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Abstract To assess in clinical practice arterial blood
volume flow (BVF) from ultrasound measurements, the
assumption is commonly made that the velocity profile can
be approximated by a quasi-static Poiseuille model. How-
ever, pulsatile flow behaviour is more accurately described
by a Womersley model. No clinical studies have addressed
the consequences on the estimated dynamics of the BVF
when Poiseuille rather than Womersley models are used.
The aim of this study is to determine the influence of
assumed Poiseuille profile instead of Womersley profile on
the estimation and intrasubject variability of dynamical
parameters of the BVF. For this purpose, a low number of
volunteers sufficed. Brachial artery centerline velocity
waveform and vessel diameter were measured with ultra-
sound within a small group of six volunteers. Within
subjects, the intra- and inter-registration variability of BVF
parameters estimates did not significantly differ. Poiseuille
profiles compared to Womersley underestimates the max-
imum BVF by 19%, the maximum retrograde volume flow
by 32% and the rise time by 18%. It can be concluded that
when estimating in a straight vessel the dynamic properties
of the BVF, Womersley profiles should preferably be
chosen.
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1 Introduction

The blood pressure (BP) and blood volume flow (BVF)
waveforms in large arteries are hemodynamical phenom-
ena that result from the ejection of blood by the heart into
the arterial bed [27]. The BP and BVF waveforms obtain
their typical shape by superposition of a forward wave and
wave reflections along the arterial tree. These reflections
originate from transitions in arterial stiffness, the presence
of bifurcations, arterial lumen tapering and impedance of
the peripheral end segments. It has been established that
arterial stiffness is an independent predictor of cardiovas-
cular risk in an early stage [21]. Hence, the relation
between arterial properties, BP and BVF waveforms has
been subject of extensive analysis, using Windkessel as
well as lumped parameter and wave propagation models
for the arterial system (e.g. [3, 24, 32, 35]). Wave reflec-
tions have been, furthermore, investigated with several
other methods such as decomposition of forward and
backward traveling waves (e.g. [8, 19]). These methods
require both BP and BVF waveform assessment with a high
temporal resolution. Consequently, accurate in-vivo esti-
mation of BP and BVF waveforms has become a central
issue in early stage risk assessment of cardiovascular dis-
ease (CVD). This study focuses on BVF assessment. Since
CVD risk assessment is part of a preventive investigation,
it should be achieved by non-invasive measurement tools.
For that reason, and for its high temporal resolution,
ultrasound is the favorable imaging tool to determine local
hemodynamic parameters in large arteries.
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Ultrasound techniques, such as pulsed Doppler tech-
niques, allow the determination of the blood velocity at a
specific site [15, 23]. However, pulsed Doppler scanners
have a limited spatial resolution. For peripheral applica-
tions, for instance at the brachial artery, the size of the
sample volume will be of the order of 1 by 1 by 1 mm.
Consequently, a Doppler registration with a sample volume
located somewhere near the artery axis will easily pick up
the maximum velocity which is shown as the envelope of
the Doppler spectrogram. Such measurement provides the
maximum “centerline” velocity although the actual posi-
tion where this velocity occurred remains unknown. To
extend this local measurement to the acquisition of the
instantaneous blood velocity profile, sophisticated tech-
niques such as Multi-gate-Doppler ultrasound methods
have been developed [14, 38]. In these techniques, the
ultrasound beam is steered with an angle of approximately
70° to the vessel wall. Consequently, a weaker reflection of
the vessel wall is observed, preventing an accurate diam-
eter measurement simultaneously and decreasing the
accuracy of velocity measurements near the vessel wall.
Doppler ultrasound methods have, unfortunately, some
important spatial limitations due to ultrasound reflections
close to the interface between the lumen and the vessel
wall [22, 16]. Removal of tissue reflections by wall filtering
inherently limits the ability to estimate low blood veloci-
ties. Simple integration of the acquired velocity profile is,
therefore, not feasible to compute the BVF even in straight
vessels with circular cross-sections.

The measurement of centerline or maximum velocity is
less subject to measurement errors. In clinical studies, it is
generally assumed that the velocity profile is either flat or
parabolic and that the BVF is proportional to the maximum
velocity waveform [10, 17, 26, 28, 30]. It is widely
believed that the Womersley profile approach [41], incor-
porating the pulsatile behavior of the BVF, delivers more
physiological waveforms than the quasi-static (parabolic)
Poiseuille profile approximation. Note that both methods
neglect wall movement, tapering and curvature in arteries.
Although the velocity profiles given by Womersley are
frequently used in computational studies [20, 36], only a
few clinical studies employ this approach [33, 37]. To the
authors knowledge, no clinical study has addressed the
influence on the dynamics of BVF estimation when
Poiseuille rather than Womersley profiles are used. Fur-
thermore, it is not known wether inter and intra-registration
variability differs between the estimates given by the two
models. The goal of this study is, therefore, to investigate
the influence on the shape of the BVF waveform of the
quasi-static assumption using Poiseuille profiles instead of
Womersley profiles and to evaluate the intra subject vari-
ability of derived parameters as rise time, and maximum
and minimum peak values.
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We have chosen to focus this study on the brachial
artery, because it is a large artery often used for medical
investigations and diagnosis [25, 43]. Furthermore, the
distensibility of the brachial artery is relatively small [7, 8],
unlike that of the common carotid artery [9], so the effect
of wall motion on the velocity distribution is assumed to be
so small that it can be neglected.

2 Materials and methods

In this study, M-mode and multi-Gate Doppler measure-
ments are performed to determine vessel diameter and
blood velocity profiles, respectively. Separate ultrasound
measurement techniques are applied, because the vessel
diameter cannot be accurately determined from Multi-gate
Doppler measurements since the latter are not performed
perpendicularly to the vessel wall. An observation angle of
70° results in a weaker and a more distributed reflection of
the ultrasound beam by the vessel wall, with a different
effect for the anterior and posterior wall because of
opposite curvatures. In addition, an error in the assumed
measurement angle induces a bias in estimated vessel
diameter. Thus, the accumulated error in artery diameter
may be relatively large compared to perpendicular M-mode
measurement.

2.1 Assessment of vessel wall distension and
maximum velocity waveforms

The ultrasonic measurements are performed using an
ultrasound system (Ultramark 9 plus, Advanced Technol-
ogy Laboratories, Bellevue, WA, USA). A linear array
(7.5 MHz) is used in M-mode for lumen diameter assess-
ment. The time average diameter is computed from the
diameter waveform obtained with a radio-frequency
acquisition system [6]. Blood velocity profiles are esti-
mated with a broadband (5-9 MHz) curved-array
transducer, activated in a wide-band M-mode with a high
pulse-repetition frequency of 10 kHz [31]. A cross-corre-
lation function is applied to short radio frequency data
segments to obtain blood flow velocities [5]. Each velocity
estimate is based on half overlapping data segments cor-
responding to 300 pm in depth and 10 ms in time. In this
way, instantaneous time dependent velocity profiles along a
single line of observation are obtained.

2.2 Measurement protocol

This study involved a group of six presumed healthy and
non-smoking young male volunteers. Their average age
was 27 years (range 21-34), their average weight 82 kg
(range 69-96 kg) and their average height 1.90 m (range
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1.78-2.06 m). The study was approved by the joint Med-
ical Ethical Committee of the University of Maastricht and
the Academic Hospital Maastricht and all subjects have
given written informed consent. The measurements started
after 10 min of rest in supine position to allow normali-
zation of the cardiovascular function. At the start and end
of the measurement session, brachial systolic and diastolic
blood pressures were measured non-invasively on the left
arm by means of a semi-automated oscillometric device
(Dynamap, Critikon, Tampa, USA).

The location of the bifurcation of the brachial to radial
and ulnar arteries of the left arm was identified in echo
B-mode. To minimize the influence of this bifurcation
on the velocity profile, ultrasonic measurements were
performed at least 5 cm proximal. At this position, the wall
distension waveform was recorded using a linear array
(perpendicular approach), followed by blood flow velocity
measurements using the curved array, steered at an angle of
70°. Each measurement covered four consecutive heart-
beats and was repeated at least three times.

2.3 Measurements analysis
2.3.1 BVF estimation

For each volunteer, the time average of the lumen diameter
D was computed from the wall distension waveform
obtained in M-mode.

The time average position of the maximum velocity in
an interval of 10 ms around peak systole was considered
the location with peak velocity. The velocity waveform
obtained at this location was called the max-line velocity
Vi and was used to derive the BVF. An example of the
measured velocity profile and the corresponding Vi, is
depicted in Fig. 1.

0.6+

3 0 0.5

Depth [mm] Time [s]

Fig. 1 An example of the velocity profile measured with ultrasound
multi-gate Doppler. The black line shows V

The Poiseuille BVF, g,, was estimated by applying
Poiseuille profiles on the V,;; waveform according to:

—g V(1) (1)

In addition, the Womersley profiles BVF, g,,, was derived
by applying a harmonic decomposition Vyy of V. The BVF
results of the linear summation of flow harmonics g;(?).
Considering the temporal resolution of the Ultrasound system
of 30 ms, the first 30 harmonics (N}, = 30) of V,,; were used:

N
qw(f) = Real (Z (4 exp(iw,z))> (2)
J=1

where ; represents the angular frequency of each jth
harmonic of V. The harmonics g;(¢) follows from [41]:

R D N

9 = TG(ij)lej7 (3)
with:

G(o) = P00 (oi*2) — 21 (o;1*2) @)

! 2ol (oyi3/2) — 320y
and:
D
% =S\ iV (5)

Here o denotes the Womersley number, J; the Bessel
function of order i and v the kinematic viscosity of the
blood, which is the ratio between the dynamic viscosity 7
and the blood density p. In this study, # and p were chosen
equal to 4 x 10Pa.s and 1.05 x 10’ kg/m? respectively,
being standard values used in literature (e.g. [1, 2, 34]).

2.3.2 Statistical analysis

The variability of the assessed vessel diameter and the BVF
waveform estimated by both Poiseuille and Womersley
profiles was investigated. To evaluate the dynamic prop-
erties of BVF estimation, we considered the systolic peak
BVF, the maximum backward BVF, the pulsatility index
(difference between the maximum and the minimum BVF
divided by the time average), and the time between the
maximum and minimum BVF.

When considering a parameter X, the variability
between the heartbeats of each measurement was evaluated
by the intra-registration variability ¢, which can be written
as follows:

o), = Zv Zm Zb (XV,myb _ )_(V,m)z (6)

Zv Zm(bv,m) —b

X, m» being the parameter value for the volunteer v, in
measurement /m at heartbeat b, X,,, the average parameter
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for measurement m of volunteer v, and, b, ,, and b being the
number of heart beats of the measurement m for the vol-
unteer v and the total number of heartbeats respectively.

The inter-registration variability ¢,, that evaluates the
variability between the measurements of the volunteer can
be written as:

o FV (X = %) -
2., (my) —m
In this equation, X,, is the parameter value of
measurement m for volunteer v and X, the average
parameter for each volunteer v. The number of
measurements for the volunteer v and the total number of
measurements are represented by m, and m respectively.
The variability between the volunteers of the group was

evaluated by the inter-subject variability o, which is
defined as:

>, (X, —X)?

v—1

§ = (8)
X, being the parameter value for the volunteer v, X the
average parameter of the group, and v the number of
volunteers.

2.4 Sensitivity analysis

Both Poiseuille and Womersley profiles depend on the
diameter estimated from the M-mode measurement. For
Poiseuille profiles, the BVF will be proportional to the
square of the diameter (Eq. 1), which corresponds to a
sensitivity of order 2, meaning that a relative error in the
diameter will induce a twice as high relative error in the
BVF. The relation is more complex for Womersley profiles
where a function G(«) is introduced (Eq. 1). The sensitivity
of the BVF to the diameter is then of order 2 for the
diameter square term plus the sensitivity of the function
G(a). Since, the Womersley number o is proportional to the
vessel diameter, the sensitivity of the function G(o) to the
diameter equals its sensitivity, S(x), to o:

S(o) = |G (@)| [ ©)

3 Results
3.1 Measurements

The diameter measurements, as depicted in Table 1, reveal
a small intra-registration (0.06 mm) and inter-registration
(£0.2 mm) variability compared to the inter-subject (0.5
mm) variability. The group average brachial diameter is
equal to 4.1 mm and the group average distention is 2.7%
(Table 2).
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Table 1 Group average, inter-subject variability o, inter-registration
variability o¢,, and intra-registration variability ¢, of the arterial
diameter (D) and distention (AD) for the six volunteers

Group average Og Om Oh
D(mm) 4.1 +0.5 +0.2 +0.06
AD(%) 2.7 +1.4 +0.6 +0.3

Table 2 Group average, inter-subject variability o, inter-registration
variability ,, and intra-registration variability ¢, of the time average,
maximum (Max), minimum (Min), pulsatility index (PI) and rising
time (RT) of the BVF for both Poiseuille (Poi) and Womersley
(Wom) and their relative difference in %

Group average 0, Om an
Time average (ml/min) 27 +19 +16 +5
Maxwom (ml/min) 258 +96 +40 +10
Maxp,; (ml/min) 204 +73 +31 +7
AMax (%) —19 +2 +1 +2
Minwe, (ml/min) —-72 +31 +22 +17
Minp,; (ml/min) -35 +19 +16 +11
AMin (%) 52 +21 +14 +12
Plwom 16 +6.1 +45 £1.5
Plp,; 12 +43 £35 +£1.1
API (%) —-26 +50 £23 +£2.1
RTwom (ms) 41 +58 £30 £32
RTp,; (ms) 48 +79 £26 435
ART (%) 18 +47 +48 18.6

Of the three blood volume flow measurements for vol-
unteer 1, only one could be used, whereas for the other
volunteers at least three measurements were available. The
BVF waveform estimations, displayed in Fig. 2, show that
during the systolic phase the BVF quickly rises to its
maximum value, then it decelerates rapidly until the flow
reverses for a short time period. After this minimum,
bipolar fluctuations with smaller amplitudes occur due to
reflection phenomena. Large differences concerning the
shape and the amplitude of these reflections are observed
between the volunteers.

The time average BVF estimates are equal when con-
sidering both Poiseuille and Womersley profiles. Within
each registration variation between the heartbeats is small,
resulting in a small measurement standard deviation and a
small intra-registration variability. The variations are larger
when considering the differences between the registration
for each volunteer, leading to a higher standard deviation
and inter-registration variability. The time average BVF for
the group is equal to 27 ml/min with an inter-registration
variability of 16 ml/min, being only slightly smaller than
the inter-subject variability of 19 ml/min.

Figure 3 illustrates that the group average maximum
BVF equals 258 and 204 ml/min when Womersley or
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Fig. 2 Average BVF waveform Volunteer 1
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Fig. 3 Maximum BVF was estimated by Poiseuille and Womersley.
In this figure, F denotes subject average and standard deviation,

: denotes group average and inter-subject variability,

and o, represent intra- and inter-registration variabilities, respec-
tively. V1,..., V6 denote volunteer 1,..., volunteer 6, respectively.

Poiseuille are used, respectively. Compared to Womersley
BVF estimation, Poiseuille BVF estimation underestimates
the maximum BVF thus by 19%. For both methods, a
smaller intra-registration (10 ml/min for Womersley and
£7 ml/min for Poiseuille) than inter-registration variability
(£40 ml/min for Womersley and 31 ml/min for Poiseuille)
is observed, whereas the inter-registration variability is almost
a factor of two lower than the inter-subject variability
(£96 ml/min for Womersley and +73 ml/min for Poiseuille).

A difference of 52% is observed between estimation of
the minimum BVF with Womersley (72 ml/min) and
Poiseuille (35 ml/min) profiles. When using Poiseuille
profiles the maximal backflow is underestimated. The
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registration standard deviation is quite large, resulting in a
slightly lower intra-registration variability, 17 ml/min for
Womersley and +11 ml/min for Poiseuille, than the inter-
registration variability, +22 ml/min for Womersley and
£16 ml/min for Poiseuille. The latter is lower than the
group variability which equals 31 ml/min for Womersley
and £19 ml/min for Poiseuille. The larger variability
observed for the minimum BVF, compared to the one
obtained for the maximum BVF, is because the retrograde
velocities (0.1-0.3 m/s) is small compared to the resolution
of the ultrasound Doppler machine.

The group average of the pulsatility index underesti-
mated by 26% by Poiseuille compared to Womersley, as
the estimates equal 12 and 16, respectively. The intra-
registration (1.5 for Womersley and +1.1 for Poiseuille)
and inter-registration variability (4.5 for Womersley and
£3.5 for Poiseuille) are lower than the intersubject vari-
ability (£6.1 for Womersley and +4.3 for Poiseuille).

Figure 4 displays the estimates for the rise time, being
of 41 and 48 ms for Womersley and Poiseuille, respec-
tively. Poiseuille thus underestimates the rise time by 18%.
A slightly larger intra-registration (£3.2 for Womersley
and +3.5 ms for Poiseuille) than inter-registration vari-
ability (£3.0 for Womersley and =£2.6 ml/min for
Poiseuille) is observed demonstrating a large beat-to-beat
variation. On other hand, the inter-registration variability is
a factor two lower than the inter-subject variability
(£5.8 ms for Womersley and 7.9 ms for Poiseuille).

3.2 Sensitivity analysis

For the physiological range of «, below 20, the sensitivity
function S(«) remains smaller than 0.1 (Fig. 5). It can thus
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Fig. 4 Rise time was estimated by Poiseuille and Womersley. In this

figure, F denotes subject average and standard deviation, —————

denotes group average and inter-subject variability, black line
represents Poiseuille and red line represents Womersley. oy, and o,
represent intra- and inter-registration variabilities, respectively.
V1,..., V6 denote volunteer 1,..., volunteer 6, respectively
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Fig. 5 The sensitivity function S(«) as function of the Womersley
parameter o

be concluded that the diameter sensitivity of the
Womersley and Poiseuille methods to estimate BVF from
centerline velocity is slightly higher than and equal to order
2, respectively.

4 Discussion

In this study, the influence of assuming quasi-static
Poiseuille profiles has been investigated for the BVF
waveform of the brachial artery. In the present study, we
focus on the reproducibility within subjects, so a low
number of volunteers sufficed. However, for a comparison
of parameters between groups a larger population is
required. The results show that using Poiseuille induces a
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large bias in estimates reflecting the dynamical properties
of the BVF waveform. High resolution techniques are
required to accurately retrieve the BVF waveform shape
because of its short rise time, a requirement only
Womersley can comply with.

The brachial velocity waveforms considered in this
study correspond to waveforms found in literature (e.g. [9,
13, 33]). Considering the group mean BVF, the value
obtained in this study is comparable to the value of
30.6 ml/min reported by Green [13] for a group of healthy
volunteers at rest conditions.

The differences in the dynamical parameters obtained by
assuming Poiseuille rather than Womersley profiles can be
explained by the shape of the BVF waveform. During the
systolic part, the acceleration of the blood is very fast
which results into a flat profile. Using a parabolic profile
instead of the Womersley approximation underestimates
the volume flow and its derivative. Consequently, the rise
time as well as the maximum value are underestimated.
During the deceleration part, the velocity profiles tend to be
more parabolic, thus the difference between Womersley
and Poiseuille estimates will be smaller. During the more
constant parts of the BVF waveform, corresponding to a
low Womersley number, the quasi-static Poiseuille profiles
and Womersley profiles converge.

In this paper, the mean diameter, measured in M-mode,
was used together with the max-line velocity waveforms as
measured with multi-gate Doppler, to estimate the BVF.
The variability of the diameter measurements influences
significantly the accuracy of BVF estimation. A more
accurate BVF estimation could be obtained if both vessel
diameter and blood velocity are measured simultaneously.
Such a technique would allow to obtain the BVF waveform
on a beat-to-beat basis. Furthermore, if the velocity profile
can be measured accurately along a single line, the inte-
gration of the profile would allow direct estimation of the
BVF, while it would take into account the movement of the
vessel wall as well as the influence of non-Newtonian
blood properties on the shape of the velocity profile.
Beulen et al. have validated such technique, using a com-
mercially available ultrasound scanner equipped with a
linear array probe, by comparing axial velocity profile
measurements in a phantom setup to analytical and
computational fluid dynamics calculations [4].

Both Poiseuille and Womersley theory (in the form used
in this study) assume non moving vessel walls. Since the
distension of the brachial artery is small (2.8%), it will
have only little influence on the estimation of the BVF.
Nonetheless, in larger and more elastic arteries, such as the
common carotid artery, vessel-wall movement could have a
significant influence on BVF estimation. Therefore, the
results of this study cannot be transposed directly to such
arteries. Unfortunately, no theoretical model exists for
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moving-wall tubes without knowing the pressure gradient
[41]. However, computational fluid dynamics (CFD) could
be utilized to quantify the BVF estimation error introduced
by the movement of the vessel wall and to investigate how
BVF estimation could be improved (for this purpose, an
estimate of either the mechanical properties or the vessel
wall distension and blood pressure would be necessary).

Both Poiseuille and Womersley expansions are based on
velocity profiles in straight arteries. However, most arteries
are curved. CFD (e.g. [12, 29, 42]) and analytical studies
(e.g. [11, 40]) have shown that vessel curvature can have a
strong influence on the shape of the velocity profile. The
analytical models proposed by Waters et al. are interesting
but, however, limited to steady flow for low Dean numbers,
which does not correspond to physiological flow [40].
Nevertheless, Verkaik et al. demonstrated using CFD that
the analytical solution can be extended to higher Dean
numbers [39]. Thus, the use of either Poiseuille or
Womersley profiles in vivo involves an estimation error.
As in curved tubes Womersley theory is not valid anymore,
CFD simulations in curved tubes or analytical solutions
involving physiological BVF waveforms should be used to
evaluate the errors in the BVF estimation. The feasibility of
alternative methods to accurately estimate the BVF in
curved arteries has been investigated [39].

In this study, it has been shown that using Poiseuille
instead of Womersley profiles incurs large errors in the
estimation of the dynamical properties of the BVF and it is
thus important to realize its consequences. However,
nowadays common clinical diagnosis of cardiovascular
diseases is still mainly based on blood pressure estimation:
the bias of dynamic BVF parameters thus has only limited
consequences. If we are considering the Pressure—Velocity
loop method, based on both blood pressure and volume
flow waveforms during the early systole in order to esti-
mate pressure wave speed, as developed by Khir and
Parker [18], an error in the BVF rise time estimate of 18%
and in the maximum of 19% results in an overestimation of
the pressure wave speed in the order of 35%. Furthermore,
the bias in the BVF dynamics parameters influences sig-
nificantly cardiovascular research studies involving better
modeling and understanding of the cardiovascular biome-
chanics. For instance, models like windkessel, lumped
parameters, wave propagation or 3D fluid dynamics models
are based on dynamical BVF waveforms [3, 24, 32, 35].

5 Conclusion

Although it is widely believed that the Womersley profile
approach delivers more physiological waveforms than the
Poiseuille profiles approximation, it is rarely used in clin-
ical studies despite the fact that Bessel functions are

presently available for standard software packages like
Excel (Microsoft) or Matlab (The Mathworks) and could
readily be implemented on ultrasound systems. The time
average BVF and the variability of the dynamic parameters
are similar using Poiseuille or Womersley approach,
whereas the influence of using Poiseuille rather than Wo-
mersley profiles on the estimated BVF waveform has never
been reported. We have shown that for physiological blood
velocity waveforms the dynamic characteristics of the BVF
derived using Poiseuille are strongly biased. Poiseuille
profiles compared to Womersley underestimate the maxi-
mum BVF by 19%, the maximum retrograde flow by 32%
and the rise time by 18%, implying a significant bias for
clinical methods involving BVF waveforms.
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