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Abstract
Objective:The speed of pressure pulses traveling through the blood, the pulsewave velocity (PWV), is a
metric that provides substantial information about the passive and active elasticity of the blood vessels.
Therefore, PWV is a valuable parameter in the diagnosis of cardiovascular and vessel-related
neurological diseases. The purpose of this studywas to investigate whether a novel, simple, easy-to-
use, photoplethysmography-basedMulti Photodiode Array (MPA) provides PWVmeasurements that
agreewithmeasurements donewithmore complicated and harder-to-use systems currently used in
clinical practice.Methods:Anoften-used vascular perturbation that changes the conduit artery
vasomotor tone during reactive hyperemiawas imposed on thirty healthy volunteers. TheMPAwas
used alongside and its results compared to those of a commonly usedmeasurement device, the
Biopac-system, during flow-mediated dilation (FMD). This way it was investigated ifmeasurements
with these systems,measuring over two different, but partly overlapping vessel trajectories agree.
Results:The baseline absolute PWVvalues were significantly lower for theMPA as compared to the
Biopac-system. Additionally, Bland-Altman plots and Pearson’s correlation tests suggested good
agreement between the two PWVmeasurement techniques during the FMD.Conclusion:Measuring
PWVwith theMPA in clinical practice is feasible and provides reliable data. Significance:TheMPA
may substantially simplify PWVmeasurements andmay enable long-termPWVmonitoring as long
as one is aware of the relation between PWVand the vascular trajectory over which it ismeasured.

1. Introduction

Globally, the number one cause of death is cardiovas-
cular disease (CVD). Smoking, unhealthy diet, physi-
cal inactivity and excessive use of alcohol are the most
important behavioural risk factors for CVDs. Conse-
quently, individuals may develop atherosclerosis,
diabetes, heart failure or hypertension, most of which
being related to a change in arterial stiffness. Arterial
stiffness is deducted from the relationship between a
change in blood pressure inside the artery and the
successive change of arterial expansion [1]. Therefore,
arterial stiffness, or its inverse the arterial compliance,
is a reliable prognostic indicator of cardiovascular
morbidity andmortality in the adult population [2–4].
When arterial stiffness increases, the speed with which

pressure pulse waves (PWs) travel through the vessels,
the pulse wave velocity (PWV) [5, 6], increases. Blood
vessels should have good arterial stiffness, because the
elastic walls of the arteries attenuate the systolic
pressure wave of each heartbeat. During the diastole,
the potential energy stored in the elastic vessel walls is
used to continue to propel the blood between successive
heartbeats [1]. The pulse wave velocity is widely
considered to be one of the major standards for non-
invasive measurement of arterial stiffness and the PWV
over the carotid-femoral trajectory has been shown to
provide particular value for the assessment of risk of
cardiovascular events [7]. The PWV is inversely related
to arterial distensiblility [8–10] and directly related to
the incremental elasticmodulus Einc,vessel and vessel wall
thickness hvessel, and inversely related to the vessel radius
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rvessel by the Moens-Korteweg equation (with ρblood the
density of blood) [11]:

PWV
E h

r2
1inc vessel vessel

vessel blood

,

r
=

·
·

( )

The PWV is generally measured as an average
speed of a PW between two locations on the body.
Note that PWV is not the speed of blood, but of the
pressure pulse traveling through the moving blood
(comparable to a sound wave). The PWV can be mea-
sured both invasively and non-invasively and is highly
reproducible [12]. However, available PWV measure-
ment systems require quite advanced devices and
highly trained operators and have several dis-
advantages in terms of usability. This was also descri-
bed [13], where several non invasive techniques for
measuring PWV were mentioned, originating from
[14–16]:

• the SphygmoCor system (AtCor Medical, West
Ryde, Australia), measuring PWV between carotid
and thigh, using a tonometry sensor on the neck and
a pressure cuff on the thigh,

• the Arteriograph system (Tensiomed, Budapest,
Hungary), continuously using a pressure cuff on the
upper arm,

• and the Complior system (Alam Medical, Saint
Quentin Fallavier, France), using piezo-electronic
pressure transducers placed at the neck and at the
groin.

The authors previously developed a device, further
called theMulti Photodiode Array (MPA), that enables
peripheral, non-invasive PWV measurements along a
trajectory of 12.0 mm, without having the drawbacks
of the currently available alternatives [13]. The MPA
has been designed and validated to enable comfortable
measurements with a single, simple device without
requiring highly trained operators. The MPA is based
on photoplethysmography (PPG): a widely used non-
invasive optical technique for measuring volumetric
expansion and contraction of vessels (figure 1) [17]
and was shown to measure the PWVs with a max-
imum uncertainty of 3% for velocities up to 45 m s−1

[13]. This uncertainty was determined including all
variations, tolerances and clearances in both the test
setup and the MPA itself. Although the length of the
trajectory over which the PWV is measured is more
accurately known for the MPA than for any of the
other available techniques, even small absolute errors
in determining this rather short distance may cause
rather large PWVmeasurement errors, as these errors
are large in relative sense and translate linearly to the
calculated PWV. However, it is expected that this still
outperforms the uncertainty in lengths of the trajec-
tories over which other systems measure the PWV, as
these are estimated by approximating the curved vas-
culature inside the body with a straight line between
the twomeasurement locations.

Themaximum volumetric expansion at any point
along a vessel occurs when the peak of a PW passes
that point. Therefore, the PWV can be calculated
using the time differences between the detection of
the PW peaks at successive points along the vessel
spaced a known distance apart. The technical func-
tioning and measurement accuracy of the MPA have
previously been validated [13]. However, because the
MPA is utilized tomeasure PWV locally on a finger, it
has yet to be investigated to what extent these local
PWVs correspond with PWVs measured in conven-
tional ways.

The goal of this study was to investigate whether
theMPA results correspond with PWVmeasurements
obtained in clinical practice. To that purpose, the
MPA was used synchronously with and its results
compared to those of a commonly used measurement
device, the Biopac-system (Biopac Systems, Inc.
Goleta, USA). The Biopac-system measures PWV
using photoplethysmography and ECG and measures
PWV over the trajectory of the heart-fingertip vascu-
lature. So both systems may provide similar informa-
tion of vascular condition through measurement of
PWV variation, but at different absolute values, as the
trajectories over which they measure PWV partly
overlap. The MPA and the Biopac-system were com-
pared during a well-known inducible physiological
effect to investigate to what extent measurements with
these systems and over those two different vessel tra-
jectories agree.

Figure 1. Schematic overview of themulti photodiode array (MPA) and illustration of the calculation of the pulse wave velocity.
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2.Materials andmethods

To investigate whether the MPA can measure physio-
logical effects of the human body, an often used
vascular perturbation that changes the conduit artery
vasomotor tone during reactive hyperemia [18, 19]
was imposed on healthy volunteers. Reactive hyper-
emia can be measured using flow mediated dilation
(FMD) [20], a technique that reflects the bioavailability
of nitric oxide (NO) [21]. Characterized by reduced
NO bioavailability, the endothelial dysfunction con-
tributes to the progression of cardiovascular diseases,
such as hypertension, diabetes, heart failure or athero-
sclerosis [22, 23]. The observed decline in PWVduring
vasodilation after ischemia might be used as a marker
of arterial distensiblility and endothelial function
[18, 19]. A quantitative change of the dilation of the
artery can be measured with ultrasound. However,
disadvantages of this technique are limited availability
and requirement of a skilled operator. Moreover, the
diameter and velocity are commonly measured with
high-resolution B-mode and duplex ultrasound with
the same transducer, which have competing require-
ments for an optimalmeasurement [24]. Alternatively,
PWV measured with MPA could be easily measured
continuously andwithout special training.

2.1. Study population
This study was approved by the medical ethics
committee of Erasmus University Medical Center
Rotterdam, the Netherlands (MEC-2017-453). A total
of thirty healthy volunteers were included and then
divided into two groups. The participants were
between 19–63 years old without any known history of
atherosclerosis associated diseases (such as diabetes
mellitus, hypertension, coronary artery disease, stroke,
renal disorder, arrhythmia) or injuries at the upper
limbs. The healthy volunteers were included in this
study after obtaining written informed consent from
the subject. To determine the effect of age on the PWV
in two relatively extreme conditions, the study popula-
tion was divided into 2 groups: a young group of
participants aged between 18 and 35 years (n=20)
and an older group aged above 55 years (n=10).

2.2. Protocol
The transit time of a PW traveling fromwithin the heart
to easily accessible locations, such as the extremities or
the neck, consists of 2 components: the PW propaga-
tion-time from the heart through the artery to the PW
measurement location, and the isometric contraction
time of the heart (pre-ejection period, PEP). The PEP is
known to vary with cardiac preload and heart rate
[25–27]. Therefore, all measurements were conducted
in a quiet room under tranquil conditions at a room
temperature of 22.4 °C (SD 0.5 °C). To further mini-
mize any influences of a varying PEP or cardiac output
during the measurement, the subjects were instructed

not to talk ormove during themeasurement. Before the
start of the measurement the subject’s blood pressure
and arm length (from the left middle finger to the
sternoclavicular joint)wasmeasured. The subjects were
sitting on a chair with both hands resting on a pillow.
To attain a cardiovascular steady-state before starting
the measurement, the subjects had rested for at least
10 min in anupright sitting position.

A sphygmomanometer cuff was placed on the left
upper arm for the FMD.

PWVwas simultaneously measured using two sys-
tems: the new MPA and the Biopac-system. The Bio-
pac-system consisted of a measurement device and
analysis software. The measurement device contained
a PPG-sensor (TSD200 with PPG100C amplifier, Bio-
pac Systems, Inc, Goleta, USA), placed on the left mid-
dle finger, and three external ECG-leads (ECG100C
amplifier, Biopac Systems, Inc, Goleta, USA) (see
figure 2). The three ECG-leads were placed on the sub-
ject’s both wrists and left hip. The PPG- and ECG-sig-
nals were simultaneously converted to digital signals
using AcqKnowledge version 3.7.3 software (Biopac
Systems, Inc, Goleta, USA), at a sampling frequency of
2 kHz. The MPA-system contained the MPA-sensor,
consisting of an array of 4 red and infrared LEDs and
an array of 16 photodiodes of which 4 were active. The
left index finger was placed on the MPA using the
setup shown in figure 2. The MPA-system read out 4
photodiodes (numbers 6, 8, 10, and 12 in the array, all
spaced 1.6 mm apart) and converted the data to digital
signals through a NI-USB 6229 Multifunction Data
Acquisition system and LabVIEW 2010 software
(both: National Instruments, Austin, TX,USA).

Before the start of the FMDthe baseline PWVat rest
was measured for 1 min. Then reactive hyperaemia was
induced by blocking the arterial blood supply with the
sphygmomanometer cuff around the upper arm. The
cuff was kept inflated for 5min to approximately
50 mmHg above systolic blood pressure. This arterial
occlusion activates the endothelium-dependent vasor-
elaxation, whereas after releasing the pressure in the
cuff ischemia and shear stress on the endothelial cells of
the blood vessel is induced. After 5min, the cuff was
rapidly deflated to 0mmHg and the reactive hyper-
aemia wasmeasured for 5 min. Summarizing, the PWV
was recorded during a 1 min baselinemeasurement, for
5min during occlusion and 5min after occlusion, see
figure 3.

2.3. Pulsewave analysis
After obtaining the data, Matlab R2010a (The Math-
Works, Inc., Matick, MA, USA) was used to analyse
the data and to calculate the PWV from the signals
received by the Biopac-system and MPA. All PPG-
signals were filtered with a fourth-order low-pass
Butterworthfilter with a cut-off frequency of 9 Hz.

The PWVBiopac was determined by dividing the
distance between the PPG-sensor on the left middle
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finger and the sternoclavicular joint (D) by the calcu-
lated time-difference between the time instance of the
R-peak of the ECG (tECG R-peak(n)) and the foot of the
PWmeasured at the left index finger tip (tPPG foot(n)):

PWV n
D

t n t n
2Biopac

PPG ECGfoot R peak

=
- -

( )
( ) ( )

( )

where n is the sequence number of the heartbeats
(figure 4). The feet of the PWs (PPGfoot) were defined
as the maximum of the second derivative of each PW
[28–32]. The R-peaks in the ECGwere found using the
off-the-shelfMatlab function ‘R-peakdetect’ [33].

The PWVMPA was determined for each pair of
photodiodes i and j by dividing the distance between
the photodiodes by the time-difference between the
arrival of the PPG signals’ peaks at the locations of
these successive photodiodes:

PWV n
D

t n t n
3MPA i j

i j

i j
, =

-
-

-( )
( ) ( )

( )

where n is the sequence number of the heartbeats
(figure 4),Di-j is the distance between two photodiodes
and ti(n) and tj(n) are the times at which the foot of the
PWs of heartbeat n arrived at those respective photo-
diodes. This was done for each combination of any
two of the used photodiodes (photodiodes pairs 6–8,
8–10, 10–12, 6–10, 8–12, 6–12).

The utilized PPG-sensors were quite sensitive for
motion and positioning artefacts, which sometimes

distorted the shapes of the PWs in a way that they were
rendered unsuitable for further analysis. Therefore, a
custom-madeMatlab algorithm, called ‘7Step PW-Fil-
ter’, was implemented in the data analysis to filter out
any PWs that strongly deviated in shape from a sui-
table PW [34]. Occasionally the PWV data showed
inexplicably and unrealistically high or low PWV-
values (e.g. >±100 m s−1). These extreme outliers
were removed using the Matlab function ‘Hampel’.
The final PWVMPA(n) was calculated as the median
PWV of all PWVMPA,i-j over all combinations of any
pair of photodiodes used.

The median PWV after occlusion was calculated
for each 30 s interval (PWV s i30 ,˜ ) starting from the first
PW after occlusion. The FMD for each 30 s interval
(FMD30s,i) was expressed as the relative change in
PWV following hyperemia, expressed as a percentage
of themedian baseline PWV (PWVbaseline˜ ):

FMD
PWV

PWV
100% 4s i

s i

baseline
30 ,

30 ,=
˜

˜ · ( )

These PWV s i30 ,˜ were calculated for the MPA as
well for the Biopac-system. Because in a few subjects
the values seemed to be heavily distorted (suspected to
be caused by hand motion or strong coughing during
the measurements), strong outliers (mean±3 SD)
were removed.

Figure 3. Schematic representation of themeasurement protocol used in the study comparing theMPA and the Biopac-system.

Figure 2.Photograph and schematic view of placement of the bothmeasurement systems and the sphygmomanometer cuff.
MPA=Multi Photodiode Array; ECG=Electrocardiogram.
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2.4. Statistical analysis
The mean PWV±standard deviations (SD) for the
baseline were calculated. A Shapiro-Wilk test was used
to check if the data were normally distributed. An
independent samples t-test was used to assess any
differences between the heart rates of the two age
groups during the baseline measurements. A two-way
ANOVA was used to test for any effects of the age
groups and of the measurement system used on the
PWV during baseline. Correlation between the two
measurement systems during reactive hyperaemia was
analysed for each age group using a Pearson correla-
tion test. A paired samples t-test was used to assess the
differences between the PWVBiopac and PWVMPA for
each 30 s post-occlusion interval. Bland-Altman plots
were used to assess the agreement between the
PWVBiopac and PWVMPA for the baseline and for each
30 s post-occlusion interval. The limits of agreement
were set at +/−1.96 SD. Hence, agreement was
deemed good when the differences between
PWVBiopac and PWVMPA consistently were within a
95% bandwidth around their mean difference. The
analysis was performed using SPSS version 24.0 (SPSS,
Inc., Chicago, IL, USA) and Matlab. The significance
level adoptedwas p<0.05.

3. Results

Thirty subjects (13 male, 17 female) were included in
this study. Table 1 presents the characteristic of the
study population. The data of one male (Old group)
and one female subject (Young group) were excluded
from the analysis because there was too much noise in
the signals to obtain any usable PWs. Another male
(Old group) had strong arrhythmia and was therefore
excluded. For another female (Old group) the protocol
appeared to not have been properly followed with

regard to the positioning of the finger and was
therefore excluded. Outlier removal removed most of
the data of these subjects with irregularities due to
coughing ormoving and none of the subjects in whom
no irregularities were observed, which further con-
firmed that thesewere in fact exceptions.

Table 2 presents themean PWVs and heart rates for
the baseline. For the heart rate, there was no significant
difference between the two groups (t(24)=1.276,
p=0.214). For the baseline measurements there was
a significant effect of the measurement system used
(F(1,48)=374.05, p=0.000) on the PWV measured,
therewas no significant effect of the age group (F(1,48)=
3.25, p=0.078), and there was no significant interaction
(F(1,48)=1.77, p=0.190).

The Bland-Altman plots in figure 5 show that
almost all data falls within the set limits of agreement.
The absolute PWV values were significantly higher
when measured with the Biopac-system than with the
MPA, as indicated by the bias lines.

Figure 4.Exemplary signals for both theMPA and the Biopac, and the time delays used to calculate the PWV. PPGfoot is the onset of
the upward slope of the next pulse and is defined as themaximumof the second derivative of that PW. PPG=Photoplethysmo-
graphy;MPA=Multi Photodiode Array; ECG=Electrocardiogram.

Table 1.Characteristics of the study population. Values are
means±SDor number (%) of participants.

Variable

Young

group (n=20)
Old

group (n=10)

Gender (male), no.(%) 8 (40) 5 (50)
Age [years] 27±4 58±3
Weight [kg] 77±18 77±15
Height [m] 1.72±0.10 1.71±0.05
Bodymass index [kg m−2] 25.9±5.6 26.1±4.0
Blood pressure [mmHg]
Systolic 132±12 136±17
Diastolic 87±9 82±11
Heart rate [bpm] 77±15 69±9
Smoker (yes), no. (%) 1 (5) 0 (0)
Distance from sternoclavi-

cular tofingertip [cm]
85±5 87±5

5

Biomed. Phys. Eng. Express 5 (2019) 065010 MHNvanVelzen et al



The results of the paired samples t-test done to
assess the differences between the FMDBiopac and
FMDMPA for each 30 s post-occlusion interval are
given in table 3. Figure 6 shows the median PWV for
the baseline and for each 30 s post-occlusion interval
for both groups and both systems.

There were no significant differences between the
relative PWV values measured by the two measure-
ment systems following reactive hyperaemia after
occlusion, except for the time-interval 30–60 s in the
Young group (p=0.042). The Pearson correlations
between the Biopac andMPAwere 0.940 (p<0.0001)
for the Young group and 0.834 (p=0.0014) for the
Old group. The Bland-Altman plots showed to be con-
sistently between the 95% limits of agreement, sug-
gesting that the two PWV measurement techniques
agreedwithin the desired limits (figures 5 and 7).

4.Discussion

This study compared PWVvaluesmeasured in healthy
volunteers over a 4.8 mm short peripheral vascular
trajectory in the left index fingertip using the MPA
system with PWV values measured between the
R-peak of the ECG and the arrival of the PW in the left
middle fingertip using the Biopac-system during

reactive hyperaemia. The PWVMPA and PWVBiopac

measurements showed good agreement, as shown by
the Bland-Altman plots in figure 5 and the Pearson’s
correlation tests, but also a systematic difference. The
PWVMPA was consistently and considerably lower
than PWVBiopac. Looking at equation (1) this differ-
ence may be explained by vessels being more compli-
ant and thinner, yet also being smaller in diameter,
closer to the periphery. This agrees with the results of
van Velzen et al showing higher PWVs for the
trajectory of the carotid-radial artery than for the
heart-fingertip trajectory [35]. This confirmed that
when the PWV ismeasured towards the periphery, the
PWVdecreases.

When eyeballing the results in figure 6, it may
seem as if there is a rather large difference between the
relative change of PWVmeasured with the Biopac sys-
tem and that measured with the MPA. Yet, these see-
mingly present differences were not statistically
significant. This may have been a consequence of the
standard deviations in the PWVMPA results being rela-
tive large compared to those for the PWVBiopac. The
accuracy of the MPA has previously been shown to be
within 3% [36]. The accuracy of the Biopac is
unknown, but it does seem to have a higher precision
than the MPA. The distance between the photodiodes
on the MPA is 12 mm+/−0.25 mm between the first

Figure 5.Bland-Atman plots of the PWVBiopac and PWVMPA during baseline. The dotted lines represent the 95% limits of agreement
and the solid lines represent themean difference (bias) between PWVBiopac and PWVMPA.

Table 2.The PWV (PulseWaveVelocity) valuesmeasured during baseline using the Biopac-system andMPA, and heart rate during the
baselinemeasurements.MPA=Multi Photodiode Array.

Young group [mean±SD] Old group [mean±SD]

PWVbiopacMean [m s−1] 3.2±0.3 3.1±0.2
PWVMPAMean [m s−1] 0.9±0.6 0.6±0.2
Heart rateMean [bpm] 75±10 70±9
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Table 3. FMDper time interval for theMPA and the Biopac-system for both age groups. Values are given asmean±SD. FMD=flowmediated dilation;MPA=Multi Photodiode Array.

FMD [%]Young group FMD [%]Old group

Time interval [s] Biopac-system MPA Paired samples t-test Biopac-system MPA Paired samples t-test

0–30 94.7±2.9 78.1±31.4 t(15)=2.071 p=0.056 96.8±2.1 91.6±32.3 t(6)=0.418 p=0.691
30–60 95.1±3.0 81.4±25.4 t(16)=2.214p=0.042 96.9±1.5 90.7±28.2 t(6)=0.566 p=0592
60–90 96.0±2.8 85.4±22.5 t(16)=1.921 p=0.073 98.0±2.2 87.9±19.2 t(5)=1.192 p=0.287
90–120 96.5±2.7 86.8±21.2 t(15)=1.737 p=0.103 98.0±2.2 90.6±15.2 t(5)=1.087 p=0.327
120–150 97.0±2.6 88.5±21.7 t(15)=1.504 p=0.153 97.7±2.3 91.6±16.0 t(5)=0.939 p=0.391
150–180 98.6±2.7 89.9±16.5 t(13)=2.131 p=0.0.53 98.0±2.3 91.8±18.5 t(5)=0.792 p=0.464
180–210 99.1±1.8 90.1±20.4 t(13)=1.592 p=0.135 98.4±2.1 93.7±18.8 t(5)=0.642 p=0.549
210–240 99.0±2.7 93.4±19.0 t(14)=1.207 p=0.247 99.1±1.8 98.3±18.5 t(5)=0.131 p=0.901
240–270 99.5±3.0 98.1±24.3 t(14)=0.795 p=0.795 99.2±2.0 98.6±20.2 t(5)=0.105 p=0.920
270–300 100.2±3.0 95.3±22.6 t(13)=0.750 p=0.466 99.8±3.4 97.2±17.2 t(5)=0.457 p=0.667
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and last diode, suggesting a tolerance of about
0.02 mm on the distance of 0.8 mm between succes-
sive diodes. This is unlikely to contribute more than
about 0.25% to the measurement accuracy of the
MPA. Furthermore, because the distance between
diodes cannot vary during the measurements, sensor
variations are not expected to contribute to the sto-
chastic variation in the PWV either. Therefore, this
larger variability in PWV when using the MPA may
have several causes, but the most likely cause (based
on observations during the measurements) was that

the MPA readings were quite sensitive to positioning
and pressure of the finger on the sensor. Because this
sensitivity was known in advance, all fingers were
placed at the same spot on the sensor and kept
in place using an elastic textile band with a gentle,
standardized pre-tension. However, due to subject
motion and slight variations in placement, variations
may still occur. Therefore, the MPA sensor should be
further developed into a user friendly device that
facilitates standardized and stable placement of the
MPAon the finger.

Figure 6.Relative PWVper post-occlusion interval after FMD. FMDMED is themedian PWVas percentage of the baseline PWV.
Changes in PWV following hyperaemiawere averaged per 30 s interval for each group, starting from thefirst PWafter cuff release. *)
p<0.05 for difference between both systems.

Figure 7.Bland-Atman plots for the agreement between the PWVBiopac and PWVMPA. PAper post-occlusion interval. The dotted lines
represent the 95% limits of agreement and the solid lines represent themean difference (bias) between PWVBiopac and PWVMPA.
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The FMD results in this study agreed with those of
Cauwenberghs et alwhen applying 5 min occlusions: a
change in PWV with a maximum of −14.6% was
found for the first 30 s post-occlusion time interval
[37]. In that study, the PWV was measured over the
brachial-radial trajectory by use of two oscillometric
cuffs. As the Biopac-system measured the PWV over
the heart-fingertip trajectory and theMPA over amere
4.8 mm in the fingertip, it is fitting that the Cau-
wenberghs et al result of 14.6% lies between the
corresponding values for the Biopac-system (−5.3%)
and for the MPA (−21.9%). When using the Biopac-
system, themeasured PWV includes the PEP. The PEP
is known to vary during position changes. PEP varia-
tions caused by subject movement or stress were avoi-
ded as good as possible during the current study. Still,
Kortekaas et al showed a variability of the PEP in heal-
thy volunteers at rest of 58.5±13.0 ms [26]. Within
the distances travelled by the PWs in the current study,
these PEP durations could account for no more than
1 m s−1 of the PWVbiopac. Consequently, PEP varia-
tions are unlikely to explain any variations in this
study.

Considering the relatively small sample size, the
findings should be validated in a larger cohort of ran-
domly recruited subjects. Furthermore, the study
population mainly included healthy, Caucasian Eur-
opean participants, potentially limiting the general-
izability of the findings to other ethnicities and
patients. Furthermore, the utilized PPG sensor in the
Biopac-system and the PPG sensor array in de MPA-
system were quite sensitive to motion and positioning
disturbances. This sensitivity to disturbances poses a
potential limitation on the usability of these techni-
ques in clinical practice. Although the ‘7Step PW-Fil-
ter’ algorithm used to eliminate distorted PWs
functioned well, the availability of a MPA sensor less
sensitive to disturbances and displacements would
greatly simplify measuring PWVs and would be essen-
tial for application in clinical practice.

5. Conclusion

The results of this study demonstrated that the PWV
values were consistently lower when measured with
the MPA system than when measured with the
Biopac-system, which fits the fact that they were
measured over a more peripheral vascular trajectory.
Furthermore, the measurements were shown to be in
good agreement. This suggests that as long as one is
aware of the relation between PWV and the vascular
trajectory over which the PWV is measured, either
system could be used to reliably measure PWV.When
basing diagnoses or research outcomes on absolute
PWV values, one should be very much aware of how
the PWV was measured, with what system, and over
which trajectory. Further research will have to be
carried out to develop a better sensor to enable simple

and consistent placement of the MPA on the finger.
Next, a follow-up study should investigate whether the
PWVs measured with the MPA on the finger can be
used as an index for evaluation of aortic stiffness as a
factor of cardiovascular risk.
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