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Abstract
This study presents a system that aims to estimate changes in arterial health status in an unobtrusive way. It might
be especially useful in long-term self-monitoring of cardiovascular performance for the successful patients’ treatment and
empowerment. This system applies the electrocardiographic and impedance plethysmographic signals acquired using
modified body composition scales for the calculation of pulse arrival time, which is directly related to arterial stiffness.
The proposed device was tested in a cohort of 14 subjects. The modified scales were compared to the commercial
PulsePen tonometer and the results showed significant relationship between these different devices (rs “ 0.93, p ă 0.01).
The system also showed the ability to track small pulse arrival time variations induced by paced respiration. These
findings suggest that scales evaluating parameters of cardiovascular function have potential to become a convenient
device for self-monitoring of arterial stiffness.
Keywords: unobtrusive long-term health monitoring, personal health technologies, multi-sensing device, impedance
plethysmogram, slope sum function

1. Introduction
Elasticity and stiffness of large arteries have a considerable impact on cardiovascular (CV) function. These mechanical properties are responsible for maintaining continuous blood flow and retaining the shape of vessels under
the high pressures. Therefore, changes in balance between
elasticity and stiffness can contribute to the development
of CV diseases, and target organ, such as heart, kidney
and brain, damage [1–4].
It has been shown that an abnormal aortic stiffness is
independently associated with an increased number of CV
events, as well as to all-cause mortality [5, 6]. This es-

pecially applies to elderly population [7–9], patients with
end-stage renal disease [10, 11], impaired glucose tolerance [12] and hypertension [3, 4, 13]. In addition, an increased aortic stiffness is found to be associated with microvascular brain lesions [14]. Although most of studies
have been dedicated to the investigation of aortic arterial stiffness, the elastic properties of lower-limb arteries
are also related to significant health issues, e.g., peripheral
artery disease [15] and diabetic peripheral neuropathy [16].
Accordingly, periodic assessment of arterial stiffness
has been suggested to be a part of long-term monitoring of target patients [2, 4, 5, 7–10, 12, 13]. Nevertheless,
the technical concerns, notably, operator dependence and
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measurement standardization, restrict the inclusion of arterial stiffness characterizing parameters in clinical prac-
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tice [17] and home-based monitoring. Therefore, a more
convenient way for periodic estimation of arterial stiffness
February 19, 2016

2. Materials and methods

is highly desirable.
According to the Moens-Korteweg equation, elasticity

The principle of PAT estimation using body compoof the arteries is inversely proportional to the time interval,
sition scales relies on synchronously recorded ECG and
required for the pulse wave to travel a fixed distance. A
IPG signals. ECG was obtained using Einthoven extremcommon approach is to assess the pulse arrival time (PAT)
ity leads, whereas IPG was recorded from the soles placed
by employing the R-wave of the electrocardiogram (ECG)
on the footpad electrodes.
as a reference point and the pulse wave, recorded on a
peripheral site (finger, toe). In this case, PAT is affected

2.1. Physiological background

not only by the stiffness of the aortic arteries itself, but by

The morphology of IPG depends on local blood vol-

the limb arteries as well. Therefore, this information can

ume in the body [24]. IPG is obtained by stimulating

be valuable for evaluating general status of the arteries.

tissue with low amplitude high frequency current. Since

Emerging advances in technology enable integration of

the amplitude of the current is constant, the voltage al-

sensors for acquiring various physiological signals in an

ternates according to the impedance changes occurring

unobtrusive way. For example, bathroom scales with han-

due to the changes in the blood volume. Given that the

dlebar and footpad electrodes have been successfully ap-

lower-body IPG signal is the sum of the local impedances

plied to acquire ECG [18–22], impedance plethysmogram

of all the segments between the voltage measuring elec-

(IPG) [19–22], ballistocardiogram [18, 20–22] and lower-

trodes, the total impedance is affected by separate body

body electromyogram [20]. So far, commercial bathroom

parts differently. Hence, smaller cross sectional area and

scales are capable of estimating total body composition

greater local impedance make the lower parts of the legs

and heart rate. Moreover, the integration of assessment

contribute more to the total impedance than the lower

of arterial stiffness would allow to track changes in ar-

torso or thighs [25]. As a result, the IPG recorded on the

terial status and transform bathroom scales into multi-

bathroom scales mostly represents blood pulsation in the

parametric device.

feet.

In this paper, we propose a system for estimation of

Generally, PAT depends on permanent arterial stiff-

PAT using body composition scales, modified to acquire

ness, but also varies with blood pressure in a short pe-

ECG and IPG signals. The proposed system enables un-

riod of time because arteries become stiffer under increased

obtrusive long-term monitoring of PAT changes over the

pressure. Due to physiological phenomena, blood pressure

time, therefore, may form a basis for periodic arterial stiff-

and heart rate are already modulated at 0.1 Hz rate [26],

ness assessment. This issue has already been addressed by

yet paced breathing at the same rate additionally increases

our group in a preliminary study [23].

modulation. During inspiration effort the intrathoracic

This paper is organised as follows. The proposed method

pressure falls and provokes the decrease in stroke volume.

is described in Section 2, followed by a description of the

This causes the reduction of blood pressure and successive

study population and the performance measures in Sec-

rise in PAT. At the same time, due to physiological effects

tion 3. The results characterizing performance are pre-

heart rate increases to maintain cardiac output. During

sented in Section 4 and compared to a commercial device.

exhalation, the reverse is true [26]. Relationship between

The paper is finished with a discussion and conclusions

PAT and blood pressure is useful to evaluate the ability of

(Section 5, Section 6).

the developed device to track small changes in PAT. These
variations in hemodynamics are not instant but gradually
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Fig. 1. Functional block diagram of instrumentation used for PAT estimation.

ongoing, so there is a time offset between changes in blood

standing and operator leans his hand on subjects to achieve

pressure, heart rate and PAT [27].

stability. If reference and proposed methods were performed synchronously, this contact would influence the re-

2.2. Instrumentation

sults of the IPG recording mechanically and electrically.

Commercially available body composition scales with

Thus, scales and tonometer are operated asynchronously

footpad and handlebar electrodes (HBF-510, Omron, Ky-

in the present study.

oto, Japan) were used in this study. The sensors of the

Average PAT estimated using the proposed method was

scales were supplemented by the custom-made electronics

compared with calculated by the PulsePen (DiaTecne s.r.l.,

for the purpose to acquire ECG and IPG. Functional block

Milan, Italy) [30]. This device is composed of a tonometer

diagram of the measurement system is shown in Fig.1.

and an integrated ECG unit. Pressure waves were recorded

The analog front-end ADS1294R (Texas Instruments,

for at least 13 s simultaneously using tonometer placed on

Dallas, TX, USA) [28] was utilized for acquiring ECG and

the posterior tibial artery of the right foot (see Fig. 2a).

IPG. Two electrodes integrated in handlebar and one foot-

P ATR was calculated as the time delay between the R-

pad electrode were used for obtaining 3 lead ECG, whereas

wave and the foot of the pressure wave using the included

two footpad electrodes below the heels were employed for

software. For the PulsePen the foot of the pressure wave

recording the lower-body IPG. These footpad electrodes,

is defined by the intersection of the horizontal line tan-

connected to the integrated impedance measurement cir-

gent to the lowest point of the pressure waveform with

cuitry, were utilized to source 0.2 mArms constant har-

the extension of the line resulting from the mean square

monic current at 32 kHz into the body and to measure volt-

deviation of all points, building up the initial rise of the

age drop. Signals were acquired synchronously at 500 Hz

waveform [30]. Typical signals recorded with the PulsePen

sampling rate.

system are shown in Fig. 2b.

2.3. Reference method

2.4. Signal processing

Recommended reference method for validation of non-

A block diagram of signal processing stages is presented

invasive hemodynamic measurement devices is arterial

in Fig. 3. ECG and IPG, defined as sn and xn , respec-

tonometry [29]. It is usually performed on subjects in

tively, constitute the inputs of the algorithm (n is the in-

supine position, but the nature of our study requires them

dex of the record sample). Only one lead out of 3 was
3
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Fig. 2. Reference method: (a) placement of the PulsePen on the
posterior tibial artery; (b) example of the acquired signals. N – R-

Hlp pzq “

wave, İ – foot of the pressure wave, grey area – estimated interval of
P ATR .

128 p1 ´ z ´1 q2

.

(3)

The detection of the R-waves was performed by comparing the output of the low-pass filter vn against the

chosen depending on the quality of the ECG for each sub-

adaptive amplitude-dependent threshold.

ject. The guiding rule when developing signal processing

wave), the record was also divided into RR intervals. The

on embedded system after slight modifications. Group de-

length of each RR interval was determined as follows:

lays of digital forward filters were taken into account and
compensated for.
Band-pass
filter

tn

xn
Low-pass yn
IPG differentiator

According to

the timing of the R-waves nRi (i is the index of the R-

algorithm was to make it convenient for implementation

sn
ECG

1 p1 ´ z ´12 q2

RRi “ nRi ´ nRi´1 .
Rectification

Slope sum
function

un
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Low-pass
filter

Detection of
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the peaks

PAT
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(4)

The signal xn was processed with length 129 linearphase low-pass-differentiator filter designed using least-

PATI

squares error minimization method. This filter has the
transition band from 9.4 to 14.4 Hz, the group delay of

Fig. 3. Block diagram of signal processing stages.

64 samples and the edge frequency of 12 Hz. The outThe band-pass filtering of sn was achieved by cascading

put of the low-pass-differentiator yn is the derivative of

recursive low-pass and high-pass filters. The pass-band

xn with accentuated upslopes of the waveform, suppressed

from 12 to 18 Hz accentuates the QRS complexes, reduces

high-frequency noise and removed low-frequency drift.

the noise and the influence of the P and T waves. The

The slope sum function was used to enhance the up-

transfer function of low-pass filter, described by cut-off

slope even more and reduce the remainder of the wave-

frequency of 20 Hz and group delay of 7 samples, is given

form [31]. The output of this function zn is defined as

by

follows:

Hlp pzq “

1 p1 ´ z ´8 q2
64 p1 ´ z ´1 q

.
2

zn “

(1)

n
ÿ

hk ,

k“n´w

High-pass filter with cut-off frequency of 11.8 Hz and

hk “

$
’
&yk ,

yk ą 0

’
%0,

yk ď 0.

(5)

where w is the length of the analysing window. w was

group delay of 16 samples was implemented by subtract-

chosen empirically approximately equal to the duration of

ing low-pass from all-pass filter. The transfer functions is

the upslope of the IPG waveform. In this study, w equals

defined by

to 54 samples or 108 ms.
Hhp pzq “ z ´16 ´

1 p1 ´ z
32 p1 ´

´16

q
.

z ´1 q

Peaks of the waveform were detected in zn within each

(2)

RR interval. nPi is the timing of the ith peak. PAT for
4

every ith cardiac cycle P ATI was estimated as the time

35.06 kg\m2 , were enrolled in the experiment. (see Ta-

difference between the time instant of the R-wave and the

ble 1). Informed consent was obtained from all partici-

successive peak in the slope sum function:

pants.

P ATI i “ nP i ´ nRi .

(6)

3.2. Measurement protocol
We measured P ATR from the heart to the posterior tib-

The output of the stages of signal processing and P ATI

ial artery for every subject standing on the floor (Fig. 2a).

estimation are presented in Fig. 4.

Average P ATR was obtained from the first ten heart cycles

s (a.u.)

(a)

1

detected in the recording as suggested by the ARTERY

0.5

Society [29]. Then, subjects were asked to stand still on

0
−0.5

(b)

the modified scales barefoot while holding handlebar elec-

t (a.u.)

1
0.5

trodes in their lowered hands and breath normally. Af-

0

ter waiting for the signals to stabilize, ECG an IPG were

−0.5

u (a.u.)

(c)

1

recorded for 1 min. In the end, subjects were instructed to

0.5

synchronize their respiration with an on-screen bar graph

0
−0.5

(d)

indicator. Signals were registered for additional 1 min with

v (a.u.)

1
0.5

deep paced (0.1 Hz) breathing.

0
−0.5

x (a.u.)

(e)

3.3. Performance evaluation

1
0.5

Average P ATI was also estimated from the first ten

0

cardiac cycles of the bathroom scales recording. Aver-

−0.5

(f)
y (a.u.)

1

age P ATI and P ATR (see Table 1) values for each subject

0.5
0

were compared while analysing the recordings performed

−0.5

z (a.u.)

(g)

during normal breathing. Because of small data sample

1
0.5

(N “ 14), normal distribution of values could not be

0

proven and non-parametric methods were chosen to evalu-

−0.5

v, z (a.u.)

(h)

1

ate the relationship and agreement between the methods.

0.5

The statistical significance of observed difference between
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P ATR and P ATI was checked using Wilcoxon signed-rank

Time (s)

test for paired samples. Additionally, correlation between

Fig. 4. Example of the stages of the ECG (from (a) to (d)) and IPG

subjects’ age and P ATI was investigated. In order to elim-

(from (e) to (g)) signals processing and P ATI estimation (h). N –
nR ,

İ – nP , grey area – estimated interval of P ATI .

inate height influence on P ATI , it was height-normalized
(divided by subject’s height).
For the repeatability and reliability evaluation of the

3. Data collection and analysis

proposed method the first 50 cardiac cycles of each sub-

3.1. Subjects

ject during normal breathing were used. Estimated P ATI
values were divided into five segments and corresponding

Fourteen volunteer subjects (five female), from 22 to

average P ATI was calculated for each segment. Thus, five

81 years old, with body mass index (BMI) from 18.4 to
5

Table 1. Data for the subjects in this study.
Subject information

Normal breathing
(kgzm2 )

Paced breathing

PATR (ms)

PATI (ms)

Lag (beats)

rmax

18.9

218.0

293.6

0.75

0.73

172

24.0

191.4

256.4

4.00

0.27

33

186

22.8

246.4

326.8

3.75

0.79

M

28

181

23.5

242.2

317.2

5.00

0.85

5

F

27

168

22.3

229.8

276.2

4.00

0.67

6

M

31

179

22.8

230.2

302.0

4.50

0.71

7

M

22

172

23.7

250.0

327.2

3.75

0.51

8

M

26

187

21.4

267.2

326.8

5.75

0.75

9

M

23

185

35.1

263.6

332.8

10.75

0.33

10

M

24

185

26.3

273.6

342.4

4.25

0.82

11

F

23

165

22.0

283.4

361.0

6.50

0.53

12

M

45

182

26.3

222.7

292.2

3.50

0.67

13

F

22

176

18.4

286.8

327.8

4.00

0.74

14

F

76

169

24.2

207.6

273.2

5.00

0.45

No.

Sex

Age (y)

Height (cm)

1

F

45

172

2

M

81

3

M

4

BMI

average P ATI values per subject made up 70 values in to-

(Table 1).

tal. Intraclass correlation (ICC) and coefficient of repeata4. Results

bility (CR) with their confidence intervals were calculated
according to [32]. ICC is a measure of reliability relat-

4.1. Estimated PAT values
ing the magnitude of the measurement error in observed
Examples of the typical ECG and IPG signals dur-

measurements to the characteristic variability in underly-

ing normal breathing in 1 min and 10 s length intervals

ing values between subjects. CR is the greatest absolute

are shown in Fig. 5. Baseline wandering (see Fig. 5a) is

difference expected between the two measurements on the

mainly caused by respiration, but motion and changes in

same subject under the identical conditions in the future.

electrode impedance (dry metal electrodes were used in

To examine the effectiveness of multi-parametric scales

the study) also have an influence on it. Moreover, high

in detection of small changes in PAT, we evaluated the re-

frequency noise from EMG is present and ambient noise

lationship between RR and P ATI for each subject during

can be induced in case of poor electrode-skin contact as

paced breathing in 1 min length record. Firstly, each vec-

well. Nevertheless, the quality of the signals is sufficient

tor of calculated RR and P ATI values was processed with

for detection of the R-waves and the upslopes of the pulse

3-points median filter to eliminate the outliers. Then, ad-

waveform.

ditional values of RR and P ATI were estimated by linear

Different effects of normal and deep paced breathing on

interpolation at each quarter of the beat. Finally, normal-

P ATI and RR variability are illustrated in Fig. 6. Fig. 6b

ized product-moment cross-correlation functions r of RR

displays a typical pattern of RR and P ATI variations with

against P ATI were calculated. The lag in RR changes out-

time driven at the respiratory period of 10 s. It is evident

running P ATI changes, where correlation function reaches

that RR changes outrun P ATI changes.

its maximum amplitude rmax , was located for each subject
6
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Fig. 5. Examples of the ECG and IPG signals acquired by developed

4.3. Correlation with age

multi-parametric scales: (a) unprocessed 1 min length record and (b)

Calculated Spearmans’s rank correlation coefficient as

10 s interval of band-pass filtered signals (0.5 to 40 Hz).

an estimate of correlation between subjects’ age and height-
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(b)
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sponds to the statement that the decrease in PAT is related to ageing.
4.4. Reliability and repeatability
The calculated estimate of reliability was ICC=0.988

RR (ms)

P AT I (ms)

(a)

(95% CI=0.975 to 0.996), where between- and within-subject
standard deviations were 30.11 ms and 3.31 ms, respectively. ICC shows that measurement errors are small in

300
60

Time (s)

comparison to the true differences between subjects. The
Fig. 6. P ATI (thick lines) and RR (thin lines) changes during (a)

coefficient of repeatability for this study is relatively small

normal and (b) paced breathing (subject No.13).

CR=9.16 ms (95% CI=7.73 ms to 11.24 ms).
4.2. Comparison with the reference method

4.5. Evaluation of induced PAT variation

P ATI values are prolonged with respect to P ATR val-

The maximum amplitude of changes in RR ranged

ues and the median difference is -69.35 ms (95% CI=-75.3

from 67 to 222 ms and in P ATI from 30 to 76 ms across all

to -62.3 ms) (see Fig. 7a). Average PAT values estimated

subjects during paced respiration. The correlation func-

with different devices agree well as the 80% limits of agree-

tions of the oldest subject (No.2) and the subject with the

ment are from -77.88 to -45.86 ms (10th and 90th per-

highest BMI (No.9) showed poor results reaching the max-

centiles). Scatter plot in Fig. 7b displays relationship be-

imum amplitude of 0.27 and 0.33 only (Table 1), therefore,

tween P ATI and P ATR . Spearman’s rank correlation co-

were excluded from the further study. The maximum am-

efficient between these two variables rs “ 0.93 (p ă 0.01).

plitudes of correlation function ranged from 0.45 to 0.85
with RR changes outrunning the P ATI changes from 0.75
to 6.5 beats for other individual subjects. The mean correlation function of these subjects reached a maximum
7

amplitude of r “ 0.58 with the lag of 4.23 ˘ 1.41 beats

IPG measurement; hence, desirable quality of the signals

(mean˘SD). Individual and mean cross-correlation func-

and low noise level were achieved. Also, digital signal pro-

tions for subjects with RR and P ATI relationship are dis-

cessing algorithm was improved.

played in Fig. 8.

In the first part of the study we compared average
PAT values estimated with multi-parametric scales to the

1
0.8

PulsePen findings. The results indicated significant rela-

0.6

r value

0.4

tionship between the two methods (rs “ 0.93, p ă 0.01).

0.2

Also, the limits of agreement were no wider than 32 ms

0
−0.2

but the PulsePen device produced 70 ms smaller values

−0.4
−0.6

of PAT. This distinction could be explained by different

−0.8
−1
−4

−2

0

2

4

6

8

10

12

PAT definitions and body places used for signal acquisi-

14

Lag (beats)

tion. The PulsePen uses the foot of the pulse wave as
Fig. 8. Cross-correlation functions of RR against P ATI for all subjects with respiratory sinus arrhythmia and baroreflex (thin lines).

the fiducial point, whereas our method - maximum of the

Thick line indicates the mean of all cross-correlation functions dis-

slope sum function, which corresponds approximately to

played.

the maximum of the first derivative. These particularities
of the processing methods contributed to the difference
between P ATR and P ATI values the most. Additionally,

5. Discussion

electrodes for the IPG acquisition were in contact with
subject’s heels, while tonometer was placed higher, on the

5.1. Principal findings

posterior tibial artery. Distance between these locations

As mentioned in [33], the novel personal health tech-

added up to the different estimation of PAT.

nologies are likely to be successful only if they clearly reduce inconveniences and burden for patients, helping them

Every procedure with the PulsePen tonometer requires

to accomplish their "work" more efficiently and effectively.

an experienced operator, but the measurement is still hard

The proposed system takes a step towards meeting these

to perform while subject is standing. Because of anatomi-

requirements. The present study was carried out in order

cal differences between participants of the experiment, dif-

to evaluate the ability of the modified scales to assess PAT

ficulties arose when palpating posterior tibial artery for

and track its changes. Results of the experiment showed

some of them and the measurement outlasted usual pro-

that unobtrusive multi-sensing device in a form of simple

cedure. On the contrary, the IPG signal was present and

bathroom scales with integrated IPG and ECG electrodes

easily recorded for all the subjects standing on the body

is capable of acquiring signals suitable for cardiovascular

composition scales. Furthermore, the use of this device

parameters estimation. It should be noted that the pro-

is straightforward and the final version is supposed to be

posed device is intended to monitor changes in arterial

completely operator-independent. Dry electrodes on the

health status rather than calculate absolute estimates of

scales are far more practical than disposable ones used by

arterial stiffness.

the PulsePen as well. In comparison with the PulsePen,

In comparison with previous work [23], the custom-

which position can vary between subjects, operators and

made electronics instead of commercial data acquisition

measurements, the scales have an advantage as the elec-

system was used in this research. We were free to choose

trodes are placed exactly under the heels.
As could be predicted, strong relationship was found

frequency and amplitude of the excitation current for the
8

between subjects’ age and height-normalized P ATI val-

We investigated beat-to-beat changes of PAT in this

ues estimated with body composition scales (rs “ ´0, 87,

study and the bathroom scales were able to distinguish

p ă 0.01). The obtained correlation is in line with com-

between them. It is possible to apply this property for the

mon knowledge, based on longitudinal studies [7–9], that

evaluation of the respiratory sinus arrhythmia or barore-

arterial stiffness increases with ageing. The results imply

flex sensitivity. However, beat-to-beat tracking of PAT

that the proposed device is capable of assessing this ageing

is less valuable in long-term monitoring, which helps to

phenomenon.

track changes in arterial stiffness after various pharma-

In this study, the estimated reliability was high

cological (antihypertensive treatment, treatments of con-

(ICC=0.988). Hence, we draw the conclusion that variabil-

gestive heart failure, hypolipidaemic, antidiabetic agents,

ity in measurements is due to genuine differences in P ATI

AGE-breakers) or non-pharmacological (exercise training,

between subjects rather than to errors in the measurement

dietary changes, hormone replacement therapy) interven-

process. Therefore, subjects can be well distinguished in

tions [1]. Unfortunately, there is no generally accepted

terms of PAT. However, estimated ICC depends upon vari-

practice on optimal timing and frequency of cardiovascu-

ability in PAT between subjects measured (standard de-

lar health assessment in healthy or low-risk persons but

viation was 30.11 ms), so it is only true in the population

it is likely to be a part of standard patient follow-up in

of similar heterogeneity. Performed repeatability analysis

high cardiovascular risk persons [17]. Nevertheless, it has

also brought a decent coefficient. It suggests that any two

been shown that time to change of arterial stiffness is rela-

measurements made on a particular subject with constant

tively fast (weeks or months) [3]; consequently, we suspect

underlying PAT value are estimated to differ by no more

day-to-day or week-to-week changes in PAT may be more

than 9.16 ms on 95 % of occasions. This time interval can

practical to follow.

be ascribed only to errors due to the measurement process
5.2. Comparison with prior work

itself.
The second part of the study was designed to assess

Studies carried out in [18–22] employed modified bath-

the suitability of the proposed system for the estimation

room scales too. Some of them were focused on signal-to-

of small changes in PAT. These changes were induced by

noise ratio improvement, EMG usage for the detection of

paced breathing and evaluated against simultaneous varia-

motion artefacts or fusion of the signals to develop robust

tions in RR intervals. Although relationship between heart

systems for CV monitoring at home [20, 21]. However,

rate and PAT variabilities is indirect and lagged, some in-

studies in [20, 21] have not provided any specific CV pa-

dividual cross-correlation functions of RR against P ATI

rameter. Experiments in [18] were dedicated to determine

reached maximum amplitude of r “ 0.7 and more. Conse-

changes in subject’s cardiac output and contractility using

quently, we suppose that the proposed device is capable of

ECG and BCG signals. The rest of the studies were fo-

tracking variation in PAT. The mean time of lag between

cused on heart rate detection from IPG or BCG, or both

RR and P ATI was 4 beats but for individual subjects it

signals [19, 22]. None of the mentioned investigations were

varied from 1 to 7 beats. Moreover, maximum variabil-

interested in PAT estimation and arterial stiffness assess-

ity in length of RR intervals and PAT was different across

ment.

the subjects. Therefore, further research is needed to un-

The work by Gomez-Clapers et al. [34] is the closest

derstand the physiological importance and application of

in nature to the present study. The suitability of the IPG

parameters defining cardiorespiratory relations.

for the estimation of PAT with a handheld device was in9

vestigated. The method showed valid agreement with that

and flow dependent [35]. Changes in all these factors may

based on photoplethysmography. Nevertheless, the upper-

be pathologically induced or arise from shift in environ-

body IPG was used in [34] and its practical healthcare

mental parameters (e.g. cold room). Alterations in the

application was not specified.

shape of the waveform due to electrical properties of the

Relationship between RR intervals and PAT during

tissues may affect the results of timing. Thus, additional

paced respiration was examined in [27]. The mean cross-

analysis may provide information on the repeatability of

correlation function reached the maximum amplitude of

the IPG signal source and its reproducibility under the

r “ 0.69 with the lag of 3.17 beats. The experiments were

influence of various physiological effects.

carried out on the subjects in supine position using ECG
5.4. Future directions

and finger photoplethysmographic signals. This is an advantage since respiratory related changes of heart rate are

The methodology of the study slightly differs from that

larger in supine than standing position [26] and motion

recommended in ARTERY Society guidelines [29]. It con-

artefacts are negligible. The present study did not include

cerns devices that assess pulse wave velocity but can also

the additional minute before recording to allow subject’s

be adapted to PAT estimating devices in a thoughtful way.

respiratory depth to stabilize. Still, our findings are con-

Firstly, larger population of subjects with reasonable gen-

sistent with that in [27].

der and age balance should be included. The study would
be enriched if the experiments were prolonged to several

5.3. Limitations

hours or days and a number of recordings were present for

Blood pressure changes were induced through paced

each subject, which would allow more credible reliability

respiration. However, periodic variations in RR and P ATI

and repeatability estimation. Measurements in the present

were missing in some cases. The outlier can be explained

experiments were performed during a short period of time

by disorder or absence of respiratory sinus arrhythmia or

while standing and breathing normally, so blood pressure

baroreflex sensitivity. Thus, another method for induc-

was unlikely to change, accordingly, its values were not

ing PAT changes is preferable. Exercising is frequently

presented. However, blood pressure would be valuable in

used because it raises blood pressure. Nevertheless, this

explaining any large variations in measurement during ex-

method would be more challenging to implement as con-

tended study.

tinuous measurement would be prevented and should be

Sampling rate used in our experiments is 500 Hz but

taken in stages. Another solution is longitudinal study but

the one suggested by ARTERY Society is 1 kHz [29]. This

it is time-consuming.

limitation is partially overcome by P ATI averaging. How-

As previously mentioned, IPG recorded between the

ever, amplification of sampling rate is considered. Note

feet is determined mostly by the lower parts of the legs.

that the PulsePen used in this study also has a sampling

The location of the electrodes is always ascertained but the

rate of 500 Hz, hence, a device with higher sampling rate

true source of the IPG signal is not. While high frequency

should be considered as a reference method for more ac-

current is used, moisture of the skin has a negligible impact

curate comparison.

on its conductivity [25]. On the other hand, the resistivity

The experiments of this paper were performed in labo-

of the tissues depends on temperature, water content and

ratory environment and adequate quality of the signals was

blood perfusion [25]. Furthermore, IPG represents blood

achieved. However, adaptation of the multi-parametric

volume, which resistivity is also temperature, hematocrit

scales for long-term periodic monitoring of CV function
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in unsupervised environment remains a great challenge.

[2] C. Vlachopoulos, K. Aznaouridis, C. Stefanadis, Prediction of

Considerable amount of effort should be put in improve-
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ment of the noise immunity and quality of the signals.
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061.
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