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Abstract Ambulatory blood pressure monitoring (ABPM)
has become an essential tool in the diagnosis and management
of hypertension. Current standard ABPM devices use an
oscillometric cuff-based method which can cause physical
discomfort to the patients with repeated inflations and defla-
tions, especially during nighttime leading to sleep disturbance.
The ability to measure ambulatory BP accurately and comfort-
ably without a cuff would be attractive. This study validated
the accuracy of a cuff-less approach for ABPM using pulse
arrival time (PAT) measurements on both healthy and hyper-
tensive subjects for potential use in hypertensivemanagement,
which is the first of its kind. The wearable cuff-less device was
evaluated against a standard cuff-based device on 24 subjects
of which 15 have known hypertension. BP measurements
were taken from each subject over a 24-h period by the cuff-
less and cuff-based devices every 15 to 30 minutes during
daily activities. Mean BP of each subject during daytime,
nighttime and over 24-h were calculated. Agreement between
mean nighttime systolic BP (SBP) and diastolic (DBP) mea-
sured by the two devices evaluated using Bland-Altman plot
were −1.4 ± 6.6 and 0.4 ± 6.7 mmHg, respectively. Receiver
operator characteristics (ROC) statistics was used to assess the
diagnostic accuracy of the cuff-less approach in the detection

of BP above the hypertension threshold during nighttime
(>120/70 mmHg). The area under ROC curves were 0.975/
0.79 for nighttime. The results suggest that PAT-based ap-
proach is accurate and promising for ABPM without the issue
of sleep disturbances associated with cuff-based devices.

Keywords Mobilehealth .Pulse arrival time .Cuff-lessblood
pressure .Wearable . Body sensor network

Introduction

Increasing number of studies have validated the clinical sig-
nificance of ambulatory blood pressure (ABP) monitoring and
suggested ABP to be an adjunct to office BP to provide com-
plementary information in clinical practice for the manage-
ment of hypertension [1]. In addition, ABP monitoring has
been shown predictive of cardiovascular events as well as
target-organ deterioration in hypertensive patients after the
adjustments of office BP and other covariates [2–4], especially
night-time ABP [2]. Furthermore, ABP monitoring can pro-
vide more effective evaluation of antihypertensive treatments
on target-organ damage [5, 6]. With the emerging field of
mobile health in recent years [7, 8], smart health monitoring
has already begun to play unique and important roles in im-
proving clinical practices and outcomes [9, 10]. It is anticipat-
ed that ABPmonitoringwill also become increasingly popular
and important in assisting clinical diagnosis and treatment in
the near future.

Although an amount of evidence have shown the superior-
ity of ambulatory to office BP in the clinical management of
hypertensive patients, ABP monitoring has its drawbacks for
routine use. Adequate number of expected measurements are
required to guarantee sufficient accuracy and reproducibility
of ABPmonitoring. Due to the frequent cuff inflation and long
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recording period in ABP measurements, it would pose great
influences to the subject’s daily activities as well as cause
disturbances during sleeping, thusmitigating the clinical value
of ABP monitoring [11]. It is therefore of great importance to
develop a new device for ABP monitoring without
interrupting the subject’s daily life.

Photoplethysmography is an optical technique to measure
blood volume changes in microvascular beds at peripheral
body sites using a light source and a photo detector. This
technique has been applied in various applications of cardio-
vascular monitoring [12–15]. Pulse arrival time (PAT) which
is the time for a pressure pulse to travel from the heart to a
peripheral site has been suggested to be a potential surrogate
of BP [16–18]. The main advantage of the PAT-based method
for BP measurement is that it can be simply measured from
electrocardiogram (ECG) and photoplethysmogram (PPG)
cuff-lessly by wearable devices [19–22], or even contactlessly
using a high speed video camera [23]. This cuff-less solution
overcomes the disturbance issue of the traditional cuff-based
method and is thus very promising for ABPmonitoring.Many
previous studies have been conducted to investigate the po-
tential of PAT as a surrogate of BP under different protocols
[16–18, 24]. One of our previous studies have validated the
PAT-based method against two cuff-based BP devices under
static situation using the standard protocol required by the
As soc i a t i on f o r t h e Advancemen t o f Med i c a l
Instrumentation (AAMI) [16]. However, these studies were
conducted in a relatively short period (minutes to hours) under
well-controlled laboratory or hospital settings. One of our re-
cent studies showed that PAT is also potential for estimating
overnight BP in healthy subjects in ambulatory settings, espe-
cially for an averaged BP over a long period [25]. It is un-
known whether this method still works on cardiovascular pa-
tients. The aim of this study is to validate a wearable and cuff-
less PTT-based BPmonitor against a standard cuff-based ABP
monitor on measuring averaged BP under ambulatory settings
in both healthy and hypertensive subjects, and to explore the
potential of the wearable device for hypertension diagnosis.

Subjects and methods

Subjects

The inclusion criteria for patients include those: 1) who have
diagnosed with essential hypertension or have been put on
antihypertensive drugs; and 2) without evidence of cardiovas-
cular end organ damage. Patients with any of the following
conditions were excluded: 1) secondary hypertension with
underlying causes or hypertensive emergency; 2) patients with
atrial fibrillation or diabetes mellitus or coronary heart disease
or history of congestive heart failure (systolic/diastolic) or
other known structural heart disease; 3) patients receiving

pacemaker therapy; 4) patients with active systemic illness
or end-organ disease. Twenty-four subjects (15 elderly hyper-
tensive patients and 9 young healthy subjects) participated in
this study. Among the 15 hypertensive patients, eight have
hyperlipidaemia, and a few of them have one or several of
the following diseases: stroke, liver disease, obesity, gout,
osteoarthritis, renal disease and endocrine disease. The basic
information of all subjects are summarized in Table 1.

Two ambulatory BP devices

An in-house-developed PAT-based armband wearable device
was adopted for PAT-based cuff-less BP measurement [25].
As shown in Fig. 1, it contains one PPG sensor (a near-
infrared LED and a photodiode), two pieces of e-textile
ECG patches sewed on the inner side of the armband and an
Ag/AgCl electrode placed near the chest and connected to the
armband main circuit via a wire. The amplified and filtered
ECG and PPG signals were digitalized at the frequency of
500 Hz and resolution of 8 bits. Data can be stored in device
memory or transmitted wirelessly to a smart phone via
Bluetooth in real-time. A standard 24-h ambulatory blood
pressure monitor (Oscar2, SunTech Medical) was adopted as
the reference device to evaluate the accuracy of the armband.
Oscar2 has been clinically validated to all three internationally
recognized standards (BHS, ESH and AAMI SP10) and has
been recommended in a number of previous clinical studies on
ambulatory BP measurements.

Data acquisition

Upon arrival, each subject was asked to rest for about 10 min.
Office BP was measured by an experienced nurse with an
upper arm type of oscillometric BP device (Omron,
HEM7300, Japan). According to guidelines on office BPmea-
surements [26, 27], two consecutive BP measurements were
taken at 1-min interval and the average was used in Table 1.

The two ambulatory devices were worn on the right and left
upper arms respectively. Preliminary studies found that the
PPG signal quality was generally better when the sensor was
located around the left triceps brachia and left brachialis [25].
The cuff-based ambulatory BP device was set to automatically
record at every 30 min over 24 h [1]. Meanwhile, 1-min of
ECG and PPG were automatically recorded at an interval of
30 min and 15 min by the PAT-based wearable device in the
healthy subjects and patients, respectively. The reason for the
different sampling rates in healthy and hypertensive subjects
is that our previous study in healthy subjects found the issue of
the misalignment between BP and PATon their recording time
[25]. To acquire PAT samples as close as possible to BP sam-
ples, we doubled the sampling rate of PAT on the patients. BP
and PAT recordings from the two devices were used for further
analysis only when at least 80 % expected readings were
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available after excluding those erroneous ones. The subjects
were required to keep still at each measurement during day-
time to avoid motion artefacts, and also to record their daily
activities hourly in dairies together with their sleep quality,
time of sleeping and waking-up. Daytime and night-time are
defined according to the sleeping and waking-up time as re-
ported by the subject.

Data analysis

Calculation of PAT

The acquired ECG and PPG were low-pass filtered at
cut-off frequency of 30 and 16 Hz, respectively. ECG
and PPG segments which were distorted by motion ar-
tifacts were identified through visual observation, and
were excluded from further analysis (PAT calculation
and BP estimation). PAT was calculated as the time
difference between R-peak of ECG and the maximal
slope of PPG within the same cardiac cycle (see

Fig. 2). PAT was averaged over each 1-min recording
period.

Synchronize BP and PAT

As mentioned in our previous study [25], the measure-
ments of the two BP devices were not synchronized
exactly because the reference BP device did not exactly
follow the predefined sampling pattern. Therefore, re-
sampling is needed to synchronize the measurements
of the two BP devices. The PAT processing method
proposed in [25] were adopted in this study. Briefly,
the raw PAT were f irs t ly evenly resampled at
0.00056 Hz (i.e., every 30 min or 1/30/60 Hz) and then
smoothed by a low-pass filter 0.00019 Hz (1/30/60/
3 Hz). Transients in PAT samples, defined as the sam-
ples deviated from the low-pass filtered PAT trend line
by 9 ms or more, were removed from the raw PAT to
avoid inauthentic resampling. After removing these tran-
sient samples, the new PAT were then low-pass filtered
at 0.00019 Hz and linearly interpolated at the time

Table 1 Baseline characteristics
of all subjects Hypertensive Healthy

Number of subjects 15 9

Age, years old 63 ± 4 (53–69) 27 ± 3 (24–35)

Height, m 1.58 ± 0.08 (1.44–1.69) 1.69 ± 0.12 (1.6–1.85)

Weight, kg 61 ± 9 (46–51) 61 ± 12 (48–83)

Body mass index, kg/m2 24 ± 3 (20–28) 21 ± 1 (19–24)

Office systolic blood pressure, mmHg 138 ± 22 (110–174) 119 ± 13 (103–144)

Office diastolic blood pressure, mmHg 73 ± 8 (67–87) 69 ± 7 (60–81)

ECG Electrodes PPG Sensor Motion Sensor

Amplifier and Filters

Micro Controller Unit

On-Device Storage Unit Bluetooth Module 

PPG sensor    (a LED and a photodetector)

Two e-textile ECG electrodes

One gel ECG electrode 

Fig. 1 Photograph and block
diagram of the wearable system
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when BP were recorded. The rationale of the proposed
synchronization method can refer to the data analysis
method in [25]. In general, this method provides a fairer
evaluation on the accuracy of the PAT-based method
against the oscillometric-based measuring method. With
the synchronized BP and PAT, PAT-based BP estimation
can be performed based on the BP-PAT model as de-
scribed below.

Different PAT sample sets (ALLset, NEAset, FARset)

Since the sampling rate of PAT (one sample every
15 min or 0.0011 Hz) is around two times of BP (one
sample every 30 min or 0.00056 Hz) in the patients,
different PAT sample sets were evaluated in terms of
their accuracy on BP estimation: 1) all PAT samples
(ALLset); 2) PAT samples closest to BP samples
(NEAset); 3) the complementary set of NEAset
(FARset). The synchronization processing method men-
tioned above was applied to the three sample sets for
further estimation of BP. We draw a figure to better
illustrate the three PAT samples sets as shown in
Fig. 3. It shows the time series of SBP and the three
different PAT samples sets of one patient (dark dots).
With the aligning lines (dotted grey lines) that marked
the recording time of SBP, we can clearly see that
NEAset are subset of PAT that are closer to the SBP
recording time, while FARset are subset of PAT that are
relatively far away from the SBP recording time. With
the three different PAT sample sets, we obtained three
different PAT trend lines after low pass filtering (red
lines) and three different sets of PAT resamples (red
triangles) aligned with SBP. The three sets of PAT
resamples were used for BP estimation in the following
process.

PAT-based BP estimation

Since ABP averages during 24-h, daytime and night-
time are commonly used for the diagnosis and

management of hypertension [1], PAT-based estimations
of these BP averages will be evaluated. The difference
between the PAT-based estimation and the cuff-based
measurements will be evaluated by calculating the mean
and standard deviation of differences as well as the
mean absolute differences between the wearable PAT
device and reference cuff-based device. A previous non-
linear PAT-based BP model was adopted in this study
for BP estimation [16],

DBP ¼ 1

3
SBP0 þ 2

3
DBP0 þ 2

γ
ln

PAT0

PAT

� �
−

SBP0−DBP0ð Þ
3

PAT 0

PAT

� �2

ð1Þ

SBP ¼ DBP þ SBP0−DBP0ð Þ PAT0

PAT

� �2

ð2Þ

One-point individual calibration was applied before
BP estimation for daytime and nighttime. Specifically,
SBP0 and DBP0 are the first measurements of the
cuff-based BP device for each subject during daytime
or nighttime, and PAT0 is the first measurement of the
wearable PAT device for each subject during daytime or
nighttime. SBP0, DBP0 and PAT0 were used as the cal-
ibration points for individual calibration of the PAT-
based BP model described in equations (1–2). Through
this calibration, individualized BP-PAT model can be
obtained for each subject. To validate the accuracy of
the PAT-based BP estimation model, the remaining sam-
ples of PAT for each subject (i.e. all PAT measurements
excluding the first sample used in the calibration) were
used for BP estimation. The estimation results will then
be evaluated against the BP measurements. γ is a pa-
rameter related to the arterial elastic properties which
may be altered with age and the development of cardio-
vascular diseases [28]. The method to determine γ was
described in [25]. For the healthy, it was set as
0.031 mmHg−1. Based on the data from some previous
studies [29] and considering the age of the hypertensive
patients in our study (63 ± 4 years old), γ was set as
0.09 mmHg−1 for all patients using the same method
described in [25]. The estimated BP over daytime,
night-time and 24-h periods were then averaged and
compared with the cuff-based calculations.

Statistical analysis

Considering that the statistical distribution of device-device
measurement difference is t-distribution [30], one-tailed stu-
dent’s t-test was performed to test whether the group means
from the PAT-based estimation is significantly less than that
from BP0-based estimation [31]. The significance level is de-
termined as p < 0.05. All data processing and analysis were
performed using MATLAB 8.01, MathWorks.

33.5 34 34.5

PAT

ECG

PPG

Fig. 2 Calculation of pulse transit time (PAT): the time delay between the
R-peak of electrocardiogram (ECG) and the maximal slope point of the
systolic upstroke of photoplethysmogram (PPG) within the same cardiac
cycle
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Results

BP estimation by different PAT sample sets (ALLset,
NEAset, FARset)

Using the three different sets of PAT resamples, we got
three sets of estimation results as shown in Table 2. As
can be seen in Table 2, NEAset outperformed ALLset and
FARset in both SBP and DBP estimation at all time pe-
riods. Therefore, the following results for the hypertensive
patients were based on the NEAset estimation. It is also

observed that the night-time estimation is within the re-
quirement of AAMI standard (i.e., the difference should
be within 5 ± 8 mmHg), while the results for daytime
and 24-h are not up to the standard. In addition, it is
found that BP estimation by NEAset and FARset are quite
different. For all patients, the NEA_FAR differences
(Diff_NEA_FAR) were 3.4 ± 6.4 and −1.1 ± 3.9 mmHg
for SBP and DBP respectively. From Fig. 4, it can be
seen that the individual NEA_FAR differences ranged
from −7 to 15 mmHg for SBP and from −9 to
4 mmHg for DBP.
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Fig. 3 Illustration of the three
different samples sets of PAT

Table 2 Differences of mean blood pressure estimated from different pulse arrival time (PAT) sample sets (ALLset, NEAset, FARset) and cuff-based
ambulatory measurements for the 15 hypertensive patients

Mean ± SD of differences*

(mean absolute difference), mmHg
SBP DBP

Day Night 24-h Day Night 24-h

Diff_ALL_Cuff -2.3 ± 14.1 (12.4) -5.8 ± 8.1 (7.7) -0.2 ± 12.6 (11.1) -0 ± 8.5 (7.0) -1.9 ± 7.3 (5.4) 2.0 ± 8.7 (7.2)

Diff_NEA_Cuff -1.7 ± 14.3 (12.0) -3.4 ± 7.4 (6.7) 0.7 ± 12.4 (10.6) -0.3 ± 9.0 (7.5) -1.1 ± 6.0 (4.7) 1.9 ± 9.0 (7.5)

Diff_FAR_Cuff -1.3 ± 18.0 (15.7) -6.4 ± 10.4 (9.5) -0.2 ± 17.8 (14.3) -0.8 ± 8.9 (7.9) -0.2 ± 8.5 (6.0) 0.9 ± 9.1 (7.8)

Diff_NEA_FAR 0.2 ± 9.1 (6.0) 3.4 ± 6.4 (5.6) 1.0 ± 9.5 (6.8) 0.7 ± 2.7 (1.6) -1.1 ± 3.9 (2.5) 1.7 ± 4.0 (2.5)

Diff_ALL_Cuff – the difference between blood pressure estimation based on PATALLset and cuff measurements;

Diff_NEA_Cuff – the difference between blood pressure estimation based on PAT NEAset and cuff measurements;

Diff_FAR_Cuff – the difference between blood pressure estimation based on PAT FARset and cuff measurements;

Diff_FAR_NEA – the difference between blood pressure estimation based on PAT NEAset and FARset

*Differences: the differences between the estimated and the reference BP

J Med Syst (2016) 40: 195 Page 5 of 11 195



PAT-based BP estimation

Table 3 demonstrates the estimation accuracy (mean and SD
of the differences as well as mean absolute differences be-
tween the reference and the estimated BP) at different time
periods for SBP and DBP. It can be seen that night-time BP
showed smallest differences (−1.4 ± 6.6 and 0.4 ± 6.7 mmHg
for SBP and DBP) among three time periods. Considering the
PAT-based BPmodel was firstly calibrated using the first mea-
surements of BP and PAT (i.e., SBP0, DBP0 and PAT0), it
would be interesting to demonstrate whether PAT-based esti-
mation (Diff_PAT_cuff) is better than BP0-based estimation
(Diff_BP0_cuff). BP0-based estimation can be treated as the
model that uses one BP measurement to represent the mean
BP over a period of time. If BP does not vary too much during
the measurement period, the BP0 model would work well.
Therefore, only if the PAT-based estimation is better than the

BP0-based estimation, we can say PAT can provide additional
information for BP estimation. Otherwise, the good estimation
results may simply because the PAT model was calibrated at
the beginning using BP0 which is already representative of BP
over the whole measuring period. Therefore, we compared
PAT-based estimation in Figs. 5 (b, d) with the BP0-based
estimation in (a, c) during night-time for SBP and DBP, re-
spectively. We performed one-tail statistical test on the abso-
lute differences between the reference BP and PAT-based es-
timations and that between the reference and BP0-based esti-
mations. It showed that PATsignificantly improved night-time
SBP estimation compared to SBP0 (−1.4 ± 6.6 vs
2.3 ± 10.2 mmHg, p = 0.001), while DBP estimation was
marginally but insignificantly improved by PAT compared to
DBP0 (0.4 ± 6.7 vs 0.1 ± 8.0 mmHg, p = 0.08).

We further compared the estimation accuracy between the
hypertensive and normotensive subjects for overnight average
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Fig. 4 The Bland-Altman plots of the differences between the PAT NEAset and FARset estimation of mean night-time SBP (a) and DBP (b) in the
elderly hypertensive patients

Table 3 Evaluation of the accuracy of BP0- and PAT-based BP estimation with the cuff-based reference measurement at different time periods for 24
subjects

Mean ± SD of differences*

(mean absolute difference),
mmHg

SBP DBP

Diff_SBP0_cuff Diff_PAT_cuff Diff_DBP0_cuff Diff_PAT_cuff

Day 1.0 ± 14.3 (11.7) 0.5 ± 14.0 (11.6) 1.6 ± 8.9 (7.4) 1.2 ± 10.0 (8.1)

Night 2.3 ± 10.2 (7.6) -1.4 ± 6.6† (5.2) 0.1 ± 8.0 (5.5) 0.4 ± 6.7 (5.2)

24-h 2.4 ± 12.7 (8.9) 2.7 ± 12.0 (10.0) 3.5 ± 9.0 (7.3) 3.5 ± 9.4 (8.0)

*Differences: the differences between the estimated and the reference BP. † means statistically significant at p < 0.05 when comparing PAT estimation
with the BP0 estimation. Diff_SBP0_cuff and Diff_DBP0_cuff denote the differences between BP0 (the first measurement of the cuff device) based BP
estimation and cuff-based BPmeasurements. Diff_PAT_cuff and Diff_PAT_cuff denote the differences between PAT basedBP estimation and cuff-based
BP measurements
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SBP and DBP in Fig. 6. The result showed that the estimation
of overnight average SBP was significantly better in the
healthy (1.9 ± 3.1 mmHg) than the hypertensive
(3.4 ± 7.4 mmHg), while DBP was slightly worse for the
healthy than the hypertensive.

Comparison between PAT-based estimation
and cuff-based BP measurements for hypertension
diagnosis

In addition to evaluating the accuracy of BP estimation,
it is also worthwhile to evaluate the consistency of the
PAT-based BP estimation with cuff-based measurements
in the detection of BP above the hypertension threshold
for hypertension diagnosis. The cut-off values for hyper-
tension diagnosis using these ABP averages in clinical

practice are known to be 130/80 mmHg for 24-h SBP/
DBP, 120/70 mmHg for night SBP/DBP and 10–
20 % day-to-night dipping [1]. Since our results showed
that PAT could only estimate night-time BP accurately,
we adopted a hybrid scheme (i.e., cuff-based measure-
ments for daytime and PAT-based measurements for
night-time) in the evaluation of 24-h BP. The hybrid
approach implies that the subject can use the cuff-
based BP monitor alone during daytime while wear
the cuff-less BP monitor during nighttime. Although this
is not the ideal case that a single device can provide
accurate 24-h ambulatory BP measurements without dis-
comfort, the hybrid approach indeed can reduce the dis-
comfort and sleep disturbances during nighttime.

The diagnostic accuracy of mean night-time and 24-h SBP/
DBP obtained from the PAT-based method and the hybrid

(a) (b)

(c) (d)

80 90 100 110 120 130 140 150 160
-30

-20

-10

0

10

20

30

Mean-1.96XSD

Mean+1.96XSD

Average of SBP0-Estimated and Reference Overnight-Average SBP (mmHg)

D
iff

er
en

ce
 o

f E
st

im
at

ed
 a

nd
 R

ef
er

en
ce

O
ve

rn
ig

ht
-A

ve
ra

ge
 S

B
P

 (
m

m
H

g)

80 90 100 110 120 130 140 150 160
-30

-20

-10

0

10

20

30

Mean-1.96XSD

Mean+1.96XSD

Average of PAT-Estimated and Reference Overnight-Average SBP (mmHg)

D
iff

er
en

ce
 o

f P
T

T
E

st
im

at
ed

 a
nd

 R
ef

er
en

ce
O

ve
rn

ig
ht

-A
ve

ra
ge

 S
B

P
 (

m
m

H
g)

40 50 60 70 80 90 100
-30

-20

-10

0

10

20

30

Mean-1.96XSD

Mean+1.96XSD

Average of DBP0-Estimated and Reference Overnight-Average DBP (mmHg)

D
iff

er
en

ce
 o

f E
st

im
at

ed
 a

nd
 R

ef
er

en
ce

O
ve

rn
ig

ht
-A

ve
ra

ge
 D

B
P

 (
m

m
H

g)

Bland-Altman Plot (DBP0 estimated results) Bland-Altman Plot (PAT estimated results)

Bland-Altman Plot (SBP0 estimated results) Bland-Altman Plot (PAT estimated results)

40 50 60 70 80 90 100
-30

-20

-10

0

10

20

30

Mean-1.96XSD

Mean+1.96XSD

Average of PAT-Estimated and Reference Overnight-Average DBP (mmHg)

D
iff

er
en

ce
 o

f P
T

T
E

st
im

at
ed

 a
nd

 R
ef

er
en

ce
O

ve
rn

ig
ht

-A
ve

ra
ge

 D
B

P
 (

m
m

H
g)

Fig. 5 The Bland-Altman plots of BP0-estimated (a, c) and PAT-estimated (b, d) mean night-time SBP and DBP in all subjects (BP0 denotes the first
measurement of the cuff-based device)
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method respectively in detecting BP above the hypertension
threshold were evaluated against the cuff-based one by the
receiver operating characteristic (ROC) as shown in Fig. 7.
The area under the ROC curves (AUC) are 0.975/0.794 and
0.996/1.0 for night and 24-h SBP/DBP, respectively.

Discussion

This is the first study to evaluate the accuracy of PAT-
based method for the measurement of mean BP over
24 h at out-of-hospital settings on both hypertensive
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Fig. 6 The Bland-Altman plots of PAT-estimated mean night-time SBP and DBP in the healthy subjects (a, c) and the hypertensive patients (b, d)

Fig. 7 Receiver operating
characteristic curves for mean
night-time SBP/DBP estimated
by PAT and mean 24-h SBP/DBP
estimated by the hybrid approach
in detecting hypertension cut-off
values

195 Page 8 of 11 J Med Syst (2016) 40: 195



and healthy subjects. The results showed that compared
to the standard cuff-based measurements, PAT-based
method can estimate mean night-time SBP and DBP
accurately with the difference of −1.4 ± 6.6 and
0.4 ± 6.7 mmHg, respectively, but is not accurate
enough for daytime BP estimation according to the re-
quirement of AAMI standard on BP measurement [16].
The results of this study suggest that PAT-based cuff-
less device has large potential to be used in mean night-
time ABP monitoring, which would bring great benefits
for ABP monitoring in clinical settings such as relieving
sleeping disturbances.

Different PAT sample sets for BP estimation

As shown in Table 2, the estimation by different PAT
sample sets are quite different, especially for NEAset
and FARset (3.4 ± 6.4 mmHg for SBP and −1.1 ± 3.9
for DBP), and the differences can be up to 15 mmHg for
some individuals as seen from Fig. 4. Due to the very low
sampling rate of PAT, the selection of PAT samples would
greatly influence the trend lines of PAT after low-pass
filtering, thus resulting in different PAT resamples. The
closer PAT to BP samples on the recording time, more
accurately that PAT can estimate BP. It is interesting to
observe that NEAset estimation is even better than
ALLset estimation considering ALLset encompasses
NEAset. One reason for this is that the sampling rate of
ALLset PAT is around two times of BP, so some high
frequency changes which do not exist in BP may be in-
cluded in PAT. Due to the frequency-dependent relation-
ship between BP and PAT [32], NEAset performed better
than ALLset in tracking BP.

Another interesting insight obtained from the different es-
timation results with different PAT sample sets is that the cur-
rent BP sampling rate (i.e., one sample per 30 min) is inade-
quate to reflect the real BP level. Specifically, BP varies from
time to time, so mean BP over a period are likely to be very
different when they were sampled at different time. In this
regard, although we showed that BP can be accurately esti-
mated by PATclose to it (NEAset), it is difficult to be estimat-
ed by PAT far away (FARset). Previous studies also investi-
gated the effect of sampling rate of 24-h ABP on the repro-
ducibility of mean BP [33]. They compared mean BP mea-
sured from ABP recordings sampled every 1 h over 48-h
period against that sampled at interval of 20–30 min over
48-h period. The differences of mean night-time BP calculated
in their study were not as large as ours (0.1 ± 1.6 mmHg for
SBP and 0.1 ± 1.4 mmHg for DBP). This may be due to the
long duration of their study (48 h) which increased the number
of samples to ensure the reproducibility of mean BP. It is
unknown whether the sampling rate would matter when the
duration is shortened to 24-h or less.

Accuracy of the PAT-based method

Nighttime vs Daytime. From Table 3, the PAT-based estima-
tion during daytime was not as good as night-time. From some
previous studies on BP-PAT relationship [34–37], it is consid-
ered that two confounding factors, i.e., vascular tone and pre
ejection period (PEP), may be responsible for the larger esti-
mation errors during daytime. Vascular tone reflects the acti-
vation level of the vessels relative to its maximal dilated state.
PEP is the isovolumetric contraction period of ventricle.
Vascular tone and PEP can be changed under different phys-
iological status induced by daytime activities like posture
changes, having dinner, walking and working, thus changing
the BP-PAT relationship. Due to the difficulties on measuring
PEP and vascular tone in ambulatory settings, the BP-PAT
model in this study did not take into account the influence of
PEP and vascular tone changes.

Healthy vs Hypertensive. It is also found that the PAT esti-
mates overnight average SBP with error of 1.9 ± 3.1 mmHg in
young healthy subjects, and 3.4 ± 7.4 mmHg in the elderly
hypertensive subjects. Due to the different SBP ranges of the
two groups (about 90–130 mmHg for the healthy and 100–
150 mmHg for the hypertensive), we cannot directly conclude
that PAT estimate SBP better in the healthy subjects than hy-
pertensive subjects. One possible reason for this result is the
influences of PEP and vascular tone. A number of previous
studies have found that both hypertension and aging are ac-
companied with elevated sympathetic nerve activity which
can regulate both PEP and vascular tone [38, 39]. This would
cause larger variations on both PEP and vascular tone in the
elderly hypertensive patients compared to the young healthy
subjects, thus resulting in worse estimation results.
Nevertheless, future studies are still needed to further investi-
gate the differences on the accuracy when comparing hyper-
tensive and normotensive subjects.

PAT vs BP0 -based estimation. In addition, it is found that
PAT significantly improved SBP estimation compared to
SBP 0 - b a s e d e s t im a t i o n ( f r om 2 . 3 ± 1 0 . 2 t o
−1.4 ± 6.6 mmHg, p < 0.05), which indicates the additional
predictive value of PAT in mean night-time SBP estimation on
the basis of SBP0. This result suggests that although BP dur-
ing nighttime may not change too much in time, SBP0 alone
was still insufficient to estimate the mean nighttime SBP. By
adding PAT, the estimation significantly improved. On the
other hand, the improvement in DBP estimation (from
0.1 ± 8.0 to 0.4 ± 6.7 mmHg) is not as significant as in SBP.
This may because the better correlation between SBP and PAT
than DBP and PAT, which has been found in many previous
studies [25] [34].

There are some limitations of this study. Considering this is
the first study to test if the PAT-based method has potential for
cuff-less BP estimation in daily-life settings on both hyperten-
sive patients and healthy subjects, only 24 subjects were

J Med Syst (2016) 40: 195 Page 9 of 11 195



included. Future studies with larger sample size (> = 85 sub-
jects) should be conducted to further validate the proposed
method in ambulatory settings. In addition, the hypertensive
patients recruited in this study were mostly with very high BP
(office SBP > 140 mmHg). Since ABPM is often recommend-
ed under situations either with very high (>140 mmHg) or
very low office SBP (<90 mmHg) which are quite common
in patients with uncontrolled BP, more patients with very low
BP should also be included for validation.

Conclusion

This study is the first to evaluate the cuff-less PAT-basedmeth-
od on estimating mean night-time BP against standard cuff-
based ABP measurements for potential clinical use in hyper-
tension management. Twenty-four subjects were tested and
the cuff-less method can estimate mean night-time SBP and
DBP with error within −1.4 ± 6.6 and 0.4 ± 6.7 mmHg, re-
spectively. By using the PAT-based night-time estimation and
the cuff-based daytime measurements, the cuff-less method
can accurately detect BP beyond the recommended hyperten-
sion cut-off values in contrast to the cuff-based ABP monitor-
ing, showing its potential use in the clinical diagnosis of hy-
pertension. Therefore, PAT-based method provides a cuff-less
solution for night-time ABP monitoring to help alleviate the
issue of sleep disturbances of traditional cuff-based ABPmon-
itors and may greatly advance the use of ABP monitoring in
clinical practices.
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