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Abstract

Background: Pulse wave velocity (PWV) is commonly reported as a single value despite
pressure-dependent arterial wall mechanics. We investigated whether associations be-
tween model-derived local PWV and constitutive parameters differed between diastolic
and systolic loading. Methods: In this secondary analysis, previously collected abdominal
aortic pressure and diameter measurements from 30 healthy participants were combined
with a nonlinear constitutive model to identify c, ki, and k2. Local PWV was calculated
from model-derived incremental stiffness using the Moens—Korteweg formulation. Mul-
tivariable regression and generalized estimating equations evaluated pressure-specific as-
sociations and interactions. Results: Model-derived local PWV was approximately 58%
higher at systolic than at diastolic pressure. The pressure-by-logio(k2) interaction was sta-
tistically significant (B = —2.57; 95% CI, —3.88 to —1.25; false discovery rate [FDR]-adjusted
p < 0.001). After FDR correction, k1 and logio(k2) remained associated with local PWV at
diastolic pressure, whereas only logi(k2) remained associated at systolic pressure. Sensi-
tivity and robustness analyses supported the principal finding. Conclusions: Model-de-
rived local PWV varied with arterial loading, and its relationship with the constitutive
parameters differed between diastolic and systolic conditions. Within this modeling
framework, local PWV should be interpreted in relation to the pressure at which it is eval-
uated. Evaluation against independent PWV measurements in larger, more diverse pop-
ulations is warranted.

Keywords: abdominal aorta; arterial stiffness; constitutive modeling; pressure
dependence; pulse wave velocity; vascular biomechanics

1. Introduction

The aorta contributes to cardiovascular function by buffering the pulsatile output of
the heart and maintaining peripheral perfusion. This Windkessel function depends on the
mechanical properties of the arterial wall. Progressive stiffening of the large arteries is a
characteristic of vascular aging and is associated with cardiovascular morbidity and mor-
tality [1-3].
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Pulse wave velocity (PWV) is widely used as a surrogate measure of arterial stiffness
and can be assessed over arterial pathways of different lengths and anatomical composi-
tion. Carotid—femoral PWV (cfPWV) is the established regional measure of aortic stiffness
and provides prognostic information based on pulse transit along the carotid—femoral
pathway [4,5]. Global aortic pulse wave velocity (gPWV) has been proposed to character-
ize stiffness over a more extensive aortic pathway and has been investigated in relation to
cardiovascular risk characteristics and cardiac function [6,7]. Brachial-ankle PWV
(baPWYV), which is widely used in Asia, includes contributions from both central elastic
and peripheral muscular arteries [8]. Local pressure-resolved PWV differs from these
transit-based measures by characterizing site-specific arterial behavior across a physio-
logical pressure range. These measures interrogate different vascular segments and de-
pend on different acquisition and computational assumptions; they should therefore be
regarded as complementary rather than interchangeable.

Arterial wall mechanics are nonlinear and depend on loading conditions. As pressure
increases during the cardiac cycle, the mechanical response of the arterial wall changes,
resulting in a pressure-dependent increase in stiffness [9-11]. Consequently, PWV is not
solely a fixed property of the arterial wall but also depends on the pressure at which it is
evaluated. Measurements obtained under prevailing hemodynamic conditions may there-
fore provide limited information about local variations in wall mechanics across the phys-
iological pressure range.

Biomechanical modeling provides an opportunity to examine local arterial mechan-
ics across this pressure range. Constitutive models combined with inverse parameter es-
timation from in vivo pressure-radius data can characterize arterial wall properties and
pressure-dependent stiffness [12-15]. Previous studies using the present cohort and mod-
eling framework examined material parameters, wall stress, stiffness, and load-bearing
behavior in the human abdominal aorta [16-19]. However, these studies did not investi-
gate how the previously characterized wall mechanics are expressed as model-derived
local PWV across the physiological pressure range. Pressure-dependent stiffness obtained
within this framework can be incorporated into different PWV formulations, but it re-
mains unclear how the resulting PWV estimates vary with pressure and computational
method and whether their associations with the constitutive material parameters differ
between loading conditions.

The aim of this secondary analysis was therefore to characterize pressure-resolved
model-derived local PWV in the abdominal aorta and to compare estimates obtained us-
ing different computational formulations. We further examined whether associations be-
tween local PWV and the constitutive material parameters differed between diastolic and
systolic loading conditions. We hypothesized that model-derived local PWV would vary
across the physiological pressure range and between computational formulations and that
its associations with the constitutive parameters would depend on loading condition.

2. Material and Methods

2.1. Ethics Approval and Informed Consent

The original study was approved by the Ethics Committee of Lund University, Swe-
den (Dnr LU457-90; 17 April 1991). All participants provided written informed consent in
accordance with the Declaration of Helsinki.

2.2. Study Design and Participants

This study was a secondary analysis of previously collected pressure-diameter data
from the infrarenal abdominal aorta. Thirty healthy volunteers were included: 15 men and
15 women aged 2372 years. Recruitment was stratified by age and sex, with five men and
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five women in each of three age groups: young (23-30 years), middle-aged (41-54 years),
and elderly (67-72 years).

Participants reported being healthy, taking no regular medication, and having no
history of cardiopulmonary, cerebrovascular, or peripheral vascular disease. None re-
ported a family history of aortic aneurysmal disease, all were nonsmokers, and all had an
ankle-brachial index of at least 1.0. None of the women used hormone replacement ther-
apy [16].

All 30 participants from the original cohort had the required pressure-radius data
and were included in the present secondary analysis; no participant-level dataset was ex-
cluded. The dataset has previously been used to investigate arterial wall material proper-
ties, stiffness components, wall stress, load-bearing behavior, and methodological perfor-
mance [16-19]. The present analysis used the same measurements to address a distinct
outcome: pressure-resolved model-derived local PWV. Comprehensive individual partic-
ipant data are provided in Supplementary File S1 (S-File01).

2.3. Data Acquisition and Signal Processing

Simultaneous recordings of infrarenal abdominal aortic diameter and local intra-aor-
tic pressure were obtained for each participant. Pulsatile diameter changes were measured
noninvasively using ultrasound echo tracking, whereas intra-aortic pressure was rec-
orded invasively using a catheter-based system. The measurement protocol, calibration
procedures, and technical performance of the pressure and diameter recordings have been
described previously [16,17]. The reported intraobserver coefficients of variation were 5%
for static aortic diameter and 16% for pulsatile diameter change.

The pressure and radius signals were processed according to the previously estab-
lished procedure [13]. Both signals were filtered using a zero-phase, fourth-order Butter-
worth low-pass filter with a cutoff frequency of 15 Hz and temporally aligned using an
autoregressive model to correct for the offset between the measurement systems. For each
participant, average pressure and radius cycles were calculated from 8-10 cardiac cycles.
No individual cardiac cycle was excluded. The resulting average pressure-radius loop,
which was used for parameter identification, is illustrated in Figure 1A.

2.4. Mechanical Modeling and Parameter Identification

Arterial wall mechanics were evaluated using the previously developed Pressure-
Induced Material Parameter framework. Detailed descriptions of the constitutive equa-
tions, parameter-identification algorithm, and numerical validation have been published
previously [12-15]. Briefly, the infrarenal abdominal aorta was represented as a homoge-
neous, incompressible, thin-walled cylindrical membrane. Equilibrium-based circumfer-
ential and axial stresses were calculated from the measured pressure-radius relationship
and estimated wall geometry. The nonlinear mechanical response of the arterial wall was
represented using a two-family Holzapfel-Gasser-Ogden strain-energy formulation.

The model included six subject-specific parameters: the isotropic material parameter
c; the anisotropic material parameters k1 and kz; the mean fiber angle f; the unloaded ra-
dius RO; and the in situ axial stretch A.. The parameters were identified by minimizing the
discrepancy between equilibrium-based and constitutively calculated circumferential and
axial stresses over the averaged pressure-radius loop. The parameter-identification prob-
lem was solved using constrained nonlinear optimization. A schematic overview of the
analysis workflow, including parameter identification and PWV estimation, is shown in
Figure 2.
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Figure 1. Illustration of signal computation. (A) From the acquired time-dependent pressure and
radius data from cardiac cycles, an averaged pressure-radius loop can be formed. The average pres-
sure-radius loop is utilized by the parameter identification process to produce the fitted stress-
stretch-curve. The derivative of the stress-stretch-curve yields stiffness. (B) The stiffness is employed

in the computation of a time-varying PWV that covers the cardiac cycle.
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Figure 2. Conceptual workflow for pressure-resolved estimation of pulse wave velocity.
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Data from in vivo measurements are processed and used in an established inverse
modeling framework to obtain pressure-dependent arterial wall mechanics. The present
study extends this framework by computing PWV as a continuous function of pressure
and analyzing its association with model-derived wall-mechanical descriptors and rele-
vant covariates. This workflow illustrates the distinction between the previously estab-
lished wall-mechanical parameter identification and the new PWV-focused analysis per-
formed in the present study.

2.5. Calculation of Pressure-Resolved Predicted Local PWV

Using the identified model parameters, circumferential wall stress was calculated as
a function of pressure using Equation (4) in Table 1, and circumferential stiffness was de-
fined as the incremental modulus according to Equation (3). Stiffness was evaluated con-
tinuously across the physiological pressure range and subsequently used to predict pres-
sure-resolved local PWYV in the infrarenal abdominal aorta. This predicted measure is
hereafter referred to as model-derived local PWV.

As the primary method, model-derived local PWV was calculated using the Moens—
Korteweg formulation given in Equation (8) in Table 1. Wall thickness was estimated from
cross-sectional area relations as previously described [16]. This formulation allowed local
PWYV to be evaluated as a continuous function of pressure throughout the cardiac cycle.
For each participant, PWV was extracted at diastolic blood pressure, systolic blood pres-
sure, and intermediate pressure levels across the physiological pressure range. Model-
derived local PWV at diastolic and systolic blood pressure was denoted PWVbsr and
PWVssp, respectively.

For comparison, PWV was also calculated using the Bramwell-Hill formulation
given in Equation (11) in Table 1. Changes in aortic volume were derived from the meas-
ured diameter changes assuming cylindrical geometry. Estimated PWV based on age and
blood pressure was calculated using the corresponding equation in Table 1. Throughout
the manuscript, PWVuk denotes model-derived local PWYV calculated using the Moens-
Korteweg formulation, PWVsu denotes PWYV calculated using the Bramwell-Hill formu-
lation. ePWV denotes estimated PWYV calculated from age and blood pressure according
to Equation (10) in Table 1. A single equation was applied consistently across the cohort
to provide a uniform age- and blood pressure-based comparator and to avoid introducing
threshold-related discontinuities in age-dependent analyses. The complete calculation
workflow is illustrated in Figure 2.

Table 1. Formulas used in the calculation of pulse wave velocity.

Eq. Measure Formula Variables
T
1 Mean arterial pressure MAPauc = % i f P(t)de E’S:)jblood pressure (Pa). t: time (s). T: duration of one cardiac cycle
0
Circular luminal area assumed. The unit for DC is 10/kPa. A:
Distensibility coefficient, DC: end diastolic lumen area (mm?). AA: pulsatile lumen area (mm?),
’ the relative increase in arterial _ AA . 1 _ 2D4AD + AD? calculated as AA = n(D2 — D3)/4 where D; and D, are the in-
luminal area for a given in- AP A APD,?  ternal diameters (mm) in systole and diastole, respectively. AP:
crease in pressure * local pulse pressure (kPa). AD: pulsatile diameter (mm). AD?*:
squared pulsatile diameter (mm?).
Incremental elastic modulus,
3 Einc: approximated by cir- ES =S, = dag The unit for Ej,. is kPa. The superscript S indicates circumferen-
cumferential stiffness, Sgg inc =200 7 92 tial stiffness, Sgg-

(marked by the superscript S)
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¢, ki, k2, B, Az: identified model parameters. I: invariant. Ae: cir-
cumferential stretch.

The unit for Ep is kPa. It represents the pressure change associ-

5 Peterson pressure-strain elas- Ep = % ated with an increase in relative luminal area. Dy and D, are
tic modulus, Ep * (Ds — d)/ Dy the systolic and diastolic diameters, while P; and P, are the sys-
tolic and diastolic blood pressures, respectively.
Static elastic modulus, Ef,
based on the Pet -
ase on. ere .erson pres P 2r h: wall thickness (m). r: radius (m). Both are measured in the ves-
6 sure-strain elastic modulus Ejpe = - Ep sel during diastole
(marked by the superscript P) 8 '
*
Time-ind dent elasti
nig::le 111115 z)tzrtlic;mEeG as‘:lcas os Ap: end-diastolic luminal area (mm?). DC: distensibility coeffi-
u ’ inc’ - . .
. mer 1+ Ap_ cient. WCSA: wall cross-sectional area (mm?), calculated as
7 timated from geometrical EG =3 WCSA 2 .
easurements (marked b inc DC WCSA = 7T(De2 — D; )/4-, where D, and D; are the outer and in-
measurements (mar
. . Y ner diastolic diameters, respectively.
the superscript G)
PWYV (m/s), p: blood density (1060 kg/m?), h: wall thickness, r: in-
ner radius, Ej,¢: incremental elastic modulus. PWVwuk was used
with different estimates of Ej,., producing a local aortic PWV for
Pulse wave velocity accord- E h the abdominal aorta. Wall thickness & can be obtained from esti-
8 ing to the Moens-Korteweg PWVyk = ch mated arterial cross-sectional area A.,, defined as A., = 2nrgh ,
rp

equation, PWVumk

according to formulas for the abdominal aorta in males and fe-
males from [16]: A = 19.60 + 0.80 * age (males) and A, =
20.52 + 0.56 * age (females), with age is in years and A, in
mm?.

Mean pulse wave velocity,

T

9 MPWVS,, mPWVyy = % * J- PWV§kdt T:duration of one cardiac cycle (s).
i
ePWV = 462 —0.13+  age: age (years). MAP = 0.42 * PP+ DBP (mmHg), where PP is

10 Estimated pulse wave veloc- age + 0.0018 x age®? +  pulse pressure and DBP is diastolic blood pressure. ePWV was

ity, ePWV 0.0006 * age * MAP +  calculated from age and brachial blood pressure according to

0.0284 « MAP Greve et al. [20].

Pulse wave velocity accord- 1

11  ing to the Bramwell-Hill PWVgy = DC: distensibility coefficient. p: blood density (1060 kg/m?).

equation, PWVsu

+DC=*p

* Formulas taken from [3].

2.6. Statistical Analysis

Continuous variables are presented as mean + standard deviation (SD). Distributions

were assessed visually and using the Shapiro-Wilk test. Because k2 was right-skewed (p <

0.001), loguo(kz2), which did not deviate significantly from normality (p = 0.189), was used

in the primary regression analyses.

Age- and sex-group differences in pressure-resolved model-derived local PWV were

evaluated using two-way analysis of variance, supplemented by general linear models,

for the comparisons presented in Supplementary File 52 (S-File02), Table S2.1. Associa-

tions between the constitutive parameters and model-derived local PWV were assessed

using Pearson correlations, with Spearman rank correlations used as a distribution-free

sensitivity analysis.

Separate multivariable linear regression models were constructed for model-derived

local PWV at diastolic pressure, PWVbsr, and systolic pressure, PWVssp, with ¢, ki, and

logio(kz2) entered simultaneously as explanatory variables. Unstandardized regression co-

efficients with 95% confidence intervals and p-values were reported, together with R? and
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adjusted R2. Variance inflation factors and tolerance were used to assess collinearity, and
regression assumptions were evaluated using residual diagnostics.

Differences in parameter-PWV associations between diastolic and systolic loading
conditions were tested using generalized estimating equations with robust standard er-
rors, accounting for the two PWV observations within each participant. The model in-
cluded pressure level, c, ki, logio(kz), and the interaction between pressure level and each
material parameter.

The pressure-dependent increase in PWV was defined as APWV = PWVszr - PWVpsr
and analyzed using multivariable linear regression with ¢, ki, and logio(kz) as explanatory
variables.

Sensitivity analyses included comparison of models using k2 and logio(kz2) and assess-
ment of the association between logio(kz) and PWVssr after adjustment for age and sex.
Robustness of the PWVszr and APWV models was assessed using nonparametric boot-
strap resampling with 3000 iterations and leave-one-out analyses. Bootstrap-derived 95%
confidence intervals were calculated for the regression coefficients, and potentially influ-
ential observations were evaluated using Cook’s distance.

The Benjamini-Hochberg false discovery rate procedure was applied jointly to the
following 12 tests: the three material-parameter coefficients in each of the PWVpsr, PWVszp,
and APWV models and the three parameter-by-pressure interaction terms. Unadjusted
and FDR-adjusted p-values are reported.

The regression analyses were exploratory. Because the constitutive parameters, pres-
sure-dependent stiffness, and model-derived local PWV arose from the same pressure-
radius data and modeling framework, associations were interpreted as descriptive rela-
tionships among internally related model outputs rather than as independent causal ef-
fects. All tests were two-sided, with p <0.05 considered statistically significant.

2.7. Software

All signal processing, mechanical modeling, and PWV calculations were performed
using MATLAB version 8.4 (R2014b;MathWorks, Natick, MA, USA). Statistical analyses
were performed using IBM SPSS Statistics version 26 (IBM Corp., Armonk, NY, USA) and
Python version 3.12.15. Python-based analyses used pandas version 2.2.2, NumPy version
1.26.4, SciPy version 1.13.1, statsmodels version 0.15.0, and scikit-learn version 1.5.1.
Leave-one-out analyses and Benjamini-Hochberg false discovery rate corrections were
performed in Python.

3. Results
3.1. Study Population and Model Parameters

All 30 participants, comprising 15 men and 15 women, were included in the present
analysis; no participant was excluded. Participant characteristics are summarized in Table
2, and individual participant data are provided in S-File01. The six identified model pa-
rameters, ¢, ki1, k2, §, RO, and A:, are presented in Table 3. No statistically significant differ-
ences in these parameters were observed between men and women.

Table 2. Characteristics of the study population.

Age (Years) Height * (cm) Weight * (kg) BMI * (kg/m?) BSA * (m?)
Men
Young (1 =>5) 248+1.9 177.4+10.1 71.4+8.6 22.6+0.8 1.87+0.17
Middle-aged (n =5) 47.6+5.0 180.0+£6.2 1 84.0+9.51t 259 +1.9% 2.05+0.15t
Elderly (n=5) 69.6+1.5 181.6 £5.3 87.2+123 26.3+2.5 2.09+0.17
Women
Young (1 =>5) 25.4+2.8 1708 +7.1 f 59.0 + 8.4f 202+1.7% 1.67+0.15 %
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Middle-aged (1 =5) 492+3.2 170.4 £5.0 67.0+9.6 232+42 1.78 £0.11
Elderly (n =5) 68.8+2.0 170.4 + 8.0 64.6 +8.0 22.3+3.1 1.75+0.12

Data are presented as mean + SD. Unless otherwise indicated, values are based on five participants

per sex and age group. * Weight, height, body surface area, and body mass index were unavailable
for two middle-aged men and one young woman; no missing values were imputed. + Based on three
participants. t Based on four participants. No formal statistical comparisons were performed. BMI,
body mass index; BSA, body surface area. Modified from [17,18]. Licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/, accessed on 13 March 2026).

Table 3. Model parameters.

Model Parameters Male Female

¢ (kPa) 131.50 +90.00 101.65 + 63.75
k1 (kPa) 14.18 +20.94 8.64 +10.00

k2 (-) 196.76 + 264.22 134.95 + 175.15
B(°) 42.38 +4.38 42.31 +3.82

RO (mm) 7.80+1.78 6.77 +1.23

Az (-) 1.03 +0.02 1.03 +0.02

Data are mean + SD. No statistically significant differences were observed between men and women
for any of the six model parameters [17,18]. Licensed under CC BY 4.0 (https://creativecom-
mons.org/licenses/by/4.0/, accessed on 13 March 2026).

3.2. Effects of Pressure Level and Computational Formulation

PWYV estimates differed according to pressure level and computational formulation
(Figure 3). Model-derived local PWV calculated using the Moens-Korteweg formulation
was approximately 58% higher at systolic than at diastolic pressure. PWVumx at systolic
pressure was significantly higher than PWVwx at diastolic pressure, whereas PWVuxk at
diastolic pressure was numerically similar to PWVsu and ePWYV. Detailed comparisons
are provided in S-File02.

Comparison of PWV estimation methods

* Error bar: 95% ClI for group means

PWV (mis)

SBP DBP BH ePWV

Category

Figure 3. Comparison of pulse wave velocity estimates obtained using different computational for-
mulations and pressure levels. Model-derived local PWYV calculated using the Moens-Korteweg
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formulation (PWVwux) at diastolic blood pressure (DBP) and systolic blood pressure (SBP) is com-
pared with PWV calculated using the Bramwell-Hill formulation (PWVsu) and estimated PWV
(ePWYV). Bars represent group means, and error bars indicate 95% confidence intervals. PWVux at
SBP was significantly higher than PWVuk at DBP (* p < 0.05), whereas PWVuk at DBP yielded values
similar to PWVsn and ePWYV at the group level. Detailed comparisons are provided in Supplemen-
tary file S2 (S-File02).

3.3. Pressure Dependence Across Age and Sex Groups

Model-derived local PWV increased with pressure in both sexes and across all three
age groups (Figure 4). At diastolic pressure, PWV ranged from approximately 5.1 m/s in
young men to 10.0 m/s in elderly men and from 5.6 m/s in young women to 8.8 m/s in
elderly women. Absolute PWV values showed an age-related pattern, with significant dif-
ferences between the young and elderly groups as indicated in Figure4 and Supplemen-
tary File S2 (S-File02).

A. Young (23-30 yr) B. Middle (41-54 yr) C. Elderly (67-72 yr)
20.0 7 ‘male n=5 O Male 71 Malen=5 T T  Mmale n=5
Female n=5 Female n=5 Female n=5
O Female
17.5 . .
I 95% Cl
— 15.0 A - .
2
E )
S 125 1 - .
=
o
10.0 A~ - -
7.5 4 - .
5.0 - .
T T T T T T
60 100 140 60 100 140 60 100 140
Pressure (mmHg) Pressure (mmHg) Pressure (mmHg)

Figure 4. Pressure dependence of model-derived local pulse wave velocity in men and women
across age groups. Model-derived local PWV calculated using the Moens—Korteweg formu-
lation is shown at group mean diastolic blood pressure, 100 mmHg, and group mean sys-
tolic blood pressure for young, middle-aged, and elderly participants. Circles denote men
and squares denote women; values are means with 95% confidence intervals (1 =5 per sex
and age group). Lines connect pressure levels for visual guidance. Superscripts a and b
indicate p < 0.05 for young versus elderly participants among men and women, respec-
tively. Gray areas indicate the diastolic and systolic blood pressure ranges. Group com-
parisons are provided in Supplementary File S2 (S-File02).

3.4. Correlation Analyses

The strongest correlations with model-derived local PWV were observed for c at di-
astolic pressure and for loguo(kz) at systolic pressure. The isotropic parameter ¢ was
strongly correlated with PWVbpsp (r = 0.900), whereas logio(k2) showed the strongest corre-
lation with PWVsep (r = 0.921). The pressure-dependent increase in PWV was also strongly
correlated with logio(k2) (r = 0.863). Corresponding Spearman rank correlations are pro-
vided in Supplementary File 54 (S-File04, Table 54.4).
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3.5. Associations Between Material Parameters and Model-Derived Local PWV

In the multivariable model for PWVbsr, ¢, ki, and logio(kz2) were statistically associated
with the outcome before correction for multiple testing (Table 4). After FDR correction,
the associations remained statistically significant for k1 and logio(kz), but not for ¢ (FDR-
adjusted p = 0.065). The model had R?=0.933 and adjusted R2?=0.925.

Table 4. Exploratory associations between pressure-resolved model-derived local PWV and consti-

tutive material parameters.

Analysis Term B 95% CI p FDR-Adjusted p R?  Adjusted R?
PWVbsp c 0.007 0.001 to 0.013  0.033 0.065 0.933 0.925
k1 0.042 0.026 to 0.058  <0.001 <0.001
logio(k2) 2.167 1.493t02.841 <0.001 <0.001
PWVssp C 0.013 -0.007 to 0.032  0.190 0.285  0.870 0.855
ki1 0.023 -0.028t0 0.073  0.371 0.407
logio(k2) 4.736 2.576t0 6.895 <0.001 <0.001
GEE interactions ¢ x pressure level -0.006 -0.017t0 0.005  0.296 0.395
ki x pressure level 0.019 -0.004 to 0.042  0.103 0.177
loguo(kz) x pressure level -2.569  -3.884 to-1.253 <0.001 <0.001
APWV c 0.006 -0.010t0 0.023  0.460 0.460 0.754 0.725
k: -0.019 -0.063 t0 0.024  0.373 0.407
logio(k2) 2.569 0.723 to 4414  0.008 0.020

B, unstandardized regression coefficient; CI, confidence interval; FDR, false discovery rate; GEE,
generalized estimating equation; PWYV, pulse wave velocity. ¢ and ki are expressed in kPa. Systolic
pressure was the reference level in the GEE model; the interaction coefficients therefore represent
the difference in slope at diastolic relative to systolic pressure. The Benjamini—-Hochberg procedure
was applied jointly to the 12 material-parameter and interaction tests. R? and adjusted R? are re-
ported for the ordinary least-squares models only. Coefficients describe associations within the

shared modeling framework and should not be interpreted as independent mechanistic effects.

In the model for PWVssr, logio(kz2) was statistically associated with the outcome (B =
4.736; 95% CI, 2.576-6.895; p < 0.001; FDR-adjusted p < 0.001), whereas ¢ and k1 were not.
The model had R? = 0.870 and adjusted R? = 0.855 (Table 4). The complete multiplicity-
adjusted results are provided in Supplementary File S3 (S-File03).

The generalized estimating equation analysis showed a statistically significant inter-
action between pressure level and loguo(kz) (B = —2.57; 95% CI, -3.88 to —1.25; p < 0.001;
FDR-adjusted p < 0.001), indicating that the association between logio(kz) and model-de-
rived local PWV differed between diastolic and systolic loading conditions. The corre-
sponding pressure-by-parameter interactions were not statistically significant for ¢ (p =
0.296; FDR-adjusted p = 0.395) or k1 (p = 0.103; FDR-adjusted p = 0.177) (Table 4).

3.6. Pressure-Dependent Increase in PWV

The pressure-dependent increase in model-derived local PWV, APWV, was 4.30 +
2.90 m/s. In the multivariable model, logio(kz) was statistically associated with APWV (B =
2.57; 95% C1, 0.72—4.41; p = 0.008; FDR-adjusted p = 0.020), whereas c (p = 0.460) and k1 (p =
0.373) were not. The model had R? =0.754 and adjusted R? = 0.725 (Table 4).

3.7. Sensitivity and Robustness Analyses

Adjustment for age and sex did not materially alter the principal PWVssr result. In
the adjusted model, logio(kz) remained statistically associated with PWVssr (B = 3.59; 95%
Cl, 0.98-6.20; p = 0.009), whereas age (p = 0.075) and sex (p = 0.592) were not statistically
significant. Detailed sensitivity and diagnostic results are provided in Supplementary File
S3 (S-File03).
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Bootstrap-derived 95% confidence intervals for logio(k2) excluded zero in both the
PWVssr model (2.68-7.13) and the APWV model (1.00-4.35). The associations remained
statistically significant in all 30 leave-one-out iterations for both outcomes. Cook’s dis-
tance identified potentially influential observations, but omission of any single participant
did not remove the statistical significance of the associations. Detailed robustness results
are provided in Supplementary File 54 (S-File04).

4. Discussion
4.1. Principal Findings

Model-derived local PWV was pressure-dependent, with higher values at systolic
than at diastolic pressure. The principal finding was that its relationship with the consti-
tutive material parameters varied with arterial loading conditions. In particular, the
stronger association with logio(kz) at systolic pressure and the corresponding pressure-by-
parameter interaction indicate a pressure-specific relationship between local PWV and ar-
terial wall mechanics. Within the present modeling framework, local PWV should there-
fore be interpreted in relation to the pressure at which it is evaluated, rather than as a
pressure-independent measure of arterial wall behavior.

4.2. Pressure Dependence and PWV Estimation Approaches

The pressure dependence of model-derived local PWYV is consistent with the nonlin-
ear mechanical behavior of the arterial wall [2,3,10]. As pressure increases, the wall is eval-
uated at a higher point on its nonlinear stress—strain relationship, where incremental stiff-
ness is greater [2,10]. Variation in local PWV over the cardiac cycle therefore reflects the
response of the same arterial wall under different loading conditions rather than a change
in its material constitution. This distinction is important when PWV estimates obtained at
different pressures are compared or interpreted as measures of arterial stiffness [2,3].
More broadly, PWV may reflect dynamic changes in local vascular homeostasis and the
interaction between arterial properties and systemic physiological conditions, rather than
arterial wall stiffness alone [21].

Consistent with the pressure dependence of PWVumx, estimates at systolic pressure
were higher than those at diastolic pressure. PWVuk at diastolic pressure yielded esti-
mates that were similar to PWVsn and ePWV at the group level. However, these observa-
tions should not be interpreted as evidence of interchangeability between methods.
PWVuk was derived from model-based incremental stiffness at a specified pressure [2,3],
PWVsH from the measured pressure—diameter relationship [4], and ePWV from age and
blood pressure. Single-value estimates may therefore not capture the full pressure-de-
pendent variation in PWVuk. Without an independently measured local PWV reference,
the present data do not permit conclusions regarding validation between these ap-
proaches.

4.3. Pressure-Specific Associations with Material Parameters

The association between model-derived local PWV and logio(k2) is consistent with the
nonlinear and anisotropic behavior represented by the constitutive model [10,16]. In this
formulation, k2 governs the exponential increase in the fiber-related contribution to wall
stress with increasing deformation [10]. The significant pressure-by-logio(kz) interaction
indicates that this association varied with loading. The stronger association at systolic
pressure may reflect an increasing influence of anisotropic wall mechanics, consistent
with observations that collagen-related contributions to aortic wall stiffness become more
prominent as pressure and distension increase [9,16]. However, because loguo(kz) is a
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model parameter rather than a direct measure of collagen behavior, this interpretation
does not establish a specific microstructural mechanism.

At diastolic pressure, local PWV was associated with a broader combination of con-
stitutive parameters. After FDR correction, the associations with ki and loguo(k2), but not
with ¢, remained statistically significant. This may indicate that PWV at lower loading is
related to several aspects of the constitutive response, whereas the systolic association
pattern was more specific to logio(kz). Joint parameter identification and collinearity be-
tween ¢ and logio(k2), however, limit their statistical and mechanistic separation.

5. Methodological Considerations

The interaction analysis compared parameter associations between diastolic and sys-
tolic loading within the same participants. The significant pressure-by-logio(k:) interaction
therefore indicates a systematic change in the association across loading conditions. This
contrast should be interpreted within the shared mathematical framework from which the
constitutive parameters, wall stiffness, and model-derived local PWV were derived. The
interaction remained significant after correction for multiple testing. In separate comple-
mentary analyses, the association between logio(kz) and PWVssr remained significant after
adjustment for age and sex, while rank-based analyses supported the associations of
logio(kz) with both PWVssr and APWYV. Because the logio(kz) coefficient in the APWV model
reflects the corresponding difference between systolic and diastolic associations, boot-
strap and leave-one-out analyses of the APWV model provided complementary infor-
mation on the stability of this contrast.

The thin-walled membrane model neglects transmural stress gradients. Although
this may affect absolute stress distributions, previous work indicates that key functional
outputs, including stiffness and load-bearing behavior, are adequately captured under
physiological conditions [19]. From a methodological perspective, reporting model-de-
rived local PWV at a defined pressure, or across a physiological pressure range, may be
more informative than reporting a single value without an explicit pressure reference.

Established regional and global PWV measures currently have greater clinical rele-
vance than the present model-derived local approach. However, they characterize pulse-
wave propagation over longer vascular pathways and do not provide the same pressure-
resolved information about local abdominal aortic wall behavior. The present approach
should therefore be regarded as complementary rather than interchangeable with regional
cfPWV or gPWV. Whether pressure-resolved local PWV provides incremental physiolog-
ical or clinical information requires direct comparison with these established measure-
ments [3,6-8].

6. Limitations

The small sample of healthy participants limits precision and generalizability, partic-
ularly to individuals with cardiovascular disease, while the historical data limit their use
as contemporary reference values. The analysis was restricted to the abdominal aorta, and
local abdominal aortic PWV is not interchangeable with regional carotid—femoral PWV.
Uncertainty in ultrasound-derived diameter measurements may propagate to derived
stiffness and local PWYV, although synchronized pressure recording, signal alignment, fil-
tering, and cycle averaging reduced random variability. Interobserver and repeat-acqui-
sition reproducibility data were unavailable from the original study and therefore could
not be assessed in this secondary analysis. The model does not account for active smooth
muscle tone or viscoelasticity, and absolute PWV estimates may depend on arterial geom-
etry, estimated wall thickness, the constitutive model, and the PWV formulation. Arterial
wall thickness was not measured directly but estimated from age- and sex-specific
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relationships, which may have influenced the estimated material parameters and pres-
sure-resolved PWV values.

The constitutive parameters, wall stiffness, and model-derived local PWV were de-
rived from the same pressure-radius data and are mathematically coupled; hence, high
correlations and coefficients of determination do not represent independent predictive
performance. Collinearity between ¢ and logio(k:) further limits separation of their associ-
ations. Cook’s distance identified potentially influential observations. Although leave-
one-out analyses supported internal stability, external validation against an inde-
pendently measured local PWYV reference was not performed. These considerations limit
mechanistic inference and generalizability.

7. Conclusions

Model-derived local PWV was pressure-dependent, and its association with the con-
stitutive parameters differed between diastolic and systolic loading. The pressure-specific
association with logio(kz) indicates that the relationship between local PWV and the mod-
eled constitutive response varies with arterial loading. Within the present modeling
framework, local PWV should therefore be interpreted and reported with explicit refer-
ence to the pressure at which it is evaluated. Further studies should assess reproducibility
and evaluate pressure-resolved local PWV against independent measurements in larger,
more diverse populations.
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and calculation method; Supplementary File S3 (S-File03): Table S3.1. Collinearity diagnostics; Table
53.2. Sensitivity analysis of the association between log10(k2) and PWVSBP, adjusted for age and
sex; Table S3.3. Benjamini—-Hochberg false discovery rate (FDR) correction across the 12 tests; Sup-
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