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Abstract
Smartphones may provide a highly available access to simplified hypertension screening in environments with limited health 
care resources. Most studies involving smartphone blood pressure (BP) apps have focused on validation in static conditions 
without taking into account intraindividual BP variations. We report here the first experimental evidence of smartphone-
derived BP estimation compared to an arterial catheter in a highly dynamic context such as induction of general anesthesia. 
We tested a smartphone app (OptiBP) on 121 patients requiring general anesthesia and invasive BP monitoring. For each 
patient, ten 1-min segments aligned in time with ten smartphone recordings were extracted from the continuous invasive BP. 
A total of 1152 recordings from 119 patients were analyzed. After exclusion of 2 subjects and rejection of 565 recordings due 
to BP estimation not generated by the app, we retained 565 recordings from 109 patients (acceptance rate 51.1%). Concord-
ance rate (CR) and angular CR demonstrated values of more than 90% for systolic (SBP), diastolic (DBP) and mean (MBP) 
BP. Error grid analysis showed that 98% of measurement pairs were in no- or low-risk zones for SBP and MBP, of which 
more than 89% in the no-risk zone. Evaluation of accuracy and precision [bias ± standard deviation (95% limits of agreement)] 
between the app and the invasive BP was 0.0 ± 7.5 mmHg [− 14.9, 14.8], 0.1 ± 2.9 mmHg [− 5.5, 5.7], and 0.1 ± 4.2 mmHg 
[− 8.3, 8.4] for SBP, DBP and MBP respectively. To the best of our knowledge, this is the first time a smartphone app was 
compared to an invasive BP reference. Its trending ability was investigated in highly dynamic conditions, demonstrating 
high concordance and accuracy. Our study could lead the way for mobile devices to leverage the measurement of BP and 
management of hypertension.
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1 Introduction

Worldwide, hypertension is one of the largest contribu-
tor to heart disease and stroke and the leading risk factor 
responsible for ten million premature deaths [1, 2]. With a 
current trend showing an increase of > 500 million people 

since the 1970s, prevalence is expected to increase to 1.56 
billion worldwide by 2025 [3], driven largely in low and 
middle-income countries (LMIC) [4]. Accurate, reliable 
and repeated blood pressure measurements are essential for 
the diagnosis of hypertension. In this context, out-of-office 
blood pressure has emerged as an effective, affordable and 
convenient means of screening [5] with better prognostic 
ability than office blood pressure monitoring [6, 7].

Mobile revolution applied to healthcare is a promising 
candidate to leverage out-of-office blood pressure moni-
toring as numerous systematic reviews and meta-analyses 
have enforced the effectiveness of mobile health to improved 
medical adherence by lowering both mortality and morbidity 
[8]. Hence, bringing to the populations a mobile application 
allowing them to measure accurately their blood pressure 
at any time would be an important step in the global health 
prevention strategy.
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In the last decade, the development of techniques based 
on the indirect measurement of pulse wave velocity using 
non-invasive techniques such as tonometry, photoplethys-
mography (PPG), and electrocardiography have opened 
new horizons for the cuff-less monitoring of blood pres-
sure [9–11]. These solutions are typically based on the 
measurement of the pulse propagation time between two 
arterial sites [12] but technical constraints have prevented 
these models to become reliable clinical tools for measur-
ing BP [9, 13]. Pulse wave analysis (PWA) relies on the 
biomechanical and physiological correlation between BP 
and the wave morphology along the arterial tree [14, 15] 
(Fig. 1). The resulting arterial pulses are the superposi-
tion of forward and backward waves interfering at vari-
ous locations of the arterial tree. The clinical benefits of 
using PWA to determine BP compared to a cuff sphyg-
momanometer was demonstrated by The Conduit Artery 
Function Evaluation (CAFE) study [16] and the Strong 
Heart Study [17, 18]. In these two studies, central systolic 
and pulse pressures were more sensitive than peripheral 
brachial blood pressure to assess cardiovascular risk and 
pharmacological interventions. Recently, IPAAR Trial 
(iPhone App Compared With Standard RR Measurement) 
failed to validate a BP algorithm to estimate SBP recorded 
with a smartphone camera but emphasized and confirm the 

potential of a smart device to screen for hypertension in 
the general population in the future [19, 20].

In this context, a smartphone application based on PWA 
(OptiBP™, Biospectal, Switzerland) has been validated 
on a general population compared to a dual-head stetho-
scope and sphygmomanometer method as described in ISO 
81060-2 standards, and in various other settings [21–24]. 
Although the ISO universal standard may validate the 
accuracy and precision of the above solution, its ability to 
track intra-patient BP variations remains to be validated 
[25].

The aim of our current study was to evaluate the blood 
pressure trending ability of the OptiBP app using a Pulse 
Wave Analysis compared to invasively acquired blood 
pressure measurements in a context of high BP variabil-
ity such as induction of general anesthesia. The second 
and third part of our analysis aimed at assessing clinical 
concordance using error grid analysis as well as accuracy 
and precision based on the ISO 81060-2 standards for non-
invasive sphygmomanometers.

Fig. 1  The app utilizes image data generated from volumetric blood flow changes (1) via light passing through the fingertip, reflecting off the tis-
sue (2), and then passing to the phone camera’s image sensor (3)
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2  Methods

2.1  Study design and population

For this prospective multicentric study, we obtained 
informed consent from 121 patients aged 18 years or more 
and scheduled for an elective surgery requiring general 
anesthesia and invasive BP monitoring at CHUV (Univer-
sity Hospital of Lausanne, Switzerland) and HUG (Uni-
versity Hospital of Geneva, Switzerland) between April 
2019 and November 2019. Exclusion criteria were patient 
refusal, age below eighteen, inability to give informed 
consent, ASA risk > 3, dysrhythmia (bigeminy, trigem-
iny, isolated VPB, atrial fibrillation), contraindication to 
the placement of an arterial catheter (Raynaud’s disease, 
Burger arthritis, negative Allen test, major hyperlipi-
demia), or known contact dermatitis to nickel/chromium 
[26].

Patients were prepared for anaesthesia according to the 
existing safety and standard procedures of the Department 
of Anesthesiology of CHUV Lausanne and HUG Geneva, 
tailored individually to the patient, depending on his con-
comitant disease, treatments, and procedures. A dedicated 
catheter (BD Arterial Cannula 20G/1.1 mm × 45 mm, Bec-
ton Dickinson Infusion Therapy Syst. Inc., UT, USA) was 
inserted predominantly into the right or left radial artery 
under local anesthesia, allowing beat-to-beat continu-
ous blood pressure monitoring. Patients were monitored 
with Philips® IntelliVue MP50 monitor conjointly with 
M3001A module for IAP measurements (Philips, Amster-
dam, the Netherlands). General anesthesia was induced 
with an infusion of propofol (2–3 mg/kg) while intravenous 
analgesia was provided by boluses of fentanyl (1–2 μg/
kg) or continuous remifentanil infusion (0.1–0.5 μg/kg/
min) depending on the surgical intervention. Rocuronium 

(0.6 mg/kg) was administered before intubation. The man-
agement of the anesthesia was left at the discretion of the 
anesthesiologist in charge and maintenance provided with 
propofol (6–12 mg/kg/h). Boluses of ephedrine (5–10 μg) 
or phenylephrine (50–100 μg) depending on the clinical 
context were used in case of necessity for hemodynamic 
support.

The study was approved by the local ethics committee 
(CER-VD no 2018-01656) and registered under number 
NCT03875248 (Arm 1) at www. clini caltr ials. gov. The 
clinical investigation was conducted in compliance with the 
European Directive 93/42/EEC on medical devices [27] with 
the Swiss Ordinance on clinical trials of therapeutic prod-
ucts [28] and with international standards ISO 14155:2011 
[29]. In the absence of standards applicable to our cuffless 
approach, we evaluated the performance of the app using the 
standards of the ISO 81060-2:2018 norm [30].

2.2  Data processing and analysis

2.2.1  Invasive data processing

The continuous invasive BP was recorded at induction of 
general anesthesia for 20 min.

All data were recorded with the ixTrend express software 
version 2.1.0 (ixellence GmbH, Wildau, Germany) installed 
on a laptop computer connected to the monitor and analyzed 
and post-processed offline using MATLAB version R2020b 
(The MathWorks, Inc., Natick, USA). For each patient, ten 
1-min segments aligned in time with ten smartphone record-
ings were extracted from the continuous invasive BP  (BPinv) 
recording, as illustrated in Fig. 2. For each 1-min segment of 
invasive BP data, the average value and the standard devia-
tion (SD) of  SBPinv (systolic),  DBPinv (diastolic) and  MBPinv 
(mean) were computed.

Fig. 2  Identification of invasive BP changes (∆BPinv) and compari-
son with their corresponding PPG-derived BP changes (∆BPPPG). 
All possible pairs of BP changes between the ten recordings of each 
patient were considered; only a few of them are illustrated in the fig-

ure as orange arrows for readability reasons. BP blood pressure; ∆BP 
BP change; PPG photoplethysmography; BPinv invasive BP; BPPPG 
PPG-derived BP

http://www.clinicaltrials.gov
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2.2.2  Smartphone data processing

We used a Samsung Galaxy S7 (Samsung GEC, 26, Sangil-
ro 6-gil, Gagdong-gu, Seoul, Korea). Similarly, to the inva-
sive BP data, each 1-min smartphone video recording was 
post-processed and analyzed in MATLAB to obtain a PPG-
derived  SBPPPG (systolic),  DBPPPG (diastolic) and  MBPPPG 
(mean) value per recording. To that end, for each 1-min 
sequence of images acquired with the smartphone, the pixels 
from the green channel of the central region of each image 
in the video sequence were averaged to obtain a PPG signal. 
From each 1-min PPG signal, a BP estimate was obtained 
in a fully automated manner via our PWA algorithm [31] 
which maps morphological features of PPG waveforms into 
BP estimates via a non-linear model. In addition to provid-
ing BP estimates, the algorithm automatically rejects unreli-
able BP estimates obtained from PPG signals it considers of 
insufficient quality. The algorithm was previously described 
in detail and validated in pulse oximeter PPG signals during 
general anesthesia [32].

2.3  Algorithm parameters training

The parameters �̂  of the non-linear model applied to the set 
of morphological features extracted by the algorithm were 
trained using data acquired by a previously published study 
[32], minimizing in the least-square sense the error between 
 BPinv changes (∆BPinv) and  BPPPG changes (∆BPPPG). To 
that end, significant changes in BP in the invasive reference 
data were selected and compared to their corresponding 
PPG-derived BP changes. By concatenating all selected 
∆BPinv changes and their corresponding ∆BPPPG values for 
all 40 patients in vectors U and V respectively, the parame-
ters �̂  of the model were optimized in the least-square sense, 
i.e., by solving ̂� = argmin

�

‖U − V‖2 . The thus trained model 

was then applied, with no further adaptation, to the smart-
phone-derived PPG data in the present study.

2.4  Statistical analysis

The main part of our study focused on assessing BP changes 
(trending ability) rather than estimating absolute BP val-
ues. Hence BP changes between all possible pairs of record-
ings were computed for each patient and no calibration was 
needed (Fig. 2). A BP change between two recordings i and 
j was obtained as: ∆BP(i,j) = BP(j) − BP(i) and done both 
for  BPinv and  BPPPG, resulting in a list of {∆BPinv, ∆BPPPG} 
data pairs for analysis.

To assess the blood pressure trending ability of OptiBP, 
we used the four-quadrant (4Q) plot method conjointly 
with polar plots as proposed by Critchley et al. [33, 34]. 

In the 4Q-method, the upper-right and down-left quadrants 
contain all {∆BPinv, ∆BPPPG} pairs showing a concordant 
direction of change. Hence, the derived concordance rate 
(CR) represents the percentage of data points in which 
∆BPPPG and ∆BPinv change in the same direction. Although 
the 4Q-method is a good mean to assess trending ability it 
does not allow to realize the magnitude of changes between 
{∆BPinv, ∆BPPPG} pairs. To that end, Critchley suggested 
to transpose the Cartesian coordinate of the 4Q plots to 
polar coordinates in so-called polar plots, which enable a 
quantitative assessments of trending ability. As suggested 
by the author, we assessed the angular concordance rate 
at ± 30°, with upper radial limits of ± 5° (mean polar angle) 
as acceptance limits. To exclude non-significant changes, 
central exclusion zone of 15% was used for 4Q analysis [33].

The second part of our analysis aimed to pass a clinical 
judgement on the agreement between  BPinv and  BPPPG. 
To this end, we used and adapted Saugel et al. [35] BP 
error-grid analysis which defined five risk zones for a 
BP measurement method based on twenty-five interna-
tional specialists in anesthesiology and intensive care 
medicine. Note that this error-grid was first stratified for 
critical care and perioperative purpose, hence DBP was 
deliberately excluded due to its minor role as an isolated 
value in this setting. Saugel defined these five risk zones 
(A: no risk to E: dangerous risk) as follow: (A) No risk 
(i.e., no difference in clinical action between the refer-
ence and test method), (B) Low risk (i.e., test method 
values that deviate from the reference but would probably 
lead to benign or no treatment), (C) Moderate risk (i.e., 
test method values that deviate from the reference and 
would possibly lead to unnecessary or missed treatment 
with moderate non-life-threatening consequences for the 
patient), (D) Significant risk (i.e., test method values that 
deviate from the reference and would lead to unneces-
sary or missed treatment with severe non-life-threatening 
consequences for the patient), (E) Dangerous risk (i.e., 
test method values that deviate from the reference and 
would lead to unnecessary or missed treatment with life-
threatening consequences for the patient). Note that this 
methodology is based on comparison between absolute 
BP values and in absence of calibration in our setting, 
we had to transform them into absolute values by cali-
brating (i.e., adding an appropriate offset)  BPPPG by the 
average of all  BPinv values. By doing so, we artificially 
find good agreement between  BPPPG and  BPinv values 
for patients were there is low BP variability during the 
measurements. For this reason, all the measurements of 
patients for whom no significant {∆BPinv, ∆  BPPPG} pair 
was found were entirely rejected for this part of the analy-
sis, thus leaving us only with patients with significant BP 
variability, thereby providing a more realistic evaluation 
of the performance of our method.
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The last part of our analysis aimed at assessing the 
ability of OptiBP to accurately estimate BP. Each cali-
brated  BPPPG value was compared to its corresponding 
 BPinv value in terms of accuracy (bias) and precision 
of agreement (SD of the differences) based on the ISO 
81060-2:2018 norm [30]. Due to the absence of an appli-
cable norm for continuous BP measurement devices, the 
latter was used as a point of comparison. When using 
invasive continuous data as BP reference, our analysis 
takes into account the variability of said reference when 
evaluating the agreement with the device under test. More 
specifically, as illustrated in the right-hand side of Fig. 2, 
the ISO 81060-2:2018 standard details that if the BP of 
the device under test falls within the ± 1 SD interval 
around the average value of  BPinv, the error is considered 
to be zero (zero-zone). In addition to providing the accu-
racy (bias) and precision of agreement (SD) in mmHg, 
we also provided them as percentage errors, i.e., with 
normalization of the difference between  BPinv and  BPPPG 
by the value of  BPinv.

2.5  Sample size determination

The minimal sample size to detect a change of 5 mmHg with 
a worst-case expected standard deviation (SD) of the error 
of 12 mmHg at a 5% significance level with a power of 90% 
was determined to be 61 (two-sided, one-sample test) [36]. 

The value of 5 mmHg was chosen because it is below any 
physiologically expectable 20% change in MBP, whereas 
the value of 12 was the upper limit of the 95% confidence 
interval of the SD obtained in a previous PPG-based study 
by our group during anesthesia induction [32]. Expecting 
possible dropouts due to the use of a smartphone (gener-
ally lower signal quality than standard pulse oximeters and 
risk of inadequate finger positioning), a security margin was 
taken, and 121 patients were enrolled.

3  Results

Recordings from 109 subjects were retained for analysis 
after exclusion of two subjects and rejection of 565 record-
ings due to BP estimation not generated by the app (corre-
sponding to a global acceptance rate of 51.1%) (see CON-
SORT, Fig. 3). Mean age was 58.5 (SD 14.2) with a male/
female ratio of 58/51. Vasopressors used for hemodynamic 
support during the 20 min study periods are summarized in 
Table 1. The distribution of demographic and biometrics 
data is summarized in Table 2. Per-patient BP average and 
mi-max range over the cohort is summarized in Table 3. A 
typical temporal evolution of BP during anesthesia induc-
tion phase in a patient as well as BP estimation by the app 
is illustrated in Fig. 4.

Fig. 3  CONSORT Flow Chart of signals used for evaluation. A total 
of 1152 recordings from 119 patients were analyzed. After exclusion 
of 2 subjects and rejection of 565 recordings due to BP estimation not 

generated by the app, we retained 565 recordings from 109 patients 
(acceptance rate 51.1%)
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3.1  Trending ability

Figure 5 shows four-quadrant and polar plots for SBP, DBP 
and MBP, depicting the relationship between ∆BPinv and 
∆BPPPG at a cohort-wise level. When evaluating the trend-
ing ability on all changes of more than 15% (corresponding 
to ~ 34% of all changes), CR values of 91%, 93% and 95% 
were found for SBP, DBP and MBP, respectively. Polar plots 
demonstrate an angular CR of 90%, 92% and 92% for SBP, 
DBP and MBP respectively. Results of polar plots analysis 
are summarized in Fig. 5 and Table 4.

3.2  Error‑grid analysis

The number of patients with at least one significant {∆BPinv, 
∆  BPPPG} pair—and therefore used for error-grid analy-
sis—was 79 for SBP and 81 for MBP. Error grid analysis 
showed that the proportions of risk zones A–E were 89.8% 
(n = 449), 9% (n = 45), 1.2% (n = 6), 0%, 0% for SBP and 
89.9% (n = 457), 9.8% (n = 50), 0.2% (n = 1), 0%, 0% for 
MBP. Continuous error grids are shown in Fig. 6.

3.3  Precision and accuracy

When evaluating the accuracy and precision between  BPinv 
and  BPPPG we found a difference [bias ± SD (95% Lim-
its of Agreements)] of 0.0 ± 7.5  mmHg [− 14.9, 14.8], 
0.1 ± 2.9 mmHg [− 5.5, 5.7], and 0.1 ± 4.2 mmHg [− 8.3, 
8.4] for SBP, DBP and MBP respectively. Expressed as 
percentage errors, these figures became 0.3 ± 6.6 [− 12.6, 
13.3], 0.3 ± 4.9 [− 9.4, 10.0], and 0.3 ± 5.4 [− 10.3, 10.9], 
respectively.

4  Discussion

In this study we were able to evaluate the trending ability 
of a Pulse Wave Analysis method included in a smartphone 
application measuring blood pressure compared to an inva-
sively acquired values in highly dynamic conditions. With 
an angular bias < 5° for SBP, DBP and MBP, our app dem-
onstrates no bias on estimating the amplitude of BP changes 
and a good trending ability in term of direction of change. 
Considering magnitude of change, most of the measure-
ments (90–95%) are in the same radial limit of agreements 
range as those defined by Critchley et al. for the cardiac 
output (± 30°).

Studies comparing accuracy and precision of continu-
ous non-invasive arterial pressure monitoring systems with 
invasive arterial pressure measurements in the operating 

Table 1  Demographic and biometric characteristics of the 109 
patients

Data are presented as mean ± SD [range] or count (%)
ASA American Society of Anesthesiologists; ENT ear, nose, throat; 
ACE angiotensin-converting enzyme; ARBs angiotensin II receptor 
blockers

Age (years) 58.9 ± 14.2 [24–87]
Height (cm) 170.1 ± 8.9 [143–190]
Weight (kg) 76.8 ± 17.1 [45–152]
Body Mass Index (kg/m2) 26.5 ± 5.4 [16.5–47.4]
Sex (male/female) 58/51
Active smoking 31 (28.7)
ASA physical status (I/II/III) 1 (0.9)/76 (69.7)/32 (29.4)
Type of surgery
ENT surgery 29 (26.6)
Neurosurgery 66 (60.6)
Spinal surgery 14 (12.8)
Comorbidities
Arterial hypertension 42 (26.6)
Coronary artery disease 14 (12.8)
Arteriopathy 6 (5.5)
Valvular heart disease 10 (9.2)
Renal insufficiency 9 (8.3)
Diabete mellitus 5 (4.6)
Dyslipidemia 21 (19.3)
Anti-hypertensive medication
Beta-blockers 20 (18.3)
ACE inhibitors and ARBs 34 (31.2)
Calcium channel blockers 10 (9.2)
Thiazide diuretics 9 (8.3)
Spirinolactone 6 (5.5)

Table 2  Vasopressors used during the 20 min study periods

Data are presented as mean ± SD [range] or count (%). n represent the 
number of patients who required vasopressor administration

Type n Per patient doses

Ephedrine (mg) 40 (36.7) 15.7 ± 11.8 [5–50]
Phenylephrine (ug) 23 (21.1) 376.1 ± 248.6 [50–900]

Table 3  Per-patient BP average and min–max range over the cohort

Data are presented as mean ± SD [range]. The average blood pressure 
(BP) and variability values are the per-patient average value and per-
patient minimal–maximal range of invasive BP throughout the entire 
recording
SBP systolic blood pressure; MBP mean blood pressure; DBP dias-
tolic blood pressure

Per-patient SBP average 119 ± 19 [87–173]
Per-patient DBP average 61 ± 9 [37–88]
Per-patient MBP average 81 ± 12 [52–122]
Per-patient SBP min–max range 56 ± 30 [5–167]
Per-patient DBP min–max range 24 ± 13 [2–66]
Per-patient MBP min–max range 36 ± 20 [3–110]
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room and critical care settings have led to poor accuracy 
and precision as reported by Kim et al. [37]. Surprisingly, 
the use of “zero-zone” is constantly missing in any of the 
studies reviewed in their meta-analysis which can explain 
such results. Hence, Kim rightly emphasizes the observed 
heterogeneity and the lack of consistency in the way accept-
ability of these devices is defined, throwing a spanner in the 
works to adopt more specific standards to conduct and report 
method-comparison studies. Our study was designed to con-
sider such “zero-zone”. Multiple blood pressure measure-
ment per individual time point being technically not feasible 
we followed Hapfelmeier et al. and comply with their recom-
mendations [38]. To that end, the amplitude of the ∆BPPPG 
changes was compared to that of the ∆BPinv changes in 
terms of accuracy (bias) and precision of agreements (SD 
of the differences) based on the ISO 81060-2:18 norm 
[30]. Based on the “zero zone” methodology, our approach 
showed promising accuracy and precision. Although we are 
aware that it is very difficult to draw any conclusions in the 
light of our results, we are sure it will bring a good point 
of comparison with other studies. Hence, to ensure repro-
ducibility, we also reported values in percentage error as 
proposed in [38].

We choose to transpose Saugel et al. [35] error grid to our 
specific use case to assess the clinical relevance of the BP 
measurement differences between our app and the intra-arterial 
reference. In contrast with Bland–Altman analysis which only 
assesses statistical agreement between the test and reference 
method for BP monitoring, Saugel make a step over deriv-
ing the error grid analysis—first use for glucose measurement 
analysis—to BP measurements to combine clinical concord-
ance to therapeutic consequences. After exclusion of patients 
with low BP variability, our app demonstrates a good clini-
cal concordance with more than 98% of measurement pairs 

in no- or low-risk zones for SBP and MBP, of which more 
than 89% in no-risk zone. These results are better than those 
presented by Takashi et al. [39] which investigated confound-
ing factors affecting discrepancies between invasive arterial 
pressure (IAP) measurement and non-invasive blood pressure 
(NIBP) oscillometric technique using error grid analysis in 
100 patients undergoing general anesthesia. In their study, dif-
ference between IAP and NIBP for MBP (not SBP) were not 
clinically acceptable. After multiple regression analysis, con-
tinuous phenylephrine administration (more than half of the 
operation time) and age > 60 years old were the major factors 
for an increased clinical risk of IAP and NIBP discrepancies 
which—as mentioned by the author—is consistent with other 
studies in the field. We did not specifically design our study 
to investigate potential cofounders but even after analyzing 
MBP sub-group in the study by Takashi et al. and rejection 
of patients with phenylephrine administration, our obtain a 
higher clinical concordance than standard NIBP oscillometric 
measurement. This difference can be explained in part by a 
different median age between our study and that of Takashi of 
58.9 vs 68 respectively. Although this last result must be taken 
with caution due to major difference in the two studies strati-
fication it raises an important question. Association for the 
Advancement of Medical Instrumentation (AAMI) approach 
requires hemodynamic stability for NIBP to deliver reliable 
values. This questions the methodology or statistical analy-
sis to use NIBP in highly dynamic blood pressure conditions 
which can be easily found when using a gold standard arterial 
catheter as proposed by the AAMI. Moreover, this open up a 
wider question, already raised by Fortin et al., about the use of 
such devices in real life as well as the need for new evaluation 
standard taking into consideration trending ability of devices 
under real-life clinical conditions [40].

Fig. 4  Example of the temporal evolution of invasive blood pressure 
measurements and blood pressure predictions as generated by the app 
in a patient. For easy viewing, PPG-derived BP were centered (cal-
ibrated) on the average value of the reference in the plot. From the 
start of the induction (t0), ten continuous invasive BP 1-min segments 

(___ invasive SBP,___ invasive DBP,___ invasive MBP) aligned in 
time with ten smartphone recordings (___ raw PPG trace) were pro-
cessed and analyzed by OptiBP algorithm to give PPG-derived SBP, 
DBP and MBP signals. BP blood pressure; PPG photoplethysmogra-
phy; SBP, DBP, MBP systolic, diastolic, mean blood pressure
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Our study has several limitations. First, we used polar 
plots as defined by Critchley et al. which was validated 
against concordance and the opinion by authors of limited 
comparatives studies. As suggested by Peyton and Chong 
[41] guidelines has to be adjusted in the light of the effec-
tive reference and/or technique applied to the measurement, 
even suggesting an increase of radial limits of agreement 
(RLOA) from 30 to 45%. Although numerous studies [32, 
42–45] have used such statistical methodology to validate 
continuous blood pressure devices, to our knowledge, there 
is currently no consensus on the limits to be applied [46]. 
Similar limitations can be reported using error-grid which 
is in our sense an innovative and promising tool to validate 
blood pressure devices but currently lacks the hindsight to 
issue real guidelines adapted to specific populations and ref-
erence methods. Secondly, repeated measurements with a 
stable BP were not possible to determine in such study due 
to high blood pressure variations. Thus, determining the pre-
cision of measurement of our app was not possible. Third, 
to evaluate clinical risk as defined by error-grid, given the 
highly dynamic environment, we had to calibrate  BPPPG by 
the average of all  BPinv values. This implies a perfect calibra-
tion which is not feasible in practice. Finally, we observed 
a poor—but expected—acceptance rate due to induction 

Fig. 5  Four-quadrant plots (left) and polar plots (right) for SBP, DBP 
and MBP depicting the relationship between ∆BPinv and ∆BPPPG at a 
cohort-wise level. In the polar plots, the distance from center (radial 
distance) represents the mean of ∆BPinv and ∆BPPPG. The solid black 
lines represent the ± 30° radial limits. The dash-dotted line shows the 
mean polar angle (angular bias) whereas the two dashed lines repre-
sent the 95% confidence interval. Formulae for the polar coordinates, 
which differ from standard Cartesian-polar conversion, are described 
in Critchley et al. [33]. SBP systolic blood pressure; MBP mean blood 
pressure; DBP diastolic blood pressure; BPinv BP as assessed by the 
invasive method; BPPPG BP as assessed by the non-invasive (PPG) 
method; ∆BP change in BP of at least ± 15%

◂

Table 4  Polar plots analyses for SBP, DBP and MBP

SBP systolic blood pressure; MBP mean blood pressure; DBP dias-
tolic blood pressure; CR concordance rate

Radial bias (°) Radial SD (°) Radial limits 
of agreement 
(95%)

Angular CR 
(± 30°) (%)

SBP − 2.2 18.8 [− 39.1°, 34.7°] 90
DBP − 0.2 17.1 [− 33.8°, 33.4°] 92
MBP − 2.0 17.2 [− 35.8°, 31.7°] 92

Fig. 6  Error grids for systolic and mean blood pressure from 79 (for 
SBP) and 81 (for MBP) patients with significant intra-subject BP 
variability. The grid is divided into five zones representing degrees 
of clinical risks based on the concordance between  BPinv and  BPPPG. 
Zone A represents no risk for the patient; zone B represents low 
risk; zone C represents moderate risk; zone D represents significant 

risk; zone E represents dangerous risk. A–E are 89.8% (n = 449), 9% 
(n = 45), 1.2% (n = 6), 0%, 0% for SBP and 89.9% (n = 457), 9.8% 
(n = 50), 0.2% (n = 1), 0%, 0% for MBP. n measurement pairs; SBP 
systolic blood pressure; MBP mean blood pressure; BPinv BP as 
assessed by the invasive method; BPPPG BP as assessed by the non-
invasive (PPG) method
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context that was not found in the final use-case of the inves-
tigated smartphone app [21, 22]. Additionally, no popula-
tion stratification has been done and so more investigation 
should be conducted to validate such technology in relevant 
population.

5  Conclusions

The most frequently used home blood patient monitor-
ing system is the oscillometric cuff. Although it brings 
many advantages, its usage is limited in restrained human 
resources and infrastructure conditions, leading to less con-
trolled BP values. With six billion mobiles phones users 
worldwide, our study could lead the way for mobile devices 
to leverage the monitoring of BP in the near future and 
impact health assessment capabilities.

To the best of our knowledge, this is the first time a smart-
phone app was compared to an invasive BP reference. Its 
trending ability was investigated in highly dynamic condi-
tions, demonstrating high concordance and accuracy. Fur-
ther studies are needed to assess implementation in clinical 
practice.

Author contributions GH, JD, RS, and PS contributed to patient 
recruitment. GH, JD, RS, UC and PS contributed to data acquisition. 
GH, MP, GB and JFK contributed to statistical analysis. GH, MP, GB, 
AL, ML and JFK contributed to data analysis and interpretation. ML 
and GB contributed to signal processing. GH, MP and PS contributed 
to manuscript preparation. The first draft of the manuscript was written 
by Gregory Hofmann and all authors commented on previous versions 
of the manuscript. All authors read and approved the final manuscript.

Funding Open access funding provided by University of Lausanne. 
The authors declare that no funds, grants, or other support were 
received during the preparation of this manuscript.

Declarations 

Conflict of interest M.P., G.B., A.L. and M.L. are with CSEM, the 
owners of the optical blood pressure monitoring technology and as-
signee of the related application (WO2016138965A1), of which M.P. 
and M.L. are inventors.

Ethical approval This study was performed in line with the principles 
of the Declaration of Helsinki. The study was approved by the local 
ethics committee (CER-VD No 2018-01656) and registered under 
Number NCT03875248 at www. clini caltr ials. gov.

Consent to participate All participants were over 18 years old and 
gave informed consent to participate in this study and its publication.

Consent for publication Patient data was completely anonymized for 
publication.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/.

References

 1. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani 
H, et al. A comparative risk assessment of burden of disease and 
injury attributable to 67 risk factors and risk factor clusters in 21 
regions, 1990–2010: a systematic analysis for the Global Burden 
of Disease Study 2010. Lancet. 2012;380:2224–60.

 2. Brouwers S, Sudano I, Kokubo Y, Sulaica EM. Arterial hyperten-
sion. Lancet. 2021;398:249–61.

 3. Kearney PM, Whelton M, Reynolds K, Muntner P, Whelton PK, 
He J. Global burden of hypertension: analysis of worldwide data. 
Lancet. 2005;365:217–23.

 4. Ibrahim MM, Damasceno A. Hypertension in developing coun-
tries. Lancet. 2012;380:611–9.

 5. George J, MacDonald T. Home blood pressure monitoring. Eur 
Cardiol. 2015;10:95–101.

 6. Pickering TG, Miller NH, Ogedegbe G, Krakoff LR, Artinian NT, 
Goff D, et al. Call to action on use and reimbursement for home 
blood pressure monitoring: a joint scientific statement from the 
American Heart Association, American Society of Hypertension, 
and Preventive Cardiovascular Nurses Association. Hypertension. 
2008;52:10–29.

 7. Parati G, Stergiou GS, Asmar R, Bilo G, de Leeuw P, Imai Y, et al. 
European Society of Hypertension guidelines for blood pressure 
monitoring at home: a summary report of the Second International 
Consensus Conference on Home Blood Pressure Monitoring. J 
Hypertens. 2008;26:1505–26.

 8. Winders WT, Garbern SC, Bills CB, Relan P, Schultz ML, Trehan 
I, et al. The effects of mobile health on emergency care in low- 
and middle-income countries: a systematic review and narrative 
synthesis. J Glob Health. 2021. https:// doi. org/ 10. 7189/ jogh. 11. 
04023.

 9. Mukkamala R, Hahn J, Inan OT, Mestha LK, Kim C, Töreyin 
H, et al. Toward ubiquitous blood pressure monitoring via pulse 
transit time: theory and practice. IEEE Trans Biomed Eng. 
2015;62:1879–901.

 10. Hwang MH, Yoo JK, Kim HK, Hwang CL, Mackay K, Hemstreet 
O, et al. Validity and reliability of aortic pulse wave velocity and 
augmentation index determined by the new cuff-based Sphygmo-
Cor Xcel. J Hum Hypertens. 2014;28:475–81.

 11. Rajzer MW, Wojciechowska W, Klocek M, Palka I, Brzozowska-
Kiszka M, Kawecka-Jaszcz K. Comparison of aortic pulse wave 
velocity measured by three techniques: Complior SphygmoCor 
and Arteriograph. J Hypertens. 2008;26:2001–7.

 12. McCombie DB, Reisner AT, Asada HH. Adaptive blood pressure 
estimation from wearable PPG sensors using peripheral artery 
pulse wave velocity measurements and multi-channel blind iden-
tification of local arterial dynamics. Conf Proc IEEE Eng Med 
Biol Soc. 2006;2006:3521–4.

http://www.clinicaltrials.gov
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7189/jogh.11.04023
https://doi.org/10.7189/jogh.11.04023


259Journal of Clinical Monitoring and Computing (2023) 37:249–259 

1 3

 13. Zhang G, Gao M, Xu D, Olivier NB, Mukkamala R. Pulse arrival 
time is not an adequate surrogate for pulse transit time as a marker 
of blood pressure. J Appl Physiol. 1985;2011(111):1681–6.

 14. Vlachopoulos C, O’Rourke M, Nichols WW. McDonald’s blood 
flow in arteries: theoretical, experimental and clinical principles. 
6th ed. Boca Raton: CRC Press; 2011.

 15. Proença M, Renevey P, Braun F, Bonnier G, Delgado-Gonzalo 
R, Lemkaddem A, et al. Pulse wave analysis techniques. In: Solà 
J, Delgado-Gonzalo R, editors., et al., The handbook of cuffless 
blood pressure monitoring. Springer: Cham; 2019. p. 107–37.

 16. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Col-
lier D, et al. Differential impact of blood pressure-lowering drugs 
on central aortic pressure and clinical outcomes: principal results 
of the Conduit Artery Function Evaluation (CAFE) study. Circula-
tion. 2006;113:1213–25.

 17. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali 
T, et al. Central pressure more strongly relates to vascular disease 
and outcome than does brachial pressure: the Strong Heart Study. 
Hypertension. 2007;50:197–203.

 18. Roman MJ, Devereux RB, Kizer JR, Okin PM, Lee ET, Wang W, 
et al. High central pulse pressure is independently associated with 
adverse cardiovascular outcome: the strong heart study. J Am Coll 
Cardiol. 2009;54:1730–4.

 19. Dörr M, Weber S, Birkemeyer R, Leonardi L, Winterhal-
der C, Raichle CJ, et al. iPhone App compared with standard 
blood pressure measurement—the iPARR trial. Am Heart J. 
2021;233:102–8.

 20. Raichle CJ, Eckstein J, Lapaire O, Leonardi L, Brasier N, Vischer 
AS, et al. Performance of a blood pressure smartphone app in 
pregnant women: the iPARR trial (iPhone app compared with 
standard RR measurement). Hypertension. 2018;71:1164–9.

 21. Degott J, Ghajarzadeh-Wurzner A, Hofmann G, Proença M, Bon-
nier G, Lemkaddem A, et al. Smartphone based blood pressure 
measurement: accuracy of the OptiBP mobile application accord-
ing to the AAMI/ESH/ISO universal validation protocol. Blood 
Press Monit. 2021;26:441–8.

 22. Schoettker P, Degott J, Hofmann G, Proença M, Bonnier G, Lem-
kaddem A, et al. Blood pressure measurements with the OptiBP 
smartphone app validated against reference auscultatory measure-
ments. Sci Rep. 2020;10:17827.

 23. Desebbe O, Tighenifi A, Jacobs A, Toubal L, Zekhini Y, Chirno-
aga D, et al. Evaluation of a novel mobile phone application for 
blood pressure monitoring: a proof of concept study. J Clin Monit 
Comput. 2021. https:// doi. org/ 10. 1007/ s10877- 021- 00749-2.

 24. Desebbe O, El Hilali M, Kouz K, Alexander B, Karam L, Chirno-
aga D, et al. Evaluation of a new smartphone optical blood pres-
sure application  (OptiBPTM) in the post-anesthesia care unit: a 
method comparison study against the non-invasive automatic 
oscillometric brachial cuff as the reference method. J Clin Monit 
Comput. 2022. https:// doi. org/ 10. 1007/ s10877- 021- 00795-w.

 25. Mukkamala R, Yavarimanesh M, Natarajan K, Hahn J-O, Kyriak-
oulis KG, Avolio AP, et al. Evaluation of the accuracy of cuffless 
blood pressure measurement devices: challenges and proposals. 
Hypertension. 2021;78:1161–7.

 26. Richardson C, Hamann CR, Hamann D, Thyssen JP. Mobile phone 
dermatitis in children and adults: a review of the literature. Pediatr 
Allergy Immunol Pulmonol. 2014;27:60–9.

 27. European Parliament. Council directive 93/42/EEC. Official Jour-
nal of the European Union 1993.

 28. The Swiss Federal Council. Ordinance on clinical trials in human 
research. Human Research Act (HRA). 2018.

 29. ISO. Clinical investigation of medical devices for human sub-
jects—good clinical practice. Bs En Iso 14155-2:2009. 2011.

 30. International Organization for Standardization. ISO 81060-2:2018 
non-invasive sphygmomanometers—part 2: clinical investigation 
of intermittent automated measurement type. 2018.

 31. Proenca M, Caros JSI, Lemay M, Verjus C. Method, apparatus 
and computer program for determining a blood pressure value 
[Internet]. 2017 [cited 2021 Feb 14]. Available from: https:// paten 
ts. google. com/ patent/ EP322 6758A1/ nl.

 32. Ghamri Y, Proença M, Hofmann G, Renevey P, Bonnier G, Braun 
F, et al. Automated pulse oximeter waveform analysis to track 
changes in blood pressure during anesthesia induction: a proof-
of-concept study. Anesth Analg. 2020;130:1222–33.

 33. Critchley LA, Lee A, Ho AM-H. A critical review of the ability of 
continuous cardiac output monitors to measure trends in cardiac 
output. Anesth Analg. 2010;111:1180–92.

 34. Critchley LA, Yang XX, Lee A. Assessment of trending ability of 
cardiac output monitors by polar plot methodology. J Cardiothorac 
Vasc Anesth. 2011;25:536–46.

 35. Saugel B, Grothe O, Nicklas JY. Error grid analysis for arte-
rial pressure method comparison studies. Anesth Analg. 
2018;126:1177–85.

 36. Riffenburgh RH. Statistics in medicine. 2nd ed. Amsterdam: Else-
vier Academic Press; 2006.

 37. Kim S-H, Lilot M, Sidhu KS, Rinehart J, Yu Z, Canales C, 
et al. Accuracy and precision of continuous noninvasive arte-
rial pressure monitoring compared with invasive arterial pres-
sure: a systematic review and meta-analysis. Anesthesiology. 
2014;120:1080–97.

 38. Hapfelmeier A, Cecconi M, Saugel B. Cardiac output method 
comparison studies: the relation of the precision of agreement and 
the precision of method. J Clin Monit Comput. 2016;30:149–55.

 39. Juri T, Suehiro K, Uchimoto A, Go H, Fujimoto Y, Mori T, et al. 
Error grid analysis for risk management in the difference between 
invasive and noninvasive blood pressure measurements. J Anesth. 
2021;35:189–96.

 40. Fortin J, Lerche K, Flot-zinger D, O’Brien T. Is the standard sup-
plied by the association for the advancement of medical instru-
mentation the measure of all things for noninvasive continuous 
hemodynamic devices? Anesthesiology. 2015;122:208–9.

 41. Peyton PJ, Chong SW. Minimally invasive measurement of car-
diac output during surgery and critical care: a meta-analysis of 
accuracy and precision. Anesthesiology. 2010;113:1220–35.

 42. Juri T, Suehiro K, Kimura A, Mukai A, Tanaka K, Yamada T, et al. 
Impact of continuous non-invasive blood pressure monitoring on 
hemodynamic fluctuation during general anesthesia: a randomized 
controlled study. J Clin Monit Comput. 2018;32:1005–13.

 43. Gratz I, Deal E, Spitz F, Baruch M, Allen IE, Seaman JE, et al. 
Continuous non-invasive finger cuff CareTaker® comparable to 
invasive intra-arterial pressure in patients undergoing major intra-
abdominal surgery. BMC Anesthesiol. 2017;17:48.

 44. Stenglova A, Benes J. Continuous non-invasive arterial pressure 
assessment during surgery to improve outcome. Front Med (Laus-
anne). 2017;4:202.

 45. Smolle K-H, Schmid M, Prettenthaler H, Weger C. The accu-
racy of the CNAP® device compared with invasive radial artery 
measurements for providing continuous noninvasive arterial blood 
pressure readings at a medical intensive care unit: a method-com-
parison study. Anesth Analg. 2015;121:1508–16.

 46. Cecconi M, Rhodes A, Poloniecki J, Della Rocca G, Grounds 
RM. Bench-to-bedside review: the importance of the precision 
of the reference technique in method comparison studies—with 
specific reference to the measurement of cardiac output. Crit Care. 
2009;13:201.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10877-021-00749-2
https://doi.org/10.1007/s10877-021-00795-w
https://patents.google.com/patent/EP3226758A1/nl
https://patents.google.com/patent/EP3226758A1/nl

	A novel smartphone app for blood pressure measurement: a proof-of-concept study against an arterial catheter
	Abstract
	1 Introduction
	2 Methods
	2.1 Study design and population
	2.2 Data processing and analysis
	2.2.1 Invasive data processing
	2.2.2 Smartphone data processing

	2.3 Algorithm parameters training
	2.4 Statistical analysis
	2.5 Sample size determination

	3 Results
	3.1 Trending ability
	3.2 Error-grid analysis
	3.3 Precision and accuracy

	4 Discussion
	5 Conclusions
	References




