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Abstract— Superiority of central blood pressure (BP) (especially
its pulsatile component; pulse pressure (PP)) over that of
brachial has been underlined recently through several clinical
studies. Local pulse wave velocity (PWYV) based cuffless methods
using Bramwell-Hill (BH) equation are popularly employed to
assess PP. These approaches assume PWYV to be constant,
whereas, it changes with pressure. Pertaining to this, literature
is unclear on which instantaneous local PWYV value should be
chosen within the cardiac cycle for PP evaluation. Since local
PWYV can be measured from various fiducial points spread
across the blood pulse cycle, it may be relevant to investigate on
the choice of particular one(s) for reliable PP calculation. We
have conducted an ex-vivo study in this regard employing an
excised ovine artery, emulating 21 independent flow conditions
by changing the PP and mean arterial pressure (MAP). The
measured end-diastolic (ED) PWV was lower than the peak-
systolic (PS) PWV by 32%, and in theory they are the
extremities of PWYV within a cardiac cycle. An underestimation
of 26% was observed in the PP evaluated using ED-PWYV and
overestimation of 30% using PS-PWV. The PWYV that is
expected to yield an exact PP value corresponded to the instant
in the blood pulse cycle where its mean occurred. The ED-PWV
underestimated and the PS-PWYV over-estimated the expected
PWYV by 17% and 14%, respectively, which explains the
deviations in the estimated PPs. The time instant of the first
derivate maximum being closer to that of the cycle’s mean
makes it a potential choice for measuring PWV for PP
estimation.

Keywords— BH-equation, Characteristic-point, Cuffless-BP
Incremental-PWYV, Incremental-stiffness, and Hyper elasticity.

1. INTRODUCTION

Blood pressure (BP) from brachial artery using cuff-based
devices is well established in hypertension and cardiovascular
risk management. In the last decade, research on methods and
applications of BP measurement is shifting its course to
central arteries and cuff-less techniques [1], [2]. While efforts
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already exist in measuring cardiac and respiratory makers via
wearables [3]-[6], the cuffless approaches for BP allow
integrating this vital marker to such systems offering office
and ambulatory assessments. Recent literature emphasizes the
superior clinical value of the central BP over the
conventionally measured brachial. It may be noted that they
are not interchangeable, pulse pressure (PP) significantly
varies from central to peripheral arteries [7]. These differences
in the central-to-peripheral BP were observed to be amplified
as a result of various pharmaceutical interventions [7], [8].
Therefore, knowledge of such differential responses is crucial
for the development and administration of targeted anti-
hypertensive drugs. Central BP further indicates the actual
load on the heart and the pressure experienced by the end-
organs, as opposed to peripheral arteries [1], [2]. The central
PP is also an early indicator for the stiffening process,
allowing assessment of early vascular aging [9].

Unlike in the case of a brachial site, employing a cuff is
not feasible for central arterial sites. Therefore, several
strategies were proposed to scale or calibrate the peripheral
BP to estimate the central BP [8], [10]. Such noninvasive
methods reportedly masked the clinical superiority of the
central BP over the peripheral one [11]. Applanation-
Tonometry has been widely practiced where a peripheral
pressure waveform is measured using a transcutaneous
tonometer, and employing a generalized transfer functions the
central BP is evaluated [4]. These methods are vehemently
debated concerning their general applicability [12] and are
also constrained by practice-related challenges. Operationally,
they demand expertise to correctly flatten the artery with
appropriate stable hold-down pressure and perform the
measurements. The association between the blood pulse
propagation speed and PP have led to the introduction of novel
techniques that involve the measurement of local pulse wave
velocity (PWV) [12], [13].

Bramwell-Hill (BH) equation can be mathematically
modified to calculate the central PP using a local PWV
measure from central arteries such as carotid [14]. Methods
are these are the basis for several cuffless techniques of
measuring BP. Such methods’ reliability is dependent majorly
on the accuracy of the local PWV measured. Even with

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY MADRAS. Downloaded on July 14,2023 at 05:51:02 UTC from IEEE Xplore. Restrictions apply.



A-Mode ultrasound Probe ARTSENS® (High framerate)

Silicone tubing PBS solution (37°C)
—_—

Dual pressure-tip

catheter Water bath (37°C)
T Pressure acquisition module | l
Hemodynamic
chamber
—

=y

Pulsatile pump Needle valve

ARTSENS® (High

5 Diamet
iameter
framerate)

waveform

—

Dual pressure
waveforms

PWV: approximated
BH equation and
instantaneous

Synchronised
pressure module

—)| PWV: transit time

Fig 1. Schematic of the ex-vivo experimental setup and the
instrumentation for recording the required high-resolution dual-pressure
and diameter signals simultaneously.

employing the robust of techniques and instrumentation for
highly accurate local PWV, there is another factor that has to
be methodologically considered, which is the hyper-elastic
nature of the artery. Due to this property the pulse wave
velocity is not constant but changes even within a cardiac
cycle due to the diastolic-to-systolic change in pressure. The
local PWV significantly increases with an increase in pressure
from diastolic minimum to systolic maximum, known as
incremental local PWV [14]. Now that the mathematical
models derived for the PP estimation assume a constant local
PWYV, the concern remains which point in the cardiac cycle
should be local PWV measured from [14]. The literature is
silent on which instantaneous local PWV should be chosen
within  the cardiac cycle to avoid potential
over/underestimation of the PP. Studies using transit time-
based methods propose a variety of fiducial points spread
across the pulse cycle to evaluate local PWV. Hence, it is
relevant to know the role of fiducial point selection in the
context of reliable PP estimation using the BH equation.

The presented work addresses this question by conducting
an ex-vivo investigation study. The major objectives of the
study were to: (i) understand the extremities of the PP
deviations that may occur due to fiducial point selection, (ii)
demonstrate the association between the deviation of PWV
from the expected value and the deviation in PP, and (iii)
finally suggest potential fiducial points appropriate for PP
evaluation. The experimental methods are presented in section
I1, followed by results and discussion in section III. The work
is concluded by providing the study limitations in section IV.

II. MATERIALS AND METHODS

A. Theoretical Background

For an elastic vessel containing pulsatile flow, the BH
equation relates the instantaneous change in pressure P within
the vessel to the local PWV [14],

’ D dP
PWVBH = m (1)

Here p is the fluid density, dP is the instantaneous pressure
change, dD is the instantaneous diameter change, and D is the

instantaneous diameter of the vessel. This relationship has
been used as the basis for cuffless evaluation PP using the
PWYV. One approach is to re-arrange the (1) and integrate it to
obtain a relation that contains PP (AP) instead of dP. Another
straightforward approach is to approximate the BH equation
assuming a linear relationship between the pressure and
diameter [14], as shown in (2).

PP = (PWVpy?)2

@)

Here AD is the distension and Dp the end-diastolic diameter.

AD
)
D

In both approaches to evaluate the PP, the local PWYV is
treated to be constant for the entire cardiac cycle. However,
the hyper-elastic nature of the artery suggests that the wall
stiffness is a function of the pressure. Therefore, the PWV, a
surrogate of stiffness, increases with pressure within a beat.
The instantaneous local PWYV is related to the pressure as [14],

PWViys (P) = 3)

In the expression, Pp is the diastolic pressure, and [ is the
specific stiffness of the artery. This implies that the PWV
across the different fiduciary points within the cycle differ in
magnitude as the pressure distends from diastolic minimum to
systolic maximum. The direct estimation of PWV involves
measurement of pulse transit time (PTT) from a particular
fiducial point,

Pulse propagation distance

PTT ’ )

In this case, the accuracy of the PP depends on the selection
of fiducial point that yields PW V1t closer to PW Vg in (2).

PWVTT =

B.  Ex-vivo Setup for Experimentation

An ex-vivo phantom, as shown in Fig. 1, was set up to
perform controlled experiments for investigating the role of
fiducial point selection on the reliability of the PP estimated
using the BH equation. An ovine aorta (length = ~100 mm)
was harvested along with the surrounding tissue, cleaned, and
sutured for leaks. The leak-proof artery was connected to the
experimental setup with a pretension. The artery thus formed
the part of a silicon tubing loop through which a syringe-
based pump (PD-1100, BDC lab, United States) circulated a
pulsatile flow. The pump was attached to a hemodynamic
chamber and resistance valve, and together they controlled
the flow conditions inducing different mean and pulse
pressures. The artery was secured in an acrylic container
filled with phosphate buffer solution (PBS; pH:7.4). The
container resided inside a water bath that controlled the
temperature of the solution, keeping it at 37 °C. The pump
arrangement as well consisted of a temperature controlling
unit to maintain the circulating fluid at 37 °C. The diameter
of the artery was recorded using a single-element ultrasound
transducer and high-frame-rate A-mode system (500 fps)
[15], [16]. The invasive pressure pulse wave was measured at
two proximal spaced sites using a dual-pressure tip catheter
(SPR-751 — 5F, Sensor spacing = 30 mm, Bandwidth: 2 kHz,
Miller Instruments, USA) at 20 kS/s. The diameter and
catheter pressure signals were used to evaluate the PWVpy
and PWVns. On the other hand, the dual catheter pressure
waveforms were used to evaluate the PWVrr. The diameter
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and pressure waveform acquisition were simultaneously
acquired.

C. Specific Study Objectives and Analysis

The primary purpose of the study was to investigate the
role of fiducial point choice for the PWV-based cuffless
estimation of the pulse pressure. For this, the study analysis
was divided into three parts addressing specific objectives as
listed below.

(1) To quantify the magnitude of the deviation in the
estimated pulse pressures as a result of fiducial point choice.

As the local PWYV is expected to be minimum at the foot
that is end-diastole (ED) and maximum at peak systole (PS),
the PP was evaluated from the local PWVs (estimated using
(4)) at these fiducial points. A comparison of these PPs (from
ED-PWYV and PS-PWV) with respect to actual PP invasively
measured would quantify the deviation extremities.

(i) To demonstrate the relation between the deviation in
local PWV and that of the estimated PP.

Substituting the actual PPs (invasively measured) into (2),
the expected PWV was evaluated (approx. BH-PWV). This
was compared against ED-PWYV and PS-PWYV to indicate the
influence of the PWV’s deviation from the expected value on
the deviation in PP. Likewise, as the local PWV exhibits an
incremental relationship with respect to the pressure (refer
(3)), the instant within the pressure cycle was identified to
which the approx. BH-PWYV corresponded.

(iii)) To identify and recommend appropriate fiducial
points for the PWYV to obtain reliable PPs.

The commonly employed fiducial point locations from the
anacrotic phase were identified and compared with the instant
within the pressure cycle that corresponded to the approx. BH-
PWV. The fiducial points include the second derivate
maximum (SDMax: representing the systolic foot), first
derivative maximum (FDMax: representing the systolic rise),
and second derivative minima (SDMin: point close to the
systolic peak) [14]. The analysis would reveal the proximity
of the various fiducial points’ locations to the point where the
expected PWV corresponds to. To maintain uniformity across
the various flow conditions, the time-instants for the fiducial
points were subtracted with the time-instants of the ED
minima for the cycles. Further, the relative time instants were
represented as the fraction of cycle’s width (expressed in %).

D. Statistics

The group average values are reported as Mean(standard
deviation) (SD). Clustered column charts were presented to
illustrate and compare the mean values for various categories.
The error bars in these charts represent the SD. To illustrate
the differences or similarities between the fiducial point
locations, box-and-whisker plots are constructed representing
the median and interquartile ranges. The coefficient of
variation (CoV, expressed in %) was used to quantify the beat-
to-beat repeatability. It was calculated as the ratio of SD to
mean of beat-to-beat measurements for 15 pulse cycles. The
similarity or difference between the groups were tested for
statistical significance employing t-test paired two sample for
means, with significance level as 0.05.

III. RESULTS AND DISCUSSIONS

A. Ultrasound and Pressure Catheter Recordings

A total of 21 flow conditions were emulated by varying
the PP (mean = 12(4.1) mmHg, 7 to 26 mmHg) and MAP
(mean = 60(25.2) mmHg, 24 to 124 mmHg), as measured
from pressure catheter signals. The dual-pressure catheter
waveforms had a temporal resolution of 0.05 ms, offering
reliable means to measure the pulse transit time (as required
in (4)). The measured PTTs were within the range of 3.4 to 8.5
ms, which were sufficiently larger than the temporal
resolution of catheter waveforms. The recorded A-mode
signals were of high-fidelity, with signal-to-noise-ratio greater
than 27 dB. High-resolution diameter waveforms were yielded
from these frames (amplitude resolution = 10 pum and temporal
resolution =2 ms). As a result of the changing flow conditions,
end-diastolic diameter and the peak distension varied from 10
to 17 mm and 0.18 to 0.79 mm, respectively. Beat-to-beat
variability of the pressure and diameter measurements were
within 0.02 to 4.96%. In this manner, the high-quality
recordings ensured reliable raw recordings for the further
analysis
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Fig 2. (a) Illustration of transit time-based local PWVs corresponding to the
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Fig 3. (a) A sample of measured pressure cycle, on which the conventionally
reported fiducial points are marked. The first marker (along the time-axis) is
the end-diastolic minimum of the cycle. (b) Comparison various fiducial
point time instances relative to end-diastolic minimum (expressed as % of
cycle width).

B. Extremities of the PP Deviation

The local PWV measured for the fiducial points ED and
PS using (4), for all the flow conditions, are shown in Fig. 2(a).
The mean ED-PWV was 4.01(1.68) m/s, and likewise, PS-
PWYV was 5.94(1.57) m/s. As may be observed from Fig. 2(a)
that the PS-PWYV being taken from the systolic-peak, the
highest-pressure level within a cardiac cycle, is systematically
higher than ED-PWV that is obtained from the lowest-
pressure level within the cardiac cycle. These represent the
extremities of the PWV variations within the cardiac cycle
[14], and so does the deviations in PP evaluated from these. In
Fig. 2(b), the deviations in the PP (respectively calculated
from ED-PWYV and PS-PWYV) from the actual measured PP is
illustrated. It was observed that the PP using ES-PWV
overestimated the actual PP and the one from PS-PWV
underestimated it. This underlines the need for cautious
selection of the appropriate fiducial point, which otherwise
may potentially incur deviations as large as 25%.

C. Association of PWV Deviation with PP Deviation

As a closer analysis, the ED-PWV and PS-PWV are
compared to the expected PWV (i.e. the approx. BH-PWVs
that yield the exact PPs), in Fig. 2(c). The ED-PWV
underestimates the approx. BH-PWV by 17%, whereas, the
PS-PWV overestimated it by 14%, which was statistically
significant (p < 0.05). This deviation in the PWV explains the
deviations in the PP as observed in Fig. 2(c). This also
suggests that the PWV that is expected to yield reliable PP
estimates corresponds to fiducial point neither located close to
ED nor PS.

D. Potential Choice of Fiducial Point

A fiducial point that is proximal to center for anacrotic
phase is expected to provide minimal deviations during PP
estimation. To investigate this hypothesis the instantaneous
incremental PWV was evaluated for the anacrotic phase using
(3), to which the approx. BH-PWV was compared. This

revealed that approx. BH-PWV concurred with the
instantaneous PWV at MAP level, 5.24(0.71) m/s versus
5.22(0.80) m/s as shown in Fig. 2(c). The results reveal that a
fiducial point in the vicinity of the mean level of the blood
pulse cycle is a potential choice as opposed to the ED or PS.
The popular fiducial points enlisted in the earlier section
SDMax, FDMax, and SDMin are illustrated on a pulse cycle
along with the location of the pulse’s mean. Intersecting
tangent method yields another fiducial point for identifying
the systolic foot that is similar to SDMax.

It can be evidenced that the FDMax is closer to the mean
of the cycle, in Fig. 3(a). This is also evident from the Fig.
3(b), that for all the flow conditions the relative position of
FDMax from foot is closest to that of mean. Therefore,
FDMax or the mean of the cycle are potential choices from
which local PWV can be measured for reliable PP estimation.
Earlier works adopting the equivalent fiducial points have
reported appreciable performance figures concerning the PP
evaluation [12]-[14]. However, jitter and early-systolic
arterial wave reflections are an important methodological
concerns when choosing such fiducial point from center of the
anacrotic phase [14]. High resolution systems assist in
tackling the jitter, though the majority frequency content of
blood pulse signal is limited to 20 Hz, a sampling rate in the
orders > 200 Hz are required. Now concerning the early
systolic wave-reflections, appropriate wave separation
technique may be employed to minimize the effect of
reflections, as in our earlier work [15].

IV.LIMITATIONS OF STUDY

The phantom setup being not an extensive mimic of the in-
vivo circulatory system, the dicrotic notch (a potential fiducial
point) [14] couldn’t be emulated and included in the analysis.
Likewise, the intersecting tangent being similar to SDMax
[14], has also not been included in the analysis. There are
indirect methods to estimate the PWV, such as InDU, QA, and
D?U, that require a flow velocity/rate waveform [14] that
wasn’t measured during this study. So, efforts are in progress
to compare the PPs evaluated from such PWV estimates with
those based on transit time.

V.CONCLUSION

The ex-vivo study demonstrated the importance of fiducial
point selection for PWV measurement in the context of PP
estimation using BH equation. The results revealed a
significant difference in PWV measured from ED and PS. The
ED-PWV and PS-PWV respectively underestimated and
overestimated the expected PW'V that yields accurate PP. This
explained the deviation of PP estimated using the ED-PWV
and PS-PWV from the reference. The expected PWV
corresponded to the instantaneous PWV obtained from mean
of the pulse cycle. A comparison showed that FDMax is the
closest fiducial point to the cycle’s mean in anacrotic phase.
So, this makes it a potential option for the PP evaluation, as
also observed in earlier works.
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