmHg

3.3 mmHg

Fitzpatrick |

Diastolic blood pressure
(n=12)

1.6 mmHg

2.1 mmHg

Fitzpatrick Il

Diastolic blood pressure
(n=313)

2.6 mmHg

3.9 mmHg

Fitzpatrick IIl

Diastolic blood pressure
(n=76)

2.1 mmHg

2.7 mmHg

Fitzpatrick IV

Diastolic blood pressure
(n=6)

1.7 mmHg

1.7 mmHg

Fitzpatrick V and VI

Diastolic blood pressure
(n=13)

2.2 mmHg

2.6 mmHg

were conducted on patients at rest for a short time period, which may
not fully reflect the performance of the wearable device and algorithm
in an unsupervised ambulatory setting. Future investigations should
evaluate the BP-algorithm under dynamic circumstances over an ex-
tended period to establish its reliability and effectiveness in real-world
scenarios.

Lastly, it is important to note that the AAMI/ESH/ISO Universal
Standard used for evaluating the proposed PPG-based BP measure-
ment technique was not specifically developed for cuffless devices. As
such, these standards lack criteria for evaluating the device’s ability to
track BP changes within an individual or its measurement stability after
initialization.?*#>

Existing guidelines for the evaluation of (intermittent) cuffless BP de-
vices have been rendered impractical and difficult to implement due to a
lack of specificity, specifically concerning the means to induce BP
changes.”® A new regulatory standard, ISO 81060-3:2022, tailored to

the clinical investigation of continuous automated non-invasive sphyg-
momanometers was published in December 2022.%” However, as the
CW?2 is intended to provide BP determinations at an interval of
30 min during remote patient monitoring this new standard was ren-
dered unapplicable here. Furthermore, this new standard has its own
limitations, including concerns about the feasibility of performing long-
term intra-arterial reference measurements,**?

In June 2023, after the completion of this study, a new recommen-
dation for the evaluation of intermittent cuffless BP devices was intro-
duced by the ESH.?® Although additional evaluations during exercise,
sleep, up titration of BP lowering medication, changes in body pos-
ition, and after long-term monitoring (recalibration period) are re-
commended, the ESH still refers to the AAMI/ESH/ISO Universal
Standard. Therefore, this study, in part, complies with the static
state test of the new ESH recommendations. However, as this sta-
tic test is not specifically recommended for cuff-calibrated devices,
the remaining ESH recommendations are currently being tackled in
additional studies, such as the RECAMO study (NCT05899959,
ClinicalTrials.gov).

Conclusion

This study provides initial evidence for the accuracy of the combin-
ation of a PPG-based wristband and its BP-algorithm against current
EU regulatory standards, demonstrating the feasibility of this tech-
nique for BP monitoring. The continuous monitoring capabilities,
coupled with the potential for real-time analysis and early disease de-
tection, hold great promise for improving patient care and outcomes.
However, further research is warranted to address the limitations of
this study and evaluate the performance of the PPG-based wristband
in light of the remaining ESH recommendations as well as in an am-
bulatory setting.
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Appendix 1 Study procedures
step-by-step

Before standard invasive procedure

(1) Obtaining informed consent.
(2) Starting of CW2 measurement.
(3) Screening for two additional criteria:

(@) Measurement of arm circumference according to ISO
81060-2:2019+A1:2020 instructions (acceptable range: 22—
46 cm; exclusion if outside this range).

(b) Evaluation of LD in BP through three cuff BP measurements on
both arms simultaneously, using two identical automated
sphygmomanometers. Exclusion based on ISO 81060-2:2019
+A1:2020 limits:

(i) Mean LD of the reference systolic BP readings is more than
15 mmHg; or
(if) Mean LD of the reference diastolic BP readings is more
than 10 mmHg.
(4) Conducting three initialization measurements for the CW2

BP-algorithm using a non-invasive cuff measurement on the

non-CW2 arm.

During standard invasive procedure

(1) Measure non-invasive BP using the QMAPP BP cuff every 5 min.

Directly following standard invasive
procedure

(1) Invasive BP reference measurement:

(a) Appropriate measures were taken to remove air bubbles and
clots from the system before obtaining the reference
measurements.

(b) Zeroing of the arterial line reference measurement was
performed.

(c) A fast flush test was conducted to characterize the resonant
frequency and damping coefficient of the reference invasive
BP monitoring equipment, meeting the dynamic requirements
proposed by Gardner'? for each measurement.

(d) A 4-min continuous invasive BP reference measurement
within the sub-clavian artery was conducted using the arterial
line.

(i) No non-invasive BP measurements were taken during the
invasive measurement to avoid interrupting the CW?2
measurement.

(2) The CW2 measurement was stopped.

Appendix 2 Statistical design and
analysis formulas

1 n
_nz—)( i Al
o= Z1x (A1)

Formula for calculation of the arithmetic mean of the error (x,). Where
x;is the error of the ith individual determination, n is the total number of
determination and i is the index for the individual determination.

1 " .
D= n_1><;(x1—xn) (A2)

Formula for calculation of the experiment SD. Where x; is the error of
the ith individual determination, n is the total number of determina-
tions, x,, is the arithmetic mean of the error and i is the index for the
individual determination.

LD =

w| =

3 3
(Y p=>p (A3)
i=1 =1

Formula for calculation of the LD. Where i is the index for the deter-
mination with the automated sphygmomanometer on the same limb as
the CW2 determinations and j is the index for the reading on the limb
used for the reference reading.

X=pcw, — Prerz + LD (A4)
X =prer, — Pew, + LD (AS)

Formula’s for correcting the error in the case that the CW2 is placed on
the left (A4) and right (A5) arm. Where pcw, and pcw, are CW2 blood
pressures in the left (L) arm and right (R) arm, respectively.
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