
RESEARCH ARTICLE Integrative Cardiovascular Physiology and Pathophysiology

On the importance of the nonuniform aortic stiffening in the hemodynamics
of physiological aging

Stamatia Z. Pagoulatou,1 Vasiliki Bikia,1 Bram Trachet,1,2 Theodore G. Papaioannou,3

Athanase D. Protogerou,4 and Nikolaos Stergiopulos1

1Laboratory of Hemodynamics and Cardiovascular Technology, Institute of Bioengineering, Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland; 2Institute of Biomedical Technology, IBiTech-bioMMeda, Ghent University, Ghent,
Belgium; 3Biomedical Engineering Unit, First Department of Cardiology, Medical School, National and Kapodistrian
University of Athens, Athens, Greece; and 4Cardiovascular Prevention and Research Unit, Department of Pathophysiology,
National and Kapodistrian University Athens School of Medicine, Athens, Greece

Submitted 25 March 2019; accepted in final form 9 September 2019

Pagoulatou SZ, Bikia V, Trachet B, Papaioannou TG, Pro-
togerou AD, Stergiopulos N. On the importance of the nonuniform
aortic stiffening in the hemodynamics of physiological aging. Am J
Physiol Heart Circ Physiol 317: H1125–H1133, 2019. First published
September 20, 2019; doi:10.1152/ajpheart.00193.2019.—Mathemati-
cal models of the arterial tree constitute a valuable tool to investigate
the hemodynamics of aging and pathology. Rendering such models as
patient specific could allow for the assessment of central hemody-
namic variables of clinical interest. However, this task is challenging,
particularly with respect to the tuning of the local area compliance that
varies significantly along the arterial tree. Accordingly, in this study,
we demonstrate the importance of taking into account the differential
effects of aging on the stiffness of central and peripheral arteries when
simulating a person’s hemodynamic profile. More specifically, we
propose a simple method for effectively adapting the properties of a
generic one-dimensional model of the arterial tree based on the
subject’s age and noninvasive measurements of aortic flow and
brachial pressure. A key element for the success of the method is the
implementation of different mechanisms of arterial stiffening for
young and old individuals. The designed methodology was tested and
validated against in vivo data from a population of n � 20 adults.
Carotid-to-femoral pulse wave velocity was accurately predicted by
the model (mean error � 0.14 m/s, SD � 0.77 m/s), with the greatest
deviations being observed for older subjects. In regard to aortic
pressure, model-derived systolic blood pressure and augmentation
index were both in good agreement (mean difference of 2.3 mmHg
and 4.25%, respectively) with the predictions of a widely used
commercial device (Mobil-O-Graph). These preliminary results en-
courage us to further validate the method in larger samples and
consider its potential as a noninvasive tool for hemodynamic moni-
toring.

NEW & NOTEWORTHY We propose a technique for adapting the
parameters of a validated one-dimensional model of the arterial tree
using noninvasive measurements of aortic flow and brachial pressure.
Emphasis is given on the adjustment of the arterial tree distensibility,
which incorporates the nonuniform effects of aging on central and
peripheral vessel elasticity. Our method could find application in the
derivation of important hemodynamic indices, paving the way for
novel diagnostic tools.

1-D simulations; hemodynamic monitoring; noninvasive

INTRODUCTION

Central hemodynamic parameters, such as aortic blood pres-
sure and cardiac output, may have a greater prognostic value
for assessing cardiovascular risk than peripheral hemodynamic
indices (21). Although central hemodynamics are crucial for
accurate diagnosis and optimal treatment management, there is
an inherent difficulty in their noninvasive estimation in clinical
practice. Most relevant central hemodynamic monitoring tech-
niques proposed in the literature often involve statistical cor-
relations (24), generalized transfer functions (3, 13), or formu-
las based on pulse wave analysis (9, 44).

The personalization of mathematical models of the cardio-
vascular system constitutes a physiologically relevant way for
the derivation of central hemodynamic variables, a desirable
alternative to most of the aforementioned techniques or com-
mercial devices that lack a physiological/mathematical back-
ground. Particularly, patient-specific one-dimensional (1-D)
simulations could serve as a valuable tool for the assessment of
pressure and flow in the entire arterial network, which is
crucial to disease initiation and progression (20). This is, of
course, a challenging task, primarily because of the large
amount of input data needed for the effective personalization of
a distributed arterial tree model.

In a previous publication, we proposed a methodology for
tuning the parameters of a validated, generalized 1-D model of
the arterial tree and the subsequent derivation of the cardiac
contractility based on noninvasive measurements of brachial
pressure and aortic flow (27). Using the measured aortic flow
as the model input, we achieved the parameter tuning by
essentially altering the compliance of all arterial vessels in a
uniform way until the model predicted brachial pressure accu-
rately. The assumption of a uniform scaling of the arterial
compliance between different individuals and different phys-
iopathological situations (e.g., aging, disease, etc.) is oversim-
plifying. Indeed, stiffening can take place locally or affect
heterogeneously the local elastic properties of the arterial tree,
and hence, the assumption of uniform global stiffening may
compromise the accuracy of the model predictions.
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On this note, a number of studies have published findings
supporting the preferential stiffening of the central arteries with
increasing age (14). In young adults, the distensibility gradient
from proximal aorta to peripheral arteries is steep, with prox-
imal aorta being very compliant [local pulse wave velocity
(PWV) typically less than 4 m/s] and the peripheral muscular
arteries significantly stiffer. Arterial stiffening with age takes
place in a nonuniform way, with stiffening being much more
pronounced in the proximal aorta than in the peripheral arteries
(14). In a previous work, we studied the implications of this
age-related nonuniform stiffening on the wave transmission
characteristics and reported a significant increase in the for-
ward wave amplitude with age as well as a decrease in pulse
pressure amplification from central to peripheral arteries (26).

In consideration of the aforementioned facts, the present
work aimed at highlighting the importance of considering the
age-related nonuniform stiffening of the arteries when adapting
the parameters of the arterial tree. Concretely, we developed a
methodology that uses as model inputs the subject’s age, aortic
flow, and peripheral blood pressure and accordingly adjusts the
arterial parameters. More particularly, the compliance of the
central and peripheral arterial segments is adjusted differently
for younger and older individuals according to literature trends
on the evolution of the aortic stiffness with aging. The pro-
posed methodology was tested and validated against in vivo
data from a population of both healthy and diseased adults. We
find that the tuned arterial tree models are capable of accurately
capturing the elastic properties of the aorta and the hemody-
namic profile of each subject, reproducing the expected pres-
sure phenotypes. Finally, these tools could possibly be further
exploited to derive central hemodynamic indices of impor-
tance, such as central pressures.

MATERIALS AND METHODS

Brief description of the 1-D model of the arterial tree. The generic
1-D model of the systemic circulation, previously developed (38) and
validated (37) by Reymond et al., consists of 103 arterial segments
(Fig. 1) that are considered as flexible tapered tubes. The governing
equations are based on the integration of the continuity and momen-
tum conservation equations over the arterial cross section comple-
mented with a constitutive relation relating distending pressure and
cross-sectional area. The wall shear stress is approximated using the
Witzig-Womersley theory (52). The arterial wall behavior is vis-
coelastic and nonlinearly elastic (11), whereby the local arterial
compliance has a pressure-dependent component (Cp) and a location-
dependent component (Cd) (15). The latter function can be calculated
for a reference pressure of Pref � 100 mmHg and for an average
cross-sectional area (A) according to the local pulse wave velocity:

Cd�d� �
A

�PWV2�d�
In the initial 1-D model of Reymond et al. (38), a global empirical

relationship relating PWV and vessel diameter was developed based
on previously published data for a healthy young male adult. At the
terminal sites, the vascular beds are modeled using 3-element Wind-
kessel models, in which the distribution of terminal resistance in
proximal and distal resistances was chosen so that it yields minimal
reflections. At the proximal end, the arterial tree either receives a
prescribed aortic flow waveform or is coupled with a time-varying
elastance model of the left ventricle (40, 42).

Considerations on nonuniform arterial stiffening along the aorta.
The arterial compliance and especially its location-dependent compo-
nent Cd(d) vary significantly between individuals. Compliance is
affected by many factors, with age being the predominant one. A
study by Cho et al. (4) compared young and old patients with
untreated hypertension and showed that the young hypertensive group

Fig. 1. Schematic representation of the arterial tree developed by Reymond et al. (38) consisting of 55 main arteries of the systemic circulation (A), the circulation
in the coronaries (B), the principal abdominal aortic branches (C), and the circle of Willis (D). Adapted from Reymond et al. (38). Used with permission.
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had significantly lower central PWVs than the older age group, despite
showing higher levels of peripheral blood pressure. This suggests that
PWV is mainly affected by age rather than blood pressure levels.

In terms of model personalization, the local PWV should ideally be
known for all arterial locations to precisely calculate the compliance
of a patient’s arterial tree. Of particular interest is the compliance
gradient along the aorta, which is substantially altered during aging.
Aging leads to gradual and nonuniform loss of the elasticity of the
arteries, whereby the central aorta is more affected than the periphery
(14). As a result of this heterogeneous alteration, the pressure wave-
forms in older subjects, often referred to as Type A waveforms, are
characterized by a dominant late systolic peak and a shoulder with
inflection on the upstroke (22). The dominant late systolic peak is
primarily attributed to augmented forward wave component amplitude
because of the stiffened proximal aorta and, to a lesser extent, to
augmented and earlier arriving reflections (22, 26). In previous work,
we incorporated this nonuniform stiffening of the arterial tree with age
into the model by developing averaged distensibility curves for each
age decade from 30 to 80 yr based on literature data and were able to
reproduce the expected aortic pressure wave shapes (26).

To show the importance of nonuniform aortic stiffening in the
development of aortic systolic hypertension while preserving the
“correct” aortic phenotype, Reymond et al. (39) simulated aortic
stiffening with age in two ways: first, by equally reducing compliance
uniformly in all arteries (“global stiffening”), and second, by applying
a nonuniform stiffening, whereby, in accordance to observations,
proximal aorta is stiffened more than peripheral vessels (“local stiff-
ening”). The results are shown in Fig. 2. The reduction in total arterial
compliance was the same (�29%) in both global and local stiffening.
Both global and local stiffening yielded the same pulse pressure
increase of 45% and the same systolic pressure in the root of the
proximal aorta; however, local nonuniform stiffening was the one that
produced a physiologically relevant aortic pressure phenotype, more
closely resembling the Type A waveforms. Reymond et al. (39) also
noted that a decrease in compliance under local proximal aortic
stiffening leads to higher carotid-to-femoral pulse wave velocities (c-f
PWV) when compared with global stiffening, the difference being
attributed to the more pronounced stiffening of the aortofemoral path.

Method for adaptation of the distensibility-diameter curve. Based
on the aforementioned observations, we put forward the following
methodology for incorporating the effects of aging during the adap-
tation of the 1-D arterial model. For young subjects, we simply apply
global stiffening of the arterial tree, meaning that the area compliances
of all arteries are scaled with one global scaling factor. For older
individuals, we apply the local stiffening approach, whereby compli-
ance of only the aortic segments (segments 1-95-2-14-18-27 of the
arterial tree, as shown in Fig. 1) is adjusted. In detail, the subject is
initially categorized according to his/her age in the younger or older

age group. The age of 50 yr was used as the cutoff value for grouping
in the present study, as vascular aging is reported to accelerate after
this threshold (4). As an initial approximation of the subject’s arterial
tree, we use the “average” arterial compliance values expected for
his/her age, as presented in our previous aging model (26). The
simulation runs using the recorded aortic flow as model input. Sub-
sequently, we compare the model-predicted brachial systolic blood
pressure (SBP) and diastolic blood pressure (DBP) to the measured
values, and if the error is significant, we adjust the arterial compliance
applying either global or local stiffening. Peripheral resistance is also
calculated and adjusted as the ratio of the mean arterial pressure over
the measured cardiac output. Finally, the arterial geometry is adjusted
according to the measured aortic diameter via multiplication of all
internal diameters with a uniform factor.

Validation against in vivo data. The method described above was
tested with in vivo data collected previously by Papaioannou et al.
(31). Method accuracy and bias were assessed by comparing 1) the
model-estimated carotid-to-femoral PWV with the corresponding val-
ues measured by a reference technique (SphygmoCor, AtCor, Sydney,
Australia) and 2) the model-estimated aortic pressure (in terms of both
magnitude and shape) with the predictions from the Mobil-O-Graph
device (IEM, Stolberg, Germany).

The database included the hemodynamic and cardiovascular re-
cordings from 24 patients who underwent noninvasive cardiovascular
risk assessment. Out of the 24 patients, 4 were excluded from the
study, as their cardiac ultrasound or applanation tonometry data were
lacking or unreliable for use. The study population included both
sexes and covered a variety of health conditions, including hyperten-
sion, cardiovascular disease, and stroke (31).

Data recording and analysis. During the in vivo investigation, two
repeated measurements of the proximal aortic peak velocity profile
were acquired via transthoracic two-dimensional Doppler echocardi-
ography. Both measurements were conducted by an experienced
cardiologist at supine position and according to the recommendations
of Quiñones et al. (34). Blood flow was calculated from the peak
velocity profiles following the Witzig–Womersley theory (52) and
assuming a constant cross-sectional area. The model input aortic flow
was set equal to the average of the two measured flow curves.

Peripheral systolic and diastolic pressure values were recorded at
the brachial artery using the Mobil-O-Graph device, which has been
thoroughly validated in the past (50). This device also allows for the
reconstruction of the aortic pressure and the extraction of key wave-
form features, such as the central augmentation index (AIx). The
central AIx is a measure of wave reflections and reflects the percent-
age of the total pulse pressure that can be attributed to the reflected
pulse wave (22). A number of studies have previously validated the
use of the Mobil-O-Graph for noninvasive estimation of central
pressure (18, 33, 49, 51). Accordingly, good agreement has been
shown between Mobil-O-Graph-derived AIx and those from other
common tonometric devices (47). In our study, both estimates of
aortic SBP and AIx were extracted and were thereafter used as
reference values.

Carotid-to-femoral PWV was measured via applanation tonometry
using the SphygmoCor system, which has the advantage of recording
signals of carotid and femoral pressure in parallel, thus avoiding the need
of synchronization. This device is also often used for the reconstruction
of the aortic pressure wave (13) from the recorded radial pressure waves
(30) and has shown quite reliable results in previous validation studies
(28, 32). However, in the present study, we used the Mobil-O-Graph data
as reference for the aortic pressure to ensure that the recordings of
peripheral pressure and the estimates of central pressure were simultane-
ous, as discussed below. More details on the measurement protocol can
be found in the original publication (31).

For each patient, we used the recorded data and the methodology
described above to tune the arterial tree parameters proximally and
distally. The tuned models allowed for the derivation of the c-f PWV,
which was calculated analytically by the compliance of each arterial

Fig. 2. Pressure waveforms at the proximal ascending aorta for the control case
(light gray line), after local proximal stiffening (black line) and global arterial
stiffening (gray line) for the same pulse pressure increase (�45%).
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segment in the aortic-femoral path based on the Bramwell-Hill equation.
Furthermore, the model-produced proximal aortic pressure curves were
processed to derive the SBP and the central AIx, as explained in Murgo
et al. (22). The computed values were then compared with the corre-
sponding estimates of the Mobil-O-Graph device.

Statistical analysis. Correlation, accuracy, and agreement between
the model-based estimates and the in vivo recordings of c-f PWV
were assessed using the Pearson’s (r) and Spearman’s (�) correlation
coefficients, the intraclass correlation coefficient, the normalized root
mean square error (nRMSE), and the Bland–Altman analysis (1).
High values of r and � reflect good correlation in terms of linearity

and direction. Bias was estimated by the mean difference (d�) and the
standard deviation of the differences (SD). The limits of agreement

were set at d� � 2SD and d� � 2SD, as 95% of the prediction errors for
a normal distribution are expected to lie in this range. The Bland–
Altman analysis was further used to assess the agreement between the
model-derived aortic pressure and AIx with the respective estimates
of the Mobil-O-Graph. The Mann–Whitney nonparametric test was
used for the evaluation of differences of continuous variables between
the two age groups. Statistical significance was accepted for P values
�0.05. Data analysis was performed using the GraphPad Prism
software and Matlab.

RESULTS

Table 1 summarizes the hemodynamic parameters of the 20
patients, separated into 2 age groups (below and above 50 yr
old). Cardiac output, central and peripheral blood pressure, and
c-f PWV are reported. As expected, the younger age group
(n � 16) exhibited significantly lower carotid-to-femoral pulse
wave velocities than the older group (n � 4).

Figure 3A shows a box plot of the model estimates against
the measured c-f PWV values along with their confidence
intervals. The Bland–Altman plot in Fig. 3B depicts the dif-

ference between the model-derived c-f PWV values and the
respective SphygmoCor c-f PWV values against their mean.
The limits of agreement are also illustrated by the two hori-
zontal continuous lines. The mean error in the estimation of c-f
PWV was 0.14 m/s, with limits of agreement equal to 1.7 and
�1.4 m/s. The greatest deviations are observed at high c-f
PWVs; it should be noted, however, that for these c-f PWV
values, the confidence intervals of the reference device were
wide, in the order of magnitude of 1 m/s. An overview of
statistical parameters of agreement, accuracy, and correlation is
also given in Table 2.

The scatterplots and Bland-Altman plots for the aortic sys-
tolic pressure and augmentation index as derived by the Mobil-
O-Graph device and as predicted by the model are also shown
in Fig. 4. The mean difference of aortic systolic pressure was
equal to 2.3 mmHg, with SD of difference 3.0 mmHg. The
nRMSE was 3.3%. It is noted that there is no particular trend
of the differences to vary with the mean SBP. Accordingly, the
model predictions for the AIx were in good agreement with the
Mobil-O-Graph estimates; the mean difference was 4.25%
with an SD of 3.7%.

Moreover, Fig. 5 depicts the aortic pressure waveforms as
predicted by the tuned model for two different subjects. The
left plot corresponds to the simulation results of a 52-yr-old
man and the right plot to a 30-yr-old woman. We clearly
observe that the pressure waveform for the older subject
resembles the characteristic Type A phenotype, producing the
anticipated shoulder with inflection at the upstroke. Con-
versely, for the younger subject, the model predicts a smooth
upstroke, which resembles the Type C phenotype.

DISCUSSION

In this study, we presented a simple technique to tune the
parameters of a previously validated 1-D model of the systemic

Table 1. Hemodynamic values of the study population
categorized into the two age groups

Total Sample
Age Group I

(Age � 50 yr)
Age Group II
(Age � 50 yr) P Value

n 20 16 4
Men/Women, n 11/9 8/8 3/1 0.59
Age, yr 38.4 � 13.6 32.3 � 5.1 62.5 � 7.9 �0.05
Central SBP, mmHg 110.0 � 11.2 108.9 � 11.6 114.4 � 9.2 0.33
Central DBP, mmHg 78.6 � 8.8 77.3 � 8.4 83.6 � 10.0 0.26
Peripheral SBP, mmHg 116.3 � 10.7 115.0 � 11.1 121.5 � 8.2 0.24
Peripheral DBP, mmHg 77.6 � 8.7 76.4 � 8.2 82.4 � 10.1 0.35
c-f PWV, m/s 6.9 � 1.9 6.0 � 0.6 10.3 � 0.9 �0.05
HR, beats/min 70.4 � 10.3 69.7 � 10.6 73.0 � 10.1 0.70
CO, L/min 4.2 � 1.0 4.0 � 0.9 5.1 � 1.1 0.07

c-f PWV, carotid-to-femoral pulse wave velocity; CO, cardiac output; DBP,
diastolic blood pressure; HR: heart rate; SBP, systolic blood pressure.

Fig. 3. A: Method-estimated carotid-to-fem-
oral pulse wave velocity (c-f PWV) values
plotted against the reference SphygmoCor
values along with their respective confidence
intervals. B: The Bland–Altman plot of the
difference between the estimated and refer-
ence c-f PWV values against their means.

Mean difference (d�) as well as 95% confi-
dence intervals (�2SD around the mean dif-
ference) are depicted with continuous and
dashed lines, respectively.

Table 2. Indices of correlation, accuracy, and agreement
between the measured and method-derived c-f PWV values

Correlation
Pearson’s correlation coefficient, r 0.92
Spearman’s correlation coefficient, � 0.99
Intraclass correlation coefficient 0.90

Accuracy
Normalized root mean square error, % 11.1

Agreement

Mean difference, d�, m/s 0.14

Standard deviation of difference, SD, m/s 0.77
Limits of agreement, m/s 1.68, �1.39

c-f PWV, carotid-to-femoral pulse wave velocity.
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circulation based on noninvasive measurements of proximal
aortic flow and brachial sphygmomanometric pressure alone.
This was motivated by 1) our observations and experience
from modeling the heterogeneous effects of aging on arterial
distensibility and 2) previous work from our group on the
differential effects of different mechanisms of arterial stiffen-
ing on central hemodynamics (39). We hypothesized that it is
possible to effectively tune the distensibility-diameter curve of
the arterial tree by applying either a local proximal or global
stiffness adjustment factor according to the patient’s age.

The validation of the proposed arterial tree tuning method-
ology against in vivo data of both healthy and diseased adults
yielded encouraging results. It was shown that the estimated
carotid-to-femoral PWV, which is the most commonly used
quantity as surrogate to aortic compliance, was in good agree-
ment with the respective measurement of c-f PWV made by
applanation tonometry (SphygmoCor apparatus). We reported
a small bias, d � 0.14 m/s, and SD of differences, SD � 0.77
m/s. This small bias is quite lower than the observed intra-

observed reproducibility of c-f PWV measurement (29). In
general, the estimation errors were greater for the older sub-
jects, whose c-f PWVs were higher. Although the older sample
was small (n � 4), a limitation that is discussed more thor-
oughly below, we noted that the proposed technique was able
to capture the expected pattern of increased c-f PWV for older
ages. On the contrary, if we had employed only the global
stiffening mechanism for the older adults, this would have led
to a severe underestimation of the computed c-f PWVs;
namely, it would have increased the average estimation error
for the older group from �0.9 m/s to �3.7 m/s.

Interestingly, we found that, irrespective of the stiffening
mechanism employed, the resulting increase in pulse pressure
is dictated primarily by the loss in the total arterial compliance
of the tree. In other words, the increase in pulse pressure seems
not to be affected by the exact topology in which the stiffening
occurs (nonuniform local or global) but rather by the overall
compliance of the arterial tree. This finding is in good agree-
ment with previous studies and supports the methodology by

Fig. 4. A: Scatterplot of the aortic systolic
blood pressure (SBP) as computed by the
method and as predicted by the Mobil-O-
Graph device. B: The Bland-Altman plot of
the difference between the model-estimated
and Mobil-O-Graph aortic SBP values
against their means. C and D: The respective
scatterplot and Bland-Altman plot for the
central augmentation index as computed by
the method and as predicted by the Mobil-

O-Graph device. Mean difference (d�) as well
as 95% confidence intervals (�2SD around
the mean difference) are depicted with con-
tinuous and dashed lines, respectively. AIx,
augmentation index.

Fig. 5. Aortic pressure waveforms derived
from the model simulations for 2 subjects:
the characteristic Type A pressure phenotype
of a 52-yr-old man (A) and the Type C
phenotype of a 30-yr-old woman (B).
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Stergiopulos et al. (41), who proposed the pulse pressure
method, a simple two-element Windkessel-based method for
the estimation of total arterial compliance.

It is important to note that the proposed technique might not
achieve the exact personalization of the distributed model of
the arterial tree, as it is based on an average model adjusted
following population-averaged trends. However, as discussed
before, the exact personalization of the arterial tree model
presents major challenges, primarily because of the need of a
large amount of input data. Conversely, our aim here was to
highlight the importance of considering the nonuniform stiff-
ening of the arterial tree when adjusting the model parameters
for aged individuals. Accordingly, we developed “approxi-
mate” distributed models, which were capable of faithfully
capturing key features of the hemodynamics of aging. In our
simulations, we showed that we are able to replicate the
characteristic aortic pressure phenotypes only by employing
different stiffening mechanisms according to the subject’s age
(Fig. 5).

In that context, it is important to consider the possible
application of these simulations to derive central indices non-
invasively. For example, this technique could be combined
with our previously proposed methodology (27) for the non-
invasive estimation of the end-systolic elastance, an index that
serves as the gold-standard measure of cardiac contractility and
is therefore of particular interest to clinicians.

Another potential application of the presented method is the
derivation of the central aortic pressure, which carries more
valuable prognostic value for cardiovascular damage than pe-
ripheral pressure (46). Because of the importance of the central
aortic pressure, a number of previous studies have proposed
noninvasive methods for its derivation.

A recent study by Tosello et al. (43) developed and validated
a technique for the estimation of central blood pressure via
adjustment of a multiscale mathematical model according to
brachial pressure, height, weight, age, left-ventricular end-
systolic, and end-diastolic volumes and central PWV. The
validation of their method showed significant overestimation of
systolic blood pressure and underestimation of diastolic pres-
sure when compared with the SphygmoCor device, with mean
differences equal to 7.8 mmHg and �3.2 mmHg, respectively.

Another study (12) proposed a methodology for the adjust-
ment of the distributed model parameters from measures of the
proximal and distal radial pulse waves and the subsequent
calculation of the aortic-to-radial transfer function. Their ex-
perimental results for central pressure estimation showed better
performance than the broadly clinically used generalized trans-
fer function and n-point moving average techniques.

A promising technique for deriving central blood pressure
via a standard automatic arm cuff was proposed by Natarajan
et al. (23). Their method leverages physiologic modeling to
first accurately derive brachial blood pressure from the oscil-
logram and then calculates the central pressure via variable
transfer functions, in which the pulse transit time is adjusted
accordingly. Their technique was validated and found more
reliable than other noninvasive devices.

Ghasemi et al. (10) recently published a paper on the
estimation of cardiovascular risk from noninvasive pulse vol-
ume waveforms. Their method leverages the fact that pulse
waves measured at peripheral sites, i.e., arm and ankle, both
originate from the ascending aorta. Consequently, in a first

step, they fit the parameters of a transmission line model
according to multiple peripheral measurements. In a second
step, they derive the central blood pressure waveform and then
estimate cardiovascular risks. Their model was trained and
validated with in vivo data from 164 subjects and showed
better performance than the generalized transfer function.
Ebrahimi Nejad et al. (8) also published a similar concept that
relies on a model-parameter identification approach to assess
cardiovascular risk. Their methodology employs a tube-load
model of wave propagation and reflection, in which the prox-
imal and distal blood pressure waveforms are inputted. The
lumped parameter model is subsequently individualized, and
the algorithm recognizes unphysiological patterns in the model
parameters. Although this is a preliminary work and consists of
a simplified model, it demonstrates the great potential of using
vascular models for disease diagnosis.

The current method presents a significant advantage, as it
employs a complete, distributed 1-D model of the arterial tree,
in which the heterogeneous effects of aging on the arterial
stiffness can be incorporated. In our study, we found that the
estimated aortic systolic pressure was in good agreement with
the estimates given by the Mobil-O-Graph device, the mean
difference being 2.3 mmHg. We did not notice a particular
trend for errors in the aortic SBP estimation as a function of
age or hypertension. Accordingly, the method yielded accurate
estimation of the aortic AIx. The central AIx is a hemodynamic
parameter of importance, as it depends on the arterial stiffness
and the reflective properties of the arteries (25). It is related to
risk factors for cardiovascular disease and serves as predictor
of morbidity and mortality (17, 45, 48). Therefore, there is
potential in applying the proposed technique in the clinic as a
noninvasive tool for central pressure monitoring and risk strat-
ification. Our future work will investigate this potential by
validating the method against invasive pressure data.

An interesting potential of the proposed modeling approach
is that there can be an interchange between the model inputs
and the output qualities. We showed that when age, aortic flow,
and brachial pressure are known, it is possible to accurately
estimate the compliance of the central arteries and thus effec-
tively describe the arterial tree of a patient. This scheme could
potentially be reformulated and adjusted to receive as inputs
the age, central compliance, and brachial pressure of the patient
and yield the cardiac output, the monitoring of which consti-
tutes a major hurdle in actual clinical practice (16).

General considerations and limitations. An important point
to be made pertains to the use of the carotid-to-femoral PWV
as an accurate index of the aortic wall elasticity. Previous
studies have questioned the utility of c-f PWV as a clinical
measure of central stiffness and hence as a diagnostic marker
for early vascular stiffening. More specifically, Cuomo et al.
(5) undertook a fluid-structure interaction study to simulate the
effects of aging on the regional wall properties of the human
aorta and showed that c-f PWV correlated poorly with the
circumferential stiffness (imposed on the model). Conversely,
other metrics that are directly linked to arterial geometry, such
as local distensibility, demonstrated better correlation with
structural stiffness. These results were also corroborated by
their subsequent study (6), which combined in vivo and in vitro
data to build state-of-the-art, patient-specific fluid-structure
interaction mouse models; they reported that changes in PWV
did not effectively capture the regional differences in the
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corresponding material stiffness properties, particularly when
comparing between males and females. They suggested that
this discrepancy can be attributed mainly to two factors,
namely the dependency of PWV on the nonuniform arterial
geometry (which is not accounted for in the simplified equation
by Moens-Korteweg) and the use of an approximate path
length between the 2 signal recordings [commonly assumed
80% of the direct tape-measured distance (36)].

Although these computational studies show poor correlation
between c-f PWV and material properties, c-f PWV agrees
well with regional measures of compliance. Previous studies,
such as Boardman et al. (2), Dogui et al. (7), and Redheuil et
al. (35), have shown that the c-f PWV is strongly related to
measures of aortic arch compliance, but with a trend to over-
estimate it; conversely, it correlates better with descending and
abdominal distensibility. This might be attributed to the fact
that the carotid-to-femoral path excludes the ascending aorta
and the aortic arch, which are highly compliant in the young.

In that context, we recognize that the c-f PWV is an average
index of the aortic elasticity and might more reflect the prop-
erties of the descending thoracic and abdominal part. There-
fore, in the present study, we can only maintain that the
methodology effectively captures the average elastic properties
of the aorta. Our future work will be oriented toward investi-
gating the accuracy of the proposed method against detailed in
vivo data on the regional PWV measured at multiple aortic
sites.

As discussed above, despite having access to both the
SphygmoCor and Mobil-O-Graph aortic pressure estimates, we
chose to use only the latter values as a reference for our
comparisons. This was done primarily to ensure that the
reference aortic pressure was simultaneously recorded with the
brachial pressure that drove the optimization process. Using
the SphygmoCor reconstructed aortic pressure waves as refer-
ence values would significantly affect the accuracy of the
estimation of aortic SBP reported; namely, the nRMSE would
increase from 3.3% to 13.4%.

Furthermore, a few limitations of the present study need to
be acknowledged. This method is based on a generalized
model of the aging systemic circulation that was previously
developed according to published data (26). As briefly dis-
cussed above, this entails that the tuned model does not
necessarily represent the patient-specific conditions. It is rather
an “approximately personalized” model, which, however, cap-
tures key hemodynamical indices. The tuning technique could
be better refined to incorporate factors such as sex, body mass
index, etc. Moreover, as the tuning algorithm was designed
based on physiological data, the effects of certain pathologies
(e.g., atherosclerosis, coronary artery disease, etc.) are not
taken into account, and hence the quality of the tuning process
and the resulting predictions may be compromised. Neverthe-
less, it should be noted that the in vivo validation of the method
was conducted on a population of both physiological and
pathological cases.

Methodological considerations regarding the measurement
protocol have been presented in detail in the previous publi-
cation by Papaioannou et al. (31). As discussed above, the
Mobil-O-Graph device does not provide a direct measurement
of the aortic pressure but makes use of transfer functions to
noninvasively estimate it. However, the use of this device is
well justified given its good performance in previous validation

studies. Although aging is related to an increase in SBP with a
concomitant decrease in DBP (19), in our sample, the differ-
ence in SBP and DBP values between the two age groups was
not found to be statistically significant. This can be attributed
to the small sample size used as well as the fact that the study
population included both healthy and diseased adults. The
older age group includes only four subjects, limiting our ability
to generalize our conclusions. Our database was extracted from
a previous study that aimed at the validation of a novel method
for cardiac output monitoring and thus did not focus on an
equal distribution between young and old patients. Neverthe-
less, it is important to point out that this was essentially a
proof-of-concept study. Despite the small sample size, our
method was able to predict a significant difference in the
estimated c-f PWV between the two age groups and produce
the characteristic Type A pressure waveforms for the older
subjects. This encourages us to continue the validation process
in a greater sample of both sexes with different age groups and
on a wider range of pathologic conditions.

In this study, we showed the importance of considering the
heterogeneous effects of aging on the arterial distensibility
when adapting the properties of a distributed model. We
showed that if we differentiate between young and old subjects
and accordingly employ different mechanisms of arterial stiff-
ening, we are able to capture 1) the expected increase in the
carotid-to-femoral PWV with age and 2) physiologically rele-
vant aortic pressure waveforms, both in terms of magnitude
(SBP) and wave reflections (AIx). Accordingly, we proposed a
technique for effectively tuning a 1-D model of the arterial tree
using noninvasive measurements and a previously developed
model of the aging cardiovascular system. The proposed meth-
odology was tested using in vivo data from a population of
healthy and diseased subjects and showed encouraging results.
The tuned models accurately predicted the carotid-to-femoral
PWV and central systolic blood pressure, which encourages us
to further investigate the method validity in larger samples.
This in silico approach could find wide application in the
derivation of central hemodynamic variables that are indis-
pensable in the clinical reality, improving our understanding of
central hemodynamics and paving the way for novel person-
alized diagnostic tools.
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