z
ORIGINAL RESEARCH L1
/ American ~ American

Heart | Stroke

Association | Association.

Misinterpretation of the Determinants of Elevated Forward Wave

Amplitude Inflates the Role of the Proximal Aorta
Timothy S. Phan, BSBME, BSECE; John K-J. Li, PhD; Patrick Segers, PhD; Julio A. Chirinos, MD, PhD

Background—The hemodynamic basis for increased pulse pressure (PP) with aging remains controversial. The classic paradigm
attributes a predominant role to increased pulse wave velocity (PWV) and premature wave reflections (WRs). A controversial new
paradigm proposes increased forward pressure wave amplitude (FWA), attributed to proximal aortic characteristic impedance (Z.),
as the predominant factor, with minor contributions from WRs. Based on theoretical considerations, we hypothesized that
(rectified) WRs drive the increase in FWA, and that the forward pressure wave does not depend solely on the interaction between
flow and Z. (QZc product).

Methods and Results—We performed 3 substudies: (1) open-chest anesthetized dog experiments (n=5); (2) asymmetric T-tube
model-based study; and (3) human study in a diverse clinical population (n=193). Animal experiments demonstrated that FWA
corresponds to peak QZc only when WRs are minimal. As WRs increased, FWA was systematically greater than OZc and peaked
well after peak flow, analogous to late-systolic peaking of pressure attributable to WRs. T-tube modeling confirmed that increased/
premature WRs resulted in increased FWA. Magnitude and timing of WRs explained 80.8% and 74.3% of the variability in the
difference between FWA and peak OZc in dog and human substudies, respectively.

Conclusions—Only in cases of minimal reflections does FWA primarily reveal the interaction between peak aortic flow and
proximal aortic diameter/stiffness. FWA is strongly dependent on rectified reflections. If interpreted out of context with the
hemodynamic principles of its derivation, the FWA paradigm inappropriately amplifies the role of the proximal aorta in elevation of

FWA and PP. (/ Am Heart Assoc. 2016;5:e¢003069 doi: 10.1161/JAHA.115.003069)
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wave reflections

Left ventricular (LV) afterload and LV-arterial system
interactions are important determinants of cardiovascu-
lar function and play a key role in various cardiovascular
disease states. The pulsatile nature of LV ejection into a
branching network of viscoelastic vessels encounters a
vascular load that has both steady and pulsatile components.
The steady load is primarily resistive in nature, comprised of
the small-caliber microcirculation (peripheral resistance). The
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pulsatile component is complex and comprised of the spatially
distributed compliant and inertial properties of the vascular
tree, along with wave reflection phenomena.

There is great interest in characterizing the pulsatile
phenomena that contribute to elevated pulse pressure (PP)
with advancing age and various disease states, such as
isolated systolic hypertension.'™® The prevalent view regard-
ing changes in PP with age considers that increased pulse
wave velocity (PWV), associated with vascular stiffening,* and
the consequent earlier return of reflected waves, prominently
contribute to elevated PP.%° '° Recent reports from Fram-
ingham investigators have promoted a controversial viewpoint
that increased forward wave amplitude (FWA), which is
proposed to result from a mismatch between aortic root
properties and peak aortic flow, is the predominant contrib-
utor to elevated PP with aging, with only modest contributions
from wave reflections.”"™ " In steady-state conditions, peak
aortic flow is sensitive to wave reflections and properties of
the vascular tree distal to the aortic root.'*'® It is therefore
unlikely that the FWA paradigm is independent of distal wave
reflection phenomena and specific to aortic root properties.
Furthermore, the markedly increased PWV that accompanies
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aging should logically increase the prominence of rectified
wave reflections (ie, backward waves that are rereflected at
the heart, which then propagate forward).'®'” To the best of
our knowledge, there has been no systematic evaluation of
the proposition that increased FWA is determined exclusively
by a functional “mismatch” between peak flow and proximal
aortic properties, independent of peripheral wave reflections,
as has been proposed and is commonly assumed.'"!%18:1?
This distinction has important pathophysiological and thera-
peutic implications.

In this study, we investigated the determinants of FWA as
they relate to the left ventricular-vascular system interactions
that give rise to pressure and flow waves. We hypothesize that
FWA is not a specific and independent marker of proximal
aortic properties interacting with aortic flow,' but is highly
dependent upon wave reflections. We assessed this issue in 3
substudies: (1) an experimental open-chest anesthetized dog
model under vasoactive interventions designed to modify
wave reflections; (2) a mathematical model-based study using
a validated asymmetric T-tube arterial system model®® 2% (3)
a diverse clinical population of older adults with suspected or
established cardiovascular disease.

Methods
Substudy 1: Animal Study

Five mongrel dogs of either sex (20-24 kg) were anesthetized
with pentobarbital sodium (30 mg/kg) and ventilated through
a tracheal tube with an external respirator. A left thoracotomy
was performed to isolate the ascending aorta for placement of
a cuff-type electromagnetic flow probe for measurement of
ascending aortic flow. Ascending aortic pressure was mea-
sured with a Millar catheter-tip pressure transducer advanced
from the exposed femoral artery to the site of the flow probe.
Standard lead Il electrocardiogram was continuously moni-
tored. Vasoactive states were altered with intravenous
infusion of methoxamine (MTX) at bolus dosages of 5 mg/
mL and subsequent intravenous infusion of sodium nitroprus-
side (NTP) at bolus dosages of 10 mg/mL. MTX was used to
increase blood pressure and wave reflections, whereas NTP
was used to decrease blood pressure and abolish MTX-
increased wave reflections.?® The Rutgers University Institu-
tional Animal Care and Use Committee approved the exper-
imental protocols.

Substudy 2: Modeling Study

Given that experimentally modifying wave reflections through
pharmacological interventions in dogs may result in a host of
cardiovascular system changes (eg, heart rate [HR], cardiac
output) that may confound effects of distal arterial changes, a

modeling-based study was conducted to further establish the
vascular determinants of FWA. The systemic arterial system
was modeled as a finite PWV system represented by an
asymmetric T-tube model with complex frequency-dependent
loads (Figure 1).2°?" This model consists of 2 parallel
pathways, represented as elastic tubes, through which
pressure and flow waves can propagate: (1) head-end and
(2) body-end. The head-end pathway represents the combined
circulatory path to the head and upper limbs, whereas the
body-end pathway represents that of the descending aorta.
Each tube is terminated in a complex load parameterized by
distal compliance, viscous resistance of the vessel wall, and a
terminal peripheral resistance. The asymmetric T-tube model
used here has been previously validated to accurately discern
between proximal and distal arterial system properties and
successfully applied to various animal species and
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Figure 1. Asymmetric T-tube
model of the arterial system. The
elastic head-end (h) and body-end
(b) transmission tubes are charac-
terized by characteristic impedance
(Zeny Zcp) and wave transmission
times (t, Tp). The complex fre-
quency-dependent loads are char-
acterized by distal load compliance
(Cips Cyp), viscosity of vessel wall
(Rg,ns Rap), and peripheral resis-
tance (Rpp, Rpp)-
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humans.?>?"#%-28 The mathematical formulation of the model
is described in detail elsewhere.?’

The input into the model was a measured ascending aortic
flow waveform typical of (1) a young adult from the study of
Murgo et al.>® and (2) an older adult from our human
substudy. Initial T-tube parameters were adapted from a
human study involving application of the T-tube model.”® With
input aortic flow and aortic Z; kept constant, only the pulsatile
loads of the distal circulation were modified to vary magnitude
and phase (ie, intensity and timing) of distal wave reflections
independent of steady afterload. Table 1 lists the parameters
used for the modified asymmetric T-tube model.

Substudy 3: Human Study

Given that the animal study may not generalize well to older
adults (among whom increased PP is most relevant), we
studied a diverse clinical sample of human subjects com-
prised of a population of older adults (n=193) with suspected
or established cardiovascular disease, who were referred for a
cardiac magnetic resonance imaging (MRI) examination at the
Corporal Michael J. Crescenz Veterans Affairs Medical Center
(VAMC). Ascending aortic flow was measured with phase-
contrast MRI, as previously described.®’ To avoid errors
introduced by phase offset and eddy currents, we scaled the
flow time integral to measured stroke volume by segmenta-
tion of steady-state free precession (SSFP) images. Arterial
tonometry using high-fidelity Millar Applanation tonometers
(SPT-301; Millar Instruments, Houston, TX) was performed at
the carotid artery in the supine position immediately post-
MRI. Brachial diastolic and mean blood pressures were used
to calibrate the carotid pressure waveforms. The institutional
review board of VAMC approved of the study, and all subjects
provided written informed consent.

Table 1. Model Parameters for Modified Asymmetric T-Tube

Low Reflection Control High Reflection
Th, MS — 13.5 —
Ty, MS — 22.5 —
Zen, mm Hg-s/mL — 0.239 —
Z.p, mm Hg-s/mL — 0.200 —
Z¢ a0, MM Hg-s/mL — 0.108 —
Rpn, mm Hg-s/mL — 4.37 —
Rpp, mm Hg-s/mL — 1.87 —
Rp, mm Hg-s/mL — 1.31 —
Cin, mL/mm Hg +500% 0.248 —70%
Cip, mL/mm Hg +500% 0.825 —70%

Percent change is relative to control. Subscripts h and b refer to the head-end and body-
end tubes, respectively, and ao refers to the ascending aorta. C, indicates distal load
compliance; Ry, peripheral resistance; t, tube transit time; Z,, characteristic impedance.

Wave Separation Analysis

Input impedance (Z;,) was calculated using Fourier analysis as
the ratio of measured pressure (P,,) and flow (Q,,) harmonics
in the frequency domain.”*? As previously described,>® aortic
characteristic impedance (Z;) was estimated in the frequency-
domain by averaging the modulus of Z;, for harmonics 3 to 15.
Only harmonics with flow magnitudes >5% of the fundamental
harmonic flow magnitude were included in the averaging
process to minimize the effects of noise.*?

Forward (Pf) and backward pressure waves (P,) were
resolved in the frequency domain according to standard wave
separation methods, where O; and Q, are the forward and

backward flow waves®'®3%3%°:
Pm + Zch Pf
Pr=——F"—;0s ==
2 Ze
Pm — Z.Q P
Pb __m “Zc¥m : Ob _ b
2 Z.

Inverse Fourier transformations were used to obtain the time-
varying forward and backward waves. This standard frequency-
domain method is equivalent to the time-domain method.3¢*”
FWA was calculated as the maximum minus the minimum of P;.

Comparison of P; against the product of aortic flow and Z,
(QZc) in the time domain permits direct assessment of the
degree to which Ps is modified by wave reflections, rather than
a local characterization of the proximal aorta. Peak aortic flow
interacting with Z, (QZcax) Was calculated as the product of
peak flow and Z.. In a reflectionless arterial system, QZcax IS
equivalent to FWA. Therefore, differences between QZc,ax
and FWA can be attributed to the influence of wave reflections
on the forward wave’s amplitude. Additional details are
presented in the following subsection.

The complex global reflection coefficient was calculated in
the frequency domain as the ratio of backward and forward
waves (Pp, Pp)*:

_ Po(jo)
Pt(jo)

Magnitude and timing of reflection were quantified with the
modulus (|T'|) and phase angle (6,,) of T at harmonics of the
fundamental frequency (ie, multiples of HR). The magnitude of
the first harmonic of the reflection coefficient (|I'y|) was taken
as the main measure of wave reflection magnitude.

I'(joo)

Effect of Pulse Wave Reflection on the Forward
Wave
In an arterial system with reflections, Z;, can be expressed in

terms of characteristic impedance of the proximal aorta (Z.)
and I'%:
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. 14+ T'(jw)
Z; =Z.—F——=.
|n(Jw) C 1 _ r(jw)
The forward pressure wave (P;j) can be alternatively
expressed in the frequency domain as a function of measured
pressure (P) and I3*28:

. Pm (Jw)
Pr(jo) = T(Jw)

Measured pressure and flow are related through Z;,:
Pm(j®) = Qm(j®)Zin(j).

Substitution of the expressions for Z;, and P,, into the
expression for Ps yields:

#0) = (0012 (1= )

Because Z; in the proximal aorta is regarded as a purely
real number in the mathematical sense,***® the time-domain
expression for Pf can be written in terms of a single
convolution (circular convolution for the case of finite-length
sampled data) between the product of Q,, and Z. and a term
related to the inverse Fourier transform (F~' operator) of I':

Pr(t) = Qun()Z; * F ! {%gw)}

Any divergence in the waveforms of Py and the product
Qun(t)Ze (hereafter referred to as QZc) as viewed in the time
domain can be attributable to the transformation through the
F'{...} term (ie, the effect of arterial wave reflection
phenomena, per se, given that I is purely an arterial system
characterization, much like Z,,>**®3%). It is important to
acknowledge that wave reflections alter flow (Q,,) in addition
to pressure; however, by focusing on the divergence of the 2
waveforms (QZc vs Py), the F~'{...} transformation can be
attributed directly to arterial wave reflections (I'). Only in the
special case of no reflections will the 2 waveforms be
identical (ie, P¢(t)=Qu(t)Zc).

This permits a straightforward manner to assess the
degree to which characteristics of P; (eg, amplitude, width,
and so on) are manifestations of reflection phenomena, rather
than local characterizations of the proximal aorta (Z.).

Statistical Analysis

Continuous values are expressed as mean-+SD or median and
interquartile range, as appropriate. Proportions are expressed
as percentages. Paired t tests were used to compare QZcCyax
versus FWA and the time of peak flow (tgmax) Versus the time
of peak FWA (tpwa). We also compared the time integrals of

QZc (Tloze) and P; (Tlps) to assess their overall differences in
morphology/amplitude. Repeated-measures ANOVA was
used in the animal study to detect overall differences in
hemodynamic variables in response to changes in vasoactive
state. The Bonferroni correction was applied in the post-hoc
pair-wise comparisons. To assess whether differences in peak
amplitudes, timing to peaks, and waveform morphologies
were related systematically with wave reflections, we applied
multiple linear regression analysis. We considered magnitude
and phase of the first 3 harmonics of the reflection coefficient
(T4, T2, T3], 84, 62, and 03) as explanatory variables given
that wave reflections in the ascending aorta are concentrated
primarily in the lower frequencies.'® Step-wise linear regres-
sion analysis with backward elimination (inclusion criteria of
P<0.05) was used to reduce the regression model to a smaller
subset of explanatory variables. Standardized [ regression
coefficients were reported to compare the relative importance
of the continuous explanatory variables examined, represent-
ing the SD change in the dependent variable for each SD
change in the examined variable. All probability values are 2-
tailed. Statistical significance was defined as 4<0.05. Statis-
tical analyses were performed using Stata/MP software (14.0
for Mac; StataCorp LP, College Station, TX).

Results
Substudy 1

Separation of the measured pressure waveforms into P; and P,
is shown in Figure 2, along with the measured aortic flow
interacting with Z; (QZc). All waveforms share a common origin
to directly compare contributions to PP. In NTP-induced
vasodilation, P, was minimal, whereas MTX-induced vasocon-
striction increased P, beyond that of control. Z. was not
significantly changed by MTX and NTP (Table 2). Changes in
QZc,nax Were therefore mediated primarily through changes in
peak aortic flow. PP of the measured pressure is elevated
greatly in MTX relative to control, in spite of the decreased
contribution from QZc; MTX decreased QZc whereas Ps
increased, consistent with the opposite effects that reflections
have on pressure and flow. It can be appreciated that FWA
corresponds to QZc,,a Only in the case of minimal reflections
(NTP condition; Figure 2A). Given that wave reflections pro-
gressively increase relative to the NTP condition (ie, during the
control and during MTX condition), the following phenomena
are clearly appreciated: (1) There is a progressive increase in
the difference between the FWA and peak flow value multiplied
by Z; (2) there is a progressive increase in the difference
between the time integral of P; and the time integral of QZc, as
indicated by the shaded red region; and (3) FWA peaks well
after the time of peak flow, analogous to late-systolic peaking of
measured pressure attributable to wave reflections.
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Figure 2. Pulsatile component of measured aortic pressure decomposed into forward (Pf) and backward (P,) waves from the dog substudy.
Reflection increases from (A) [I'1|=0.12 to (B) [I'1|=0.53 to (C) |['4|=0.76. Measured aortic flow interacting solely with Z, (QZc) is shown in dashed
lines (—). The shaded red area represents the portion of P; unexplained by QxZ.. The vertical lines at the bottom of each panel indicate timing
to peak amplitudes of the corresponding line style. All waveforms are shifted to a common origin to directly compare peak amplitudes. MTX

indicates methoxamine; NTP, sodium nitroprusside.

Tabulated hemodynamic variables for all dogs are listed in
Table 2. In NTP-induced vasodilation, |I'y] was small
(0.15540.083) and significantly reduced compared to control
(0.481+0.035; P<0.0001). In contrast, |I';| was significantly
increased by MTX (0.7064+0.092) relative to control
(P=0.0004). FWA was greater than QZc,y. It was only slightly
greater in the NTP condition (27.84+6.2 vs 25.94+6.0 mm Hg;
P=0.036), but was systematically greater than QZc,. in the
control condition (20.34+1.3 vs 17.64+2.3 mm Hg; P=0.005)
and, particularly, in the presence of increased reflections (MTX;
24.2+2.9 vs 15.3£3.0 mm Hg; P=0.024). Time of peak of P;
(trwa) OCcurred approximately at the same time as peak flow
(tamax) only in the presence of minimal reflections (NTP;
difference in the timing=545 ms; P=0.089), but occurred
systematically and progressively later in the presence of normal
(14+£5.5 ms; P=0.005) or increased (MTX; 55+19;
P=0.003) reflections. Similarly, the time integral of the forward
wave (Tlps) was significantly greater than the time integral of
the QZc product (Tlgze), with this difference increasing
progressively from low to high reflection state (Table 1;
P<0.001).

In a step-wise multiple linear regression analysis, 80.8% of
the variability of the difference between FWA and QZc,,,, was
explained by magnitude and phase of the reflection coefficient
at the fundamental frequency, |T'4| (B [standardized B]=7.542
[0.429]; 95% Cl=2.38-12.7; P=0.008), and phase, [04]
(B=0.1300 [0.656]; CI=0.0718-0.188; P<0.001). As much
as 73.6% of the variability in difference between trya and
tamax Was explained by reflection coefficient at the second

harmonic of the fundamental frequency ([I';; B=0.9996
[0.858]; CI=0.0641-0.136; P<0.001), whereas 95% of the
variability in difference between Tl and Tlgz. was explained
by |I'4] (B=4.394 [0.976]; CI=3.80-4.99; P<0.001). This is
consistent with reflection effects at higher harmonics being
responsible for defining features such as peaks and their
timing, whereas lower harmonics have greater contributions
to the overall shape (and time integrals) of waves.

Substudy 2

Figure 3 shows wave separation analysis (WSA) applied to
aortic pressure waveforms from the asymmetric T-tube
modeling study of 3 cases for typical young (top row,
Figure 3A through 3C) and old (bottom row, Figure 3D
through 3F) aortic flow inputs: (1) low and late reflection
(IT1]=0.13; 6;=—95.8 degrees; left column); (2) control (|T'4]
=0.44; 0,=—64.9 degrees; center column); and (3) high and
early reflection (|['1]=0.72; 6,=—45.5 degrees; right column).
With a cardiac period of 0.74 second, the fundamental (first
harmonic) backward wave in the control case arrives 133 ms
later than the fundamental forward wave. In the case of low
and late reflections, this delay is 197 ms, and with high and
early reflections, the delay is 94 ms.

Importantly, the product of aortic flow and aortic charac-
teristic (QZc) was identical across each row, because the
same aortic flow was used as input and Z; was kept constant.
Shaded red regions highlight the portion of P; unexplained by
aortic flow interacting with Z. In the low reflection cases (left
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Table 2. Hemodynamic Variables Expressed as Mean=£SD for n=5 Dogs

NTP Control MTX
n=5 n=5 n=5 P Value

MAP, mm Hg 69.1411 10216 148+13 <0.001*"#
SBP, mm Hg 89.1+14 115416 170+18 <0.001"*
DBP, mm Hg 58.74+11 89.4+15 13113 <0.001* "
PP, mm Hg 30.447.1 25.941.1 38.446.6 0.013"
HR, bpm 166-£7.5 144422 126+9.3 0.003*
€O, L/min 5.08--0.83 3.0840.92 2.53+0.78 0.013%*
SVR, dyn-s/cm® 30674680 64804907 11 15045070 0.004*
Z., dyn-s/cm® 267.9+52.4 238.44-28.9 228.4+43.3 0.3461
T4 0.155+0.083 0.481+0.035 0.706+0.092 <0.001* T
0, (degrees) —63.54+25 —68.7+16 —45.4422 0.2414
FWA, mm Hg 27.8+6.2 20.3+1.3 242429 0.036*
QZCa, MM Hg 25.9+6.0 17.6+2.3 15.3+3.0 0.004**

Pvalue (within-condition), QZCax vs FWA 0.036 0.004 0.024
tewa, MS 59+2.2 65+7.1 121+£22 <0.0017#
tomax MS 54455 51+7.4 66-£5.5 0.006™*

Pvalue (within-condition), trya VS tomax 0.089 0.005 0.003
Tlpr, mm Hg-s 2.97+0.74 3.424+0.14 4.98+0.67 <0.0017#
Tlaze, mMm Hg-s 2.30-£0.56 1.60-£0.22 1.67+0.67 0.104

Pvalue (within-condition), Tlps vS Tlgze 0.003 <0.001 <0.001

Comparisons across conditions were performed by repeated-measures ANOVA. CO indicates cardiac output; DBP, diastolic blood pressure; FWA, forward wave amplitude; HR, heart rate;
MAP, mean arterial pressure; MTX, methoxamine; NTP, sodium nitroprusside; QZc, peak aortic flow multiplied by Zc; R, total peripheral resistance; SBP, systolic blood pressure; trwa, time
at peak of forward wave; tomax, time at peak flow; I'y, global reflection coefficient magnitude at HR.

*P<0.05 for control vs NTP.
'P<0.05 for control vs MTX.
'P<0.05 for NTP vs MTX.

column), peak amplitude of P; (FWA) and QZc,,., were similar.
As indicated by vertical lines at bottom of the figures, the time
to peak amplitude of Ps (trwa) occurred nearly coincident with
time of peak flow (tomax). When solely the distal circulation
was altered to increase the magnitude and decrease the
temporal shift incurred by distal reflections, FWA was
progressively greater in amplitude and occurred much later
than QZcax. Similarly, with increasing reflections, the overall
morphology of P; and QZc became more divergent, and the
time integral of P; was progressively greater than the time
integral of QZc, as indicated by increases in shaded red areas.
Consistent with the dog study and as permitted by wave
transmission theory, P; is dependent upon properties beyond
the aortic root.

Substudy 3

Demographic and clinical characteristics of study subjects are
presented in Table 3. The 10th, 25th, 50th, 75th, and 90th
percentiles of age in the human sample were 49, 54, 62, 66,

and 73 years, respectively. Examples of WSA performed in
the human study are shown in Figure 4. Hemodynamic
characteristics of the study subjects are presented in Table 4.
Mean |I'4] and 0, in this population was 0.44 and —53.1
degrees, respectively. With high reflections (Figure 4A and
4B), as assessed by |I'y|, morphology of P; was more divergent
from that of the flow Zc product (QZc), indicated by the
shaded red regions. Only in minimal reflections (Figure 4C
and 4D) does FWA approximate peak flow interacting with Z.

Dividing the subjects into tertiles of |I'4, the “low”
reflection group had mean |I'4| of 0.33, “intermediate” mean
of 0.44, and “high” mean of 0.54. FWA was not significantly
different than QZc,,x in the low reflection group (50.542.5 vs
49.4+2.7 mm Hg; P=0.091). Consistent with the dog and
modeling studies, in the intermediate and high reflection
groups, the difference was significant and systematically
greater with increased reflections (intermediate: 42.31+1.7 vs
38.0£1.7 mm Hg; P<0.001; high: 41.6£1.8 vs 32.5+1.4
mm Hg; P<0.001). Similarly, peaking of P: (tpwa) occurred
later than peaking of QZc (tqz) in all groups, with the
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Figure 3. Waveforms from asymmetric T-tube modeling of the arterial system with input of a young adult flow waveform (A through C) and
older adult (D through F). Reflection increases from |I'4|=0.14 (left column) to |T'4|=0.42 (center column) to [I'1]=0.70 (right column). The red
shaded region indicates the portion of P; unexplained by aortic flow interacting with Z;. The vertical lines at the bottom of each panel indicate
timing to peak amplitudes of the corresponding line style. All waveforms are shifted to a common origin to directly compare peak amplitudes.

difference in timing to peaks increasing systematically with
increased reflections (low: 12.9+£2.6 ms; P<0.001; interme-
diate: 31.0£3.4 ms; P<0.001; high: 59.6+4.9 ms; P<0.001).
Tlps was systematically greater than Tlgz. and the difference
increased systematically with increased reflections (low:
4.67£0.29 mm Hg-s; P<0.001; intermediate: 6.34+0.27
mm Hg-s; P<0.001; high: 8.56+£0.43 mm Hg-s; P<0.001).
Characteristics of the study subjects within each tertiles of
IT'4| is presented in Table 5.

Dividing the subjects into tertiles of reflection phase angle
(84), which is dependent on the timing of reflections, the late
reflection group had mean 6, of —76.4 degrees, intermediate
mean of —48.4 degrees, and early mean of —34.2 degrees.
FWA was not significantly different than QZc.x in the late
reflection group (45.7£2.5 vs 46.7+2.8 mm Hg; P=0.0569).
Consistent with the dog and modeling studies, in the

intermediate and early reflection groups, the difference was
significant and systematically greater with earlier reflections
(intermediate: 43.6+1.9 vs 38.4£1.8 mm Hg; P<0.001;
early: 45.24+1.9 vs 34.8£1.6 mm Hg; P<0.001). Similarly,
peaking of Ps (tpwa) Occurred later than peaking of QZc (toze)
in all groups, with the difference in timing to peaks increasing
systematically with earlier reflections (late: 12.4+2.8 ms;
P<0.001; intermediate: 29.54+3.5 ms; P<0.001; early:
61.8+4.5 ms; P<0.001). Tlp; was systematically greater than
Tloze and the difference increased systematically with earlier
reflections (late: 4.29+0.25 mm Hg-s; P<0.001; intermedi-
ate:  6.67+0.27 mm Hg-s; P<0.001; high: 8.63+0.42
mm Hg-s; P<0.001).

In a step-wise multiple linear regression analysis (Table 6),
74.3% of the variability in the difference between FWA and
QZchax Was explained by |['s] (P=0.001), 6, (P<0.001), 0,
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Table 3. Clinical Characteristics of Study Subjects in the
Human Substudy

Clinical Sample
n=193
Age, y 62 (54.5-66)
Male sex 178 (92.2)
BMI, kg/m? 29.8 (26.2-33.9)
Hypertension 156 (80.8)
Current smoking 61 (31.6)
Diabetes mellitus 87 (45.1)
Triglycerides, mg/dL 120 (81.0-201.0)
HDL-cholesterol, mg/dL 40 (33-498)
LDL-cholesterol, mg/dL 93 (70.5-116.0)
CAD 83 (43.0)
HF 84 (43.5)
ACE-I use 98 (50.1)
ARB use 24 (12.4)
Beta-blocker use 113 (58.5)
Long-acting nitrate use 24 (12.4)
CCB use 49 (25.4)

Values reported as median (interquartile range) or proportions expressed in percentage.
ARB indicates angiotensin receptor blocker; ACE-l, angiotensin-converting enzyme
inhibitor; BMI, body mass index; CAD, coronary artery disease; CCB, calcium-channel
blocker; HDL, high-density lipoprotein; HF, heart failure; LDL, low-density lipoprotein.

(P<0.001), and 63 (P=0.005). As much as 58.9% of the
variability in difference of timing to peak Pf and peak QZc was
explained by |I',| (P=0.003), |I'5| (P<0.001), and 6 (P<0.001),
whereas 45.9% of the variability in difference of Tlps and Tlgze
was explained by |I'5| (P<0.001) and 0; (P<0.001).

Discussion

In this study, we demonstrated that only in cases of minimal/
delayed reflections does FWA primarily reveal the interaction
between peak aortic flow and proximal aortic diameter/
stiffness. The forward pressure wave is strongly dependent on
rectified reflections, particularly in the setting of elevated
PWV.'®" If interpreted out of context with the hemodynamic
principles of its derivation, the FWA paradigm will mistakenly
amplify the role of the proximal aorta in driving the increase in
FWA. Our findings have important implications for our
understanding of central pulsatile hemodynamics in humans
and their role in health and disease.

The separation of measured pressure and flow into forward
and backward waves inherently assumes a system affected by
wave reflections. Implicit in the derived forward and backward
waves is the occurrence of repeated reflections, such that the
composite forward wave cannot be attributed to simply the

initial (forward traveling) wave set up by the LV ejection.'®3*

The forward wave itself is comprised of backward waves that
are rectified (ie, rereflected) at the heart end, thus becoming
forward-traveling waves, as theoretically considered in the
classic reference dealing with the formal derivation of the
method of wave separation®® and discussed in classic
hemodynamic texts.'*'® Rectified wave reflections result in
the divergence of the forward wave morphology from that of
aortic flow (and from the product of aortic flowxZc),
particularly in late systole and in diastole.'®**3® This is
evident in our dog (Figure 2), T-tube modeling (Figure 3), and
human studies (Figure 4), in which increased reflections
resulted in a: (1) greater FWA relative to the product of peak
flow and Z; (2) later peaking of the forward wave relative to
peak flow; and (3) greater divergence in the morphology of the
forward wave relative to product of flow and Z, resulting in a
greater difference in their pressure-time integrals.”*° The fact
that vasoactive stimulation (NTP, MTX), which primarily
affects the distal circulation, caused variable timing to
peaking of the forward wave relative to time of peak flow
reveals that FWA is a much more complex parameter than
simply peak flow interacting with Z.. Analysis of changes to
the amplitude and morphology of the composite forward wave
as specific indicators of aortic root interactions with peak
aortic flow is thus fraught with misinterpretation,'' 34041
given that the important effect of rectified reflections from the
distal circulation cannot be neglected.

The potential systemic effects of NTP and MTX in dogs may
limit the ability to precisely resolve the primary reasons for
altered forward waves, whether cardiac (eg, HR, cardiac
output) or arterial system in origin.>>*? Therefore, we
complemented our animal experiments with modeling studies
in which HR, stroke volume, and aortic characteristic
impedance (Z;) were kept constant. Tube transit times were
kept constant, to avoid confounding by effects of pulse wave
velocity on the timing of the reflected wave. Only the distal
arterial loads were changed to selectively alter the distal
reflection coefficients. In effect, this is equivalent to main-
taining constant PWV throughout the aorta while altering the
magnitude and timing of waves that come from the peripheral
circulation (eg, waves that come from the iliac arteries and
beyond in the case of the body-end portion of the T-tube).

Dependence of amplitude and morphology of the forward
wave on the distal circulations is clearly demonstrated by T-
tube modeling (Figure 3). When aortic flow and Z, are kept
constant, FWA increases when reflections from the distal
circulation are altered either in intensity or timing. The
morphology of the forward wave also changes because of the
altered distal circulation, becoming broader in width with
increased reflections that rereflect at the heart end and
become forward-traveling waves.'® Although the backward
wave has typically garnered the most attention because it
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Figure 4. Pressure and flow waveforms from a human sample for high reflection ([A] [T'1|=0.57; [B] |T'4|
=0.48) and low reflection ([C] [T'{|=0.42; [D] |T'1|=0.33). The red shaded region highlights portion of P¢
unexplained by aortic flow interacting with Z.. The vertical lines at the bottom of each panel indicate timing
to peak amplitudes of the corresponding line style. All waveforms are shifted to a common origin to directly

compare peak amplitudes.

relates to wave reflections from the distal circulation, the
forward wave emerges as an informative integrated descriptor
of primary waves and rectified wave reflections, rather than a
specific characterization of mismatch between aortic stiff-
ness/geometry and peak systolic flow, as proposed by the
FWA paradigm.'®*?

According to the relation from WSA3*:

Qm (Jw)

Pf(jw) = Zch(jw) = ZCTGOU))

only when the arterial system approaches a reflection-less
system (['g(jow)—0) does the forward pressure wave provide
information primarily about measured aortic flow interacting
with Z. that is independent of wave reflections. In contrast,
during in vivo situations in which reflections are present, the
forward wave is partially composed of rectified reflections.
Indeed, during diastole, when inflow to the arterial system
ceases, aortic pressure is composed of repeatedly rectified
reflections at the closed aortic valve that give rise to the
approximately exponential decay of the forward pressure
wave.** Such effects of wave reflections on the forward wave
naturally extend into the systole, as is clearly demonstrated
by our results: The divergence of the forward wave morphol-

ogy from that of the ejected volume flow of blood from the LV
is the result of rectified reflections.’®*® Consistent with the
modeling substudy, timing of wave reflections, as assessed by
phase of the fundamental harmonic of the reflection coeffi-
cient (04), was the strongest predictor of the difference in
FWA and QZc,,x in both the dog and human substudies. That
is, when significant effects of wave reflections occur earlier,
FWA becomes elevated because of increased amount of
rereflection of backward waves.

Although it is generally accepted that forward traveling
waves are reflected at sites of impedance mismatches as they
propagate along the arterial tree,'*'>323% it is often
overlooked that important impedance mismatches also occur
for backward-traveling waves.'®*° This is particularly true in
the ascending aorta where backward waves will rereflect off
the closed ventricular chamber during systole and the closed
aortic valve in diastole.'®** Therefore, reports of the signif-
icant contributions of FWA to increased PP with advancing
age'" 134941 are not in conflict, but are rather entirely
consistent, with the prevailing view that increased and/or
earlier wave reflections contribute significantly to PP, rather
than presenting a new fundamental mechanism. Interestingly,
not only is P; dependent on the magnitude of wave reflections,
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Table 4. Hemodynamic Characteristics of Study Subjects in
the Human Substudy

Clinical Sample

n=193
Brachial SBP, mm Hg 140 (128, 153)
Brachial SBP >140 mm Hg 92 (47.7)
Brachial DBP, mm Hg 82 (74, 90)

MAP, mm Hg
Central SBP, mm Hg

103 (94, 113)
135 (123, 150)

Central PP, mm Hg 57 (43, 65)
HR, bpm 62 (56, 71)
€O, L/min 5.09 (3.7, 6.5)

SVR, dyn-s/cm®

Z., dyn-s/cm®

FWA, mm Hg

Backward wave amplitude, mm Hg

1627 (1310, 2174)
114 (86, 154)

40.8 (33.5, 51.0)

16.5 (132, 21.3)

I 0.4 (0.36, 0.51)
—48.0 (—64.3, —38.9)

0, (degrees)

Values reported as median (interquartile range) or proportions expressed in percentage.
CO indicates cardiac output; DBP, diastolic blood pressure; FWA, forward wave
amplitude; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; SBP, systolic
blood pressure; I'y, global reflection coefficient magnitude at HR; Z., characteristic
impedance.

but also on its timing. It has been shown that P; becomes
broader and more peaked when PWV is increased for any
given amount of reflection from the peripheries.'®'”*® That
is, when PWV is elevated, there is greater amount of repeated
rereflection of waves such that P; becomes increasingly
altered. P; therefore emerges as an integrative marker of
earlier return of reflected waves (that rereflect as forward-
going waves).

Our study should be interpreted in the context of its
strengths and limitations. Strengths of the present study
include the combination of in vivo experimental data from
dogs, a mathematical model-based study using a validated
model of the arterial system, and an in vivo human study.
Whereas the systemic effects of MTX and NTP in dogs could
not be avoided, such that potentially confounding effects on
HR, LV contrac’cility,42 and smooth muscle tone of the
proximal aorta*® cannot be ruled out to have contributed to
FWA changes, the T-tube model allowed precise control over
modifications to the distal arterial load without changes to the
duration and shape of LV flow ejection as well as Z..
Furthermore, the mathematical formulation of the asymmetric
T-tube model follows precisely the same governing equations
upon which WSA is based. Inclusion of a wide range of clinical
profiles in the human sample also supports generalization of
our results to humans, including older subjects in a clinical

Table 5. Characteristics of Human Study Subjects Divided Into Tertiles by Magnitude of Reflection (]T'4])

Tertile 1 Tertile 2 Tertile 3

n=65 n=64 n=64
Age, y 61 (52, 66) 60 (54, 66) 63 (56, 68)
Male sex 60 (92.3) 60 (93.8) 58 (90.6)
BMI, kg/m? 31.8 (27.3, 37.0) 29.8 (26.7, 32.8) 28.1 (25.0, 30.2)
Hypertension 51 (78.5) 56 (87.5) 49 (76.6)
Current smoking 16 (24.6) 22 (34.4) 30 (46.9)
Diabetes mellitus 31 (47.7) 27 (42.2) 29 (45.3)
Brachial SBP, mm Hg 139 (126, 153) 140 (129, 150) 140 (129, 154)
Brachial SBP >140 mm Hg 32 (49.2) 29 (45.3) 31 (48.4)
Brachial DBP, mm Hg 82 (72, 90) 83 (77, 90) 82 (75, 91)

MAP, mm Hg 103 (91, 115)

103 (95, 112) 104 (95, 115)

Central SBP, mm Hg 131 (116, 148)

135 (124, 146) 141 (127, 156)

Central PP, mm Hg 49 (39, 67)

52 (46, 60) 54 (45, 73)

HR, bpm 70 (65, 78)

60 (55, 67) 59 (53, 66)

SVR, dyn-s/cm® 1410 (1179, 1846)

1637 (1360, 1972) 1879 (1482, 2523)

Z, dyn-s/cm® 124 (103, 199)

115 (91, 143) 104 (75, 137)

|T"4] 0.33 (0.31, 0.36)

0.44 (0.41, 0.47) 0.54 (0.51, 0.57)

0, (degrees) —67.4 (—83.4, —53.0)

—49.0 (-57.7, —39.9) —36.8 (—44.7, —30.7)

Values reported as median (interquartile range) or proportions expressed in percentage. BMI indicates body mass index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial
pressure; PP, pulse pressure; SBP, systolic blood pressure; I'y, global reflection coefficient magnitude at HR; Z., characteristic impedance.
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Table 6. Relationship Between Difference in FWA and QZc .,y
vs Global Reflection Parameters in the Human Substudy

Coefficient (Standardized ) P Value
Model 1 (£=0.747)
|T4| —0.9960 (—0.0162) 0.831
01 (degrees) 0.2620 (0.8684) <0.001
Ty —4.919 (—0.0858) 0.278
0, (degrees) 0.01580 (0.1642) <0.001
T3] 8.885 (0.1909) <0.001
03 (degrees) 0.006278 (0.1075) 0.011
Model 2 (£=0.743)
0, (degrees) 0.2506 (0.8309) <0.001
0, (degrees) 0.01610 (0.1672) <0.001
T3 6.348 (0.1364) 0.005
0 (degrees) 0.006666 (0.1142) 0.001

Iy and 6,, indicate magnitude and phase (degrees) of the nth harmonic of global
reflection coefficient, respectively. FWA indicates forward wave amplitude; QZc .y, peak
aortic flow multiplied by Zc.

sample, among whom pulsatile hemodynamics is a highly
relevant problem. The high consistency in our findings and
conclusions across animal, modeling, and human substudies
is an important aspect of our study, which increases
confidence in our conclusions.

Limitations of our study include the use of carotid
tonometry to obtain a surrogate of aortic pressure waveforms
in our human substudy. However, carotid tonometry is a
widely accepted method for central hemodynamic assess-
ments in humans® and is the same method used in previous
studies that assessed the FWA paradigm.’ ™" The majority of
the subjects in the human study were males attributable to
the demographics of the veteran patients at Veterans Affairs
Medical Centers (predominance of males). However, our study
addresses the hemodynamic determinants of the forward
wave, and sex is not expected to play a major role. The nature
of the dog experiments involving open-chest procedures and
anesthesia may blunt intact physiological control systems,
such that MTX- or NTP-induced LV ejection waveforms may
not be representative of long-term adaptation to altered
vascular loads as it occurs in humans. We did not assess the
potential differences in rectified reflections in men versus
women or in male versus female dogs. The potential role of
sex on rectified reflections and their impact on FWA should be
the focus of future research. Similarly, the role of rectified
reflections in FWA in specific clinical conditions (such as
systolic hypertension and heart failure) should be the focus of
future research. Despite some limitations of the individual
substudies, the high consistency of the findings across animal
experiments, modeling studies, and human observations

clearly demonstrated that the forward wave should not be
interpreted simply as the initial incident wave set up by the
contracting LV interacting with aortic root Z;, given that
rectified wave reflections clearly influence the forward wave
amplitude and morphology.

Our dog experimental study, mathematical model-based
study, and human study consistently demonstrate that FWA
and morphology are dependent on properties beyond proximal
aortic properties and peak aortic flow. Distal arterial proper-
ties influence the forward wave by rectified reflections. In light
of the clarified role of the distal circulation in modifying
forward waves, the FWA paradigm therefore reinforces the
prevailing view that prominent/earlier wave reflections with
advancing age are significant determinants of elevated PP,
rather than proposing a new fundamental mechanism. If
interpreted out of context with the hemodynamic principles of
the derivation of wave separation analysis, the FWA paradigm
inappropriately amplifies the role of the proximal aorta and
underestimates the role of wave reflections on PP.
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