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Harmonics of Pulsatile Pressure
at Different Ages and lts Effect on
Other Pulsatile Parameters and
Waveform-Based Clinical Indices

Pulsatile pressure at an artery is a collection of harmonics of the heartbeat. This study
examines harmonics of pulsatile pressure at different ages and its effect on other pulsatile
parameters and waveform-based clinical indices. Based on a vibrating-string model of the
arterial tree, wave velocity and characteristic impedance are related to arterial stiffness and
radius. Blood velocity, wall shear stress (WSS), and driving force on the left ventricle (LV)
are related to pulsatile pressure. Reflection magnitude and return time are related to input
impedance. These relations are applied to pulsatile pressure and blood velocity at the
ascending aorta (AA) and the carotid artery (CA) at different ages in a database to calculate
harmonics of all the pulsatile parameters and reflection magnitude and return time at each
harmonic. Harmonics of pulsatile pressure varies with aging and between the two arteries.
Reflection magnitude and return time vary between harmonics. While wave reflection
manifests the arterial tree (i.e., arterial stiffness and radius) and termination, harmonics of
pulsatile pressure is a combination of the LV, the arterial tree, and termination. Harmonics
of pulsatile pressure dictates harmonics of WSS and affects endothelial function. Harmonics
of pulsatile pressure needs to serve as an independent clinical index indicative of the LV
function and endothelial function. Reflection magnitude and return time of the 1st harmonic
of pulsatile pressure serve as clinical indices indicative of arterial stiffness and radius.
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1 Introduction waveform and the reflected waveform), reflection magnitude
(amplitude ratio of the forward waveform to the reflected wave-
form), as well as augmentation index (Al, the ratio of augmented
pressure to pulsatile pressure) [1,2]. As compared with arterial
stiffness (commonly measured as pulse wave velocity (PWYV)),
these clinical indices have shown their independent values, although
they are all considered to be indicative of arterial stiffness [1-3,18].

All the waveform-based clinical indices are aimed to capture
mechanical changes at an artery between healthy condition and an
unhealthy condition, since pulsatile parameter waveform is found to
be affected by arterial mechanical changes, with the latter implying
pathological changes. A pulsatile parameter at an artery comprises
of the forward waves and reflected waves. Thus, pulsatile parameter
waveform is affected by wave reflection. It has been well recognized
that arterial stiffness plays a role in wave reflection [1-18]. Since
waveform-based clinical indices carry their independent values, it
might be inferred that pulsatile parameter waveform is associated
with other factors, besides arterial stiffness. In a recent numerical
study, both arterial stiffness and radius were found to affect wave

As compared with their amplitudes, waveforms of pulsatile
parameters at an artery carry more physiological and pathological
information of the cardiovascular (CV) condition [1-15]. Various
clinical indices based on pulsatile parameter waveform have been
defined for assessment of the CV condition. For instance, blood flow
pulsatility index (FPI) and time-averaged wall shear stress
(TAWSS) over pulse cycle at the carotid artery (CA) are based on
blood velocity waveform [9-12] and wall shear stress (WSS)
waveform [13—15], respectively. Although pulsatile parameters at
the CA are more accessible, pulsatile parameters at the ascending
aorta (AA) are more relevant to the left ventricle (LV) function, due
to its direct connect to the LV [1-8]. Waveforms of pulsatile
pressure and blood velocity at the AA have been analyzed for input
impedance (ratio of pulsatile pressure to blood velocity with wave
reflection) [2,16—18]. Pulsatile pressure waveform at the AA has
been analyzed for return time (time difference between the forward
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reflection [1]. Meanwhile, a clinical study [3] identified pulsatile
pressure amplitude and arterial radius as two contributors to carotid
FPI and further pointed out the existence of other factors underlying
carotid FPI. Since pulsatile pressure amplitude is related to wave
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reflection, it might be inferred that besides arterial stiffness and
radius, there are other factors underlying carotid FPI.

Other than wave reflection, a pulsatile parameter is a collection of
harmonics of the heartbeat [1,16]. Thus, pulsatile parameter
waveform is also affected by harmonics of a pulsatile parameter.
It has been found that the input impedance at the AA varies with
harmonics and carries clinical values [1,16]. Harmonics-
dependence of input impedance translates to harmonics-
dependence of wave reflection [16] and thus return time [19]. Yet,
the studies on return time at the AA have neglected such
dependence, which explains the difficulty in identifying the foot
of the reflected waveform from pulsatile pressure waveform for
calculating return time [1,2]. Moreover, the majority of the studies
on the CV system has neglected harmonics of a pulsatile parameter,
except that FPI and TAWSS at the CA and reflection magnitude and
Al at the AA manifest harmonics of a pulsatile parameter to a very
limited extent [19]. To date, there are only a moderate number of
studies on harmonics of a pulsatile parameter [20-25]. These studies
on harmonics of a pulsatile parameter have mostly focused on
pulsatile pressure at the radial artery (RA), and have correlated
changes in harmonics of pulsatile pressure to different conditions,
such as diabetes [20], aging [21], coronary artery disease [22,23],
and Alzheimer’s disease [24]. Additionally, the influence of
different daily activities on harmonics of pulsatile pressure at the
RA was also studied [25]. Given the influence of daily activities on
arterial stiffness and radius, it might be inferred that harmonics of a
pulsatile parameter is affected by arterial stiffness and radius,
similar to wave reflection.

Endothelial cells (EC) lining the inner surface of the arterial wall
are continuously exposed to WSS. EC transduce WSS into
biochemical signals that regulate gene expression and cell behavior
[26,27]. Thus, WSS is recognized as an essential mechanical cue for
vascular growth, remodeling, and homeostasis [26,27]. EC have
evolved sophisticated mechanosensing abilities to detect distinct
features of WSS and regulate vascular homeostasis and remodeling
accordingly [13,26,27]. These features include both the amplitude
and harmonics of WSS (or WSS waveform). Changes in WSS
amplitude and waveform are thought to undermine regulation
behavior of EC and ultimately lead to endothelial dysfunction,
which initiates the development of atherosclerosis. Besides WSS,
EC are continuously exposed to circumferential strain (CS) in the
arterial wall. Endothelial function is found to be synergistically
regulated by WSS and CS [28]. While harmonics of CS and
harmonics of pulsatile pressure are identical, harmonics of WSS
greatly differs from harmonics of pulsatile pressure [14,19]. To date,
higher harmonics of WSS are known to contribute to a larger WSS
amplitude [8]. Yet, to the author’s best knowledge, how harmonics
of pulsatile pressure affects harmonics of WSS has seldom been
studied, due to mathematical difficulty in calculating WSS wave-
form [14], and consequently the effect of harmonics of pulsatile
pressure on relation of WSS versus CS remains unknown.

Recently, the author developed a vibrating-string model of the
arterial tree [19], which shows that wave velocity and characteristic
impedance at an artery are both harmonics-dependent and
impedance at termination of the arterial tree is also harmonics-
dependent and must be included in wave reflection. This vibrating-
string model provides a theoretical basis for harmonics-dependence
of wave reflection at the AA and a theoretical proof on the role of
arterial stiffness and radius in wave reflection. By applying this
vibrating-string model to pulsatile pressure and blood velocity at the
AA and the CA at different ages in a database [29], this study aims to
examine harmonics of pulsatile pressure at different ages and its
effect on other pulsatile parameters and waveform-based clinical
indices, and thus gain a better understanding of physical
implications and affecting factors of harmonics of pulsatile pressure
and waveform-based clinical indices.

The rest of the paper is organized as follows. Section 2 presents
the vibrating-string model and provides theoretical expressions of
wave velocity and characteristic impedance in terms of arterial
stiffness and radius, and theoretical expressions of blood velocity,
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WSS, and radial displacement of the arterial wall in terms of
pulsatile pressure. Theoretical expressions of the input power at the
AA and driving force onthe LV are derived. Theoretical expressions
of reflection magnitude and return time in terms of input impedance
are also provided. The data-processing algorithms for analyzing
pulsatile pressure and blood velocity at different ages are presented.
In Sec. 3, the calculated results at different ages are described. The
effect of aging on harmonics and waveform of the pulsatile
parameters and the /st harmonic of pulsatile pressure is examined.
Section 4 focuses on clarifying the cause of harmonics-dependence
of wave transmission and wave reflection, and exploring possible
affecting factors of wave transmission, wave reflection, and
harmonics of pulsatile pressure. Inconsistency of some definitions
in clinical studies with their physical implications is identified, and
physical implications of waveform-based clinical indices are
clarified. The difference in harmonics of pulsatile pressure at
different ages and between the two arteries is discussed for its
physiological implications and potential clinical applications. In
Sec. 5, the key findings from this study are summarized.

2 Methods

2.1 A Vibrating-String Model of the Arterial Tree. The
details about the vibrating-string model of the arterial tree can be
found in the literature [19]. For completeness, a brief description of
the vibrating-string model and theoretical expressions related to this
study are presented here.

2.1.1 Standard One-Dimensional Wave Equation for Arterial
Pulse Wave Propagation. Pulsatile pressure Ap(x,t) at position x
along the arterial tree is a collection of harmonics of the heartbeat

Ap(x, t) — Z(Anefik,,x + Bneik”x)eimur (1a)

n

where A, and B,, denote the forward and reflected pressure wave
amplitudes of the nth harmonic, respectively, with w as the
fundamental angular frequency of the heartbeat; and k,, = nw/c), is
the nth wave number, with ¢, being the nth wave velocity. Pulsatile
pressure causes radial displacement #(x, t) of the arterial wall and
blood velocity u(x,t) (averaged across the lumen) in blood flow,
which further causes wall shear stress (WSS) 7,,(x, ) [19]

2
nx, 1) = 27 Z (Ane—ik,,x + Bneik,,x)einwt (1b)

1 1—-F . . ;
u(x,t) = P_;,Z—Cn 10 (A,,e tenx Bne’k”x)e’”“” (1c)

a inme
2 Cn

n

(Anefik,,x _ Bneik,,x)eimut (ld)

where E, a, and & denote the circumferential elasticity, inner radius,
and thickness of the arterial wall, respectively, and p; is blood
density. While wave reflection augments pulsatile pressure and
radial wall displacement, it reduces blood velocity and WSS.

InEqgs. (1¢) and (1d), F ;o results from fluid-loading on the arterial
wall:

o
F1o = ——— (harmonics — dependent, complex)  (2)

where océ =o® with o = ay/p,now/p being the Womersley
number and p being blood viscosity. Due to harmonics-
dependence of the Womersley number, F;, is harmonics-
dependent and takes complex values. Given that inertial term of
the arterial wall is negligible relative to its elastic term, pulsatile
pressure is related to radial wall displacement by
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2
n(x.0) = Z—hAp(x, 1) 3)

Thus, pulsatile pressure waveform and radial wall displacement
waveform are identical. The wave velocity for the nth harmonic is
given by Hao [19]

Eh
en = con/(1 = Fyo) with ¢g = PWV = @)

zpba

Note that ¢, is the same as PWYV (referred to as arterial stiffness) in
clinical studies and is independent of harmonics.

Based on Eq. (1), the standard one-dimensional (1D) wave
equations for radial wall displacement and blood velocity can be
written as

0? 0? 0*u &u
I _ 290 gpg S22 )
or Ox? o~ " o

The standard 1D wave equation for the transverse displacement y
(x,t) of a vibrating string is given by Feaver [27] and Zhao [28]

*Fy Py

— =T 6
PL atz axz ( )
where p; and T denote linear density and tension of the vibrating
string, respectively. Comparison of Eq. (5) with Eq. (6) leads to a
vibrating-string model of an artery with the following equivalent
linear density and equivalent tension:

nEh
pp = ppna® and T = Ta(l —Fio) @)

Note that /—F, is harmonics-dependent at small arteries, such as
the carotid artery (CA) and the radial artery (RA), and / —F;p =1 is
harmonic-independent at the AA, due to its large size.

2.1.2  Characteristic Impedance, Input Impedance, Reflection
Magnitude, and Return Time. As shown in Fig. 1, the arterial tree
can be treated as a uniform vibrating string. Being more aligned with
transverse displacement of a vibrating string, radial wall displace-
ment is chosen for defining the terms related to wave transmission
and wave reflection. The arterial tree starts with the AA at x =0 and
ends at termination x = L. Radial wall displacement at position x for
the nth harmonic is written as

N (X, l) _ (An lk,,xef,x”v + Bneik,,xeynx)einwt (8)

where A, and B,, denote forward and backward wave amplitudes,
respectively, of the nth harmonic at the AA. Wave transmission is
quantified by wave number k, and transmission loss 7y,,:

nw nw
dy, = —2_
Re(c,) 07" T Tm(cy) ©

where Re(c,,) and Im(c,,) denote the real part and the imaginary part
of ¢, respectively.

Arterial tree: x(0, L,/
Ol—> X chh’/ = pbcn”(lz

Ehra
70, H—> T=——0-Fy) \ Termination
u(0,1) => 0=, Zpy (x=Ly)
Zy, k Ly I

Fig. 1 Schematics of a uniform vibrating-string model for
arterial pulsatile wave propagation
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The nth driving force F,(x,t) becomes

Fu(x,t) = =T0n,/0x = pycyinm(Aye “hix =it _ B etki¥ gt it
(10)

The nth mechanical impedance Z,(x) is defined as [30]
Zy(x) = =22 e e —Breier) g,

a]/]n/(’)t = PLCn (Ane—[knxe—y”x + Bneiknxe}',,x)

Accordingly, the nth characteristic impedance Z.,(x) at an artery
becomes

= V/piT = ppeona®y/(1 = Fyo) (12)

The nth input impedance Z, at x =0 is given by

An - Bn —1 —i . An - Bn
=ZenG, Le~® with

Zon = Z,, = on
o AL+ B, A, +B,

_ G;leqd)”
(13)

Wave reflection is quantified by reflection coefficient. Based on
Eq. (13), the nth reflection efficient R,, at x =0 is written as

R, = et — B _ Gue't =1 _ G2 = 142G, singi (14)
A, Gpet +1 G2 +2G,cos ¢, + 1

As the phase delay of the reflected nth harmonic relative to the
forward nth harmonic, ¥, takes negative values. Accordingly, the
nth reflection magnitude r,, and return time At, become

. 2G, sin ¢
G, et — 1 _ —atan —25—=
P . ’ and Ar, = Vo 2 TINS5
Gpeidn + 1 nw nw

2.1.3  Input Power at the Ascending Aorta and Driving Force on
the Left Ventricle. Other than radial wall displacement, pulsatile
pressure also causes blood velocity. Based on Eq. (5), the above
analysis applies to blood velocity. In this vibrating-string model,
blood velocity needs to be treated as transverse displacement with
unit m, instead of m/s, and wave reflection augments blood velocity.
Then, the nth radial wall displacement is related to the nth blood
velocity by

(1) = 2, (3,0 (16)

Based on Egs. (10) and (11), the nth input power at the AA
associated with radial wall displacement and blood velocity are
written as [30,31]

1 (on,\ 1
Pn—q = 5 ( (;It”> ZOn = 5 (nwﬁn)ZZOn (17(1)

2

1 (0u 1 4c2
Pyw=7 ( n) Zon == (nwun) Zon = ) —5 P n (17b)
Since c¢,/a>1, the input power associated with radial wall
displacement can be neglected, as compared with that associated
with blood velocity. For comparison, the nth input power measured
in clinical studies is defined as [18]

7[&2

1
Py meas = TApnun = W

As shown in Fig. 2(a), driving force on the LV excites pulsatile
waves, which propagate along the arterial tree and reflect back at
termination. Since being connected to the LV, the arterial tree
interferes with the response of the LV to driving force. Given its

Py (18)
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Ap(x;, 1)
1‘ Arterial tree: Z,,(x)
xe(0, Ly i

Left ventricle
Driving=—>{ As
force

Termination: Zy,

(@)

Input: 7 ()+F (1 Output: 77,(f)+u, (1)

§|> Aorta

Im(Z,,)

Re(Z,,)

Arterial tree + termination
()

Fig. 2 Schematics of (a) the whole system for arterial pulsatile
wave propagation: the LV, the arterial tree, and termination, and
(b) a lumped-element model for the LV-artery interaction (Note:
M=0.3kg, K= M.o?, and D=KM/Q with Q=100 are used for
calculation of the driving force on the LV at all ages, due to a lack
of ECG data)

Left ventricle

time-harmonic motion, the LV is treated as a mechanical oscillator
with mass M, string stiffness K, and damping coefficient D. The
driving force sees the arterial tree and termination as the input
impedance. The real and the imaginary parts of the input impedance
represent energy transmitted and energy reflected at the AA,
respectively, and thus function as a damper and a spring,
respectively, as shown in Fig. 2(b). Then, the driving force on the
LV is related to radial wall displacement and blood velocity at the
AA by Hao [19] and Kinsler [30]

Fyt)= Zn:inw{p +i (an fn%) +Re(Zo,) +iIm(Zoy) }11a(t)
(19a)

K 2¢,
F.(?) =Z”:inw{0+i (anf%) +Re(Zo,,)+iIm(Zon)}%na(t)
(19b)

where 7,(?) is radial wall displacement at the AA, and Re(Z,,) and
Im(Z,,,) denote the real and imaginary parts of the input impedance,
respectively. The driving force for blood velocity at the AA is well
above that for radial wall displacement. The input impedance in
Eq. (19) is related to measured input impedance Z,,_meas in clinical
studies by

[(rey’ne?]

Zyy = A (20)

ZOn—meas

2.2 Data-Processing Algorithms. In this study, simulated
pulsatile pressure waveforms and blood velocity waveforms in
time domain at the AA and the CA of healthy virtual subjects at
different ages (25 yr—75yr) in a database [29] were chosen for
analysis. These simulated waveforms were verified by comparing
with corresponding in vivo data and well-reproduced age-related
changes in hemodynamic parameters [26]. Arterial stiffness and
radius (i.e., PWV and a) at different ages were provided in the
database. Based on the database, p,=1066kg/m® and p
=0.0025 Pa-s were used in the calculation. These simulated data
were referred to as measured data here. All the calculation was
conducted in MATLAB.

011001-4 / Vol. 7, FEBRUARY 2024

Fast Fourier transform (FFT) analysis was first conducted on
pulsatile pressure waveform and blood velocity waveform in time
domain to obtain the amplitudes and phases of their first ten
harmonics [16]

10
Ap(t) = EApn cos(nwt + o) (2la)

n=1

10
u(r) = Zun cos(nwt + f,) (21b)

n=1

where Ap, and «, denote the amplitude and phase of the nth
harmonic in pulsatile pressure, respectively; and u, and £, denote
the amplitude and phase of the nth harmonic in blood velocity,
respectively. The nth measured input impedance was then
calculated [16]

Apn () Apn iy -
Zon-meas (¥) = ”(g)) :7"61(% B
n n

PpCo

Vv1—="Fi

where Z,meas 15 the characteristic impedance used in clinical
studies. Based on the given arterial stiffness and radius, character-
istic impedance was calculated, and consequently G, and ¢, were
obtained.

To calculate the forward and reflected waveforms, pulsatile
pressure waveform and blood velocity waveform need to be
combined for separating the forward waves from the reflected
waves [16]

= ch—meaaneid)” with Zen—meas = (22)

: Ap t u,(t

A, " = 7"( ) + Zen—meas —"2( ) (23a)
; Ap,(t t

B, " D ) Z oo unz( ) (23b)

where A, and B, are the nth forward and reflected wave amplitudes,
respectively. By substituting Egs. (23) into (1d), WSS waveform
was also calculated. FFT analysis on WSS was followed to obtain its
first ten harmonics

10
T, (1) = ern cos(nwt + 0,) (24)

n=1

where 7,,,, and 0,, denote the amplitude and phase of the nth harmonic
in WSS, respectively.

By substituting the calculated values of G, and ¢,, into Eq. (15),
reflection magnitude and return time for each harmonic in pulsatile
pressure were obtained. Substituting the measured input impedance
into Eq. (20) led to the input impedance defined in the vibrating-
string model. Based on Eqs. (17) and (18), the input power at the AA
defined in the vibrating-string model and in clinical studies were
calculated. The driving force associated with blood velocity was
also calculated based on Eq. (19b).

3 Results

3.1 Harmonics of Pulsatile Pressure, Blood Velocity, and
Wall Shear Stress. Figures 3(a)-3(d) shows the pulsatile pressure
waveforms and blood velocity waveforms at the AA and the CA
reconstructed using their harmonics. Figures 3(e) and 3(f) show the
calculated WSS waveforms. While pulsatile pressure amplitude
increases with aging at both arteries, blood velocity amplitude and
WSS amplitude decrease with aging at both arteries. Meanwhile, the
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Fig.3 Waveforms of pulsatile parameters at different ages: (a) pulsatile pressure (b) blood velocity (¢) wall shear stress at the AA,
and (d) pulsatile pressure (€) blood velocity (f) wall shear stress at the CA (25 yr: black solid, 35 yr: black dashdotted, 45 yr: gray
solid, 55 yr: gray dashed, 65 yr: black dashed, 75 yr: black dotted)
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Fig.4 Thefirstten harmonics of pulsatile pressure at different ages: (a) amplitude (b) phase at
the AA, and (c) amplitude (d) phase at the CA (25 yr: black solid, 35 yr: black dashdotted, 45 yr:
gray solid, 55 yr: gray dashed, 65 yr: black dashed, 75 yr: black dotted)
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Fig.5 Thefirstten harmonics of blood velocity at different ages: (a) amplitude (b) phase at the
AA, and (c) amplitude (d) phase at the CA (25 yr: black solid, 35 yr: black dashdotted, 45 yr: gray

solid, 55 yr: gray dashed, 65 yr: black dashed, 75 yr: black dotted)
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Fig.6 Thefirstten harmonics of WSS at different ages: (a) amplitude (b) phase at the AA, and
(c) amplitude (d) phase at the CA (25 yr: black solid, 35 yr: black dashdotted, 45 yr: gray solid,

55yr: gray dashed, 65 yr: black dashed, 75 yr: black dotted)
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waveforms of the three pulsatile parameters vary with both aging
and between the two arteries.

As shown in Fig. 4, the amplitudes of the 1st and 2nd harmonics are
dominant in pulsatile pressure, with the 1st harmonic being much
more pronounced, and the amplitudes of the harmonics decrease with
higher n-levels at the AA and the CA at all ages. The amplitudes of the
1st and 2nd harmonics show a definitive increasing trend with aging.
The amplitudes of those higher harmonics do not show noticeable
changes with aging. The phases of the /st and 2nd harmonics show a
definitive decreasing trend with aging, but the phases of those higher
harmonics vary randomly between harmonics and do not show any
changing trend with aging. Overall, it might be inferred that the 1st
and 2nd harmonics in pulsatile pressure are less dominant but retain
larger phases at young age, as compared with at old age.

As shown in Figs. 5(a) and 5(b), the amplitudes of harmonics of
blood velocity decrease with higher n-levels at the AA. The 1st and
2nd harmonics in blood velocity are less dominant, as compared
with their counterparts in pulsatile pressure. The amplitudes of
harmonics of blood velocity all decrease with aging. Overall, the
phases of harmonics of blood velocity show a decreasing trend with
higher n-level, but do not vary noticeably with aging. As shown in
Figs. 5(c) and 5(d), the 1st to Sth harmonics in blood velocity at the
CA become dominant at all ages. The amplitudes of the 1st to Sth
harmonics all decrease with aging. The phases of the 1st to 3rd
harmonics all decrease with aging, but the phases of all the rest
harmonics do not show a clear changing trend with aging. Overall,
the phases of harmonics of blood velocity show a decreasing trend
with higher n-level. The high pulsatility in blood velocity waveform
at the CA in Fig. 2(d) might result from the higher harmonics, as
compared with their counterparts at the AA.

As shown in Figs. 6(a) and 6(b), the amplitudes of 1st and 2nd
harmonics of WSS at the AA are quite similar at all ages. The
amplitudes of the rest harmonics decrease with higher n-levels.
Overall, the phases of the harmonics of WSS show a decreasing
trend with higher n-levels. While the amplitudes of all the harmonics
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decrease with aging, the phases of the harmonics do not show any
noticeable change with aging. As shown in Figs. 6(c) and 6(d), the
5th harmonic of WSS at the CA has the largest amplitude among the
ten harmonics. Although the Ist to 5th harmonics at the CA are
dominant, the 6th to 10th harmonics are not negligible, as compared
with their counterparts in pulsatile pressure and blood velocity.
Overall, the phases of harmonics of WSS decrease with high n-levels
at the CA. The amplitudes of the 1st to 5th harmonics and the phases
of the 1st to 3rd harmonics show a decreasing trend with aging.

3.2 Wave Reflection: Reflection Magnitude and Return
Time Versus Harmonics. Figures 7(a) and 7(b) show the
amplitude and phase of the measured input impedance at the AA.
The input impedance at the 1st and 2nd harmonics is dominant, as
compared with that for the rest harmonics. The input impedance at
the 1st and 2nd harmonics increases noticeably with aging. The
phases of input impedance at lower harmonics are negative. The
negative phase of the input impedance for the 1st harmonics
increases with aging. As shown in Figs. 7(c) and 7(d), the input
impedance for the 1st and 2nd harmonics at the CA are less
dominant, as compared with their counterparts at the AA. Overall,
the input impedance at the first six harmonics increases with aging. It
seems like that the phase of the input impedance at the 2nd
harmonics remains the same for all the ages. The negative phase of
the input impedance for the 1st harmonics decreases with aging.

As shown in Figs. 8(a) and 8(b), reflection magnitude drops fast
from the 1Ist harmonic to the 3rd harmonic and then remain
unchanged at higher n-levels at the AA. The reflection magnitudes
for the 1st to 3rd harmonics increase with aging, with reflection
magnitude for the 3rd harmonic increasing fastest with aging. The
return time shows a decreasing trend with high harmonics at all ages.
The return time for the 1st harmonic is the longest and drops greatly
with aging. The return time for the rest harmonics does not show a
noticeable changing trend with aging. As shown in Figs. 8(¢) and
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-40
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-80
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1 23 45 6 7 38 910
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Fig. 7 Measured input impedance Z;,.n.as defined as Ap(t)/u(t) varies with harmonics at
different ages: (a) amplitude (b) phase at the AA, and (c) amplitude (d) phase at the CA (25 yr:
black solid, 35 yr: black dashdotted, 45 yr: gray solid, 55 yr: gray dashed, 65 yr: black dashed,

75 yr: black dotted)
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Fig. 8 Wave reflection varies with harmonics at different ages: (a) reflection magnitude
(b) return time atthe AA, and (c) reflection magnitude (d) return time at the CA (25 yr: black solid,
35yr: black dashdotted, 45 yr: gray solid, 55 yr: gray dashed, 65 yr: black dashed, 75 yr: black
dotted)

Fig. 9 Pulsatile pressure waveform and its forward waveform and reflected waveform:
(a) 25yr, (b) 75yr, at the AA, and (c) 25 yr (d) 75yr at the CA (P: pulsatile pressure waveform,
Pf: forward pressure waveform, Pb: reflected pressure waveform)

011001-8 / Vol. 7, FEBRUARY 2024 Transactions of the ASME

1PWsal/2G26102/1.001 L 0/1/L/3pd-8joi1e/sonsouBelp|esipaw/Bio-awse uoos||00|eyBIpawse//:dny Woly papeojumod

0 10 200

¥Z0z Jequisides Gz uo Jasn Ajisiaaun uoluiwog plO Aq 4pd Lo0L L



8(d), reflection magnitude at the CA goes down very slowly with
higher n-levels, as compared with its counterpart at the AA. Similar
to the AA, the return time for the 1st harmonic is the longest and
drops noticeably with aging at the CA. The return time does not
decrease much with higher harmonics but decreases with aging for
all the harmonics at the CA. The difference in how reflection
magnitude and return time vary with harmonics between the AA and
the CA might explain why harmonics and waveform of blood
velocity show great difference between the two arteries in Fig. 5.
Due to harmonics-dependent wave reflection, the forward and the
reflected waveforms at the two arteries are quite different, as shown
in Fig. 9. Due to significant harmonics-dependence of return time,
the foot of reflected waveform at the AA is difficult to identify. In
contrast, the foot of reflected waveform at the CA is relatively clear,
due to a small variation of return time with harmonics.

3.3 Input Power at the Aorta and Driving Force on the Left
Ventricle. To calculate the input power at the AA and the driving
force on the LV, the input impedance defined in the vibrating-string
model in Eq. (13) is needed. Figure 10 shows how this input
impedance at the AA and the CA varies with harmonics at different
ages. Note that this input impedance is the reciprocal of the
measured input impedance in Fig. 7. As shown in Fig. 11(a), based
on the vibrating-string model, the input power for the 1st and 2nd
harmonics are similar and are dominant at all ages. The input power
for the two harmonics become more dominant with aging. Although
the input power for the rest harmonics are smaller than that for the 1st
and 2nd harmonics, but is non-negligible. In contrast, as shown in
Fig. 11(b), based on the definition of input power in clinical studies,
the input power drops greatly from the 1st harmonic to the 3rd
harmonic, with the 1st harmonic being dominant. The input power
for the 1st harmonic increases noticeably with aging. The
contribution of the 4th 7o 10th harmonics to the input power is
negligible at all ages.

Value of Zon (N-s/m)
30 1

20 A

12
N

As shown in Fig. 12, the driving force amplitude decreases with
aging, and no noticeable change in driving force waveform with
aging is observed. Note that the values for the LV parameters are
kept the same at all ages. The driving force waveform is similar to
ECG waveform to some extent [32]. Figure 13 compares the
waveforms of pulsatile pressure, blood velocity, and WSS at the AA
with the driving force waveform on the LV. While the blood velocity
peak is ahead of the pulsatile pressure peak, the WSS peak is ahead
of the blood velocity peak. It is interesting to note that the driving
force peak is ahead of the blood velocity peak, which is consistent
with the clinical finding that an ECG signal is ahead of blood
velocity. As such, the driving force might be indicative of an ECG
signal. Due to a lack of ECG data in the database, the LV parameters
were not adjusted for different ages and no comparison could not be
made between the driving force waveform and the ECG waveform.

3.4 Effect of Aging on Harmonics and Waveform of
Pulsatile Parameters and 1st Harmonic of Pulsatile Pressure.
As shown in Table 1, both arterial stiffness (or PWV) and radius
increase with aging at the AA and the CA. Based on Egs. (7) and
(12), both tension and characteristic impedance vary with
harmonics, due to fluid-loading. For simplicity, the values for
tension 7T and characteristic impedance Z. are calculated with
exclusion of /-F;, and are included in the table. Tension and
characteristic impedance increase with aging at the two arteries.
Although PWYV is similar at the two arteries, tension and
characteristic impedance at the CA are much smaller than their
counterparts at the AA, due to the CA being much smaller than the
AA. Based on the vibrating-string theory [30,31], characteristic
impedance affects harmonics of pulsatile pressure. By comparing
characteristic impedance in the table with harmonics of pulsatile
pressure in Fig. 4, it might be concluded that high characteristic
impedance corresponds to lower harmonics of pulsatile pressure
being more dominant relative to higher harmonics. While pulsatile
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Fig.10 The inputimpedance Z,, defined as F(1)/(9,/01) in the vibrating-string model: (a) value
(b) phase atthe AA, and (c) value (d) phase at the CA (25 yr: black solid, 35 yr: black dashdotted,
45yr: gray solid, 55 yr: gray dashed, 65 yr: black dashed, 75 yr: black dotted)
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Fig.11 Inputpower atthe AAvaries with harmonics: (a) Eq. (17b)
defined in the vibrating-string model (b) Eq. (18) defined in
clinical studies (25 yr: black solid, 35 yr: black dashdotted, 45 yr:
gray solid, 55yr: gray dashed, 65 yr: black dashed, 75yr: black
dotted).

pressure amplitude Ap.« increases with aging, radial wall
displacement amplitude #,,x, blood velocity amplitude uy,,,, and
WSS amplitude 7,,m,x all decrease with aging at both arteries. The
opposite changes between Ap.. and the other three pulsatile
parameter amplitudes with aging are consistent with the related
findings in the literature [3,12].

The difference (uyax —Umin) between maximum and minimum of
blood velocity and the difference (7,,max—Tywmin) between maximum
and minimum of WSS are utilized to quantify their respective
pulsatility. Meanwhile, time-averaged WSS (TAWSS) over one
pulse cycle T for quantifying WSS pulsatility in the literature is
defined as [13]

] T
TAWSS = TJ |70 (1) |dt (25)
0

Fu(N)
120
100

Fig. 12 Driving force waveform at different ages (25yr: black
solid, 35yr: black dashdotted, 45yr: gray solid, 55yr: gray
dashed, 65 yr: black dashed, 75 yr: black dotted)
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As shown in the table, these three waveform-based indices at the two
arteries decrease with aging, consistent with the effect of aging on
blood velocity and WSS waveforms in Fig. 3. Reduced pulsatility of
blood velocity and WSS is accompanied with lower harmonics of
pulsatile pressure being more dominant. Since characteristic
impedance affects harmonics of pulsatile pressure, it also affects
harmonics of WSS based on Eq. (1d). Figure 14 plots two indices for
WSS pulsatility versus characteristic impedance. At both arteries,
the two indices decrease with characteristic impedance, but their
variations with characteristic impedance are different, indicating
that harmonics of WSS is manifested differently by the two indices.

Reflection magnitude 7yhote = APfmax/APsmax Of the whole
pulsatile pressure waveform in clinical studies is defined as the
ratio of the reflected pressure amplitude Appn.x to the forward
pressure amplitude Apjsn.. As shown in Table 1, while rynole
increases with aging, Apsmax also increases with aging, indicating
that increased Ap .« with aging does not solely arise from increased
wave reflection [12]. Due to harmonics-dependence of return time,
return time and augmentation index (AI) of the whole pulsatile
pressure waveform [1] are not calculated.

Given harmonics-dependence of reflection magnitude and return
time and dominance of the 1st harmonic in pulsatile pressure,
reflection magnitude r; and return time At; of the 1st harmonic of
pulsatile pressure are chosen as indices for arterial stiffness and
radius (or wave reflection). At both arteries, r; increases with aging
and At; decreases with aging. Note that r; is always larger than
TI'whole> due to that r; is the largest among all the harmonics, and the
difference between r; and rypoe, becomes smaller with aging,
because the 1st harmonic becomes more dominant with aging, as
shown in Fig. 4. Instead of PW'V, it is characteristic impedance at an
artery that plays a role in determining wave reflection at it. Figure 15
plots ryhole, 77, and At; versus characteristic impedance. At both

_15 T T T 1
0 0.4

0.8
t(s)
(a)
Fu(®), Ap(1), u(t), t(?)

ssesEzem

-1.5 T T
0 0.4 0.8 1.2 1.6
t(s)

()

Fig. 13 Normalized waveforms of pulsatile pressure, blood
velocity, and WSS at the AA and driving force on the LV: (a) 25 yr
(b) 75 yr (F,(1): gray dashed, Ap(t): black solid, u(t): black dashed,
tw(t): gray solid)
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arteries, while r; and Ar; vary smoothly with characteristic
impedance, rypole increases nonsmoothly with characteristic
impedance.

4 Discussion

In this study, harmonics of pulsatile pressure at different ages and its
effect on other pulsatile parameters and waveform-based clinical
indices are calculated. As shown in Sec. 3, on the one hand, harmonics
of a pulsatile parameter plays a role in determining its waveform and
consequently waveform-based clinical indices. On the other hand,
wave transmission and wave reflection also affect waveform of a
pulsatile parameter, and are both harmonics dependent. The arterial
tree is not infinitely long, with one end connected to the LV starting
pulsatile waves and the other end at termination. Wave reflection at

any position along the arterial tree is affected by termination. Yet, the
majority of the studies on pulsatile pressure waveform have focused
on correlating arterial stiffness and radius to wave transmission and
wave reflection for pulsatile pressure waveform, with no consideration
of harmonics-dependence of wave transmission, wave reflection, and
the finite length of the arterial tree. As such, in the context of the whole
system: the LV, the arterial tree, and termination, we explore possible
affecting factors of wave transmission, wave reflection, and harmonics
of pulsatile pressure, based on the analyzed results. Afterwards, we
clarify inconsistency of some definitions in clinical studies with their
physical implications and physical implications of waveform-based
clinical indices. Based on the difference in harmonics of pulsatile
pressure at different ages and between the two arteries, physiological
implications and potential clinical applications of the analyzed results
are discussed.

Table 1 Effect of aging on arterial properties and geometries, pulsatile parameter amplitudes, waveform-based clinical indices, and

indices of the 1st harmonic (a) at the AA (b) at the CA

(a)
Age (yr) 25 35 45 55 65 75
HR (bpm) 72.82 76.73 77.72 77.32 76.53 74.44
Arterial properties and geometries a (mm) 18.36 18.94 19.50 20.06 20.64 21.23
Eh 1306 1629 2148 2770 3539 4524
T(N) 37.63 48.44 65.78 87.26 114.65 150.79
Z. (N-s/m) 6.52 7.63 9.15 10.84 12.78 15.08
PWYV (m/s) 5.78 6.35 7.19 8.05 8.97 10.00
Pulsatile parameter amplitudes Apmax (Pa) 3275 3485 4032 4606 5190 5881
Nmax (Mm) 0.85 0.77 0.71 0.67 0.62 0.59
Umax (M/S) 0.376 0.340 0.309 0.280 0.254 0.229
Tyomax (P2) 2.63 2.37 2.14 1.94 1.73 1.58
Waveform-based clinical indices Upmax (M/S) 0.376 0.340 0.309 0.280 0.254 0.229
Uppnin (M/S) —0.044 —0.041 —0.038 —0.036 —0.034 —0.032
Umax—Umin (M/S) 0.420 0.381 0.347 0.316 0.288 0.261
Tymax (P2) 2.63 2.37 2.14 1.94 1.73 1.58
Tywmin (P2) —1.16 —1.05 —0.99 —0.90 —0.84 —0.75
Tymax— Twmin (P2) 3.80 343 3.13 2.84 2.56 2.33
TAWSS (Pa) 0.49 0.46 0.42 0.38 0.34 0.30
Apfinax (Pa) 2672 2677 2800 2933 3148 3432
APpmax (P2) 1531 1638 1898 2154 2431 2763
F'whole 0.57 0.61 0.68 0.73 0.77 0.81
Indices of the 1st harmonic r; 0.74 0.76 0.78 0.81 0.83 0.85
Aty (s) 0.1413 0.1292 0.1154 0.1035 0.0927 0.0827
(b)
Age (yr) 25 35 45 55 65 75
HR (bpm) 72.82 76.73 77.72 77.32 76.53 74.44
Arterial property and geometry a (mm) 4.37 4.52 4.66 4.80 4.94 5.08
Eh 330 412 543 701 896 1147
T(N) 2.26 2.92 3.97 5.27 6.94 9.15
Z. (N-s/m) 0.38 0.45 0.54 0.64 0.75 0.89
PWV (m/s) 5.95 6.54 7.40 8.28 9.23 10.29
Pulsatile parameter amplitude Apmax (Pa) 3948 3989 4283 4877 5475 6136
Nmax (MM) 0.23 0.20 0.17 0.16 0.15 0.14
Upax (M/S) 0.427 0.382 0.336 0.293 0.252 0.215
Tymax (P2) 2.90 2.64 2.38 2.15 1.91 1.68
Waveform-based indices Umax (M/S) 0.427 0.382 0.336 0.293 0.252 0.215
Upnin (M/S) —0.011 —0.013 —0.008 —0.001 —0.001 0.002
Umax—Umin (M/S) 0.438 0.394 0.344 0.294 0.254 0.213
Tymax (P2) 2.90 2.64 2.38 2.15 1.91 1.68
Tyomin (P2) —1.74 —1.45 —1.10 —0.75 —0.67 —0.60
Tymax— Twmin (P2) 4.64 4.09 3.48 2.90 2.59 2.28
TAWSS (Pa) 0.54 0.48 0.40 0.33 0.27 0.22
Aptmax (Pa) 3007 2941 2965 2939 3188 3509
Appmax (P2) 1947 1939 1985 2204 2463 2768
T'whole 0.65 0.66 0.67 0.75 0.77 0.79
Indices of the 1st harmonic r; 0.77 0.78 0.79 0.80 0.81 0.82
At; (s) 0.0773 0.0699 0.0623 0.0552 0.0485 0.0422
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Fig. 14 Two indices for WSS pusaltility: t,max—Twmin and
TAWSS, versus characteristic impedance: (a) at the AA (b) at the
CA (Twmax—Twmin: Solid, TAWSS: dashdotted)

4.1 Affecting Factors of Wave Transmission, Wave Reflec-
tion, and Harmonics of Pulsatile Pressure. Wave transmission is
quantified by wave number and transmission loss, as shown in
Eq. (9). It is solely determined by arterial stiffness (i.e., PWV) and
radius (accounting for 1-F;). Due to harmonics-dependence of
fluid-loading F ¢, each harmonic transmits at its own velocity with
its own transmission loss. Thus, the forward waveform varies along
the arterial tree. As shown in Fig. 16, the arterial tree involves
dramatic nonuniformity (i.e., tapered geometry, varying elasticity,
and branching sites). Arterial nonuniformity complicates
harmonics-dependence of wave transmission and wave reflection
in the arterial tree. Wave velocity in Eq. (4) is local wave velocity at
a position in an arterial segment for calculating local wave
transmission and local wave reflection in the segment.

Wave reflection occurs whenever there is an impedance mismatch
[30]. As shown in Fig. 16, the nth load impedance Z; ,, at position x is
the sum of the nth characteristic impedance Z,,,, for the rest arterial
section: x € (x, L) and the nth termination impedance Zy,,. The nth
reflection coefficient at position x is:

11— ZLn /Z(:nl

R, = — el
. 1 +ZLn/chl

with Z,, = Zeo + Zra (26)

where Z.,; is the nth characteristic impedance at position x.
Harmonics-dependence of termination impedance is caused by the
variation of characteristic impedance along the arterial tree, which
arises from arterial nonuniformity [18,19,30]. Meanwhile,
harmonics-dependence of Z.,, is also affected by arterial non-
uniformity. As such, arterial nonuniformity renders harmonics-
dependence of Z;, at any position theoretically unpredictable, as
exemplified by load impedance at the AA and the CA. As expressed
in Eq. (26), it is the ratio of load impedance to characteristic
impedance that determines wave reflection at an artery. This may
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Fig. 15 Reflection magnitude r; and return time At, of the 1st
harmonics and reflection magnitude ryn01e of the whole waveform
versus characteristic impedance: (a) at the AA (b) at the CA
(rq: solid, rynole: dashed, At;: dashdotted)

explain why wave reflection at an artery is more than its stiffness and
radius [3]. As shown in Fig. 17, the 1st load impedance at the two
arteries increases nonlinearly with characteristic impedance, but the
ratio of the Ist load impedance to characteristic impedance
decreases with high characteristic impedance, leading to increased
1st reflection magnitude.

As shown in Fig. 2(a), when the driving force on the LV excites
pulsatile waves, the arterial tree and termination interfere with the
LV response. As such, harmonics of pulsatile pressure at any
position along the arterial tree is determined by the LV [7],
characteristic impedance of the arterial tree, and termination
impedance. As shown in Sec. 3, The change in harmonics of
pulsatile pressure with aging is accompanied by the age-related
change in characteristic impedance of the arterial tree and the input
impedance at the AA (indicative of termination impedance). Due to
a lack of ECG data, how the LV affects harmonics of pulsatile
pressure cannot be examined here. Table 2 summarizes the affecting

.\-=LT

cnl(\) chz \G(\,

/ //17/*/

‘ Z, Ln (\) cn2+Z n

| Zp,x=0) |

Fig. 16 Arterial nonuniformity complicates wave transmission
and wave reflection at any position along the arterial tree
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Fig. 17 The 1st load impedance Z, ; and ratio of Z, //Z, versus
characteristic impedance Z. (excluding 7-F;(): (a) at the AA (b) at
the CA (Z,;: solid, Z, ,/Z.: dashedotted)

factors of wave transmission, wave reflection, and harmonics of
pulsatile pressure.

4.2 Inconsistency of Input Impedance and Input Power in
Clinical Studies With Their Physical Implications. Input imped-
ance Zp,-meas at the AA in clinical studies is defined as the ratio of
pulsatile pressure versus blood velocity, Ap(t)/u(t). In the vibrating-
string model, this input impedance Z, is defined as the ratio of
driving force versus radial wall velocity, F(t)/(On/0t). According to
Eq. (20), Zy,, is the reciprocal of Zy,_meas- The definition of Zy,,_peas 1S
inconsistent with its physical implication as a measure of resistance
to flow upon effort [27,28], because Z,,_meas at the AA in Figs. 7(a)
and 7(b) indicates that (1) the highest Zy,_mneas for the 1st harmonic
should cause the smallest amplitude of pulsatile pressure, but the 1st
harmonic of pulsatile pressure in Fig. 4(a) is the largest; and (2) the
negative phase of Zj, meas indicates that blood velocity causes
pulsatile pressure. In contrast, as shown in Fig. 10, the definition of
Zyn 18 consistent with its physical implication: the lowest Z,, for the
Ist harmonics translates to the largest amplitude of radial wall
displacement (i.e., pulsatile pressure, see Eq. (3)) and positive phase
of Z,, indicates that driving force causes radial wall displacement.
Most importantly, the definition of input impedance in the vibrating-
string model allows examining the LV-artery interaction to relate
ECG signals to pulsatile pressure in the arterial tree and explore the
influence of the LV function on harmonics of pulsatile pressure. Yet,
due to its inconsistency with its physical implications in the 1D wave
propagation context, input impedance in clinical studies is
unsuitable for studying the LV-artery interaction [19].

Similarly, the definition of the input power in Eq. (18) in clinic
studies indicates that only the first three harmonics are relevant to
energy transmission along the arterial tree, as shown in Fig. 11(b).
Yet, higher harmonics have been found to be important to CV
physiology, such as higher harmonics of WSS contributing to a
larger WSS amplitude [8] and EC sensitivity to harmonics of WSS
[26,27]. In contrast, as shown in Fig. 11(a), the definition of the input
power in Eq. (17b) shows that contribution of higher harmonics to
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the input power are non-negligible, indicating that they also play a
role in CV physiology. Furthermore, Eq. (17b) is analogous to
timbre (the mix of different harmonics) generated by a musical
instrument. All the harmonics in a musical instrument make non-
negligible contributions to timbre for enriching the sound [31].

4.3 Waveform-Based Clinical Indices. At the CA, defined as
the difference between u,,,x and u,;, divided by the mean value of u
(1), FPl is a measure of blood velocity pulsatility [12]. FFT analysis
shifts blood velocity waveform by a unknown constant, and thus its
mean value cannot be obtained. However, i4,,,,x — 4, captures blood
velocity pulsatility. TAWSS and Tymax—Twmin captures WSS
pulsatility. The cause underlying these indices is harmonics of
pulsatile pressure. While harmonics of WSS is dictated by
harmonics of pulsatile pressure, it is an important determinant of
endothelial function. As such, harmonics of pulsatile pressure can
serve as an independent clinical index indicative of endothelial
function.

At the AA, waveform-based clinical indices: reflection magni-
tude, return time, and Al, are all defined based on the whole pulsatile
pressure waveform [1,2,4-8,18]. As analyzed in Sec. 3, due to
harmonics-dependence of wave transmission and wave reflection,
reflection magnitude based on the whole waveform is a composite of
the reflection magnitudes and reflection phases for all the harmonics.
Since it manifests harmonics of pulsatile pressure, it is more than
arterial stiffness and radius [3]. Similarly, as a composite indicator
of reflection magnitude and return time for the reflected waveform,
Al manifests both wave reflection for all the harmonics and
harmonics of pulsatile pressure [19]. Since harmonics in the
reflected waveform return to the AA at different times, definition
of return time for the reflected waveform is inconsistent with
physiological reality. This explains the difficulty in identifying the
foot of the reflected waveform [1,2]. As compared with reflection
magnitude and Al for the whole waveform reflection magnitude and
return time for the 1st harmonic serves better as clinical indices for
arterial stiffness and radius.

As compared with arterial stiffness, these waveform-based
clinical indices at the CA and the AA have been found to carry
their independent values [1-15]. As analyzed here, their independ-
ent clinical values stem from harmonics of pulsatile pressure, which
is determined by the LV, the arterial tree, and termination. Yet, these
waveform-based clinical indices manifest harmonics of a pulsatile
parameter to a limited extent. In particular, return time and Al is
against physiological reality. In recent years, changes in different
harmonics of pulsatile pressure at the RA have been correlated with
different conditions [20-25]. As such, harmonics of pulsatile
pressure need to serve as an independent clinical index indicative
of the LV function.

4.4 Physiological Implications and Potential Clinical Appli-
cations. Harmonics of pulsatile pressure varies with aging, and
dictates harmonics of blood velocity and WSS. As compared with at
old age, lower harmonics of pulsatile pressure and input power are
found to be less dominant relative to higher harmonics at young age.
In contrast, as compared with at old age, lower harmonics of WSS is
more dominant relative to higher harmonics at young age. This
might imply that low wave reflection contributes more to increase
the amplitudes of lower harmonics of WSS at young age, despite
their low amplitudes in the forward waves. In contrast, high wave
reflection might contribute less to increase the amplitudes of lower
harmonics of WSS at old age, despite their increased amplitudes in
the forward waves. In other words, wave reflection affects the
amplitudes of lower harmonics of WSS to a greater extent, as
compared with their amplitudes in the forward waves. Since lower
harmonics of pulsatile pressure being more dominant translates to
high WSS amplitude and WSS pulsatility, it carries physiological
significance to endothelial function.

Harmonics of pulsatile pressure varies between the AA and the
CA. As compared with lower harmonics, higher harmonics of
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Table 2 Affecting factors of wave transmission, wave reflection, and harmonics of pulsatile pressure

Wave Wave Harmonics of
transmission: reflection: Ap (x,1): ZAP" cos(nwt + o)
Component Parameters k, &y, R, ”
LV M,K,D A
s 1 —Z10/Zen D, cos(nwt + o) o
Arterial tree Cp> Zen ky & 7, o nwfc, R, = 1L7/(1 ;
Termination Zrn +Z1n/Zem function (M, K, D, Z.,, Zr,,)

Zin = Zena + Zrn)

pulsatile pressure are more noticeable at the CA than at the AA. Due
to the difference in wave reflection between the two arteries,
although the 1st and 2nd harmonics of WSS at the AA are much
higher than their counterparts at the AA, the 3rd ~ 6th harmonics of
WSS at the CA are much higher than their counterparts at the AA.
This explains why WSS waveform at the CA is much more
oscillatory than that at the AA, as shown in Fig. 3. Although TAWSS
and Tymax—Twmin Manifest the change in WSS oscillatory level at
different ages at each artery, they are not comparable between the
two arteries, as shown in Table 1. This might be caused by the
difference in WSS waveform between the two arteries. Given that
harmonics of pulsatile pressure varies with CV conditions, it is
expected that WSS waveform varies with CV conditions and then
these two pulsatility indices are insufficient for comparing WSS
oscillatory levels between CV conditions.

From the AA to the CA, pulsatile pressure travels from larger
arteries to small arteries and passes through branching sites in
between. It is believed that branching sites function as boundaries
for an arterial segment [33], causing mode-coupling (or energy
transfer) between different n-levels of pulsatile pressure and leading
to difference in harmonics of pulsatile pressure between the two

&)
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Fig. 18 WSS-CS loop (or 7,(t) ~ ¢(t) loop) at different ages: (a) at
the AA (b) at the CA (25 yr: black solid, 35 yr: black dashdotted,

45yr: gray solid, 55 yr: gray dashed, 65yr: black dashed, 75 yr:
black dotted)
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arteries. Consequently, harmonics of WSS is also modified by
branching sites, leading to high oscillatory level in WSS waveform
at the CA. Given its small size, high oscillatory level of WSS
waveform at the CA might improve its physiological function for
delivering nutrients and oxygen to the body. This might explain why
pulmonary vasculature forms a rapidly branching arterial network
[34]. Small size of arteries in it might demand a much higher
oscillatory level of WSS waveform to perfuse the lungs and
oxygenate blood.

Given synergistic effects of WSS and CS (¢ = 1(t)/a) in the arterial
wall on endothelial function [28], WSS-CS loops at different ages
are plotted in Fig. 18. Although the sizes of the WSS-CS loops shrink
with aging, their shapes remain the same at each artery. Given that
these loops correspond to healthy subjects at different ages, it might
be concluded that the shape of a WSS-CS loop is more indicative of
endothelial function, instead of its size.

Wang et al. [35] examined harmonics of pulsatile pressure at the
radial artery (RA) and found that aging increases the 1st harmonic,
decreases the 3rd and 4th harmonics, and has no effect on the 2nd
harmonic. In contrast, the 1st and 2nd harmonics at the AA and the
CA both reveal a noticeable increase with aging, as shown in Fig. 4.
Meanwhile, different conditions, such as coronary artery disease,
diabetes, and Alzheimer’s disease were found to affect different
n-levels of pulsatile pressure at the RA [20-25]. Based on the
analyzed results here, it is believed that any changes in the arterial
tree, such as vasoconstriction, occlusion and vasodilation, and any
events, such as hypoxia, will affect characteristic impedance and
termination impedance in the arterial tree and accordingly the LV
function, due to the LV-artery interaction. Then, harmonics of
pulsatile pressure at all the arteries is expected to change and it can
only be obtained from measurement under these conditions. Thus,
harmonics of pulsatile pressure at an artery can serve as an
independent clinical index indicative of the LV function. To
separate the influence of the LV on harmonics of pulsatile pressure
from the influence of the arterial tree and termination, ECG signals
need to be related to pulsatile parameters at an artery for quantifying
the LV.

Although pulsatile parameters at the AA are more relevant to the
LV function [1], their measurement poses significant challenges. In
contrast, pulsatile parameters at the CA are commonly measured in
clinical studies and also reveal difference with aging. As such,
instead of the AA, it might be more practical to characterize pulsatile
parameters at the CA under different conditions for inferring the LV
function. Taken together, harmonics of pulsatile pressure at the two
arteries can serve as a clinical index indicative of the LV function
and endothelial function, and reflection magnitude and return time of
the 1st harmonics at the two arteries can serve as two clinical indices
indicative of arterial stiffness and radius. WSS-CS loop might serve
as a clinical index for diagnosing the onset of atherosclerosis, given
that endothelial dysfunction occurs prior to arterial stiffening. Easy
access to the CA will allow routine measurement of these clinical
indices. In the future, ECG data needs to be related to pulsatile
pressure and blood flow at the two arteries for quantifying the LV
and its influence on harmonics of pulsatile pressure.

5 Conclusion

By applying a vibrating-string model of the arterial tree to the
related data in a database, this study examines harmonics of pulsatile
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pressure at different ages and its effect on other pulsatile parameters
and waveform-based clinic indices. Harmonics of pulsatile pressure,
blood velocity, and WSS varies with aging and between the AA and
the CA. As compared with lower harmonics, higher harmonics of
pulsatile pressure, blood velocity, and WSS are more noticeable at
the CA than at the AA. With aging, lower harmonics of pulsatile
pressure and input power increase, but lower harmonics of blood
velocity and WSS decrease. It is found that high characteristic
impedance (i.e., arterial stiffness and radius) at the two arteries is
associated with lower harmonics of pulsatile pressure being more
dominant relative to its higher harmonics and reduced WSS
oscillatory level.

The entangled relations of wave transmission, wave reflection,
and harmonics of pulsatile pressure to the whole CV system: the LV,
arterial tree, and termination, are clarified. While wave transmission
is solely determined by arterial stiffness and radius, wave reflection
is determined by arterial stiffness and radius and termination
impedance. Arterial nonuniformity causes unpredictable
harmonics-dependence of wave reflection. Consequently, reflection
magnitude and return time vary between harmonics. Reflection
magnitude based on the whole waveform is unsuitable for indicating
arterial stiffness and radius, and definitions of return time and Al
based on the whole waveform are inconsistent with physiological
reality. Harmonics of pulsatile pressure is a combination of the LV,
the arterial tree, and termination, and carries its independent clinical
values, as compared with arterial stiffness and radius. As such, it is
suggested that harmonics of pulsatile pressure serves as an
independent clinical index indicative of the LV function and
endothelial function, and reflection magnitude and return time for
the 1st harmonics of pulsatile pressure serve as clinical indices
indicative of arterial stiffness and radius.
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