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Estimation of Central Pulse Wave Velocity from
Radial Pulse Wave Analysis

Yang Yao, Shuran Zhou, Jordi Alastruey, Liling Hao, Stephen E. Greenwald, Yuelan Zhang, Lisheng
Xu*, Senior Member, IEEE, Yudong Yao, Fellow, IEEE

Abstract— Goal: Arterial stiffness, commonly assessed by I. INTRODUCTION
carotid-femoral pulse wave velocity (cfPWYV), is an independent ORTIC

biomarker for cardiovascular disease. The measurement of stiffness is independently associated with

cfPWYV, however, has been considered impractical for routine
clinical application. Pulse wave analysis using a single pulse wave
measurement in the radial artery is a convenient alternative. This
study aims to identify pulse wave features for a more accurate

estimation of cfPWYV from a single radial pulse wave measurement.

Methods: From a dataset of 111 subjects, cfPWV was measured
and the radial pulse waveform was recorded for 30 seconds twice
in succession. Features were extracted from the waveforms in the
time and frequency domains, as well as by wave separation
analysis. All-possible regressions with bootstrapping, McHenry’s
select algorithm, and support vector regression were applied to
select subsets of the features and to estimate cfPWYV. Results: The
correlation coefficient between the measured and estimated
cfPWYV was r=0.8, r=0.84, and r=0.8 for all-possible regressions,
McHenry’s select algorithm, and support vector regression,
respectively. The features selected by all-possible regressions are
physiologically interpretable. In particular, the amplitude ratio of
the diastolic peak to the notch of the radial pulse waveform (R:'Z)
is shown to be correlated with cfPWYV. This correlation was
further evaluated and found to be independent of wave reflections
using a dataset (n=3,325) of simulated pulse waves. Conclusion:
The proposed method may serve as a convenient alternative for

the measurement of cfPWV. R;'; is associated with aortic PWV

and this association may not be dependent on wave reflection.
Index Terms—arterial stiffness, pulse wave analysis, pulse wave
velocity, wave separation analysis
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cardiovascular events, target organ damage, and all-cause
mortality [1, 2]. When added to standard risk factors (e.g., blood
pressure), aortic stiffness improves the prediction of
cardiovascular events [3]. Carotid-femoral pulse wave velocity
(cfPWYV) has been proposed as the noninvasive gold standard
for assessing aortic stiffness [4-6]. However, its measurement
requires a skilled operator and remains confined to specialized
centers. Besides, the carotid-femoral distance is hard to
estimate accurately in obese patients. Thus, the measurement of
cfPWYV is not recommended for routine practice [7].

Pulse wave analysis is an alternative technique to assess
arterial stiffness using a single arterial pressure waveform. The
augmentation index (AlIx) calculated from the radial pulse
waveform or the synthetized aortic pulse waveform computed
from the radial pulse waveform has been suggested as an index
of stiffness [8]. However, several influencing factors (e.g., body
height and heart rate) limit its performance [8]. In addition, the
calculation of Alx is not reliable enough in some subjects due
to the difficulty in determining the second peak of the radial
pulse waveform or the inflection point of the aortic pulse
waveform. In recent years, wave separation analysis (WSA)
based on an approximated flow wave has been used to assess
arterial stiffness, by calculating the pulse transit time as the time
delay between the forward wave and the backward-traveling
reflected wave [9]. However, this delay is determined not only
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by the speed of the pulse but also by the distance it travels, i.e.
the effective reflection distance (distance from an aortic
measurement site to a notional site from which all distal
reflections appear to originate), which is influenced by several
factors like the length of the arterial tree and central-to-
peripheral arterial stiffness gradient [10].

This study aims to investigate the pulse wave features that
allow an accurate estimation of ¢cfPWV from a single pulse
wave measurement in the radial artery. We firstly extracted a
set of features from the radial and derived aortic pulse
waveforms (using a transfer function [11]) and identified those
that enable accurate cfPWV estimation. The associations of
these identified features with aortic stiffness were further
confirmed using a dataset of simulated pulse waves in 3325
virtual subjects.

II. METHODS

A. Subjects and Experimental Protocol

This study was approved by the biological and medical ethics
committee of Northeastern University, China (No. NEU-EC-
2020B017S; date of approval: 2020.11.20). A total of 116
subjects were enrolled, all of whom gave informed consent
before the study. Five of them were excluded due to lack of
evident feature points (inflection points and/or notch) in the
derived aortic pulse waveform, resulting in a set of 111 subjects
(61 males and 50 females; age, 43121 years; height, 168+8 cm;
weight, 65+11 kg). Table 1 lists the cardiovascular status of the
subjects.

TABLE I
CARDIOVASCULAR STATUS OF THE SUBJECTS

# subjects Cardiovascular abnormality and/or disease
2 Premature left ventricular contraction
Arrhythmia
Hypertension
Hypothyroidism
Arteriosclerosis
Abnormal mitral regurgitation
Myocardial ischemia
Coronary heart disease
Cerebral infarction and arteriosclerosis
Left ventricular insufficiency and atrial fibrillation
Hypertension and arrhythmia
Arrhythmia, coronary heart disease, and hypothyroidism
No cardiovascular abnormality or disease reported
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As shown in Fig. 1, after a 5 min. rest, blood pressure was
measured in each subject while seated. Subjects remained in a
supine position thereafter. After a further 2 min. rest, right
carotid and femoral pulse waveforms were simultaneously
recorded twice (for at least 30 sec. each time) using two pulse
sensors (MP100, Xinhangxingye Co. Ltd., China). Signals were
sampled at 1 kHz with a BL-420S data acquisition system
(Chengdu Techman Software Co. Ltd, China). Then the
straight-line distance between the right carotid and femoral
artery sites was measured with a tape to the nearest half
centimeter. Immediately following this, the radial pulse
waveform was recorded twice, for 10 sec. each time, using a
sphygmomanometer (SphygmoCor, AtCor, Australia; sampling
at 128 Hz).

B. Calculation of Pulse Wave Velocity

The carotid and femoral pulse signals were processed by
removing the baseline drift and noise via wavelet
decomposition. More specifically, the baseline was calculated
as the approximation layer of a 10-level 'sym7' wavelet
decomposition [12, 13]. The noise was approximated by the
detail layer of a 4-level 'db7' wavelet decomposition [12, 13].

In each subject, cfPWV was calculated from each of the two
simultaneous recordings of carotid and femoral pulse
waveforms as suggested by an expert consensus document [4,
5]. For each cardiac period, the respective feet of the carotid and
femoral pulse signals were determined by the intersecting
tangent method [14, 15]. The carotid-femoral pulse transit time
was taken as the time difference between the feet of the carotid
and femoral pulse waveforms. Then, the cfPWYV was calculated
as 0.8 times the carotid-femoral distance divided by the pulse
transit time [5]. For each subject, a representative value was
derived from the beat-by-beat cfPWVs by: (1) calculating the
average over all beats in each of the two recordings, and (2)
taking the mean of these two average values.

(a) (b)
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Fig. 1. Experimental details: (a) Signal acquisition; (b) Experimental protocol.
D,: carotid-femoral distance. ‘X2’ means repeated twice.

C. Pulse Wave Analysis

For the two simultaneous measurements in each subject, a
series of synthetized aortic pressure waveforms were derived
from the SphygmoCor device using the transfer function
method [11]. A representative pulse waveform was generated
from each time series of the radial and aortic pulse waveforms,
by means of the ensemble averaging technique embedded in the
device’s software. Several features were extracted from the
representative radial and aortic pulse waveforms in the time and
frequency domains, as well as by applying WSA to the aortic
pulse waveforms. See appendix for details.

In the time domain, features were calculated based on the
timing and amplitude of several fiducial points (Fig. 2). In the
aortic pressure waveform, the timing of the foot indicates the
opening of the aortic valve and the start of blood injection.
Therefore, the foot corresponds to the diastolic blood pressure
in the aorta. The inflection point is associated with wave
reflections [16]. The peak marks the highest pressure generated
by the heart to drive blood from the central aorta to the
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periphery. The notch corresponds to where the aortic valve
closes and, in a healthy circulation, when the ejection of blood
stops. In the radial pressure waveform, the foot and the notch
share the same physiological meaning as in the aortic pressure
waveform. The first peak, formed by the aortic forward wave
traveling to the radial artery, marks the local systolic blood
pressure. The second peak is associated with wave reflections
[8]. The diastolic peak has not been sufficiently investigated but
was found to provide additive value in estimating cfPWV from
the radial pulse waveform in one of our previous studies [17].

The determinations of the foot and notch of the radial and
derived aortic pulse waveform were performed using the same
method: the foot was determined by the intersecting tangent
technique; the notch was identified as the local maximum of the
second derivative. For the radial pulse waveform, the first peak
was taken as the global maximum. The second peak was
identified as the local peak of the measured wave or the local
minimum of its second derivative following the first peak. The
diastolic peak was identified as the local maximum of the
measured wave or the local minimum of its second derivative
after the notch. For the derived aortic pulse waveform, the peak
was taken as the global maximum. The inflection point was
determined as the second peak of the second derivative
following the foot, or the local maximum of the second
derivative after the peak [18].

1% peak
2™ peak
- notch
. eodiastolic peak
—
'+ I A
foot
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point /' diastolic peak
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P B/
foot
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Fig. 2. Extraction of feature points from (a) radial and (b) aortic pulse
waveforms.

The timing and amplitude of the first peak, second peak,
notch, and diastolic peak with respect to the foot were defined
asT{, T;, Ty, Tj and P{, P}, Py, P}, respectively. The time
difference between the first and second peak (Ty,) was
calculated as T] — T{, which may be associated with aortic
stiffness since the first and second peaks are generated mainly
by the aortic forward and backward pressure waves from the
lower body, respectively. The time ratios RI_’,TL =T7/T; *

100%, R.T = ;—2 *100%, as well as R" = T7 /T = 100%,

2,n
were also calculated. The radial augmentation index and
diastolic augmentation index were defined as AI" = P] /P] *
100% and Al = P} /P] * 100%, respectively. The amplitude
ratios defined as R},§ = Py /P] x 100% and Ry, = P} /Py X
100% were also included for feature selection.

Similarly, the timing and amplitude of the peak, inflection
point, and notch with respect to the foot of the central aortic
pulse waveform were defined as T, T/, Ty and By, P{, P,
respectively. The time difference between the peak and
inflection point was calculated as T;‘i=|Tp“ — T#|, since they
are associated with the forward and backward wave,
respectively. The diastolic duration was calculated as T, =
T — T2 . Several time ratios were calculated, i.c., Ri I =
T/TE X 100% , Ryn =T§/T,¢ x 100% , Ry’ = T,¢/T X
100% , and RS =T%,/T x 100% . Aortic augmentation
index was defined as (P;* — P{*)/B;* X 100% if the inflection
point appeared before the peak, and —(B;* — P{*) /Byt X 100%
if the inflection point appeared after the peak. The amplitude
ratio between the notch and the peak was calculated (RY" =
P /Pt X 100%), but not between diastolic peak and notch,
since a diastolic peak was hardly visible in some subjects. Sub-
endocardial variability ratio (SEVR), also known as Buckberg
index [19] for assessing subendocardial perfusion, was
calculated from the aortic pressure waveform as the area under
the curve between the foot and the following notch divided by
that between the notch and the following foot.

Frequency-domain features were calculated from the time
series of the radial and derived aortic pulse waveforms. After
calculation of the frequency spectrum using the fast Fourier
transform, the second to the fifth peak amplitudes normalized
by the first peak amplitude (Hs/H{, HS/HY, HY/H{, and
HZ/H} for radial pulse waveforms; H} /H{ , H} /H] , H; /H7,
and HL/H] for aortic pulse waveforms) were included as
features in the subsequent analysis, given that the first 5
harmonics of the discrete Fourier series are sufficient to
represent most of the variance in radial or aortic pulse
waveforms [18].

WSA can be used to assess arterial stiffness because the
stiffness of the arteries determines how fast the pulse wave
travels along them and the stiffness gradient affects where and
to what extent the pulse wave is reflected [20]. Therefore, both
the timing and amplitude features from the forward and
backward waves are associated with arterial stiffness. WSA
based on the aortic pressure waveform alone, as first proposed
by Westerhof et al. [21], was applied to the representative
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derived aortic pulse waveform. This method approximates the
flow waveform by a triangular wave, with duration equal to the
ejection duration and peak flow timing equal to that of the
inflection point. This 'triangular flow’ assumption may
sometimes result in large backward wave before the inflection
point or sharp forward and backward waves. Following Qasem
and Avolio [9], we made a correction by assuming that no
reflected wave occurred before the inflection point and
maintaining the backward wave amplitude constant from the
foot to the inflection point. The time delay (T, ) between the
forward and backward wave was calculated by cross-
correlation, again following Qasem and Avolio [9]. Reflection
magnitude (RM) was calculated as the ratio of the backward
wave amplitude to the forward wave amplitude [22]. Reflection
index (RI) was calculated as the ratio of the amplitude of the
backward wave to the sum of the amplitudes of the forward and
backward waves [22]. The determination of the second peak of
the radial pulse waveform or the inflection point of the aortic
pulse waveform has been shown to be challenging in some
subjects. For a more clinically applicable alternative, the timing
of peak flow is sometimes determined as 30% of the ejection
duration. Both methods were applied in this study. T¢p,30, RM3,,
and RI3, were Ty, , RM, and RI calculated based on this
assumption, respectively.

D. Feature Selection and Cross-Validation

Features calculated in the time and frequency domains, as
well as from WSA were all considered candidates for cfPWV
estimation. Some general information about the subjects was
also included. Specifically, the characteristics entered into the
feature selection analysis were: gender (G), height (H), weight
(W) and body mass index (BMI). As mentioned previously, the
clinical significance of cfPWYV is its independent and additive
value for predicting cardiovascular events over and above
conventional risk factors such as age and blood pressure. Thus,
age, as well as blood pressure-related features from pulse wave
analysis, were not considered in the feature selection. The
cardiac period (T), heart rate (HR), calculated as 60/T, and
pulse pressure ratio between radial and aortic pulse waveform,
were also included in the feature selection.

Many of the above calculated features may be related to the
pulse transit time (e.g., the timing features and reflection-
related features) and their reciprocals, therefore, to pulse wave
velocity. As shown in Fig. 3, we generated a set of new features
by taking the reciprocal of all the features except for gender,
height, cardiac period, and heart rate. Note that we used 1-AI%
instead of AI%during this procedure, since AI* may be zero,
and its reciprocal could, therefore, go to infinity. Another set of
new features was generated by multiplying the above
reciprocals by H, assuming that H is positively correlated with
pulse transit distance.

The agreement between the two measurements of cfPWV
and features from the radial and aortic pulse waveforms was
assessed by intra-class correlation (ICC; two-way random
effects, absolute agreement, single rater) [23-25]. All features
with ICC<0.75 were excluded from subsequent analysis.

General information

c

Time-domain 2

features %

1/x ﬁ

Frequency-domain 5

2

features E

WSA-based features

H/x

Fig. 3. Feature generation. Three sets of features were included in the selection
process: (1) the raw features including subjects’ general information and those
extracted from time-domain, frequency-domain, and wave separation analysis
(WSA); (2) the reciprocal of all the raw features; (3) all the reciprocals
multiplied by the body height, H. ‘1/x’ indicates taking the reciprocal. ‘H/x’
indicates multiplying the height after taking the reciprocal.

The relationship between the features associated with the
radial and derived aortic pulse waveforms and cfPWV was
investigated  through  all-possible  regressions  with
bootstrapping. Specifically, every possible combination of the
features was entered into a regression model and the ones that
better estimated cfPWV (in terms of correlation coefficient)
were selected. This process was repeated 100 times by
randomly sampling the data with replacement and the
correlation coefficients derived were averaged. However, this
exhaustive bootstrapping regression becomes computationally
expensive as the number of features included in the regression
model increases. Therefore, we stopped increasing the number
of features to include in the regression models at 4 for all-
possible regression analysis, and employed the McHenry’s
select algorithm, which produces a similar performance with
much lower computational cost, as an attempt to include more
features in the regression model and improve the estimation
performance [26]. Furthermore, linear epsilon-insensitive
support vector regression with gaussian kernel was also applied
to estimate cfPWYV. The hyperparameters were optimized
iteratively using Bayesian optimization, with ranges being
[1073,103] for the cost, [1073,103] for the kernel scale, and
[1073,102]/1.349 times the interquartile range of cfPWV for
epsilon, where the interquartile range over 1.349 is an estimate
of the standard deviation. Each of the selected features/feature
pairs was validated via leave-one-out cross-validation.
Specifically, the dataset was separated, in all possible ways,
into a training set with 110 subjects and a test set with only one
subject. A regression model with the selected features was built
based on each training set and then applied to the corresponding
test set for validation.

E. Numerical Study

The association of pulse wave features with aortic stiffness
were further confirmed and investigated using a dataset of
simulated pulse waves in thousands of virtual subjects. This
dataset was generated by a one-dimensional (1-D) model of
blood flow in the 55 larger arterial segments of the human
systemic circulation. The cardiac and arterial parameters of the
model are listed in Table II, along with their variations, each
expressed as a multiple of the baseline value. These variations
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of seven basic parameters give a set of 7776 cases, which was
reduced to 3325 cases with rejection criteria. Further details can
be found in a previous study [27].

TABLE II
BASIC HEMODYNAMIC PARAMETERS AND THE CORRESPONDING
MULTIPLICATION FACTORS IN THE COMPUTATIONAL MODEL

Parameters Symbol/ Multiplication factor
Abbreviation (%)

Elastic arteries PWV c, ;;5,5100, 130, 160, 190,
Muscular arteries PWV Cm 80, 100, 115, 130
Elastic arteries diameter D, 90, 100, 120, 140
Muscular arteries diameter D, 90, 100, 121

Heart rate HR 85,100, 115

Stroke volume Y% 80, 100, 120
Peripheral vascular resistance PVR 90, 100, 110

The definitions of all features in the simulated radial and
aortic pulse waves are the same as in the measured pulse waves,
while the extraction of the foot and dicrotic notch as well as the
wave separation procedure differs. In the measured radial and
aortic pulse waves, the foot was extracted via the intersecting
tangent method. In the numerical study, the foot of the radial
and aortic pulse waveform was simply defined as the local
minimum in late diastole. The dicrotic notch was defined as the
point 0.31s after the foot, due to the fact that the ejection period
was set to 0.31s. Furthermore, wave separation was applied to
the aortic pulse waveform based on the model-generated flow
waves instead of the triangular approximation used for the in
vivo data, along with the local pulse wave velocity [28]. The
forward (Pr) and backward (P,) pressure waveform can be

calculated using the following equations,

1
dp, = E(dP + pcdl) )
1
dP, = 5 (dP — pcdU) 2)
where p is the blood density, and c represents the pulse wave

velocity.

Local sensitivity analysis was employed to quantify the
association of R;:Z with aortic PWV (as measured by c,), as
well as other hemodynamic parameters (c,,, D,, D,,, HR, SV,
PVR) in 1-D model. As a comparison, the effect of the
hemodynamic parameters on cfPWV, RM, and Ty, was also
analyzed using local sensitivity analysis.

The sensitivity of a pulse wave feature y to a basic
hemodynamic parameter x was defined as

Ay Xmax —

Ymax — Ymin Ax;

where Ay means the change in y due to the change in x; when

other basic hemodynamic parameters x; (j # () remain

constant. The subscripts ‘max’ and ‘min’ indicate global
maximum and minimum across the dataset, respectively.

Most of the pulse wave features that correlate with aortic
stiffness are associated with pulse wave reflection. Therefore,
we went a step further to investigate the relationship between
wave reflection and the association between R;;Z and aortic

x .
I;(xy, - a (3)

'xn) =

stiffness. The amplitude ratio between the diastolic peak and the
notch from both the whole radial pulse waveform (i.e., R,rl‘_g

and its corresponding forward pulse waveform (denoted as
rf P

4 ) was calculated. A comparison between the sensitivity of
Rn,d and Rnfd versus the hemodynamic parameters of the 1-D
model was applied. Additionally, the correlation coefficient
between RTZ and Rnd was calculated. If the association of
RP na With aortic stiffness is dependent on wave reflection, the
77 should not follow that of R)% and the
correlation between the two should be poor.

sensitivity of R,
The same
definition (deriving R“'f; and RZ];’P) and analysis was applied to

P rf,p
the aortic pressure wave, as a comparison for R’ na and Ry, f .

III. RESULTS

The HR difference between the measurements derived from
carotid/femoral and radial pulse waveforms was: -1+4 bpm.
The difference between the two repeated measurements of
cfPWV was 0+0.3 m/s, and the ICC was 0.99. In the ICC
analysis, 62/127 of the features gave an ICC of > 0.9; 28/127
gave an ICC of > 0.75; and 31/127, = 0.5. 6/127 of the features
gave ICC values < 0.5. These were: R21, 1/Rn1, 1/R21,

H/R)S, H/RSY, Ry . Thus, 90/127 features were included for

n1»

feature selection, these being the ones giving ICC values > 0.75.

Including N=1 to 4 features in the regression model gave
correlation  coefficients of 1r=0.70+£0.02, 1r=0.77+0.02,
r=0.81£0.02, and r=0.82+0.02, respectively. The top 5
features/feature pairs for the univariate (N=1) and the bivariate
(N=2) regression models are listed in Table III, along with the
corresponding correlation coefficients. The conventional Alx
(AI* and AI") positively correlated with cfPWV, both with
r=0.60+0.04 (not listed in the table). The correlation
coefficients between the measured and estimated cfPWV in
cross validation were r=0.68, r=0.75, r=0.79, and r=0.81, for the
best feature/feature pairs when N=1 to 4, respectively. Fig. 4
shows the cross-validation result for the best regression model
with N=4 independent variables. The estimation errors were
0+1.3, 0£1.2, 0+1.1, and 0+1.1 m/s for N=1 to 4, respectively.

TABLE III
FEATURE SELECTION: TOP 5 REGRESSION MODELS WITH N=1-2 INDEPENDENT
VARIABLES
. N=1 N=2
Ranking Feature r Features r

1 H/Tp,  0.700.02 1/Tsy; G 0.77+0.02

2 1/Tyy 0.69+0.02 Al';; RM 0.75+0.02

3 R 0.67£0.03  1/T%; HR}, 0.74+0.03

4 RI3, 0.67+0.03 AI';; RM3, 0.74+0.03

5 HR 0.66+0.03 AIG; RI 0.74+0.02

Superscripts 'a' and 'r’ denote features from the aortic and radial pulse
waveforms, respectively; N: number of independent variables in the regression
model; : correlation coefficient; R;"Z is the reciprocal of R;"fl. This notation is
used hereafter.

Fig. 5 shows the correlation coefficients between the
measured and the estimated cfPWV from features (N=1-20)
selected using the McHenry’s select algorithm during cross-
validation. Fig. 6 is a comparison of the measured and the
estimated cfPWV when N=10 features were selected via
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McHenry’s select algorithm during cross-validation. Fig. 7
shows a comparison of the measured and estimated cfPWV by
support vector regression during cross-validation.
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Fig. 4. Cross-validation of the best feature combination selected when including
N=4 features in the regression model. (a) scatter plots of measured versus
estimated carotid-femoral pulse wave velocity; (b) Bland-Altman plot of the
measured versus estimated carotid-femoral pulse wave velocity.
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Fig. 5. Cross-validation of the features selected via McHenry’s select algorithm:
correlation coefficients between estimated and measured cfPWV when the
number of features k ranges from 1 to 20.
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Fig. 6. Cross-validation of the features selected via McHenry’s select algorithm
with N=10 features included in the regression model. (a) scatter plots of
measured versus estimated carotid-femoral pulse wave velocity; (b) Bland-
Altman plot of the measured versus estimated carotid-femoral pulse wave
velocity.
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Fig. 7. Cross-validation of the support vector regression method for the
estimation of carotid-femoral pulse wave velocity. (a) scatter plots of measured
versus estimated carotid-femoral pulse wave velocity; (b) Bland-Altman plot of
the measured versus estimated carotid-femoral pulse wave velocity.

Fig. 8 shows the sensitivity of cfPWV, RM, Ty, and R},
versus several basic hemodynamic parameters. Each blue bar
represents the mean sensitivity value of a pulse wave feature (or
cfPWYV) for one of the basic hemodynamic parameters. The

error bars are + SD. Fig. 9 presents spider plots of cfPWV, RM,
Ty, and R;;‘;,, when all multiplication factors for the basic
hemodynamic parameters of the 1-D model are set equal to
100%. Each line indicates the change of a pulse wave feature
(or cfPWV) with one of the basic hemodynamic parameters
when the others are kept constant (i.e., multiplication factors
equal 100%). Similarly, Fig. 10 shows the sensitivity
comparison of RS, RIS, RYY and R versus basic
hemodynamic model parameters. Fig. 11 presents spider plots
of RIS, RIJY, R&E and REF, when all multiplication factors
for the basic hemodynamic parameters of the 1-D model equal
100%. Fig. 12 presents the correlation analysis between R,rl’;

and R)°.
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Fig. 8. Sensitivity analysis of pulse wave features versus some of the basic
hemodynamic model parameters: (a) cfPWV; (b) RM; (c) Tfp; (d) R,TI’IZ.
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Fig. 9. Spider plot analysis on pulse wave features when the multiplication
factors for all the basic hemodynamic parameters of the 1-D model were equal
t0 100%: (a) cfPWV; (b) RM; (¢) Typ; (d) R;:Z. Red dashed lines: range of pulse
wave features.
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Fig. 10. Sensitivity analysis of Rﬁ_d calculated from different pulse waves

versus all basic hemodynamic 1-D model parameters: (a) R,‘fs, (b) RZfi’P; (c)
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Fig. 11. Spider plot analysis of the amplitude ratio between the diastolic peak
and the notch calculated from different pulse waves versus basic hemodynamic

model parameters: (a) aortic pulse wave (R “'g’ ); (b) aortic forward wave (RZ{,Z’P)'

(c) radial pulse wave (R;; d) (d) radial forward wave (er P) Red dashed lines:
range of pulse wave features.
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Fig. 12. Scatter plot and correlation analysis of the amplitude ratio between the
diastolic peak and the notch calculated from the radial pulse wave and forward

wave. Red solid line: regression between R”; and R Orange dashed line:
Rr,P:er,P
p .

IV. DISCUSSION

This study has identified features/feature pairs that can
estimate cfPWV more accurately than single feature-based

approaches, which estimate cfPWV from the augmentation
index or one of the wave separation features.

A. Validity of the Experimental Data

The reliability of the cfPWV measurement is substantiated
by the fact that: (1) the cardiovascular status of the subjects did
not change much during the two measurements (HR change: -
1+4 bpm); (2) the repeated measurements of cfPWV were close
(difference: 0+£0.3 m/s; ICC=0.99). The derived radial pulse
waveform was validated by a signal quality index embedded in
the SphygmoCor device. Most of the pulse wave features
showed good repeatability (121/127 of them yielded ICC values
of = 0.5). Poor agreement (ICC<0.5) between the two
measurements was found only in the remaining 6/127 features.
Possible reasons are: (1) some of the feature points (e.g., the
second peak of the radial pulse waveform) were hard to extract
rehably from the waveforms in some subjects (e.g., R2 1

1/R3 YH /R
enlarged the dlfference between measurements (e.g., 1 /Rnl,

H/R}S, Rih). These features should be avoided in clinical

; (2) multiplying and/or reciprocal operations

assessment of arterial stiffness, even if they are physiologically
relevant. In this paper, as mentioned above, only features with
ICC>0.75 (n=90) were included in the subsequent analysis.

B. Physiological Relevance of the Selected Features

The features selected in the univariate regression analysis
were interpretable and corresponded well with the findings in
previous studies [8, 9]. WSA-related timing features H/Ty, and
1/Typ correlated best with cfPWV (r=0.70 and r=0.69,
respectively). A plausible explanation is that Tp, which
represents the time for the pressure wave to travel from the aorta
to the lower body and back, is, to a large extent, determined by
the stiffness of the artery through which the pressure wave
passes (e.g., thoracic and abdominal aorta), as well as their
combined length [29, 30]. This supports the findings of Qasem
and Avolio [9] and also the recommendation from the statement
of the American Heart Association [6] that WSA should be
applied when assessing wave reflection. WSA-related
amplitude features, which represent the magnitude of the
reflected wave, also correlated well with cfPWV (e.g., Rl3q
with r=0.67). This may be attributed to the fact that an increase
in central arterial stiffness, for instance due to ageing, cancels
out the stiffness mismatch between the central and peripheral
arteries, thereby lowering wave reflection [20]. The selection of
R”; (r=0.67) is interesting since its correlation with cfPWV is,
to the best of our knowledge, reported for the first time, and
little work has been done on understanding its physiological
basis or the diastolic peak of the radial pulse wave. Furthermore,
this feature is not associated with the second peak of the radial
pulse, which makes it easy to extract automatically.

In the numerical study, the high sensitivity of cfPWV versus
aortic PWYV (Fig. 8) confirms the feasibility of using cfPWV as
a surrogate for aortic PWV. Other hemodynamic parameters
showed hardly any effect on cfPWV. The change of aortic PWV
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alone caused the variation (almost linearly) of cfPWV over
almost its full range. The sensitivity of Ty, versus aortic PWV
was also found to be much higher than versus any other basic
hemodynamic parameters. RM is affected by aortic PWV, but
also by other hemodynamic parameters (¢,,, D, and D,,). The
effect of aortic PWV on RTTl:Z is much larger than any other
hemodynamic parameters. The same can be seen from the
spider plots (Fig. 9). These results agree well with the
association of parameters R:l’;, Trp and RM with cfPWV found
in the measured data.

The sensitivity of R;:Z versus aortic PWV was higher than
that of RZ:g (Fig. 10 and Fig. 11), in agreement with the
observation that R;:Z was more closely associated with cfPWV
in the analysis of the measured data. The effect of all the basic

. P ..
hemodynamic parameters on R;’Z and R:lfd was similar.

Additionally, RZ:Z and Rgf were closely correlated (1=0.94;
Fig. 12), showing that the amplitude ratio of the diastolic peak
and dicrotic notch are not affected by wave reflection.

Multiplying the reciprocals by the height of the body (H) did
not result in much improvement in the correlation with cfPWV.
Indeed, in univariate regression analysis, H/Tq, outperformed
1/Tq in terms of correlation coefficient by only 0.1, and H R;;Z
failed to outperform R;'fi (Table III). This suggests that H may
not be, or only modestly be, associated with the effective
reflection distance. Using the carotid-femoral distance instead
of H may not improve the correlation coefficient. Indeed, when
using this variable instead of H, the correlation coefficients
were 1=0.69+0.02, r=0.77+0.02, r=0.81+0.02 and r=0.82+0.02,
for N=1 to 4, respectively, whereas the corresponding values
for H were r=0.70+0.02, r=0.77+0.02, r=0.81+0.02, and
r=0.82+0.02, respectively.

C. Potential of Radial Pulse Waveform to Estimate cfPWV

In cross-validation, the regression models showed
satisfactory results (r=0.68, r=0.75, r=0.79, and r=0.81;
estimation error: 0+1.3, 0+1.2, 0+1.1, and 0+1.1 m/s for N=1
to 5; Fig. 4). These correlation coefficients are close to those in
the feature selection results (Table III), which demonstrate that
the regression analysis in this study does not suffer from over-
fitting. McHenry’s select algorithm and support vector
regression also produced pleasing results (r=0.84 and r=0.80,
respectively). Therefore, we may conclude that the radial pulse
waveform alone has the potential to estimate cfPWV.

Increasing the number of features included in the regression
model may further improve the estimation of cfPWV. During
cross-validation, the correlation coefficient between the
measured and the estimated cfPWV from features selected via
McHenry’s select algorithm was improved from 0.8 (when
including N=4 features) to 0.84, although at the cost of
including more features in the model (in this case 10).

An inverse relationship (r=-0.49, p<0.001 for McHenry’s
select algorithm when N=10 and r=-0.59, p<0.001 for support
vector regression) between the estimation error and the
measured value of cfPWV was found (Fig. 6 and 7, right). This

may be attributed to the nonlinearity of the relation between
cfPWV and the features derived from pulse wave analysis.
Future work is required and may potentially further improve the
estimation of cfPWV.

D. Considerations for Applicability and Reliability

One of the main drawbacks of the conventional Alx and the
WSA technique applied in previous studies, for instance [9], is
that the second peak of the radial pulse waveform or the
inflection point of the aortic pulse waveform is hard to
determine in some subjects. This could be addressed by the
feature pairs in Table III, which do not consider those points. In
the univariate regression analysis, Rl3q, R;:Z and HR;:Z were
neither associated with the second peak of the radial pulse
waveform, nor the inflection point of the aortic pulse waveform.
In bivariate regression analysis, the feature pairs1/T} and
HRy G,
determine feature points. Therefore, cfPWV may be estimated
without having to deal with the difficulty of finding the second
peak of the radial pulse waveform or the inflection point of the
aortic pulse waveform.

as well as AI}; and RM;,, do not rely on those hard-to-

V. CONCLUSION

This study has demonstrated that (1) cfPWYV can be estimated
more accurately from the selected features/feature pairs of the
radial and derived aortic pulse waveforms; (2) the
features/feature pairs selected are physiologically interpretable;
(3) some of the selected features/feature pairs are not associated
with the sometimes poorly defined second peak of the radial
waveform or the inflection point of the aortic waveform, and
may therefore serve as more reliable and accurate substitutes
for the conventional pulse wave analysis approach; (4) the ratio
of the diastolic peak amplitude to the notch amplitude of the
radial pulse waveform is a potential feature for cfPWV
estimation and arterial stiffness assessment that is independent
of wave reflections.
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APPENDIX

In this study, three sets of features were included in feature selection: (1) the raw features including subjects’ general information
and those extracted from time-domain, frequency-domain, and wave separation analysis; (2) the reciprocal of all the raw features;
(3) all the reciprocals multiplied by body height. This appendix is a full list of all the raw features (Table Appendix I). The 2nd
and 3rd sets of features can be easily obtained from the raw features, except gender, height, cardiac cycle, and heart rate, by taking
the reciprocals, and multiplying the reciprocals by body height.

TABLE APPENDIX I
A LIST OF FEATURES EXTRACTED FOR THE ESTIMATION OF CENTRAL PULSE WAVE VELOCITY, ALONG WITH THE DEMOGRAPHICS. NOTE THAT THE FEATURES GENDER,
HEIGHT, T, AND HEART RATE (HR) WERE NOT INCLUDED WHEN GENERATING NEW FEATURES BY TAKING THE RECIPROCAL (AND SCALING BY HEIGHT; SEE BELOW).
ALSO, WE USED 1-AI* INSTEAD OF AI* DURING THIS PROCESS. SEVR, BUCKBERG SUB-ENDOCARDIAL VIABILITY RATIO. RM: REFLECTION MAGNITUDE. RI:
REFLECTION INDEX.

Categories Features  Definition/calculation
G* Gender
H* Height
w Weight
General information BMI Body mass index
T* Cardiac cycle
HR* Heart rate: 60/T
Rpp Ratio between radial and aortic pulse pressure
T Time to the first peak
T3 Time to the second peak
Ty Time to the notch (ejection duration)
T} Time to the diastolic peak
T, ;=T
Time-domain features of radial R;Z T7 /Ty X 100%
pulse waveform RyY TI/TT x 100%
R Tr /T x 100%
Al Radial augmentation index: P} /P{ X 100%
Al Pj /P x 100%
RY P /PI x 100%
RLP P} /PT x 100%
Ty Time to the peak
T Time to the inflection point
T2 Time to the notch (ejection duration)
1;1,1' |Tzza - Tial
Tia Diastolic duration: T — T,
RYT TE/TE x 100%
Time-domain features of aortic R‘Zl_ : T$/TE X 100%
pulse waveform R;‘:VT T/T x 100%
RYT Tgo/T X 100%
Augmentation index:
Al® e (B — P)/Pg x 100% if inflection point appears before the peak;
e —(B} — P)/P; x 100% if inflection point appears after the peak.
R&P P/B x 100%
SEVR Ratio of the area under the pressure waveform in systolic and diastolic period
RyY H}/HI x 100%
Frequency-domain features of R;,’f H3/H{ x 100%
radial pulse waveform RZ";’ H}/HT x 100%
RYY HI/H] x 100%
RyY H$/HE x 100%
Frequency-domain features of R?f HE /Hf x 100%
aortic pulse waveform thl,&H H$/HE x 100%
R&f HE/HE x 100%
Tsp Delay between the forward and backward wave
Tep3o Delay between the forward and backward wave (using 30%T,; as an approximate of T{*)
RI Ratio of the backward wave amplitude to the sum of forward and backward wave amplitude
Wave separation features RI Ratio of the backward wave amplitude to the sum of forward and backward wave amplitude (using 30%T,% as
30 an approximate of T%)
RM Amplitude ratio of backward wave to the forward wave
RM3, Amplitude ratio of backward wave to the forward wave (using 30%T,¢ as an approximate of T{*)

Superscripts 'a' and '’ denote features from the aortic and radial pulse waveforms, respectively;
#: these features were not included when taking the reciprocal or multiplying the reciprocal by body height.



