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Abstract

Objective—Arterial stiffness and endothelial function are two
established surrogate markers of subclinical atherosclerosis
and are quantified by three arterial parameters: elasticity,
viscosity and radius of the arterial wall. Yet, the current
methods for their assessment are unsuitable for routine use.
Post-exercise response of the cardiovascular (CV) system
serves as a more sensitive detection of subclinical arterial
abnormalities that are not apparent at-rest. The objective of
this study is to propose a novel method that can measure
post-exercise response of arterial parameters and is also
suitable for routine use.
Approach—A microfluidic tactile sensor with a location-
insensitive configuration was used for arterial pulse signal
measurements on six asymptomatic male subjects, offering
measurement reliability, ease use by a layperson, and
affordability. By treating the arterial pulse signal as a
vibration signal of the arterial wall, vibration-model-based
analysis of only one measured pulse signal with no calibra-
tion was conducted for simultaneous estimation of three
arterial parameters. Exercise-intensity-normalized percent
changes in arterial parameters were utilized to remove the
influence of variation in exercise intensity on post-exercise
response, and then their measured values were compared for
difference in post-exercise response between the subjects.
Main Results—One subject who was obese, on subject who
had insomnia, and the oldest subject in the study demon-
strated differences in post-exercise response at the radial
artery (RA), as compared with the three subjects free of those
three factors. Despite a lack of statistical significance, the
observed difference at the RA between subjects was sup-
ported by (i) their consistency with the related findings in the
literature, and (ii) their consistency with the measured values
at the carotid artery (CA) and superficial temporal artery

(STA) and the anatomical difference between the three
arteries.
Significance—The proposed method has the potential of
offering an affordable and convenient diagnosis tool for
routine arterial health assessment.

Keywords—Arterial pulse signal, Tactile sensor, Vibra-

tion-model-based analysis, Arterial parameters, Arterial

stiffness, Endothelial function, Subject-specific factors,

Post-exercise response.

INTRODUCTION

Arterial stiffness and endothelial function are two
established surrogate markers of subclinical
atherosclerosis and independent risk predictors of
cardiovascular (CV) events.2,11,20,27 Arterial stiffness
reflects the elasticity (E) of the arterial wall. Arterial
stiffening (or increased E) precedes hypertension.33,35

Endothelial function commonly refers to the adapta-
tion of arterial radius (r0) at diastolic blood pressure
(DBP) in response to blood flow change.19,55

Endothelial dysfunction occurs earlier than arterial
stiffening in subclinical atherosclerosis.30,58 The vis-
cosity (g) of the arterial wall quantifies energy dissi-
pation in the arterial wall, and its change in response to
blood flow change was recently found to be regulated
by both endothelial function and vascular tone (change
in r0 in response to external stimuli).40 Hypertension
impairs endothelial-dependent regulation of arterial
viscosity (g) and causes a large increase in g during
blood flow increase and thus an increase in cardiac
workload.39 As such, arterial stiffness and endothelial
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function are quantitatively assessed with three arterial
parameters: E, g, and r0.

The current non-invasive methods for arterial stiff-
ness assessment essentially involve arterial pulse signal
measurement at the skin surface using applanation
tonometry and imaging instruments (e.g., ultrasound)
and estimation of various arterial indices from the
measured pulse signal, based on different models of the
arterial pulse signal.34,42 A tonometer is essentially a
tactile sensor and measures a pulsatile pressure signal
(Dp(t)). Hold down pressure (PHD) acting on the
tonometer is adjusted to flatten the artery for achieving
zero transmural pressure (PT) in the arterial wall, at
which E is the lowest and the amplitude (Dp0) of the
measured Dp(t) is maximum. The measured pulse sig-
nal with maximum Dp0 is used for arterial indices
estimation. To reduce distortion in an acquired pulse
signal, alignment of the transducer at the center of an
artery is critical but technically challenging, due to
small size of an artery.34,42 The measured Dp0 needs to
be calibrated with blood pressure at the brachial artery
measured by a pressure cuff, in order to determine the
true Dp0 of the artery. Inevitable off-center misalign-
ment and the calibration cause measurement unrelia-
bility of a tonometer. An imaging instrument measures
r0 at DBP and the radial motion signal (ur(t)) at an
artery.3 Operation complexity of a tonometer and an
imaging instrument demands a high degree of technical
skill for achieving measurement reliability. High cost
and operation complexity rule out their suitability for
routine use by untrained individuals.

By treating the arterial pulse signal as a propagation
wave signal (from the heart to the periphery), global
and regional arterial stiffness are estimated from the
pulse signals at two artery sites with a distance (L),
which are measured using two tonometers. The time
delay t between the two pulse signals is calculated for
estimating the carotid-femoral pulse wave velocity
(cfPWV), which is indicative of global arterial elasticity
(E):3,34

cfPWV ¼ L

t
¼

ffiffiffiffiffiffiffiffiffiffiffi

Eh

2qbr0

s

; ð1Þ

where qb is constant blood density and h is constant
arterial wall thickness. cfPWV is the gold standard for
global arterial stiffness, due to its acceptable measure-
ment reliability (resulting from no need to calibrate the
measured Dp0) and ease of measurement (no imaging
instruments).35 Regional PWVs, such as carotid-radial
PWV and ankle-brachial PWV are also measured.27,31

By treating the arterial wall as a viscoelastic mate-
rial model, local arterial elasticity and viscosity are
related to the Dp(t) and ur(t) signals measured at an
artery site:24
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where qw is constant arterial wall density. One Dp(t)
signal and one ur(t) signal are simultaneously measured
by a tonometer and an imaging instrument at an artery
site, respectively, to obtain a pressure-diameter hys-
teresis loop, which is analyzed by system-identification
algorithms for estimating local viscosity. The local
PWV is estimated by the amplitudes (Dp0 and ur0 ) of
the two measured signals:

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Due to its non-invasive nature, brachial Flow-Me-
diated Dilation (FMD) is the gold standard for
endothelial function assessment. An imaging instru-
ment is used to measure r0 at baseline and post-cuff
release after a pressure cuff at the brachial artery is
inflated for 5 min at 250 mmHg.18 Brachial FMD is
assessed as the peak percent change in arterial diameter
between post-cuff release and baseline.18

A bout of aerobic exercise induces changes in the
cardiovascular (CV) system. Then, post-exercise
response of the CV system manifests its functional
regulation in response to external stimuli, and has been
found to serve as a more sensitive detection of sub-
clinical arterial anormalities that are not apparent at-
rest.5,12,14,26,29,36,37,44,53 Numerous studies were con-
ducted on post-exercise reponse of different CV
parameters for their clinical values, but these studies
varied greatly in exercise used (e.g., duration, intensity
and modality) and the timing of the measurement post-
exercise.5,12,14,26,29,36,37,44,53 Furthermore, post-exercise
response of the CV system was found to vary greatly
with both exercise intensity22,23,28 and the timing of the
measurement post-exercise.32

To address all the above-mentioned concerns, this
work aimed to propose a novel method that was built
upon our previous studies.16,50,51 We developed a
microfluidic tactile sensor for distributed-load detec-
tion16 and investigated its performance for arterial
pulse signal measurements.51 The measured pulse sig-
nals by the sensor were found to capture the difference
in pulse waveform between the radial artery (RA) and
the carotid artery (CA) and the derived tonometric
parameters were not sensitive to hold-down pressure
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used during pulse measurements.51 Recently, we
developed vibration-model-based analysis of a mea-
sured pulse signal with no calibration for simultane-
ously extracting three arterial parameters: elasticity,
viscosity, and radius of the arterial wall, and validated
its feasibility of tracking their percent changes imme-
diately post-exercise at the RA and the CA relative to
at-rest with a small sample size (n = 5: one female and
four male).50 Due to variation in exercise intensity,
comparison in post-exercise response between the
subjects was not conducted. Yet, comparison of post-
exercise response of a subject against healthy condition
holds the key for early detection of subclinical arterial
abnormalities.5,12,14,26,29,36,37,44,53

Most recently, we measured pulse signals of two
more young male subjects at the RA and the superficial
temporal artery (STA). Among the six male subjects
measured so far, one was obese, one had insomnia, and
one (47 years old) was much older than the other five
subjects. Since obesity, insomnia, and aging are all CV
risk factors, this work attempted to examine the mea-
sured data for their capability of capturing difference
in post-exercise response of the subjects under the
factors, as compared with the rest subjects. The origi-
nal contributions of this work include: (1) Exercise-
intensity-normalized percent changes in arterial
parameters were defined to remove the influence of

variation in exercise intensity on post-exercise response
so as to enable comparison of post-exercise response
between the subjects; (2) The measured pulse signals of
the four male subjects at the RA and the CA50 and the
two male subjects at the RA and the STA were com-
bined for analysis; and (3) the observed difference in
post-exercise response at the RA between the subjects
was validated by their consistency with the related
findings in the literature and their consistency with the
measured data at the CA and the STA and the
anatomical difference between the three arteries. Ta-
ken together, the proposed method comprises of three
key elements: (1) the microfluidic tactile sensor with a
transducer array, (2) vibration-model-based analysis of
a measured pulse signal for extracting three arterial
parameters, and (3) exercise-intensity-normalized per-
cent changes in arterial parameters relative to at-rest
for comparison between subjects. Finally, it must be
pointed out that since the measured data were not
originally designed for the effect of aging, obesity, or
insomnia on post-exercise response of arterial param-
eters, this work served as only a proof-of-concept
study of the proposed method with no statistical sig-
nificance.

(a) (b)

(c) (e)

Reservoir

PDMS

Pyrex
Au Contact Pad

Transducer array

(d)

FIGURE 1. A microfluidic tactile sensor for arterial pulse signal measurements. (a) Schematic of the sensor, (b) working principle
for pulse measurements, (c) picture of the sensor aligned at the RA, (d) schematic of the transducer array aligned at the center of a
large flat sensor-artery contact zone for symmetrical arterial flattening (d) a measured pulse signal 0–5 min post-exercise.
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METHODS

A microfluidic tactile sensor with a location-insensitive
configuration

As illustrated in Fig. 1a, the microfluidic tactile
sensor is built on a Pyrex substrate. The core of the
sensor is a polydimethylsiloxane (PDMS) microstruc-
ture with an electrolyte-filled microchannel embedded
underneath. The two reservoirs are used to fill the
microchannel with electrolyte and afterwards are
sealed with PDMS. Five Au/Cr electrode pairs on the
substrate are aligned along the microchannel length.
Electrolyte in the microchannel and the five electrode
pairs form a 5 9 1 resistive transducer array.16 Dis-
tributed-load acting on the microstructure deforms the
microstructure and registers as resistance changes by
the transducer array. Affordability of the sensor results
from a standard microfluidics technology used for its
fabrication. The details about the sensor design, fab-
rication, and operation can be found in the literature.16

As shown in Figs. 1b and 1c, in a pulse measurement,
the sensor is flipped over and the transducer array is
aligned perpendicular to the artery. The 6 mm-long
transducer array allows a layperson to easily align at
least one transducer above an artery. By pressing the
sensor against an artery with a hold-down pressure
(PHD), the pulsatile pulse signal (Dp(t)) in an artery
deflects the microstructure and registers as a resistance
change (DR(t)) by the transducer at the artery. As
depicted in Fig. 1d, a location-insensitive configura-
tion: a large flat sensor-artery contact zone
(> 100 mm2) with the transducer array at the sensor
center, offers immunity of location variation of the
sensor relative to an artery for eliminating off-center
misalignment and thus improving measurement accu-
racy.51 Figure 1e shows a measured pulse signal using
the sensor. The details about the sensor and its use for
arterial pulse measurements can be found in the liter-
ature.51

Vibration-Model-Based Analysis of a Measured Pulse
Signal for Estimation of Arterial Parameters

The details about vibration-model-based analysis of
a measured pulse signal for estimation of arterial
parameters can be found in the literature.50 For com-
pleteness, a brief description of this analysis is given
here. The measured pulse waveform DR(t) is consid-
ered as the arterial radius waveform ur(t).

52 Due to its
time-harmonic nature, ur(t) is treated as a vibration
signal of the arterial wall, which is then modeled as a
unit-mass dynamic system (M = 1) with a driving
force (Fr), as shown in Fig. 2:50

M � d
2ur
dt2

þD � dur
dt

þ K � ur ¼ Fr with D ¼ g

qwr
2
0

; K

¼ E

qwr
2
0

:

ð4Þ

The arterial parameters dictate the spring stiffness
(K) and damping coefficient (D). They are derived
from the key features in the measured pulse waveform
(ur(t)) and its two derivatives, as labeled in Fig. 3a.
Note that the vibration amplitude is ur0 in ur(t) and the
maximum velocity is vmax in the 1st derivative of ur(t).
Based on Eq. (4), the spring force amplitude is product
of the spring stiffness and the vibration amplitude:
KÆur0 , and the damping force amplitude is product of
the damping coefficient and the maximum velocity:
DÆvmax. Here, the maximum change in acceleration
(amax � amin) from the 2nd derivative of ur(t) is used to
represent the driving force amplitude (Fr0):

Fr0 ¼ ðamax � aminÞ �
Dt
T

; ð5Þ

where T is the pulse duration and Dt/T factors in heart
rate (HR) change accompanying changes in arterial
parameters. The spring force amplitude (KÆur0 ) and the
damping force amplitude (DÆvmax) are expected to be
proportional to Fr0 :

(a) (b)

FIGURE 2. Vibration model of the arterial wall. (a) The arterial wall undergoes vibrations ur(t) in the radial direction upon the
pulsatile pressure Dp(t) in the artery with diastolic blood pressure (DBP), (b) the arterial wall is modeled as a unit-mass dynamic
system for mathematically describing its vibrations.
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K / amax � amin

ur0
� Dt
T

; D / amax � amin

vmax
� Dt
T

: ð6Þ

As shown in Fig. 3b, both the pulse duration is
shortened and all the key features in ur(t) and its two
derivatives are altered 0–5 min post-exercise, relative
to pre-exercise (or at-rest), possibly indicating that the
arterial parameters might be different between at-rest
and 0–5 min post-exercise.

Based on the hemodynamic model of blood flow,50

the arterial parameters and PWV at an artery site can
be related to K and D by:

E / K
.

ffiffiffiffi

D
p

; g /
ffiffiffiffi

D
p

; r0 / 1
.

ffiffiffiffi

D
4
p

; PWV

/ K1=2
.

D�1=8: ð7Þ

No calibration is needed for the true amplitudes of
the measured pulse waveform and its derivatives, since

E, g, r0 and PWV are essentially estimated by taking
their ratios. As ratios, the estimated values are relative,
have no units, and thus do not represent true values of
arterial parameters and PWV.

Post-exercise Response of Arterial Parameters

The measured pulse signal results from a combina-
tion of the sensor, the arterial wall, the true pulse
signal in an artery, and subject-specific factors (i.e.,
overlying tissue above an artery, artery size, and
DBP).45 Given the same sensor design, estimated val-
ues of arterial parameters are influenced by subject-
specific factors and artery sites, and thus are unsuit-
able for comparison between subjects and between
artery sites.45 To remove the influence of subject-
specific factors on the estimated values, we estimate the
percent changes in arterial parameters and PWV 0–
5 min post-exercise of a subject, relative to at-rest:

(a) (b)

FIGURE 3. An arterial radius pulse waveform, its 1st-order derivative (velocity), and 2nd-order derivative (acceleration) of Subject
6 at the RA. (a) at-rest (or pre-exercise) with all the key features being labeled for extraction of spring stiffness and damping
coefficient, (b) comparison of the measured pulse waveform and its two derivatives between at-rest and 0–5 min post-exercise.
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DE% ¼ DE
Eat�rest

; Dg% ¼ Dg
gat�rest

; Dr0%

¼ Dr0
r0 at�rest

; DPWV% ¼ DPWV

PWVat�rest
; ð8Þ

where DE ¼ Epost�exer � Eat�rest, Dg ¼ gpost�exer�
gat�rest, Dr0 ¼ r0 post�exer � r0 at�rest, and DPWV ¼
PWVpost�exer � PWVat�rest.

It is unpractical to precisely control exercise inten-
sity for different subjects, but percent changes in
arterial parameters and PWV vary with exercise
intensity.22,23,28 Since exercise intensity is linearly
proportional to heart rate (HR) increase and there is
inter-subject variation in HR at-rest,17 the percent
change in HR 0–5 min post-exercise, relative to at-rest,
is defined to quantify exercise intensity:

DHR% ¼ DHR

HRat�rest
with DHR

¼ HRpost�exer �HRat�rest ð9Þ

Then, we normalize the percent changes in arterial
parameters and PWV to exercise intensity:

DE%¼ DE
Eat�rest

�

DHR%;Dr0%¼ Dr0
r0at�rest

�

DHR%;

Dg%¼ Dg
gat�rest

�

DHR%;DPWV%¼ DPWV

PWVat�rest

�

DHR%:

ð10Þ

These exercise-intensity-normalized percent changes
remove the influence of variation in exercise intensity
on post-exercise response and are suitable for com-
parison between subjects.

Arterial Pulse Signal Measurements At-Rest and
0–5 Min Post-exercise

This study was approved by the Institutional Re-
view Board (IRB) of Old Dominion University. Under
one protocol, four asymptomatic male subjects
(n = 4) were measured at the RA and the CA,50 and
their blood pressure was not measured, due to the lack
of a medical instrument for its measurement. Later on,
under another protocol, two other asymptomatic male
subjects (n = 2) were measured at the RA and the
STA, and their systolic/diastolic blood pressure (SBP/
DBP) was measured using a PARAMED blood pres-
sure monitor. In a measurement, a subject stayed in a
sitting position and remained still, and the pulse signals
at two artery sites on the right side of the body were
simultaneously measured using two sensors of identical
design. Afterwards, the subject performed moderate-
intensity exercise (either jump up/down or squat) for
5 min. The pulse signals at the same two artery sites

were simultaneously measured 0–5 min post-exercise.
Five pulse cycles from each measured pulse signal at-
rest and 0–5 min post-exercise were processed to esti-
mate the exercise-intensity-normalized percent changes
in arterial parameters and PWV in Eq. (10). Note that
the measured pulse signals at the CA of one subject
(Subject 3 in Table 1) were unclear and were not in-
cluded in the results. SBP/DBP was measured on the
left brachial artery simultaneously with the pulse sig-
nals. The recorded SBP/DBP was the average of three
measurements at-rest and 0–5 min post-exercise,
respectively. Pulsatile pressure (DP) was calculated as
the difference between SBP and DBP:
DP = SBP � DBP.

RESULTS

Table 1 summarizes the age, body mass index
(BMI) and the estimated values of arterial parameters,
PWV, HRat-rest and DHR% of the six subjects. Except
HR, the estimated values of arterial parameters and
PWV do not represent their true values, because all of
these parameters are estimated from the K and D
values that include the contributions of subject-specific
factors and artery sites. For instance, the arterial
radius decreases from the CA, the RA to the STA, but
the estimated r0 values at the three artery sites reveal
the opposite. Similarly, the estimated values of E, g
and PWV at the same artery site of these subjects bear
the influence of subject-specific factors.

As shown in Fig. 4a, Subjects 2, 3 and 5 are phys-

ically active and revealed low DE%, Dg% and Dr0%
values at the RA, as compared with Subjects 1 and 6.
As the oldest in the group, Subject 1 revealed higher

DE%, Dg% and Dr0% values than the three physically
active subjects. As the obese and the youngest subject

in the group, Subject 6 revealed the highest Dg% and

Dr0% values at the RA, and his DE% value was higher
than those of the physically active subjects, but was
much lower than that of Subject 1. Subject 4 suffered
insomnia for several days prior to the measurement

and revealed a much higher DE% value, which was

comparable with that of Subject 1, but his Dg% and

Dr0% values were comparable with their counterparts
of the physically active subjects. As shown in Fig. 4b,
the two subjects who were either obese or suffered
from insomnia and the oldest subject all registered a

high DPWV% value, as compared with the three
physically active subjects.

As illustrated in Fig. 5, the DE%, Dg%, Dr0%, and

DPWV% values at the CA of Subject 1 were all higher

than those of Subject 2. The DE% and DPWV% values
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at the CA of Subject 4 were much higher than those of
Subject 2, but were comparable with those of Subject

1. The Dg% and Dr0% values of Subject 4 were com-

parable with those of Subject 2. The DE%, Dg%, Dr0%,

and DPWV% values at the CA of the three subjects
were consistent with their counterparts at the RA.

(a) (b) (c)

FIGURE 5. Comparison in energy-intensity-normalized percent changes in arterial parameters and PWV between the RA and the
CA of (a) Subject 1, (b) Subject 2, and (c) Subject 4.

TABLE 1. Estimated values of arterial parameters (E, g, r0), PWV, HR and DHR% (a) at the RA and the CA of four asymptomatic
male subjects at-rest (b) at the RA and the STA and SBP/DBP of two asymptomatic male subjects at-rest.

(a)

Subject Age (year) BMI Physically active Artery HR (bmp) E g r0 PWV DHR%

1 47 22.6 No (oldest) RA 85 95.1 2.92 0.588 12.7 45%

CA 83 97.4 3.11 0.568 13.1

2 41 27.1 Yes RA 75 80.2 3.15 0.565 11.9 30%

CA 76 90.8 3.21 0.559 12.7

3 38 25.1 Yes RA 76 101.4 2.72 0.608 12.9 59%

CA – – – – –

4 29 25.8 No (insomnia) RA 84 69.2 3.14 0.565 11.3 46%

CA 92 106.0 3.30 0.554 13.7

(b)

Subject Age (year) BMI Physically active Artery HR (bmp) E g r0 PWV DHR% SBP/DBP (mmHg) at-rest

5 28 27.9 Yes RA 60 82.3 3.20 0.560 12.1 65% 102/70

STA 60 81.3 2.34 0.654 11.1

6 19 36.0 No (obese) RA 91 99.0 3.25 0.556 13.4 30% 140/96.5

STA 92 92.4 3.01 0.571 12.7

(a) (b)

FIGURE 4. Exercise-intensity-normalized percentage changes in arterial parameters and PWV at the RA of the six subjects.

BIOMEDICAL
ENGINEERING 
SOCIETY

Post-exercise Response of Arterial Parameters 301



Interestingly, the RA registered much higher values for
all these parameters than the CA.

Figures 6a and 6b compare the difference in DE%,

Dg%, Dr0%, and DPWV% values between the RA and
the STA of Subjects 5 and 6, respectively. While Sub-

ject 5 revealed much higher Dg% and Dr0% values at
the STA than at the RA, Subject 6 registered the

opposite. The DE% values at the STA and the RA were
comparable in Subject 5. In contrast, Subject 6 regis-

tered an extremely high DE% value at the STA, com-

pared with that at the RA. The DPWV% value at the
STA was higher than that at the RA in the two sub-

jects. This consistency in DPWV% value between the
two artery sites in the two subjects justified that this

high DE% value at the STA in Subject 6 was not a
measurement error.

Figures 6c and 6d compare the difference in DE%,

Dg%, Dr0%, DPWV%, and DðDPÞ% values at the RA
and the STA, respectively, of the two subjects, where

DðDPÞ% ¼ ðDðDPÞ=DPat�restÞ=DHR% is the exercise-
intensity-normalized percent change in pulsatile pres-

sure (DP). Subject 5 revealed much lower DPWV%
values at the two artery sites than Subject 6, which

were consistent with the difference in their DðDPÞ%
values. While the Dg% and Dr0% values at the STA in
Subject 5 were higher than those in Subject 6, these
values at the RA in Subject 5 were much lower than

those in Subject 6. The DE% values at the two artery

sites in Subject 5 were both lower than those in Subject
6.

DISCUSSION

Technical Advantages

Arising from the dependence of a measured pulse
signal on subject-specific factors, the estimated values
of arterial parameters and PWV at-rest are influenced
by subject-specific factors and artery sites, and thus are
unsuitable for comparison between subjects and
between artery sites. As can be seen in Table 1, Sub-
jects 2, 3, and 5 are physically active, but their esti-
mated values of E, g and PWV do not indicate better
or poorer arterial health, as compared with the other
three subjects. Similarly, applanation tonometers, as
tactile sensors, are also subject to the influence of
subject-specific factors and this is the reason that their
measured pulse signals need to be calibrated for esti-
mation of local E and g. Since the calibration for
applanation tonometers cannot take subject-specific
factors into account, measurement errors in their cal-
ibrated results are still contaminated by subject-specific
factors (e.g., high BMI vs. low BMI).50 In contrast, as
defined in Eq. (8), percent changes in these parameters
relative to at-rest are immune to subject-specific fac-
tors.

The location-insensitive configuration in the sensor
warrants symmetrical arterial flattening in a measure-

(a) (b)

(d)(c)

FIGURE 6. Comparison in energy-intensity-normalized percentage changes in arterial parameters and PWV between the RA and
the STA of (a) Subject 5 and (b) Subject 6. Comparison in exercise-intensity-normalized percentage changes in arterial parameters,
PWV and DP (c) at the STA and (d) at the RA between the two subjects.
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ment and thus eliminates distortion in a measured
pulse signal due to off-center misalignment. The main
concern is variation in transmural pressure (PT)
between different measurements. As shown in
Fig. 2(a), PT is the difference between the external
pressure outside the arterial wall and DBP:
PT = Pext � DBP, and has a notorious effect on E,
since E is a sigmoid function of PT: when PT = 0, E is
the lowest and E dramatically increases when PT is
either negative or positive.49 PT variation causes
unpredictable errors in the estimated values from a
measured pulse signal. Since PHD affects PT through
Pext, the estimated value of E is affected by PHD. No
studies have reported on the effect of PT on g. For
practical utility, we used two fingers to hold the sensor
at an artery and adjusted finger-holding strength to
qualitatively control PHD for achieving PT @ 0 through
monitoring the pulse signal for its maximum ampli-
tude. Moreover, moderate exercise intensity
(DHR% ‡ 30%) introduced relatively large changes in
arterial parameters between at-rest and 0–5 min post-
exercise, and thus alleviated the influence of PT vari-
ation between the two measurements on percent
changes in arterial parameters and PWV. It is worth
mentioning that a feedback-control mechanism (as
used in a tonometer) might not be practical for
achieving PT @ 0 here, because it constantly adjusts
PHD to respirations of a subject and thus introduces
extra distortion to the measured pulse signal and also
undermines the operation simplicity and affordability
of the proposed method.

In our previous work,50 we manually controlled PT

and successfully tracked the percent changes defined in
Eq. (8) relative to at-rest with statistical significance,
which are consistent with findings in the literature:32 E
goes up dramatically 0–5 min post-exercise and then
drops over time post-exercise; r0 drops 0–5 min post-
exercise and then goes up. g was found to go up dra-
matically 0–5 min post-exercise and then drop. No
other studies have reported on post-exercise response
of g. However, our previous work50 focused on vali-
dating the feasibility of the vibration-model-based
analysis to track percent changes in Eq. (8) at the RA
and the CA, and comparison of the measured values
between the subjects was not conducted, due to vari-
ation in energy intensity between the subjects. In this
work, exercise-intensity-normalized percent changes
were defined in Eq. (10) to remove the influence of
variation in exercise intensity on post-exercise response
so that their measured values became suitable for
comparison between subjects.

Qualitative Validation of the Measured Data

Related Findings on Arterial Stiffness and Endothelial
Function in the Literature

Since arterial stiffness and endothelial function are
well established clinical indices for diagnosis of CV
diseases and surrogate markers for early detection of
subclinical atherosclerosis,2,11,20,27 the effects of vari-
ous CV risk factors, including aging, obesity, and
insomnia, on these two indices have been stud-
ied.2,4,6,10,11,20,21,27,41,43,46,48,57 Numerous studies have
established that both arterial stiffness and endothelial
function deteriorate under aging.2,11,20,27 It is also
established that obesity is associated with increased
arterial stiffness46,57 and impaired endothelial dys-
function.4,10 Several studies found that sleep depriva-
tion increases arterial stiffness21,48 and cause
endothelial dysfunction in healthy subjects.6,41,43

Owing to technical difficulty involved in measure-
ment of arterial stiffness and endothelial function,
post-exercise response of the CV system for arterial
health assessment has been mostly measured by blood
pressure changes.1,7–9,15,25,47,54,56 An exaggerated
blood pressure response to exercise has been associated
with a greater risk of future hypertension, various CV
risk factors, and adverse CV outcomes.15 For instance,
as compared with young men, aged men exhibited a
greater increase in blood pressure in response to
exercise.8,47 Insomnia was found to induce a greater
blood pressure response to exercise in otherwise heal-
thy subjects.7,15 Other than an exaggerated blood
pressure response,9 obesity was also found to cause a
greater increase in cfPWV following exercise, as com-
pared with normal weight.29

In this work, we hypothesize that physically active

subjects register lower DE%, Dg%, Dr0%, DPWV%,

and DðDPÞ% values, as compared with subjects under
CV risk factors, because of the following two reasons:
(1) CV risk factors have been associated with an
exaggerated blood pressure response to exer-
cise;1,7,8,15,25,47,54 (2) as compared with sedentary sub-
jects, physically active subjects have been found to
need less CV adjustment to accommodate exercise and
show less acute post-exercise response of multiple CV
parameters to the same amount of exercise.22,23,28 Al-
though changes in arterial stiffness and endothelial
function caused by subclinical arterial abnormalities in
asymptomatic subjects may not be detectable at-rest,
such undetectable changes might weaken functional
regulation of arterial stiffness and endothelial function
by the CV system in response to exercise, given the fact
that post-exercise response of the CV system reveals
subclinical arterial abnormalities that are not apparent
at-rest.5,12,14,26,29,36,37,44,53 As such, we further
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hypothesize that a high DE% value represents weak-

ened regulation of arterial stiffness and high Dg% and

Dr0% values represent weakened regulation of
endothelial function.

Consistency of the Measured Data at the RA with the
Related Findings in the Literature

Subject 1 revealed higher DE%, Dg% and Dr0%
values at the RA than the three physically active sub-
jects: 2, 3, and 5, possibly indicating the aging of
Subject 1 weakened the regulation of arterial stiffness
and endothelial function. It is well established that
arterial stiffness and endothelial function deteriorate
under aging.2,11,20,27 One study suggested that changes
in arterial stiffness might play a role in post-exercise
response of pulsatile pressure.1 As compared with
Subjects 2, 3, and 5, arterial stiffness and endothelial
function of Subject 1 may be deteriorated due to
increased age compared to the rest of the subjects,
which might be the cause of the observed weakened
regulation of E, g and r0.

Subject 6 revealed much higher Dg% and Dr0%
values and lower DE% value than Subject 1. The DE%
value in Subject 6 was higher than those of Subjects 2,
3, and 5. The observed difference between these sub-
jects might indicate that obesity of Subject 6
undermines the regulation of endothelial function (or
r0) to a more severe extent or at an earlier stage than
the regulation of arterial stiffness and also severely
weakens the regulation of endothelial-dependent g to
increased blood flow.53 These observations are con-
sistent with the findings: obesity causes both arterial
stiffening and endothelial dysfunction,4,10,46,57 and
endothelial dysfunction occurs earlier than arterial
stiffening in subclinical atherosclerosis.39

Subject 4 revealed a much higher DE% value, but his

Dg% and Dr0% values were comparable with those of
the physically active subjects, possibly indicating that
short-term insomnia of Subject 4 has a more severe
effect on the regulation of arterial stiffness than on the
regulation of endothelial function. Acute sleep depri-
vation was found to undermine both arterial stiffness
and endothelial function.6,21,41,43,48 However, we only
observed its adverse effect on the regulation of arterial
stiffness. Given the consistency in the observed post-
exercise response of arterial parameters and PWV

between the RA and the CA in Subject 4, the low Dg%,

Dr0% values of Subject 4 were not believed to result
from measurement errors.

Consistency of the Measured Data at the RA with Their
Counterparts at the CA and the STA and the Anatom-
ical Difference Between the Three Arteries

The anatomy, geometry, and mechanical properties
of the arterial wall vary along the arterial tree,27,33 and
accordingly post-exercise response of arterial parame-
ters is expected to vary between the three arteries

measured. The DE%, Dg%, Dr0%, and DPWV% values
at the RA were higher than their counterparts at the
CA. On the one hand, this difference might indicate
that the RA may need to adjust its arterial parameters
much more to accommodate exercise. On the other
hand, as compared with the CA (an elastic artery), the
RA is a muscular artery and contains more smooth
muscle cells in the arterial wall.9 Thus, the RA is
capable of adjusting its arterial parameters much more
than the CA to accommodate exercise.

As to Subject 5, the STA registered a low DE% value

and high Dg% and Dr0% values, compared with their
counterparts at the RA. Different from the RA, the
STA contains numerous smooth muscle cells and very
few elastic fibers and is supplied with sympathetic
nerves.13 Sympathetic nerves of the STA have been
considered as the cause of the vasospasm after STA-
MCA (middle cerebral artery) bypass, in which the
STA is used as a graft, since sympathetic nerves gen-
erally bring about vasoconstriction.38 This may explain

higher Dg% and Dr0% values at the STA than at the

RA. Consequently, a low DE% value at the STA is

needed to increase the DPWV% value at the STA. In
contrast, Subject 6 registered the opposite between the
RA and the STA. This might indicate that obesity of
Subject 6 impairs the function of sympathetic nerves

and causes low Dg% and Dr0% values at the STA.

Accordingly, an extremely high DE% value at the STA

is needed to increase the DPWV% value at this artery
site.

The DPWV% value at the RA is higher than that at
the CA, but is lower than that at the STA. Such dif-
ference between the three arteries possibly indicates
that smaller arteries need to adjust their PWV more to
facilitate increased blood flow. Despite significant dif-

ference in DE%, Dg%, and Dr0% values at the RA and
the STA between the two subjects, the consistency of

the DPWV% value at the RA with that at the STA in
the two subjects was observed. This might indicate that
the three arterial parameters under different arterial
health conditions compensate for each other, in order
to achieve the PWV demanded by the whole CV sys-
tem. As such, the unified theme of the regulation of
three arterial parameters at different arteries might be
the regulation of PWV along the arterial tree to
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achieve the essential function of the CV system—blood

circulation.52 Finally, it should be noted that (i) DE%,

Dg%, Dr0% and DPWV% at the RA are more sensitive

than DðDPÞ% for detecting the effects of obesity on
post-exercise response of the CV system; and (ii) as

compared with DPWV%, DE%, Dg% and Dr0% can
distinguish the regulation of arterial stiffness from the
regulation of endothelial function and thus provide a
more comprehensive assessment of arterial health.

Study Limitations

There are two major study limitations. First, since
the measured data on the six subjects (n = 6) were not
originally designed for different effects of aging, obe-
sity, or insomnia on arterial stiffness and endothelial
function, the observed difference in post-exercise
response lacked in statistical significance. Nevertheless,

the observed differences in DE%, Dg%, Dr0% and

DPWV% at the RA between the three subjects under
these factors and the rest three subjects free of these
factors was supported by their consistency with the
related findings in the literature and their consistency
with the measured data at the CA and the STA and the
anatomical difference between the three arteries, in-
stead of random measurement variations or errors.

Second, the estimated DE%, Dg%, Dr0% and DPWV%
could not be quantitatively validated with the related
findings in the literature, due to heterogeneity of the
subject populations, the use of different measurement
methodologies, and duration, intensity, and modality
of exercise used, as described in a recent systematic
review on post-exercise response of arterial stiffness,
which summarized all the studies on assessing central
and upper body peripheral arterial segments 0–5 min
post-exercise, but did not conduct quantitative com-
parison between those studies.32

CONCLUSION

In this proof-of-concept study, a novel method for
arterial health assessment was proposed that includes
(1) a microfluidic tactile sensor with a transducer array
offering low-cost and ease use by a layperson, (2)
vibration-model-based analysis of a measured pulse
signal with no calibration for extraction of three arte-
rial parameters, and (3) energy-intensity-normalized
percent changes of arterial parameters 0–5 min post-
exercise, relative to at-rest, for comparison between
subjects. Six asymptomatic male subjects were mea-
sured and two of them had either obesity or insomnia.
Additionally, a third subject was identified as the
oldest subject in the group. As compared with the rest

of the subjects, they revealed their own difference in the
measured values on energy-intensity-normalized per-
cent changes of arterial parameters and PWV. Despite
a lack of statistical significance, the observed difference
at the RA between the subjects was supported by (1)
their consistency with the related findings in the liter-
ature, and (2) their consistency with the measured
values at the carotid artery (CA) and superficial tem-
poral artery (STA) and the anatomical difference at the

three arteries. Particularly, the measured DPWV% of
the six subjects at the three arteries identifies the uni-
fied theme of the regulation of three arterial parame-
ters at different arteries by the CV system—the
regulation of PWV along the arterial tree for achieving
blood circulation. Further feasibility studies on the
proposed method should be conducted for statistical
significance for early detection of subclinical
atherosclerosis. Evidently, the proposed method can be
easily adopted for assessing coronary artery disease
(CAD) through cardiac stress testing and therapeutic
outcomes of CV patients. As compared with the cur-
rent techniques (applanation tonometry and imaging
instruments), the proposed method holds the promise
of offering an affordable and convenient diagnosis tool
for arterial health assessment.
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