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Background: Continuous blood pressure (BP) measurement in intensive care units is
based on arterial line (AL) transducers, sometimes associated with clinical complications.
Our objective was to evaluate continuous BP measurements obtained from a
non-invasive, wireless photoplethysmography (PPG)-based device using two distinct
configurations (wristwatch and chest-patch monitors) compared to an AL.

Methods: In this prospective evaluation study, comparison of the PPG-based devices
to the AL was conducted in 10 patients immediately following cardiac surgery. Pulse
rate (PR), systolic BP (SBP), diastolic BP (DBP), and mean arterial pressure (MAP) were
recorded using both the AL and the PPG-based devices simultaneously for an average
of 432 4+ 290 min starting immediately after cardiac surgery. Bland-Altman plots and
Pearson’s correlations were used to assess the accuracy and degree of agreement
between techniques.

Results: A total of ~4,000 data points were included in the final analysis. AL
measurements for PR, SBP, DBP and MAP were significantly (o < 0.001) and strongly
correlated with both the wristwatch (- = 0.99, r = 0.94, r = 0.93 and r = 0.96,
respectively) and the chest-patch (- = 0.99, r = 0.95, r = 0.93 and r = 0.95,
respectively) monitors. Both configurations showed a marginal bias of <1 mmHg for
BP measurements and <1 beat/min for PR [95% limits of agreement —3,3 beat/min; BP
measurements: (—6)—(—10), 6-10 mmHg] compared to AL measurements.

Conclusion: The PPG-based devices offer a high level of accuracy for cardiac-related
parameters compared to an AL in post-cardiac surgery patients. Such devices could
provide advanced monitoring capabilities in a variety of clinical settings, including
immediate post-operative and intensive care unit settings.

Clinical Trial Registration: www.clinicaltrials.gov, NCT03603860.
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INTRODUCTION

Post-operative hypotension and hypertension commonly occur
specifically after cardiac surgery and are associated with
severe outcomes including acute kidney injury, cerebrovascular
accidents, myocardial injury and death (1-4). The frequency
of post-operative blood pressure (BP) measurement is inversely
correlated with hypotension occurrence, and early interventions
aimed at adjusting BP are important for improving clinical
outcomes (5). A protocol of continuous BP measurement using
an arterial line (AL) is currently implemented for 12-24h in
all post-cardiac surgery patients and/or in hemodynamically
unstable patients in intensive care units (ICU), operating
rooms and post-operative units. Albeit providing accurate and
continuous BP measurements, the AL is an invasive method
with several potential adverse effects and complications (6). It
requires operation by skilled personnel and has a cumbersome
setting with monitors, cables and wires connected to the
patient (7-10).

Thus, there is a need for alternative methods of continuous BP
monitoring that are accurate but also simple to use, non-invasive
and ideally wireless. An advanced technology of this sort would
allow monitoring of patients who are not routinely monitored
due to the technical and logistical shortfalls of traditional
measurement techniques such as the AL. Such technology would
ultimately assist in early identification of medical emergencies
and would enable retrospective investigation of BP when needed,
leading to improved patient care (11-13). In recently published
work, it was shown that a new reflective photoplethysmography
(PPG) device provides accurate measures of BP in a large
human cohort and in an animal model of controlled hemorrhagic
shock (14, 15). Yet, the device’s ability to accurately monitor
BP in hospitalized patients in critical care units remains
unknown. Thus, the aim of the current study was to assess
the level of accuracy of BP measurements between two distinct
configurations of the same non-invasive PPG device (Biobeat
Technologies LTD, Petah Tikva, Israel) compared to an invasive
AL in post-cardiac surgery patients.

MATERIALS AND METHODS

Ethical Considerations

This prospective, comparative clinical trial was registered in
www.clinicaltrials.gov (NCT03603860) and was approved by the
Institutional Review Board of the Baruch Padeh Medical Center,
Poriya, Israel (0077-18-POR). All participants were advised both
orally and in writing as to the nature of the experiments
and signed an informed consent form before undergoing the
surgical procedure.

Study Population

Eighteen post-cardiac surgery patients (ages 18-81 years;
12 males) were recruited for the study. Monitoring started
immediately after the surgical procedure, upon arrival to the
Cardiac Surgery Intensive Care Unit (CSICU). The research team
only received the monitoring devices’ serial numbers without
receiving any personal identifiers.

Study Protocol

Patients were transferred to the CSICU immediately after
completion of their surgery. In all subjects, an AL (AB-0023
Art-Line™ Kits Single Channel, Biometrix, Gronsveld, The
Netherlands, and IntelliVue MX500 Patient Monitor, Philips
Medical Systems) was inserted through the radial artery in the
operating room prior to surgery, allowing continuous invasive
monitoring of BP and pulse rate (PR). The average of the first
three BP measurements obtained by the AL was considered as
a baseline calibration measurement for the PPG-based devices.
From the moment of calibration, the PPG-based devices were
attached to the patients — the chest-patch monitors just left to
the fresh sternotomy wound and the wristwatch monitors on the
arm without the arterial line - and measurements were taken
simultaneously, comparing the three devices (i.e., AL, wristwatch
monitor, chest-patch monitor) for up to 24h during the post-
operative period (Figure 1). Inclusion criteria included patients
arriving immediately after cardiac surgery to the intensive
care unit with an AL. Exclusion criteria included refusal to
participate, patients with no AL, pregnant women, individuals
under the age of 18 years, patients with lack of judgment/mental
illness, and patients working in the Baruch Padeh
Medical Center.

The PPG-Based Devices

The device was previously described (14-16). In short, the device
is based on reflective PPG technology, in which part of the
transmitted light is reflected from the tissue and detected by a
photodiode detector positioned near the light source transmitter.
The high resolution of the PPG wave combined with advanced
algorithms allows analysis using pulse wave transit time (PWTT)
combined with Pulse Wave Analysis (PWA). This, in turn,
enables tracking of vital signs derived from the pulse contours,
including BP changes. The device requires a patient-specific
single trimonthly calibration of the PR and BP baseline using an
approved cuff-based device. We used both a chest-patch and a
wristwatch configuration of the monitoring device to determine
the accuracy of each device’s measurements separately compared
to AL measurements. The measurements are not influenced by
arm position with relation to the heart level.

Data Processing and Analysis

Mean arterial blood pressure (MAP) was calculated as
[DBP+7%-(SBP-DBP)] for each measurement technique.
Data obtained from the AL for PR, SBP, DBP and MAP were
screened for outliers according to the following criteria: initially,
percentage differences (%A) between each value and the
preceding and succeeding values were calculated. For each
variable separately, the average standard deviation (SD) for the
sum of preceding and succeeding %A was then obtained. Next,
the individual data points (%A) were screened, and any value
for which the percentage difference from both the previous and
next values was > +2SD was eliminated. In total, 132 out of
16,259 (0.8%) outlier values were excluded from the final analysis
(PR: n = 20/4,305; SBP: n = 20/4,018; DBP: n = 39/4,018;
MAP: 11 = 53/4,018).
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FIGURE 1 | An Arterial line and photoplethysmography-based wristwatch and chest-patch monitors were attached to each subject included in the study.

Statistical Analysis

The Kolmogorov-Smirnov and Shapiro-Wilk tests were used
to assess normality, as these tests are sensitive to outliers.
To define the degree of agreement between each of the non-
invasive methods (i.e., chest-patch and wristwatch monitors)
and the AL, linear regressions formulas were defined, Pearson’s
correlation coefficient were calculated, and the hypotheses that
the slopes and intercepts are equal to zero were tested. The
level of absolute agreement between AL measurements and those
obtained from the chest-patch and wristwatch monitors for PR,
SBP, DBP and MAP were evaluated using Bland-Altman plots.
Results of the Bland-Altman analyses are reported as mean
biases £ 95% limits of agreement (LOA). All other results are
presented as means & SD. Statistical analyses were considered
significant if p < 0.05. Data were analyzed using SPSS 23.0
(SPSS Inc., Chicago, IL, USA). Validity of the non-invasive
devices (wristwatch monitor and chest-patch monitor) compared
to the gold standard AL was assessed as the devices ability to
correctly identify extreme values (SBP < 90 or > 160 mmHg,
DBP < 60 or > 100 mmHg and MAP < 65 or > 160 mmHg)
(17, 18) using sensitivity, specificity and positive and negative
predictive values.

RESULTS

Of the 18 patients initially recruited, eight were excluded due
to non-continuous monitoring of the AL and thus inability to

compare these subjects’ data between the wristwatch/chest-patch
monitors and AL. Demographic data and characteristics for
the remaining ten subjects (60 £ 15 years; weight: 76.5 =+
9.1kg; height: 1.69 £ 0.06 m) including the type of surgery they
underwent are presented in Table 1. Patients were monitored
for an average time of 549 4 251 min. For two subjects, data
was obtained every 10 min due to technical limitations of the
AL (63 measurement time-points in one patient and 82 in the
other), while for eight subjects, measurements were recorded
every minute with the average number of samples (time points)
being 522 + 249 (18).

There were no adverse events while using the PPG-based
devices. The number of comparisons for each variable and
mean =+ SD values for each variable per device are presented
in Table 2. None of the patients received catecholamines during
the study. There were no AL-related complications during
the study.

Degree of Agreement

Pearson correlations and Bland-Altman plots with 95% LOA
for each of the BP variables are presented in Figures 2, 3, and
Supplementary Figure 1. SBP, DBP and MAP values obtained
from the wristwatch and chest-patch monitors demonstrated a
small bias (<1 mmHg) and relatively narrow LOA (wristwatch:
SBP: —10,10 mmHg, DBP: —6,6 mmHg, MAP: —5,5 mmHg;
chest-patch monitor: SBP: —9,9 mmHg, DBP: —7,7 mmHg,
MAP: —6,6 mmHg) compared to AL. This strong agreement
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TABLE 1 | Patient characteristics.

Subject Gender Age Weight Height Area of origin Fitzpatrick Surgical
number (years) (Kg) (cm) scale procedure
1 M 60 100 175 Western Europe Type | CABG

2 F 75 69 165 Western Europe Type ll MVR+TVR
3 F 45 71 170 Middle East Type lll MVR

4 F 45 75 160 Middle East Type IV CABG

5 M 60 75 165 Middle East Type V CABG

6 M 81 75 165 Western Europe Typelll AVR+TVR+AA
7 M 35 83 180 Eastern Europe Type ll CABG

8 F 76 75 165 Middle East Type IV CABG

9 M 64 70 165 Middle East Type V CABG

10 M 57 72 175 Western Europe Typelll MVR

AVR, aortic valve replacement; CABG, coronary artery bypass graft; MVR, mitral valve replacement; TVR, tricuspid valve replacement; AA, aortic aneurism repair. The Fitzpatrick Scale

is based on Fitzpatrick et al. (19).

TABLE 2 | Number of comparisons for each variable and mean =+ SD values for
each variable per device.

Variable n Meanz+ SD

Invasive Watch Patch
HR (beats/min~") 4,285 78 +£ 10 78 + 10 78 + 10
SBP (mmHg) 3,998 120 + 14 120+ 15 120 + 15
DBP (mmHg) 3,979 61+8 61+9 61+9
MAP (mmHg) 3,970 81+9 81+9 81+9

HR, Heart rate; SBR, Systolic blood pressure (BP); DBFR, Diastolic BP; MAR, mean BR.

was also found for PR, where the wristwatch and chest-patch
monitors’ values had a bias of <1 beat/min and the LOA were
—3,3 beat/min compared to AL (Supplementary Figure 2).

Percent of observations obtained within the clinical definition
of 5,10 and 15 mmHg between the wristwatch and chest-patch as
compared to AL are shown in Table 3.

As demonstrated in Figures2, 3, and Supplementary
Figure 1, AL measurements for SBP, DBP and MAP were
significantly (p < 0.001) and strongly correlated with the
wristwatch (SBP: r 0.94; DBP: r = 0.93; MAP: r 0.96)
and with the chest-patch (SBP: r = 0.95; DBP: r 0.93;
MAP: r = 0.95) monitors. Lastly, PR values obtained by AL
were significantly (p < 0.001) and strongly correlated with the
wristwatch (r = 0.99) and with the chest-patch (r 0.99)
monitors (Supplementary Figure 2).

Next, we compared the reliability between the wristwatch
to the chest-patch (Figures 2, 3, and Supplementary Figures 1,
2). There was a small (<1 mmHg) bias for all BP measures
and the LOA’s were as follows; SBP: —13,13 mmHg, DBP: —9,9
mmHg, MAP: —7,7 mmHg. BP measurements obtained from
the wristwatch and chest-patch configurations were significantly
(p < 0.001) and strongly correlated (r = 0.91, 0.87 and 0.92
for SBP, DBP and MAP, respectively). Lastly, we present the
distribution and the median of each vital as compared to the AL
(Supplementary Figure 3).

DISCUSSION

In this observational study, we have shown that the tested non-
invasive, PPG-based devices provide an accurate assessment
of SBP, DBP, MAP and PR compared to the invasive, gold-
standard measurements obtained using an AL in post-cardiac
surgery patients. Specifically, the two configurations of the device,
wristwatch and chest-patch monitors alike, each showed a strong
level of agreement with AL measurements, as evident by strong
correlations, marginal bias and narrow LOA for SBP, DBP, MAP
and PR. With an AL requiring trained personnel for placement
and having an inherent risk of infection and damage to arteries
and nerves associated with it (6, 10), there is much need in
clinical settings for safe and accurate measurement techniques.
The devices tested in this study provide accurate hemodynamic
measurements non-invasively and in a safer manner. This has
important implications for clinical settings, as such measures
are crucial for improved prognosis and mortality in high-risk
patients (5). Additional advantages of the devices are that they
are wireless, cuff-less and easy to operate, thus overcoming two
main drawbacks of the AL: (1) its cumbersome setting, which
includes cables and monitors placed on and around patients who
also have numerous other cables and machinery surrounding
them, and (2) the need for frequent calibration. Implementation
of such devices opens a wide range of cases/scenarios in which
they can be used in hospitalized patients, including non-cardiac
patients, thus allowing an improved monitoring capability in
patients that usually do not get an AL, or after an AL has been
removed. Ultimately, this method of continuous, non-invasive
monitoring will provide longer periods of monitoring than what
is currently implemented.

Post-operative hypotension is common, and often goes
undetected by routine intermittent vital sign assessments (20).
Moreover, it is strongly associated with morbidity and mortality
even several days after the surgical intervention. Continuous
BP measurement allows early detection and intervention in
cases of post-operative hypotension (20), and therefore, any
technique aiming to improve patient outcomes should provide
continuous readings of key physiological parameters such as
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FIGURE 2 | Bland-Altman plots of the relationship and limits of agreement between the photoplethysmography-based devices’ non-invasive systolic blood pressure
measurements and the arterial line’s invasive measurements. Bland-Altman plots (left panels) and Pearson’s correlations (right panels) are shown for wristwatch and
arterial line (A,B), chest-patch and arterial line (C,D), and wristwatch and chest-patch (E,F). In the right panels, the solid line is the best fit linear regression and the
dash line is the line of identity. In the left panels, the solid horizontal line represents the mean difference between the two measurements (bias), the dash horizontal
lines represent the 95% limits of agreement (LOA), and the dotted lines represent the clinically accepted range (CAR). W, wristwatch configuration; CP, chest patch
configuration; SBP, systolic blood pressure; AL, arterial line.

BP. Hemodynamic monitoring by non-invasive means could
reduce the morbidity seen with invasive devices such as the AL,
which despite being regarded as the gold standard measurement
technique within intensive care units, is associated with a high
prevalence of infection and local vascular damage (8).

PPG technology has been widely used in medical care in recent
years. This technology provides easy patient monitoring without
the need for extensive training of health care workers, while
allowing reliable, accurate, and safer monitoring of hospitalized
patients who may be in a critical, unstable clinical condition.
Several studies examined the accuracy of wearable PPG-based

sensors compared with electrocardiograms, pulse oximeters, and
chest straps in various conditions. These studies concluded with
mixed findings as a result of inappropriate comparison methods
and lack of reproducibility due to the use of different versions of
the software, to name a few (21-26). Previous studies have shown
the potential of tracking changes in BP in clinical settings using
the non-invasive Pulse Wave Transit Time method (27-29).
However, validation studies are needed before implementation
of such devices in clinical settings would be possible (30). Similar
to the above-mentioned method, the devices tested in this study
track changes using Pulse Wave Transit Time, recently shown
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to provide accurate BP measurements compared to the widely-
used cuff-based manometry (14) and accurately track changes in
cardiac output and BP during unstable hemodynamic conditions
in a swine model of controlled hemorrhagic shock (15).

Criteria for cuff-less monitors such as the PPG-based sensor
have yet to reach widespread, general acceptance. Based on
the European Society of Hypertension’s (ESH) International
Protocol for the validation of BP measuring devices (31),
post-hoc analysis revealed as many as 69-70% of the SBP
values and >99% of the DBP values obtained from the PPG-
based devices (both wristwatch and chest-patch monitors) were
within +5 mmHg of those recorded by AL. These percentages

also classify the PPG-based sensor as Grade A according to
the British Hypertension Society (31) and IEEE Standard for
Wearable, Cuffless Blood Pressure Measuring Devices (32)
(Table 3; Figure 4). As can be seen in Figure 4, the goodness
of fit (R?) for the observed absolute differences between
AL and the PPG-based sensors was > 0.99 for both SBP
and DBP.

Furthermore, we have shown high levels of agreement
(Pearson’s correlation >0.93 for SBP, DBP and MAP for
both wristwatch and chest-patch monitors; Figures 2, 3, and
Supplementary Figure 1), and relatively narrow 95% LOAs (:
(—6)-(—10), 6-10 mmHg) between the wearables and AL
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measurements, suggesting the PPG-based devices can accurately
and reliably measure SBP and DBP.

An important capacity for a clinical device is its ability to track
hemodynamic changes and to detect instability, including correct
identification of severe cases and/or extreme values (i.e., positive
and negative predictive values, sensitivity, and specificity). For
this reason, we sought to evaluate the PPG-based sensor
following pre-established, clinically significant extreme values for
BP measures. However, although our cohort included cardiac

TABLE 3 | Percent of observations obtained from the wristwatch and chest-patch
configurations of a wearable, non-invasive sensor that were within 5, 10, and 15
mmHg of those obtained by an arterial line.

<5 <10 <15
Watch-AL SBP 68.9% 99.1% 99.6%
DBP 99.7% 99.9% 100.0%
Patch-AL SBP 70.1% 99.6% 99.7%
DBP 99.2% 99.8% 99.9%

AL, Arterial line; SBR, Systolic blood pressure (BP); DBF, Diastolic BR, Differences between
devices were calculated as mean absolute difference.

patients immediately post-surgery, there were not many cases
of hypotension (as determined by SBP < 90 mmHg, DBP < 60
mmHg or MAP < 65 mmHg) or hypertension (as determined by
SBP > 160 mmHg or DBP > 100 mmHg). In fact, apart from DBP
< 60 mmHg where 1,609 extreme cases were identified (40%), for
all other criteria <3% of values were identified as extreme values,
technically limiting our ability to obtain meaningful and reliable
predictive values and sensitivity/specificity measures.

Since the two configurations of the device tested in our
study measure vital signs in different locations, we chose to
utilize both in order to demonstrate that accurate measurements
can be obtained independently of the site of measurement
(i.e., wrist or chest). In the hospital environment, a single use
disposable chest-patch monitor is estimated to further reduce
infection transmission and the potential for error between
patients than a wristwatch that is used on several patients.
In contrast, a wristwatch might be more optimal for long-
term home monitoring of chronic patients. Beyond in-hospital
intensive care and low acuity patients, PPG technology could
enable better monitoring, triage and treatment in prehospital
scenarios as well. Moreover, the current severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) pandemic highlights the
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need for frequent, non-invasive and wireless devices for remote
monitoring of isolated patients, requiring minimal direct contact
of medical staff, while maintaining and not impairing the quality
of care (33).

It should be mentioned that during the study, patients
were relatively stable, precluding us from seeing many cases of
hemodynamic instability despite their being immediately post-
operative. Still, short periods of hemodynamic instability were
observed, in which we found a high level of agreement between
the devices. Although this study did not include a large sample,
each individual had multiple (~400) measurement points, and
the results show high levels of agreement and strong correlations
between devices across a wide range of BP values (SBP: 63-188
mmHg, DBP: 37-113 mmHg, MAP: 47-125 mmHg). Moreover,
seeing as one of the strengths of the tested devices is their ability
to provide accurate and frequent monitoring, allowing to include
a small sample of 10 subjects in this study with high confidence
of obtaining large amounts of reliable data.

Since the PPG-based device is dependent on pulse wave, it
will not suit certain patient populations, such as patients with left
ventricular assist device and intra-operative monitoring during
the use of cardio-pulmonary bypass. However, post-surgery
patients might benefit from a non-invasive sensor that will
replace an invasive in-dwelling monitoring device. Beyond the
monitoring capabilities of an AL, it is worth mentioning that the
purpose using this technique specifically in patients undergoing
cardiac surgery goes beyond blood pressure measurement, and
blood samples are needed throughout surgery to assess blood
gases, coagulation parameters, and more. This feature is not
included in the PPG-based platform and might influence the
decision whether to use an AL or a non-invasive device.

CONCLUSIONS

There is a clear need for a reliable, non-invasive technology
capable of advanced hemodynamic monitoring that would
overcome the limitations of the currently and frequently used
AL technique. In this observational clinical study, we report that
measurements obtained from the two configurations of a novel
PPG-based device offer a high level of accuracy compared to
the existing standard invasive technique in post-cardiac surgery
patients. Most importantly, this PPG-based technology enables
continuous, non-invasive remote patient monitoring and timely
focused care, which may minimize morbidity and mortality
without compromising measurement accuracy. Future studies
should focus on the advanced monitoring capabilities of these
devices in a variety of clinical settings, from immediate hospital-
based post-operative and intensive care units to post-hospital and
ambulatory settings.
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Supplementary Figure 1 | Bland-Altman plots of the relationship and limits of
agreement between the photoplethysmography-based devices’ non-invasive
mean arterial pressure measurements and the arterial line’s invasive
measurements. Bland-Altman plots (left panels) and Pearson’s correlations (right
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arterial line [panels (c,d)], and wristwatch and chest-patch [panels (e,f)]. In the
right panels, the solid line is the best fit linear regression and the dash line is the
line of identity. In the left panels, the solid horizontal line represents the mean
difference between the two measurements (bias), the dash horizontal lines
represent the 95% limits of agreement (LOA), and the dotted lines represent the
clinically accepted range (CAR). MAP, mean arterial pressure; W, wristwatch
configuration; CP, chest patch configuration; AL, arterial line.

Supplementary Figure 2 | Bland-Altman plots of the relationship and limits of
agreement between the photoplethysmography-based devices’ non-invasive
pulse rate measurements and the arterial line’s invasive measurements.
Bland-Altman plots (left panels) and Pearson’s correlations (right panels) are
shown for wristwatch and arterial line (a,b), chest-patch and arterial line (c,d), and
wristwatch and chest-patch (e,f). In the right panels, the solid line is the best fit
linear regression and the dash line is the line of identity. In the left panels, the solid
horizontal line represents the mean difference between the two measurements
(bias), the dash horizontal lines represent the 95% limits of agreement (LOA), and
the dotted lines represent the clinically accepted range (CAR). PR, pulse rate; AL,
arterial line; W, wristwatch configuration; CP, chest

patch configuration.

Supplementary Figure 3 | Individual data for pulse rate, systolic blood pressure
and diastolic blood pressure after cardiac surgery determined using an arterial line
and a wearable, non-invasive sensor in two configurations: wristwatch and
chest-patch. Red horizonal lines represent the median of each vital. PR, pulse
rate; SBP, systolic blood pressure; DBP, diastolic blood pressure.

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 693926


https://www.frontiersin.org/articles/10.3389/fmed.2021.693926/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Kachel et al.

Hemodynamic Monitoring After Cardiac Surgery

REFERENCES

10.

11.

12.

13.

14.

15.

. Roshanov PS,

. Varon ],

. Desai

Rochwerg B, Patel A, Salehian O, Duceppe E,
Belley-Coté EP, et al. Withholding versus continuing angiotensin-
inhibitors or angiotensin II receptor blockers
surgery: an analysis of the vascular events in
noncardiac surgery patients cohort evaluation prospective cohort. J
Am Soc Anesthesiol. (2017) 126:16-27. doi: 10.1097/01.5a.0000525652.62
975.6¢

converting enzyme
before noncardiac

. Sessler DI, Meyhoff CS, Zimmerman NM, Mao G, Leslie K, Vasquez

SM, et al. Period-dependent associations between hypotension during and
for four days after noncardiac surgery and a composite of myocardial
infarction and death: a substudy of the POISE-2 trial. Anesthesiol ]
Am Soc Anesthesiol. (2018) 128:317-27. doi: 10.1097/ALN.0000000000
001985

Marik  PE.  Perioperative
Health  Risk  Manag.  (2008)

hypertension
4:615.  doi:

management.
Vasc 10.2147/VHRM.
$2471

RG, Muntazar
perioperative hypertension. Curr

11:173. doi: 10.1007/s11906-009-0031-8

M, Goldberg ME. Strategies for
Hypertens Rep.

managing
(2009)

. Futier E, Lefrant J-Y, Guinot P-G, Godet T, Lorne E, Cuvillon

P, et al. Effect of individualized vs standard blood pressure
management strategies on postoperative organ dysfunction among
high-risk  patients  undergoing major surgery: a randomized
clinical ~trial. Jama. (2017) 318:1346-57. doi: 10.1001/jama.2017.
14172

. Scheer BV, Perel A, Pfeiffer UJ. Clinical review: complications and

risk factors of peripheral arterial catheters used for haemodynamic
monitoring in anaesthesia and intensive care medicine. Crit Care. (2002)
6:199. doi: 10.1186/cc1489

. Ameloot K, Palmers P-J, Malbrain ML. The accuracy of noninvasive

cardiac output and pressure measurements with finger cuff: a concise
review. Curr Opin Crit Care. (2015) 21:232-9. doi: 10.1097/MCC.0000000000
000198

. Sladen A. Complications of invasive hemodynamic
monitoring  in  the  intensive  care  unit.  Curr  Probl
Surg. (1988) 25:75-145. doi: 10.1016/0011-3840(88)9
0009-3

. Belda FJ, Aguilar G, Teboul JL, Pestana D, Redondo FJ, Malbrain

less-invasive
106:482-6. doi:

related to
(2011)

M, et al. Complications
monitoring. Br ] Anaesth.
eq377

Pour-Ghaz I, Manolukas T, Foray N, Raja ], Rawal A, Ibebuogu
UN, et al. Accuracy and minimally
hemodynamic monitoring: where do we stand? Ann Transl Med. (2019)
7:421. doi: 10.21037/atm.2019.07.06

Fathi EM, Narchi H, Chedid F. Noninvasive hemodynamic
monitoring of septic shock in children. World ] Methodol. (2018)
8:1. doi: 10.5662/wjm.v8.il.1

Greiwe G, Hoffmann S, Herich L, Winkler MS, Trepte CJ, Behem
CR, et al. Comparison of blood pressure monitoring by applanation
tonometry and invasively assessed blood pressure in cardiological
patients. ] Clin Monit Comput. (2018) 32:817-23. doi: 10.1007/s10877-017-
0089-9

Epstein D, Miller A, Marcusohn E, Isagara P, Klein E, Petersiel

haemodynamic
10.1093/bja/a

of non-invasive invasive

N, et al. Utilization of non-invasive hemodynamic monitoring
in resource-limiting settings-Preliminary experience. Travel
Med Infect Dis. (2019) 31:101401. doi:  10.1016/j.tmaid.2019.
04.001

Nachman D, Gepner Y, Goldstein N, Kabakov E, Ishay AB,
Littman R, et al. Comparing blood pressure measurements

between a photoplethysmography-based and a standard cuff-based
manometry device. Sci Rep. (2020) 10:1-9. doi: 10.1038/s41598-020-7
3172-3

Nachman D, Constantini K, Poris G, Wagnert-Avraham L, Gertz SD, Littman
R, et al. Wireless, non-invasive, wearable device for continuous remote
monitoring of hemodynamic parameters in a swine model of controlled

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

hemorrhagic shock. Sci Rep. (2020) 10:17684. doi: 10.1038/s41598-020-7
4686-6

Atzmon Y, Ben Ishay E, Hallak M, Littman R, Eisenkraft A, Gabbay-
Benziv R. Continuous maternal hemodynamics monitoring at delivery
using a novel, noninvasive, wireless, PPG-based sensor. J Clin Med. (2020)
10:8. doi: 10.3390/jcm 10010008

Muntner P, Shimbo D, Carey RM, Charleston JB, Gaillard T,
Misra S, et al. Measurement of blood pressure in humans:
a scientific  statement from the American heart association.
Hypertension. (2019) 73:35-66. doi: 10.1161/HYP.00000000000
00087

Slama M, Modeliar SS. Hypertension in the intensive care unit. Curr
Opin  Cardiol. (2006) 21:279-87. doi: 10.1097/01.hc0.0000231396.5
6738.d8
Fitzpatrick TB. The validity and practicality of sun-reactive skin types I
through VI. Arch Dermatol. (1988) 124:869-71. doi: 10.1001/archderm.12
4.6.869

Michard F  Scheeren TW, Saugel B. A glimpse into the
future  of  postoperative  arterial blood  pressure  monitoring.
Br ]  Anaesth. (2020) 125:113-5. doi: 10.1016/j.bja.2020.
04.065

Selvaraj N, Jaryal A, Santhosh ], Deepak KK, Anand S.
Assessment  of heart rate variability derived from finger-tip

photoplethysmography  as
Med Eng Technol. (2008)
81317

Zhang Q, Zhou D, Zeng X. Highly wearable cuff-less blood pressure and heart
rate monitoring with single-arm electrocardiogram and photoplethysmogram
signals. Biomed Eng Online. (2017) 16:23. doi: 10.1186/s12938-017-
0317-z

Plews DJ, Scott B, Altini M, Wood M, Kilding AE, Laursen PB.
Comparison of heart-rate-variability ~recording with smartphone
photoplethysmography, polar H7 chest strap, and electrocardiography.
Int ] Sports Physiol Perform. (2017) 12:1324-8. doi: 10.1123/ijspp.
2016-0668

Castaneda D, Esparza A, Ghamari M, Soltanpur C, Nazeran H. A
review on wearable photoplethysmography sensors and their potential
future applications in health care. Int ] Biosens Bioelectron. (2018)
4:195. doi: 10.15406/ijbsbe.2018.04.00125

Parak J, Uuskoski M, Machek ], Estimating heart
rate, energy expenditure, and physical performance with a wrist
photoplethysmographic device during running. JMIR Mhealth Uhealth.
(2017) 5:€97. doi: 10.2196/mhealth.7437

Nelson BW, Allen NB. Accuracy of consumer wearable heart rate
measurement during an ecologically valid 24-hour period: intraindividual
validation study. JMIR Mhealth Uhealth. (2019) 7:¢10828. doi: 10.2196/10828
Kim S-H, Song J-G, Park J-H, Kim J-W, Park Y-S, Hwang G-S. Beat-
to-beat tracking of systolic blood pressure using noninvasive pulse
transit time during anesthesia induction in hypertensive patients.
Anesth  Analg.  (2013) 116:94-100. doi: 10.1213/ANE.0b013e3182
70a6d9

Turan A, Chang C, Cohen B, Saasouh W, Essber H, Yang D, et al.
Incidence, severity, and detection of blood pressure perturbations after
abdominal surgery: a prospective blinded observational study. Anesthesiol
J Am Soc Anesthesiol. (2019) 130:550-9. doi: 10.1097/ALN.0000000000
002626

Weenk M, van Goor H, Frietman B, Engelen LJ, van Laarhoven CJ,
Smit J, et al. Continuous monitoring of vital signs using wearable
devices on the general ward: pilot study. JMIR Mhealth Uhealth. (2017)
5:¢91. doi: 10.2196/mhealth.7208

compared  to
32:479-84. doi:

electrocardiography. |
10.1080/030919007017

Korhonen L

Saugel B, Hoppe P, Khanna AK. Automated continuous
noninvasive ward monitoringValidation of measurement systems
is the real challenge. Anesthesiol ] Am Soc Anesthesiol. (2020)

132:407-10. doi: 10.1097/ALN.0000000000003100

O’Brien E, Atkins N, Stergiou G, Karpettas N, Parati G, Asmar R, et al.
European society of hypertension international protocol revision 2010 for the
validation of blood pressure measuring devices in adults. Blood Press Monit.
(2010) 15:23-38. doi: 10.1097/MBP.0b013e3283360e98

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 693926


https://doi.org/10.1097/01.sa.0000525652.62975.6c
https://doi.org/10.1097/ALN.0000000000001985
https://doi.org/10.2147/VHRM.S2471
https://doi.org/10.1007/s11906-009-0031-8
https://doi.org/10.1001/jama.2017.14172
https://doi.org/10.1186/cc1489
https://doi.org/10.1097/MCC.0000000000000198
https://doi.org/10.1016/0011-3840(88)90009-3
https://doi.org/10.1093/bja/aeq377
https://doi.org/10.21037/atm.2019.07.06
https://doi.org/10.5662/wjm.v8.i1.1
https://doi.org/10.1007/s10877-017-0089-9
https://doi.org/10.1016/j.tmaid.2019.04.001
https://doi.org/10.1038/s41598-020-73172-3
https://doi.org/10.1038/s41598-020-74686-6
https://doi.org/10.3390/jcm10010008
https://doi.org/10.1161/HYP.0000000000000087
https://doi.org/10.1097/01.hco.0000231396.56738.d8
https://doi.org/10.1001/archderm.124.6.869
https://doi.org/10.1016/j.bja.2020.04.065
https://doi.org/10.1080/03091900701781317
https://doi.org/10.1186/s12938-017-0317-z
https://doi.org/10.1123/ijspp.2016-0668
https://doi.org/10.15406/ijbsbe.2018.04.00125
https://doi.org/10.2196/mhealth.7437
https://doi.org/10.2196/10828
https://doi.org/10.1213/ANE.0b013e318270a6d9
https://doi.org/10.1097/ALN.0000000000002626
https://doi.org/10.2196/mhealth.7208
https://doi.org/10.1097/ALN.0000000000003100
https://doi.org/10.1097/MBP.0b013e3283360e98
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Kachel et al.

Hemodynamic Monitoring After Cardiac Surgery

32. IEEE Standard Association. IEEE Standard for Wearable Cuffless Blood
Pressure Measuring Devices. IEEE Std. (2014). p. 1708-2014.

Smith AC, Thomas E, Snoswell CL, Haydon H, Mehrotra A, Clemensen
J, et al. Telehealth for global emergencies: implications for coronavirus
disease 2019 (COVID-19). ] Telemed Telecare. (2020) 26:309-13.

doi: 10.1177/1357633X20916567

33.

Conflict of Interest: YG was advisor in the physiology board of Biobeat
Technologies Ltd. AE and RL were employees at Biobeat Technologies Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kachel, Constantini, Nachman, Carasso, Littman, Eisenkraft and
Gepner. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

10

August 2021 | Volume 8 | Article 693926


https://doi.org/10.1177/1357633X20916567
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	A Pilot Study of Blood Pressure Monitoring After Cardiac Surgery Using a Wearable, Non-invasive Sensor
	Introduction
	Materials and Methods
	Ethical Considerations
	Study Population
	Study Protocol
	The PPG-Based Devices
	Data Processing and Analysis
	Statistical Analysis

	Results
	Degree of Agreement

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


