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Abstract— Elevated systemic vascular stiffness is associated
with increased risk of cardiovascular disease. It has been sug-
gested that the time difference between the two characteristic
peaks of the digital volume pulse (DVP) measured at the finger
using photoplethysmography is related to the stiffness of the
arterial tree, and inversely proportional to the stiffness index
(SI). However, the precise physical meaning of the SI and
its relation to aortic pulse wave velocity (aPWYV) is yet to
be ascertained. In this study we investigated numerically the
effect of changes in arterial wall stiffness, peripheral resistances,
peripheral compliances or peripheral wave reflections on the
SI and aPWYV. The SI was calculated from the digital area
waveform simulated using a nonlinear one-dimensional model
of pulse wave propagation in a 75-artery network, which
includes the larger arteries of the hand. Our results show that
aPWYV is affected by changes in aortic stiffness, but the SI is
primarily affected by changes in the stiffness of all conduit
vessels. Thus, the SI is not a direct substitute for aPWYV.
Moreover, our results suggest that peripheral reflections in
the upper body delay the time of arrival of the first peak in
the DVP. The second peak is predominantly caused by the
impedance mismatch within the 75 arterial segments, rather
than by peripheral reflections.

I. INTRODUCTION

Stiffening of large elastic arteries such as the aorta is a
hallmark of vascular ageing [1], and as measured by aortic
pulse wave velocity (aPWV) is highly predictive of clinical
manifestations of cardiovascular disease [2], which is the
biggest single cause of mortality in the developed world [3].
Variations in arterial stiffness produce profound changes in
the contour of the arterial pulse wave [4], demonstrating the
potential of pulse wave analysis to provide a measure of
arterial stiffness.

Photoplethysmography is a simple non-invasive technique
to register the digital volume pulse (DVP) at the finger, which
is closely related to the peripheral pressure pulse [5]. It has
been suggested that aPWV can be estimated from the DVP
through the calculation of a stiffness index (SI) defined as
[6]
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where H is the subject height and PPT denotes the peak-to-
peak time of the DVP contour (Fig. 1b).

The SI has been used to assess arterial ageing [6], is
sensitive in detecting premature arterial stiffening in young
adults [7], and has been recorded in over 185,000 participants
of the on-going UK Biobank project [8]. Thus, understanding
the physical meaning of the SI and its relation to aPWV is
very important to advance cardiovascular epidemiology, but
this has not been achieved yet. It has been hypothesised that
the distinct two-peaked undulatory form of the DVP is due
to pressure waves travelling from the left ventricle to the
finger and later smaller reflections from internal mismatching
mainly in the lower body [4]. The path length that reflected
waves travel is assumed to be proportional to H.

The aim of this study is to investigate numerically (i) how
changes in arterial wall stiffness, peripheral resistances or
peripheral compliances affect the SI and aPWV and (ii) the
effect of peripheral wave reflections on the arrival time of
the two characteristic peaks of the DVP contour.

II. METHODS

We simulated the DVP contour by solving the nonlinear
one-dimensional (1-D) equations of blood flow in compliant
vessels in the 75-artery network shown in Fig. la. These
equations can be derived from the physical principles of
conservation of mass and momentum, assuming the arterial
wall to be a thin, homogenous, incompressible and elastic
material [9], [10]. Several comparisons against in vivo [11],
in vitro [12] and three-dimensional numerical [13] data have
shown the ability of the 1-D formulation to capture the main
features of pressure and flow waveforms in human arteries.

The properties of Segments 1 to 55 were taken from [14]
based on data for an average young adult with a height
H =178+12 cm [11]. Segments 56 to 75 correspond to the
arterial segments of the hands (digital arteries and superficial
and deep palmar arches) and have the properties described
in [15]. At the proximal end of the aorta (Segment 1) we
prescribed the flow waveform shown in Fig. 1a, which was
acquired using phase-contrast magnetic resonance imaging
in a healthy young adult with H = 175 cm. The distal
end of each terminal vessel was coupled to a three-element
Windkessel model of the perfusion of the microcirculation,
consisting of two peripheral resistances (R; and R3) and one
compliance (C). Further details on the 1-D formulation and
its numerical solution are given in [12].

The SI was calculated using the PPT obtained from the
luminal area waveform in the midpoint of the middle digital
artery of the right hand (Segment 60), under the assumption
that digital area changes are proportional to the blood volume
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Fig. 1. (a) Schematic representation of the 75-artery model showing the flow waveform prescribed at the inlet of the ascending aorta (Segment 1) as
a reflective boundary condition. (b) Simulated luminal area waveform in the midpoint of the middle digital artery of the right hand (Segment 60) in
normal conditions (baseline model) and with a 50% increase in peripheral resistances (V1) or a 200% increase in peripheral compliances (V2) from the
corresponding baseline values. (¢) Area waveform in Segment 60 at baseline and with a 200% increase in aortic stiffness (V3) or a 200% increase in
conduit stiffness (V4) from the corresponding baseline values. The theoretical alPWV was calculated in the midpoint of Segment 1 and the stiffness index
was computed from the peak-to-peak time (PPT) of the area contour in Segment 60. (d) Area waveform in Segment 60 at baseline and under the three

different combinations of absorbing and Windkessel outflow boundary conditions described in Table I.

TABLE I
TYPES OF PERIPHERAL BOUNDARY CONDITIONS STUDIED

[ Model || Upper Body [ Lower Body |
Baseline Windkessel Windkessel
P1 Absorbing Absorbing
P2 Windkessel Absorbing
P3 Absorbing Windkessel

Boundary conditions are either baseline Windkessel or completely absorb-
ing. The model is divided into upper- and lower-body arterial segments, as
illustrated in Fig. la.

changes measured by the DVP contour. The theoretical
aPWYV was calculated in the midpoint of the ascending aorta
(Segment 1) using the parameters of the model at mean blood
pressure.

A. Changes in Baseline Properties

We investigated the effects on the SI of changes in periph-
eral resistances, peripheral compliances or the stiffness of the
arterial wall of the 75-artery model (Fig. 1a) described above
(hereinafter referred to as baseline model). We considered the
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following four types of variations from the baseline model:

o Variation VI — Changes in peripheral resistance: The
resistance Ry + R was modified in all terminal Wind-
kessel models by the same percentage to simulate
changes in net peripheral resistance from 0.65 - 108 to
3.28-108 Pa s m 3, based on the values reported in [16].
12 variations from the baseline model were considered.
The baseline resistance is 1.09 - 10 Pa s m~3,

o Variation V2 — Changes in peripheral compliance: The
compliance C' was modified in all terminal Windkessel
models by the same percentage to simulate changes in
total systemic compliance from 1.05 - 10~% to 1.92 -
1078 m3 Pa~!, based on the values reported in [17].
13 variations from the baseline model were considered
taking into account that the total systemic compliance
is the sum of the total compliance of the 75 arterial
segments and the total peripheral compliance [18]. At
baseline, the total peripheral compliance is 0.45 - 108
m? Pa~—! and the total systemic compliance is 1.25-10~8
m? Pa— !l

e Variation V3 — Changes in aortic stiffness: The elastic



moduli of all the aortic segments (1, 2, 14, 18, 27,
28, 35, 37, 39 and 41) were changed by -25% to
300% of the baseline values. A total of 16 variations
from baseline values were considered. As a result, the
baseline aPWV= 4.0 m s~ ! changed from 3.6 to 7.9 m
s~!, which is a physiologically possible range of values
[19]. Note that in our model pulse wave velocity (PWV)
is proportional to the square of elastic modulus [18].

e Variation V4 — Changes in conduit stiffness: The
changes in elastic moduli of V3 were extended to all
but the terminal arterial segments.

B. Changes in Peripheral Wave Reflections

We investigated the contribution to the baseline area
waveform at the finger (Segment 60) of wave reflections
originating at the outlet of terminal branches, which we
referred to as peripheral reflections. As described in [18],
peripheral reflections can be eliminated from a terminal
branch if the outflow three-element Windkessel model is
replaced by a single resistance equal to the characteristic
impedance at the outlet of the branch, so that any wave leav-
ing the terminal branch is completely absorbed by the outlet.
We considered the combination of baseline Windkessel and
completely absorbing boundary conditions described in Table
I. For this study we divided the 75 arterial segments in Fig.
la into two subsets: upper-body segments located above the
iliac bifurcation and lower-body segments located below the
iliac bifurcation.

ITII. RESULTS & DISCUSSION

The simulated digital area waveform at baseline (Fig. 1b)
contains the two peaks that characterise the DVP measured
in vivo [5], [6], leading to a SI = 5.4 m s~ !. Alterations in
peripheral resistances or compliances, aortic stiffness, arte-
rial stiffness, or peripheral reflections produce considerable
variations in the shape of the area contour, but not all these
alterations change considerably the PPT, and, hence, SI. We
discuss these results below.

A. Effect of Resistance, Compliance and Wall Stiffness on SI

Alterations in conduit stiffness cause the greatest changes
in SI within the physiological range of variations in the
model properties shown in Fig. 2: a 200% increase in the
elastic moduli of all but terminal vessels increases SI by over
60%, whereas a 200% increase in peripheral resistances or
compliances yields changes in SI smaller than 2%. This is
because peripheral resistances affect mainly the magnitude of
the digital area waveform, whereas peripheral compliances
affect mainly the amplitude of the waveform (Fig. 1b). These
variations in area waveforms are in agreement with the
well-known increase in mean blood pressure with increasing
peripheral resistance and decrease in pulse pressure with
increasing peripheral compliance [20], which are all well
captured by our model (results not shown). Area and pressure
changes follow a similar pattern because they are directly
related through Laplace’s law [20], [12].

Neither peripheral resistances nor peripheral compliances
produce considerable changes in the PPT (and hence SI),
which suggests that the PPT results from wave propagation
and reflection phenomena within the 1-D domain and is not
primarily affected by peripheral wave reflections. Variations
in wall stiffness yield greater changes in PPT because they
produce larger variations in PWV than changes in peripheral
resistances or compliances, as shown in Fig. 2 for the aPWV.
aPWYV raises with increasing peripheral resistances (Fig. 2a)
because aPWV increases with blood pressure.

The predicted raise in PWV with increasing arterial stiff-
ness is physiological [20] and changes the time of arrival
of the foot and peaks of the digital area waveform (Fig.
1c). These arrive earlier with increased conduit stiffness than
increased aortic stiffness, since the latter only decreases the
transit along the aorta. For example, compared to baseline,
the foot arrives 60 ms earlier with a conduit stiffness 200%
greater than baseline values, but only 5 ms earlier with
the same percentage increase in aortic stiffness. Moreover,
alterations in conduit stiffness cause greater changes in the
PPT (and hence SI) than alterations in aortic stiffness (Fig.
2c,d). The PPT decreases and the SI increases with increasing
conduit stiffness (Fig. 2d), suggesting that the second peak
is produced by reflections of wavefronts that make up the
first peak, which arrive earlier at the digital artery with
increased PWV (and hence decreased transit time) in all
conduit arteries. However, if PWV is only increased in the
aorta then our model predicts a raise in PPT leading to a
slight drop in SI (Fig. 2c).

Increases in wall stiffness also raise the amplitude of the
digital area waveform (Fig. 1c) due to the increase in pulse
pressure caused by the Windkessel effect, as described in
[14] using the 1-D formulation. The Windkessel effect is also
responsible for the smaller changes in the amplitude of the
digital area waveform introduced by alterations in peripheral
compliance (Fig. 1b, V2).

B. Effect of Peripheral Reflections on SI

Fig. 1d (P1) shows that two peaks are still present in
the digital area waveform without a change in their arrival
time when all peripheral reflections have been removed from
the baseline model. This result suggests that both peaks are
predominantly made up of wavefronts propagating from the
aortic root and their reflections at arterial junctions, tapered
vessels, and the aortic root. However, peripheral reflections
do affect the arrival time of the first peak: this arrives 52 ms
earlier when peripheral reflections are absent.

Removing peripheral reflections from only the lower-body
segments (P2) results in an area waveform with a greater
magnitude than if peripheral reflections are removed from
only upper-body segments (P3). This result indicates that
peripheral reflections originating in the upper body have a
greater contribution to the magnitude of the area waveform
than do peripheral reflections originating in the lower body.
The second peak arrives at approximately the same time in
models P2 and P3, but the first peak arrives 52 ms earlier
in model P3, suggesting that peripheral reflections in the
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Fig. 2. Calculated aortic pulse wave velocity (aPWYV, crosses) and stiffness index (SI, circles) with percentage changes from baseline in (a) net peripheral
resistance, (b) total peripheral compliance, (c) aortic stiffness and (d) conduit stiffness, as described in Section II-A.

upper body delay the arrival time of the first peak and, hence,
increase the SI by decreasing the PPT.

IV. CONCLUSIONS

Our numerical investigations have shown that the stiffness
index is primarily affected by changes in conduit stiffness.
Variations in peripheral compliances, peripheral resistances,
or aortic stiffness, within physiological ranges, have a small
influence on the stiffness index. Thus, the stiffness index is
not a direct marker for aortic pulse wave velocity determined
by changes in aortic stiffness.
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