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Abstract

Background: Hypertension is a major risk factor for cardiovascular diseases. Ambulatory blood pressure monitoring (ABPM) is used for the diagnosis of hypertension; however, 
currently used devices have several drawbacks complicating their use and accuracy. We tested the workflow of a wearable photoplethysmography (PPG)-based cuffless device, 
when compared to the traditional cuff-based ABPM device. 

Methods: Patients were recruited in a single community clinic and randomly assigned to either a cuff-based or a PPG-based 24-hour ABPM test. An assessment team recorded 
the time-to-complete each workflow component with each device. Questionnaires on user experience and workflow were filled by physicians, nurses, and recruited patients. 

Results: Workflow assessment showed that it was faster with the PPG-based device than with the cuff-based device (301.17±58.39 seconds vs 1185±172.34 seconds on 
average, respectively). The PPG-based device received a higher score in all aspects when compared with the cuff-based device. The direct manpower cost reduction was 108,000 
USD per year for 4,500 tests. 

Conclusion: The PPG-based device has several advantages when compared to the traditional cuff-based ABPM device, potentially increasing both patient and medical staff 
satisfaction, and as a result, increasing compliance. This could help improve the diagnosis and treatment of hypertension in the community.

*Corresponding author
Arik Eisenkraft, Institute for Research in Military 
Medicine, Faculty of Medicine, The Hebrew University 
of Jerusalem, and the Israel Defense Force Medical 
Corps, POB 12272, 9112102 Jerusalem, Israel, Tel: +972-
52-9210896

Submitted: 17 November, 2022

Accepted: 12 December, 2022

Published: 15 December, 2022

ISSN: 2379-0547

Copyright
© 2022 Hazan E, et al.

  OPEN ACCESS  

Research Article

Assessing Workflow, Satisfaction, 
and Potential Cost Reduction when 
Using a Cuffless Ambulatory Blood 
Pressure Monitor
Esther Hazan1, Isabella Azarya1, David Dvir1, Viktoria Gonen1, Gregory 
Ekhilevitch1, Roei Merin2, Arik Eisenkraft2,3* and Erez Carmon1

1Meuhedet Health Services, Israel
2Biobeat Technologies Ltd, Israel
3Institute for Research in Military Medicine, Hebrew University of Jerusalem, Israel

ABBREVIATIONS
ABPM: Ambulatory Blood Pressure Monitoring; BP: Blood 

Pressure; CI: Cardiac Index; CO: Cardiac Output; HBPM: Home 
Blood Pressure Monitoring; HR: Heart Rate; HTN: Hypertension; 
MHS: Meuhedet Health Services; OBPM: Office Blood Pressure 
Monitoring; PPG: Photoplethysmography; RR: Respiratory 
Rate; SpO2: Blood Oxygen Saturation; SV: Stroke Volume; SVR: 
Systemic Vascular Resistance

INTRODUCTION
Blood pressure (BP) has been routinely evaluated in clinical 

practice for more than a century, as a robust adjustable risk factor 
for cardiovascular disease. Hypertension (HTN) is a major risk 
factor for cardiovascular diseases, which are the leading cause of 
morbidity and mortality worldwide [1]. Moreover, at least 70% 
of American adults in their 60s and 70s have been diagnosed 
with hypertension, and adults 55 years and older with normal 
BP will have a 90% lifetime risk of developing hypertension 
[2,3,4]. The indications showing that HTN is the major global risk 
factor of morbidity and death and the benefits of BP lowering, has 
been based on upper-arm cuff BP measurement [5]. The upper-
arm cuff BP measurement is recommended for office, home, 
and ambulatory BP measurement (ABPM) in clinical practice 

[5], and is the reference for assessing novel BP measurement 
technologies [6]. ABPM is frequently being used for the diagnosis 
of hypertension [7,8] since it is considered to provide a more 
comprehensive assessment of BP and allows identification of 
patients with distinct BP profiles [9-11]. The use of 24-hour 
ABPM is recommended to confirm the diagnosis of hypertension 
[12]. However, traditional ABPM devices have several drawbacks 
making their use complicated and influencing the accuracy of 
measurements, including cuff use discomfort, inappropriate cuff 
size, intermittent BP measurements in static conditions, and 
inaccuracies in measurements during daily activities and sleep 
[13-19]. An additional important issue is that automated arm cuff 
devices may not be readily available and not easily accessible 
especially in low-resource settings [20]. Despite efforts to reduce 
its prevalence, US hypertension control rates were recently 
shown to decline rather than improve [21].

Recently, several approaches based on sensors, signal 
processing, and algorithms embedded in wearable devices, 
have been developed to allow cuffless BP measurement [22-24], 
directed at providing a solution to the above issues. The potential 
of cuffless wearable devices is to record BP comfortably and 
continuously with minimal user intervention, providing detailed 
and unbiased information regarding circadian BP patterns and 
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variability during work and nighttime, without disturbing sleep 
[20].

As mentioned in the consensus statement by the European 
Society of Hypertension Working Group on Blood Pressure 
Monitoring and Cardiovascular Variability [20], cuffless BP 
measurement technologies embedded in wearable devices 
may improve the awareness and early treatment of HTN in the 
general population, and may also facilitate self-monitoring of BP 
by patients with hypertension, thereby improving adherence to 
treatment and long-term BP control [23]. Clinical validation of 
cuffless BP devices is different and more complex than that for 
cuff-based devices, and standards developed for cuff BP devices 
are probably inadequate for cuffless devices. Cuffless wearable 
techniques are being proposed as the ‘future of BP monitoring’, 
and considerable effort is emerging in providing guidance for 
scientists and clinicians [25].

Despite the significant technical progress and some good 
agreement with conventional cuff-based BP measurement, mainly 
in static clinical conditions but also during daily living [26,27], 
the clinical adoption has been slow, mainly due to conservative 
approaches raising doubt and questioning its validity, while at 
the same time, at least for now, specific standardized guidelines 
of validation procedures are still being defined [28,29]. As 
cuffless BP measurement is a new method for BP evaluation, the 
normalcy thresholds for average cuffless BP values will probably 
need to be verified [20]. Moreover, cuffless BP devices will need 
to show that they provide benefits to patients on top of those 
provided by the currently recommended methods. 

Based on the points raised earlier, this study aimed to test the 
feasibility and ease-of-use, as well as to assess the implications on 
health care providers’ workflow, of a wearable cuffless 24-hour 
ABPM device, compared to a traditional cuff-based ABPM device.

MATERIALS AND METHODS
Study Overview

This prospective observational study included male and 
female patients above 18 years of age, suspected of having 
hypertension, referred by their general practitioners to a single 
clinic to have a 24-hour ABPM test. The participating nurses were 
highly skilled in operating traditional cuff-based ABPM devices. 
The study was approved by the Meuhedet Health Services (MHS) 
Institutional Review Board (approval number 2021-11-15), and 
as both devices are cleared for use by the Israel Ministry of Health 
for this indication, informed consent was exempt. 

Study design and Outcome measurements

Following a referral by their physicians to an ABPM 
assessment unit and upon recruitment, patients were randomly 
assigned to use either a traditional cuff-based ABPM device or 
a photoplethysmography (PPG)-based chest patch device. An 
MHS assessment team was present in the clinic to collect data 
on the different components of the testing and method. This 
included recording the time it took to perform and complete 
each component, and the time to apply both devices (following 
a short period to allow for reaching a learning curve of at least 
three attachments of the chest patch by the nurses). Moreover, 
the team retrospectively contacted the participants – patients, 

nurses, and physicians – and collected their feedback regarding 
user experience.

The cuff-based ABPM device

The cuff-based ABPM device (SunTech Medical, Inc., 
Morrisville, NC, USA) is the standard device used by the MHS 
(Figure 1). It includes the device itself and a cuff, which is 
adjusted based on the size of the patients’ arms. As with any other 
patient using this device, when patients participating in this 
study were assigned to the cuff-based ABPM test, the attending 
nurse admitted them into the ABPM system, provided an 
explanation about the test, connected the device to each patient, 
and assured correct cuff size. Next, patients were discharged 
home, and 24 hours later came back to the clinic to return the 
device. At that time, the nurses connected the ABPM device to 
a computer, downloaded the recordings, and transferred the 
gathered data for final analysis by experts in an analysis center of 
the MHS. When the analysis was completed, the test results and 
conclusions were sent from the analysis center to the initiating 
general practitioner. The report presented to the physicians 
included 24-hour, daytime, and nighttime analysis of BP and PR, 
the presence of dipping, histograms of measurements, and a table 
fully detailing all measurements taken during the session with 
time stamps. Several components are automatically generated, 
and expert physicians interpret some. The measurement rate was 
20 minutes during the daytime, and 30 minutes during nighttime. 
This depicts the full workflow of the currently used cuff-based 
ABPM device.

The PPG-based chest patch device

The chest patch monitors used in this study (Figure 1; Biobeat 
Technologies Ltd., Petach Tikva, Israel) are based on reflective 
photoplethysmography (PPG) technology, in which part of the 
transmitted light is reflected from the tissues and detected by a 
photodiode detector positioned near the light source transmitter 
[26,27]. The disposable devices require a single calibration of 
the pulse rate (PR) and BP baseline using an FDA-cleared cuff-
based device, and it collects multiple parameters, including 
non-invasive cuffless blood pressure (BP), heart rate (HR), 
blood oxygen saturation (SpO2), respiratory rate (RR), body 
temperature (all FDA-cleared and CE mark certified), as well 
as stroke volume (SV), cardiac output (CO), cardiac index (CI), 
and systemic vascular resistance (SVR) (also CE mark certified). 
The automatically-generated report presented to the physicians 

Figure 1 The blood pressure monitoring devices. Left - the currently-
used traditional cuff-based ambulatory blood pressure monitoring 
device; Right - the disposable cuffless photoplethysmography-based 
chest patch device.
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included 24-hour, daytime, and nighttime analysis of BP, PR, CO, 
SVR, data on dipping, histograms of measurements, and a table 
fully detailing all measurements taken during the session with 
time stamps. The measurement rate was 15 minutes during 
the whole monitoring period, including daytime and nighttime. 
Another form factor of the same device is a rechargeable wrist 
monitor [27], not included in this study, aimed for long-term 
monitoring. To date, this is the only cleared cuffless blood 
pressure monitoring device providing these features.

Questionnaires

Nurses, patients, and their primary physicians were contacted 
by phone retrospectively and asked about their user experience. 
Patients were asked about the chest patch only, while nurses and 
physicians were asked about both devices. The patients were 
asked to grade their satisfaction regarding the following aspects: 
how complicated was the device assembly; duration of the device 
assembly; convenience during daily use; aesthetics; irritation; 
ease while dressing; and general satisfaction. Patients were also 
asked about test cessation and if answered yes, what was the 
reason and whether they repeated and completed the test. In 
addition, they were asked about past use of the traditional cuff-
based ABPM device, and if so, which device they would prefer 
now. The referring physicians’ questionnaire included questions 
on the satisfaction rating of the final report, the data display, and 
its clarity. Nurses were asked about ease of attaching the devices; 
aesthetics of using the device; satisfaction with the time it takes 
to connect the device; the comfort of wearing clothes while using 

the device; ease of connecting the device to the MHS’s computer 
systems; and general satisfaction of using the device. They were 
also asked if there were any technical difficulties leading to delays, 
disruption, or cancellation of the test. Except for this question, 
in all other questions among all users, the scores ranged from 1 
(lowest score) to 10 (highest score).

Data collection and analysis

Evaluation of individual test costs was based on the time 
measurements obtained in this study and data retrieved from 
the MHS finance databases. For group comparisons (time 
measurements and questionnaires) non-parametric Mann-
Whitney test was used. Paired samples t-test was used to 
compare the results from the nurses’ questionnaires. Significance 
was achieved when the p-value was below 0.05 (two-tailed). Data 
presented as mean±SD. Statistical analysis was done using Graph 
Pad Prism 8.

RESULTS
For the assessment of workflow, four participants were 

assigned to the cuff-based ABPM device, and six patients were 
assigned to the PPG-based chest patch. Questionnaires were 
filled by 26 participants that were using the PPG-based chest 
patch devices (13 males, age 59.6±13.8 years, BMI 29.6±5.8 
kg/m2), as well as 11 referring physicians, and 3 nurses. There 
were no adverse events from using the devices and none of them 
stopped the test. Table 1 show the results of the questionnaires 
provided to the medical teams and patients. Among nurses, the 

Table 1: Results of the questionnaires.

P value Chest patch Cuff-based ABPM Category/Item

a. Nurses

ns 9.3±1.1 4.3±1.1 Ease of attaching the device?

0.04 10.0±0.0 3.7±2.3 A esthetics of using the device?

0.014 10.0±0.0 2.7±1.5 Satisfaction with the time it takes to connect the device?

0.05 0/3 3/0 Did you encounter technical difficulties leading to delays, disruption, or canceling of the 
test? (Yes/No)

0.001 10.0±0.0 1.3±0.6 Comfort of wearing clothes while using the device?

0.03 10.0±0.0 3.3±2.1 Ease of connecting the device to the HMO’s computer systems?

0.014 10.0±0.0 2.7±1.5 General satisfaction of using the device?

b. Referring general practitioners

ns 9.1±1.4 7.5±2.5 Satisfaction from the report

ns 9.2±1.4 7.6±2.5 Satisfaction from the presentation of the data and the parameters

Average±SD c. Patients (chest patches only)

9.79±0.69 Complexity of device assembly (1 – severe, 10 – not at all)

9.41±2.06 Duration of device assembly and activation (1 – very long, 10 – very short)

9.33±1.16 Convenience in daily use (1 – not comfortable, 10 – very comfortable)

9.70±0.80 Aesthetics (1 – not aesthetic, 10 – highly aesthetic)

9.33±1.68 Local skin irritation (1 – very irritating, 10 – not at all)

9.91±0.39 Convenience while dressing (1 – not comfortable, 10 – very comfortable)

9.66±0.68 General satisfaction with the device (1 – not satisfied, 10 – very satisfied)
Category a. questionnaires provided to nurses on both of the devices; Category b. questionnaires provided to referring physicians on both of the 
devices; Category c. questionnaires provided to patients using the chest patch device. 1 – lowest score, 10 – highest score. ABPM, ambulatory blood 
pressure monitoring. HMO, healthcare management organization. PPG, photoplethysmography
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PPG-based chest patch device received high scores (ranging 
between 9.3-10) in almost all categories, while the rating was 
significantly lower (ranging between 1.3-4.3) with the cuff-based 
ABPM device (p<0.05). Among physicians, a high satisfaction rate 
was found for data presentation and the automatically-generated 
final report (9.2 and 9.1 for the chest patch vs 7.6 and 7.5 for the 
traditional cuff-based device, respectively). When asking the 
patients, we found a high satisfaction rate from using the PPG-
based chest patch device in all categories (ranging from 9.3-
9.9). Other comments from patients were that connection and 
activation are short and simple, the chest patch is comfortable 
and does not protrude under the clothes, it does not awaken from 
sleep, is not cumbersome, and the fact there is no inflating cuff 
prevents stress and local pain as well as no issues of adjusting 
cuff size. Some disadvantages mentioned were that sometimes 
the chest patch interferes with the car belt, it requires shaving the 
chest hair, and since it is not water-proof patients cannot shower 
with the device. 17 patients had previous experience with the 
legacy cuff-based ABPM device, and they have all stated that they 
prefer using the PPG-based device.

The assessing the workflow and comparing the time to 
complete a single session, we found that connecting a patient 
to the PPG-based chest patch device took 301.258.4 seconds 
(average SD) and when using the cuff-based ABPM device it took 
1185.0172.3 seconds (p < 0.01, Table 2). We did not include the 
time it took the cuff-based device to dry after cleaning it before 
the next use, which was around 20 hours per device. Moreover, 
with the traditional cuff-based ABPM device, the time from data 
acquisition until a final report was generated took 3 weeks on 
average, while with the PPG-based platform it was completed 
and uploaded to the web application within 2 minutes (data not 
shown).

The direct cost of manpower per test, including interpretation 
by an expert physician, the work of a technician, and the work of 
a nurse, was cut by 24 USD when using the PPG-based device. 
Assuming a yearly rate of 4,500 tests, it results in savings of 
108,000 USD per year, looking only at the direct manpower cost 
saving.

DISCUSSION
Wearable cuffless BP monitoring devices have emerged 

as a novel approach to continuously measure BP, rather than 
single snapshot clinic measures that are subject to substantial 
variability [30]. Moreover, long-term BP readings are increasingly 
recognized to better relate to cardiovascular outcomes than 
cross-sectional readings [31].

The PPG-based device used in this study was already shown 
to provide accurate measurements when compared with a 
traditional cuff-based ABPM device [27]. When comparing 
the PPG-based chest patch devices with the currently-
used traditional cuff-based ABPM devices we found several 
advantages. The PPG-based device is simple to use and user 
friendly, and easy to train and operate. Moreover, the satisfaction 
rate of patients, nurses, and physicians was high. As studies show 
the importance of nighttime measurements and their relation 
to cardiovascular morbidity and mortality [32], and the novel 
device provides measurements every 15 minutes during the 
whole 24-hour period [33,34], this could be regarded as another 
advantage. The automatically-generated report potentially 
allows for increased efficiency in terms of labor and analysis 
costs, as instead of waiting for up to 3 weeks to receive the final 
expert report, the automatically-generated report is available 
within several minutes after completion of the 24-hour session. 
The fact that the sensor is disposable eliminates the need for 
patients to return to the clinics. This feature was found to be 
especially important during the COVID-19 pandemic. Today, 
clinics that have traditional ABPM devices can perform a limited 
number of studies per day, based on the number of devices they 
have and their timely return after completion of a session by the 
patients. However, this could dramatically change when using 
the disposable PPG-based chest patch device, as the time-to-
connect is shorter, there is no dependency on returning a device 
by the previous user (i.e., no waiting list), no need to download 
the collected data, nor cleaning the device and preparing it for 
the next patient. As shown in our results, the time to complete 
the workflow when using the PPG-based devices is significantly 
reduced when compared with the cuff-based ABPM devices. 
All of these translate into a substantial reduction of time for 
both the nurses and the patients, reducing further the costs of 
completing the 24-hour assessment. The PPG-based device has 
ranked high in simplicity and comfort, potentially improving 
patients’ compliance to complete the test. This is especially 
important as the rates of hypertension rise while the rates of 

Table 2: Time to complete the various components with each device.
Cuff-based ABPM
(n=4) Time PPG-based chest patch

(n=6) Time P-value

Patient admission 262.5±118.42 Patient admission 50.83±24.98

Explanation about the device 105±57.45 Explanation about the device 77.33±20.26

Connecting device on patient 165±75.50 Assuring cellular compatibility & 
downloading the app 64.16±12.81

Entering patient’s data into the system 97.5±28.72 Entering data into the app 37.50±6.89

Patient admission upon return 165±30 Calibration of first measurement 60.00±0.00

Downloading data into the computer 75±30 Shaving and attaching the patch 11.33±10.23

Washing the cuff and putting batteries in charger 315±30

Total time in seconds (without drying) 1185.0±172.3 Total time in seconds 301.2±58.4 0.005
Time measurements are presented as mean±SD in seconds. Drying of the cuff took 20 hours, and was not included in this analysis. ABPM, 
ambulatory blood pressure monitoring.
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patients’ compliance decline [21]. By using a simple, wireless, 
and cuffless disposable device, healthcare systems could now 
provide a better adjusted and an earlier therapeutic intervention, 
changing the timeline of home ABPM tests to the timelines we are 
used to when we get laboratory blood tests. Moreover, since the 
device is not causing any stress or discomfort, it allows repeated 
ABPM assessments, helping not only with the diagnosis of HTN 
but potentially also with adjusting treatment in the long run. 
Such a device can also help with enhancing equal access to health 
care, as every person with the same health need can be given an 
equally effective chance of receiving the appropriate treatment.

Even though the currently-used cuff-based ABPM devices 
have helped with the diagnosis of HTN over the years, they 
still have several disadvantages leading to low compliance 
and adoption by patients [35], who need to be diagnosed or 
reassessed, as the repeated cuff inflation is in many cases painful, 
and disrupts the everyday routine, including sleeping time [36]; 
the cuff size should be well adjusted to the arm in order to avoid 
inaccuracies of BP measurements; the dependance on returning 
the device back on time for the next person to use it often results 
in a long waiting list that in most countries last for several weeks 
and months, delaying the diagnosis and proper treatment, as well 
as further reduction in compliance due to the need to return to 
the clinic; measurements are collected every 20-30 minutes, and 
when considering artifacts and misreading, this might result in 
a limited amount of data to provide accurate assessment of day-
time and night-time averages; the whole process of connecting a 
patient, downloading the data and preparing the device for the 
next patient is considered a cumbersome and lengthy workflow 
for nurses; and they are costly [30], Unlike the ABPM test, the 
home and office BP monitoring (HBPM and OBPM, respectively) 
provide only few day time measurements. 

Both modalities provide an infrequent snapshot of BP 
measurements during day-time only, missing the morning 
surge and any night-time measurements [30]. By that, they miss 
the night time measurements which is more linked with HTN-
related cardiovascular morbidity. As both are based on cuff 
measurements, there is still the need to adjust the cuff size and it 
involves inconvenience and painful measurements, and regarded 
as tedious for patients. Patients must arrive to the clinic to have 
the OBPM test, and preferably – have it while they are alone in a 
silent room [37,38]. This takes time and reduces the compliance. 
HBPM relies on the compliance of patients to keep good and 
proper record of their measurements, perform the measurement 
properly, and assuring proper cuff size. HBPM devices’ use is 
infrequent and associated with low acceptability [30]. On top 
of the previously-mentioned barriers to use, there are issues 
of not remembering to use it, and it is hard to position and use 
independently. All of these issues lead to underestimation of the 
real burden of HTN, and lack of proper assessment of treatment 
efficiency and success.

Cuffless BP devices provide automated out-of-office BP 
readings without any cuff disturbance or user awareness; 
measurements are taken more frequently, providing more data 
points for a better assessment of BP during the 24-hour session, 
and especially during the night; it is a disposable, single use 
device, potentially reducing or eliminating the waiting lists, 

and with no need to return it to the clinic after use; and as 
demonstrated in the current study, the nurses’ workflow has 
been cut in more than a half when using this platform. This is 
expected to increase patients’ compliance, as already being 
shown in the questionnaires performed within the current study. 
A recent study [30], explored patient attitudes towards the use 
of a cuffless device compared to classic methods. This included 
semi-structured audio-recorded interviews with participants, 
and discussed several points raised during the study, such as 
the finding that the classic 24-h monitoring was associated with 
low acceptability, annoyance, sleep disturbance and functional 
limitation. Conversely, participants reported high usability and 
comfort with the cuffless wearable device, similar to the findings 
in the current study, stating it was simple, practical, convenient, 
more comfortable, less intrusive, less bulky, did not impact 
lifestyle, did not affect sleep, and was easy to use. 

The PPG-based device enabled direct manpower cost 
reduction of 24 USD per test, and a total of 108,000 USD per year. 
However, one should also consider other costs that will probably 
be also reduced, including mainly logistical components, as well 
as the elimination of waiting lists, and the fact that patients will 
not need to return the devices to the clinics. These parameters 
were not quantified in the current study and should be looked at 
in future assessments.

CONCLUSIONS
To conclude, we found the disposable PPG-based chest patch 

advantageous over the traditional cuff-based ABPM device, 
showing that it is well tolerated by patients, simple to use, and 
with the automatically-generated report could serve as the next 
generation of ABPM assessment. The substantial decrease in time 
required by the nurses is also of high importance, helping to ease 
the burden especially during this time, with increased burn-out 
of nursing staff all over the world. Moreover, the reduction in 
direct costs is also considered as an advantage, especially when 
the costs of health care keep rising. Further studies will look at 
the effect of the device on cost reduction beyond what we show 
here, as well as on treatment adherence, and clinical outcome.

Although the exact role of cuffless BP devices is yet to 
be recognized in clinical practice, patients already express 
unequivocal preference for such devices compared to legacy cuff-
based devices.

LIMITATIONS OF THE STUDY
A major limitation of this study is the small number of 

participants, and despite the quite conclusive results, future 
studies will need to include larger numbers of participants in 
order to substantiate our findings. Another important aspect 
would be adding a clinical outcome end point, showing whether 
indeed compliance is higher, and whether the cuffless technology 
allows proper control of HTN, at least as good as what we curently 
show using the cuff-based devices.
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