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Abstract

Purpose—To show some preliminary results about the
possibility to exploit a cardiovascular mathematical mod-
el—made patient-specific by noninvasive data routinely
measured during ordinary clinical examinations—in order
to obtain sufficiently accurate central blood pressure (BP)
estimates.
Methods—A closed-loop multiscale (0D and 1D) model of
the cardiovascular system is made patient-specific by using as
model inputs the individual mean heart rate and left-
ventricular contraction time, weight, height, age, sex and
mean/pulse brachial BPs. The resulting framework is used to
determine central systolic, diastolic, mean and pulse pres-
sures, which are compared with the beat-averaged invasive
pressures of 12 patients aged 72 ± 6.61 years.
Results—Errors in central systolic, diastolic, mean and pulse
pressures by the model are 4.26 ± 2.81, 5.86 ± 4.38, 4.98 ±
3.95 and 3.51±2.38 mmHg, respectively.
Conclusion—The proposed modeling approach shows a good
patient-specific response and appears to be potentially useful
in clinical practice. However, this approach needs to be
evaluated in a larger cohort of patients and could possibly be
improved through more accurate oscillometric BP measure-
ment methods.

Keywords—Central pressure, Noninvasive estimation, Pa-

tient-specific models, Multiscale cardiovascular modeling,

Validation of cardiovascular models.

INTRODUCTION

Automatic brachial BP monitoring is routinely used
in clinical practice to get an easily obtainable and
noninvasive measurement of arterial BP. However, it is
widely accepted that brachial BP is not a good esti-
mation of central BP, mainly because of the amplifi-
cation in the pressure waveforms from the ascending
aorta to the stiffer peripheral arteries.28 Considering
that target organs are more subjected to central than
brachial BP,19 simple estimation of central BP is ex-
pected to be helpful in diagnostics and clinical decision
making. In support of this, it has been demonstrated
that the addition of central BP measurement to con-
ventional brachial BP measurement may identify
individuals with an elevated central BP but a brachial
BP in the normal or high normal range.29 These indi-
viduals may have an increased risk for cardiovascular
events not reflected by their brachial BP. Moreover,
the fact that antihypertensive medications can produce
different effects on central BP but comparable effects
on brachial BP58 makes the idea to clinically use cen-
tral BP attractive.

Cardiac catheterization still represents the most
accurate method to evaluate central BP. However, it
cannot be appropriately employed in routine clinical
setting since it is an invasive procedure, technically
demanding and time consuming. Instead, a number of
noninvasive devices have been proposed and tested to
provide central BP estimates from distal pressure sig-
nals and through a variety of calibration techniques.60

So far, the incremental value of noninvasive central BP
compared to brachial BP in the prediction of serious
cardiovascular events has not been unequivocally
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demonstrated, with different studies coming up to
opposite conclusions.48 Thus, it seems that the accu-
racy of current noninvasive methods for estimation of
central BP is not always sufficient to confirm superi-
ority over brachial BP.23 In this context, the need
emerges to identify the most accurate solutions to
noninvasively estimate central BP, before further
investigating if brachial or central BP is a better
prognostic parameter to be adopted in the future.

We present some preliminary results about the
possibility to estimate the individual central BP by a
patient-specific multiscale mathematical model of the
cardiovascular system. In the last few decades, several
models of the cardiovascular system have been pro-
posed and tested to shed light into the pathogenesis of
cardiac and vascular diseases,54 sustain the design of
medical devices (e.g., stents and valve prostheses),30

support teaching and training activities,1 and prog-
nosticate the effects of potential therapeutic plans.51

From a clinical perspective, the modeling approach is
demonstrating an attracting tool. In fact, it is less
expensive than in-vivo studies and leads to reliable re-
sults. Moreover, it can be used to isolate the role
played by specific pathologies and provide more
information about the whole hemodynamic picture.

Cardiovascularmodels are beginning to be tailored on
each patient by the so-called patient-specific approaches,
which depend on data (e.g., vascular geometry, heart
data, cardiac electrical activity, etc.) measured on the
examined patient. The latter modeling approach is de-
fined patient-specific and is typically based on the adop-
tion of the exact patient-specific vascular geometry
derived from scans. In the following, we will use the term
patient-specific in a more general meaning, i.e., to
underline the effort to adapt, even partially, the model to
a specific patient, as already presented by other
authors.38,14 Indeed, to make the model patient-specific,
we did not use patient-specific vascular data, but we
adopted empirical rules (extracted from measurements
on large cohort of individuals) introducing the patient-
specific personal and anthropometric data.

This study aims at showing the potential use of the in-
silico approach to noninvasively evaluate central BP on
specific patients. Despite the preliminary nature of our
results, they represent an invitation to continue working
on patient-specificmodels yielding increasingly accurate
central BP estimations, apart from an extended set of
patient-specific hemodynamic parameters.

MATERIALS AND METHODS

Noninvasive patient-specific data, consisting of
anthropometric and clinical measures of 12 subjects,
were used as model inputs to compute the individual

aortic BPs. Simulated pressures were then compared
with the beat-averaged values of the invasive ascending
aorta pressure signals, quantifying the errors produced
by the proposed modeling approach in terms of central
systolic, diastolic, pulse and mean pressures.

Patient-Specific Data

Anthropometric and clinical measures adopted as
model inputs include sex (S), age (AGE), weight (W),
height (H), mean heart rate (HR), mean left ventricular
contraction time (Tvc), mean and pulse brachial BPs
(Pmb

and PPb). HR and Tvc were extracted from the
ECG, while PPb and Pmb

were calculated from the
systolic (Psb) and diastolic (Pdb) brachial BPs
(PPb ¼ Psb � Pdb and Pmb ¼ Pdb þ PPb=3). The lat-
ter were noninvasively measured from the left upper
arm through automatic oscillometric recording,
simultaneously to the invasive pressure at the level of
the ascending aorta. Measurements were performed
using a Philips IntelliVue MMS X2 bedside monitoring
system with a Philips Easy Care Adult cuff (Philips
Healthcare, Andover, Ma). Appropriate cuff size was
used according to the individual circumference of the
left upper arm.

Invasive pressure signals derived from a prospective
clinical study examining intra-arterial BP in patients
undergoing routine coronary angiography33 (the trial
was approved by the regional ethics committee). Intra-
arterial pressure recordings were acquired from 12
patients with sinus rhythm, using a fluid-filled catheter
system. Five French 100 cm long right coronary
diagnostic catheters, connected to a pressure trans-
ducer-equipped manifold with two taps (NAMIC,
Navilyst Medical Inc, Marlborough, MA, USA), were
used. Pressure signals were recorded using the
RadiAnalyzer Xpress unit (St Jude Medical, St Paul,
MN, USA) for digital storage. No data on the wave
form sampling rate has been provided by the manu-
facturer. The catheter system was flushed with saline
before starting the measurement for elimination of air
bubbles from tubes and connecting parts. After zeroing
to air, the pressure transducer was adjusted to esti-
mated left atrial level. No specific test for frequency
response of the catheter system was carried out, but the
natural frequency of the pressure transducer itself has
been specified by the manufacturer to be 200 Hz. Right
radial, right brachial and ascending aorta pressure
signals were sequentially recorded by advancing a
diagnostic catheter from the right radial to the right
brachial to the central site (ascending aorta). Appro-
priate location of the catheter tip was confirmed by
fluoroscopy. At least 15 cardiac cycles were saved at
each location for all subjects. Intra-arterial BP
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recording was initiated at the start of cuff deflation in
the left arm, thus making invasive and non-invasive BP
recordings simultaneous.

Patient-Specific Mathematical Model

The modeling approach implemented in this study is
a closed-loop multiscale mathematical model of the
cardiovascular system. The latter originates from a
physically-based 1D representation of the systemic
arterial tree,14 which was previously used to study the
aging process13 and the impact of atrial fibrillation.46,47

A 1D model is adopted to reproduce the arterial tree
hemodynamics, rather than a 0D model, because it
allows us to properly describe the reflection and
propagation phenomena of pressure and flow waves.
Thus, much more hemodynamic information are
available at a reasonable computational cost. More-
over, in lumped models, vascular lengths and diame-
ters are not explicitly modeled, making extremely
difficult to apply patient-specific adjustments on vas-
cular geometry.

The 1D model of the arterial tree is integrated with a
0D description of the remaining portions of the car-
diovascular system, that is the systemic microcircula-
tion and venous return, the heart and pulmonary
circulation, and the short-term baroreflex mechanism
to maintain homeostasis. The resulting in-silico model,
which adequately describes the physiological hemo-
dynamic behavior of a reference healthy subject, was
validated in heart pacing and open-loop response,9 and
exploited to inquire into the effects of long duration
spaceflights on the cardiovascular system.10 A sche-
matic representation of the model and a summary of
the equations used to reproduce its constitutive parts
are given in the Online Resource. Further details on
the 1D-0D model can be found elsewhere.9,10,13,14,46,47

The reference multiscale model corresponds to a
generic healthy subject with the following characteris-
tics: HRref ¼ 75 bpm, Tvcref ¼ 0:27 s, Wref ¼ 75 kg,

Href ¼ 175 cm, AGEref ¼ 25 years, Sref =man, Pmbref
¼

88 mmHg and PPbref ¼ 67 mmHg. Notice that HR, Tvc

and Pmb
appear explicitly in the model, while AGE, W,

H, S and PPb are implicit in the geometrical and car-
diac/vascular mechanical properties.

To make the model patient-specific, we used HR,
Tvc, W, H, AGE, S, Pmb

and PPb as model input data
depending on the patient characteristics. In fact, it is
widely accepted in literature that anthropometric (W
and H) and personal data (AGE and S) are crucial
hemodynamic determinants, together with time-aver-
aged ECG parameters and pressure level, which can be
different among people with the same anthropometric
and personal data. Coherently to the explicit or im-

plicit occurrence of the different model input data in
the reference model, patient-specific values of HR, Tvc

and Pmb
were directly introduced in the model, while

individual values of W, H, AGE, S and PPb were used
in empirical relationships to adapt the arterial geom-
etry and cardiac/vascular mechanical properties to the
specific patient characteristics (see Fig. 1). In this way,
we were able to match the reference model to each
patient considered. In particular, arterial lengths,
diameters and thicknesses, as well as cardiac, arterial
and venous compliances of the reference subject- –all
marked with the subscript ref and provided in a sep-
arate publication10—were adapted to the specific pa-
tient by suitable empirical relationships, as described
below. In order to compare our modelling results with
pre-existing clinical data on old and not perfectly
healthy patients (already measured at the Department
of Clinical Science and Education, Karolinska Insti-
tutet, Division of Cardiology, Södersjukhuset, Stock-
holm, Sweden), we considered empirical relationships
derived from large cohorts and representative of white
people affected by cardiovascular or cardiovascular-
related problems, such as hypertension, diabetes and
atrial fibrillation. To immediately recognize the direct
dependence of each vascular property to the corre-
sponding input parameters, the following empirical
relationships will be expressed in dimensional form, as
they are typically found in literature. An effort to re-
state them in dimensionless form will be done in future
(more comprehensive) works.

Arterial lengths. Arterial path length depends on H,
which then influences the resultant hemodynamic
behavior.21,22,25,52 In shorter people, in fact, the earlier

FIGURE 1. Schematic representation of the procedure
adopted to make the reference mathematical model patient-
specific. HR, Tvc and Pmb

are directly introduced to the model,
while H, BSA (which is function of H and W through the Du
Bois’s formula7), AGE, S and PPb are used in the empirical
relations to adapt the model parameters—arterial lengths, Lart ,
aortic/carotid arterial diameters, Dca , aortic/carotid arterial
thicknesses, hca , aortic/carotid pulse wave velocities, PWVca ,
end-systolic/end-diastolic left-ventricular elastance values,
Ees=ed , and venous compliances, Cv —to the patient
characteristics, starting from the reference values (subscript
ref).
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arrival of the reflected waves to the heart during systole
causes an increase in both systolic and pulse pressures,
which are responsible for a rise in the left-ventricular
work and stress at the same mean pressure. To take
into account these phenomena, we adjusted arterial
lengths with H, scaling them according to the patient-
specific H. Patient-specific arterial lengths, Lart, were
modified from reference lengths, Lartref ,

14 as

Lart ¼ Lartref

H

Href
þ c1ðAGE� AGErefÞ; ð1Þ

with the term c1ðAGE� AGErefÞ introducing the effect
of AGE on arterial lengths. In fact, some arterial tracts
also elongate with AGE, with different relationships
proposed in literature.45,53 We modified the reference
aortic lengths with AGE according to the regression
coefficients, c1, by Rylski et al.,45 reported in Table 1,
while maintained the other arterial lengths constant
with AGE. Notice that Rylski’s coefficients (which are
sex-dependent) are provided for a change in mm per

year and per m2 of body surface area, BSA. Thus,
coefficients c1 have to be multiplied for the patient-
specific BSA, which we calculated from H and W with

the Du Bois’s formula7: BSA ¼ 0:20247H0:725W0:425 (H
and W are given in m and kg, respectively).

Arterial diameters. It is well known that diameters of
elastic arteries widen with AGE, while muscular
arteries are not subject to enlargement during normal
aging.26 However, if there is a general agreement about
the age-induced rise in the aortic and common carotid
arterial diameters, there is some controversy regarding
the changes with AGE in the diameters of some mus-
cular arteries, such as the brachial, radial and common
femoral arteries. In fact, some authors report decreases
in the diameters of these arteries,4 while others sustain
the opposite trend.12 This controversy could be due to
the existence of a transition zone between the elastic

and muscular arterial behavior at more distal arterial
sites, as observed by Ref. 2, who monitored the age
variations in the brachial artery diameter both proxi-
mally and distally. Considering the contrasting
behavior observed at more peripheral sites, we mod-
eled the age effects on aortic and carotid diameters
only. In particular, the role of AGE was reproduced
through the regression coefficients c2, given in Table 2,
by Rylski et al.45 along the aorta and by Kamenskiy
et al.17 for the common carotid arteries, respectively.
All these coefficients are sex-dependent, and refer to a

change in mm per year and per m2 of BSA by Rylsky
et al.,45 and for a change in mm per year by Kamenskiy
et al.17 Since an explicit dependence of the aortic
diameters with BSA was also considered (as described
later in the text), age-dependent coefficients by Rylsky
et al.45 were multiplied for the reference BSA,

BSAref=1.90 m2, calculated through the Du Bois’s

formula.
Arterial diameters also change with both W and H,

whose combined effect can be taken into account by
either the body mass index (BMI ¼ W=H) or BSA. In
this study we used BSA as body size variable, consid-
ering that it was proved to be better correlated to some
aortic diameters than BMI.59 We here introduced the
effects of BSA at aortic and carotid level only, where
the role of BSA has been largely assessed.6,8,17,20,44,45,59

The effects of BSA on the aortic and common carotid
arteries diameters were quantified through the regres-
sion coefficients c3 by Davis et al.6 and Krejza et al.,20

respectively, both indicated in Table 2 and expressing
different changes for women and men.

TABLE 1. Regression coefficients expressing the variations
in aortic lengths (c1)—for both women (subscript ;w ) and men
(subscript ;m)—and pulse wave velocities (c5 linear
coefficients and c6 quadratic coefficients) with AGE
according to Rylski et al.45 and Hickson et al.,15 respectively.

Aortic tract

c1;w c1;m c5 c6
(mm/y/m2Þ (mm/y/m2Þ (mm/y) (mm/y2Þ

1 0.22 0.21 1.8986 10�4 0.0266

2 0.11 0.09 8.1551 10�4 0.0016

3 0.45 0.55 6.3056 10�4 0.0109

4 0.19 0.19 5.0331 10�4 0.0674

Results are given for 4 different aortic tracts; 1: from the aortic

valve to the origin of the brachiocephalic artery, 2: from the end of

tract 1 to the the origin of the left subclavian artery, 3: from the end

of tract 2 to the origin of coeliac artery, and 4: from the end of tract

3 to the aortic bifurcation.

TABLE 2. Regression coefficients for women (c2;w=c3;w ) and
men (c2;m=c3;m) expressing the variations in aortic and carotid

diameters with AGE/BSA.

Arterial tract c2w ; c3w c2;m ; c3m

1 0.11, 5.6 0.08, 7.6

2 0.08, 2.8 0.06, 5.5

3 0.08, 3.1 0.08, 3.8

4 0.05, 3.1 0.06, 3.8

5 0.017, 1.13 0.018, 1.21

6 0.006, 1.13 0.006, 1.21

Dependencies with AGE are formulated according to Rylski et al.45

[in (mm/y/m2)] and Kamenskiy et al.17 (in [mm/y]) for the aortic and

carotid tracts, while dependencies with BSA according to Davis

et al.6 and Krejza et al.20 [both in (mm/m2)] for the aortic and

carotid tracts, respectively. Results are given for 6 different arterial

tracts; 1: from the aortic valve to the origin of the brachiocephalic

artery, 2: from the end of tract 1 to the the origin of the left

subclavian artery, 3: from the end of tract 2 to the origin of coeliac

artery, 4: from the end of tract 3 to the aortic bifurcation, 5: along

the right common carotid artery, and 6: along the left common

carotid artery.
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Thus, patient-specific carotid and aortic diameters,
Dca, were determined from the corresponding reference
values, Dcaref ,

14 as

Dca ¼ Dcaref þ c2ðAGE � AGErefÞ þ c3ðBSA � BSArefÞ:
ð2Þ

Arterial thicknesses. Aortic and common carotid
arteries thicken with AGE,26,16,40 while there are con-
trasting results at other arterial locations. Thus, only
patient-specific aortic and common carotid thick-
nesses, hca, were modified with AGE from reference
values, hcaref .

13 Namely,

hca ¼ hcaref þ c4ðAGE� AGErefÞ; ð3Þ

where c4 was taken by Virmani et al.13,56 along the
aorta and according to Howard et al.16 and Rashid
et al.40 for the common carotid arteries. In particular,
we set coefficients c4 equal to 0.0040 mm/y for the
ascending aorta, 0.0092 mm/y for the descending tho-
racic aorta, 0.0085 mm/y for the suprarenal abdominal
aorta, 0.0144 mm/y for the subrenal abdominal aorta,
and 0.010 mm/y for the common carotid arteries,
neglecting any sex difference and side-to-side effects
for left and right carotids.

Arterial compliances. Elastic arteries stiffen with
AGE, leading to a decrease in arterial compliance. It was
demonstrated that arterial stiffening is mainly due to the
fatigue and successive rupture of the median elastic
lamellae, which are expected to fracture after about

8�108 cycles (e.g., 30 years with a mean HR of 70
bpm).35,36 Carotid-femoral pulse wave velocity (PWV)
is a surrogate index of aortic stiffness,55 with several
studies on its changes with aging available in literature.
However, carotid-femoral PWV does not take into
account the influence of proximal aorta, with only re-
gional PWVs adequately mapping the differential stiff-
ness along the aorta and at other arterial locations.
Numerous authors have measured the variations in
PWVs with AGE along the aorta15,42,43 and common
carotids,3,57 finding quadratic and linear relationships,
respectively. Alterations in PWVs with AGE at other
arterial sites were found negligible or absent and were
here neglected. We adapted the patient-specific carotid
and aortic compliances through the relative patient-
specific pulse wave velocities (PWVcas). In fact,
mechanical properties of 1D arteries are specified
through coefficientsB1�5 of the constitutive equation for
pressure (see Eq. T3 in the Online Resource), which are
function of the local PWVs. Aortic PWVs (PWVas)
were calculated from reference values, PWVaref ,

14 as

PWVa ¼PWVaref þ ½c5ðAGE � AGErefÞ
þ c6ðAGE2 � AGE2

refÞ�aþ b;
ð4Þ

where c5 and c6, provided in Table 1, are those by
Hickson et al.15 Carotid PWVs (PWVcs), instead, were
evaluated from reference values, PWVcref ,

14 as

PWVc ¼ PWVcref þ c7ðAGE� AGErefÞaþ b; ð5Þ

with c7 ¼ 0:0538 m/s/year given by Vriz et al.57 In
equations (4-5), coefficient a and term b allow one to
include the role of the pressure level (PPb and Pmb

) in
the patient-specific arterial compliances.18,27 Notice
that reference values of local PWVs are calculated
from the quasi-linear form of the system of equations
solving the 1D arteries (Eqs. T1, T2 and T3 in the
Online Resource):

PWVa=cref ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A

q
B2 þ 2B3Aþ 3B4A2ð Þ þ b� 1ð ÞbQ

2

A2

s

;

ð6Þ

where variables are defined in Table S2 of the Online
Resource.

Cardiac compliances. Since ventricular stiffening
increases with AGE,41 we corrected patient-specific
end-systolic, Ees, and end-diastolic, Eed, left-ventricular
elastance values, starting from the reference values14

(Eesref and Eedref , respectively), as

Ees ¼ Eesref þ c8ðAGE� AGErefÞ ð7Þ

and

Eed ¼ Eedref þ c9ðAGE � AGErefÞ: ð8Þ

Coefficient c8 was set to have an increase of 1% and
0.5% per year for women and men, respectively,
according to Redfield et al.41 c9 was instead reasonably
taken equal to c8Eedref=Eesref .

Venous compliances. Venous compliances, as arterial
ones, reduce with AGE.11,34 We evaluated the patient-
specific venous compliances, Cv, from the reference
values, Cvref ,

10 through the

Cv ¼ Cvref þ c10ðAGE� AGErefÞ; ð9Þ

with c10 chosen in order to have a linear reduction in
Cvref of 50% from 25 to 80 years.34

Sensitivity Analysis

In order to quantify the role of the different patient-
specific input data to the individual central pressure
values, we performed a sensitivity analysis. Consider-
ing an input parameter X and an output parameter Y,
the sensitivity of Y to X is defined as

s ¼ Y0 � Y

Y

� �

X

X0 � X

� �

; ð10Þ
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where Y0 is the modified output parameter obtained
with the modified input parameter X0.31 Based on this
definition, negative values of s imply that an increase in
X causes a decrease in Y and a decrease in X causes an
increase in Y. Moreover, |s| values higher (smaller)
than 1 indicate that the input variability introduced
through X is amplified (damped) in Y. Here, we im-
posed an increase of 25% to all the patient-specific
input data, that is X0 ¼ Xþ 0:25X.

Figure 2 shows the sensitivities of central systolic
(sys), diastolic (dia), mean (mean) and pulse (pp)
pressures to AGE, W, H, HR, Tvc, Pmb

and PPb for
men. Results for women are very similar to the ones
for men (they are reported in Table S4 in the Online
Resource). From Fig. 2, it emerges that Pmb

is the only
input parameter having a not negligible impact on all
the output parameters, and H and PPb are the input
parameters with the greatest impact on central pp. The
sensitivity of central pp to H is negative (� 0.94), while
the sensitivity of central pp to PPb is positive (1.40).
The other input parameters (AGE, W, HR and Tvc)
result to be less effective on the output parameters,
with the smallest sensitivities for central mean and the
highest for central pp. From Fig. 2 it also appears that
the variability introduced through Pmb

is amplified in
central dia and mean (and damped in central sys and
pp), and the variability introduced through PPb is
amplified in central pp (and damped in central sys, dia
and mean). The variability associated to all the other
input parameters results to be damped. Thus, accord-
ing to Fig. 2, specific brachial BPs and H measure-
ments are the most influential input data on the model
outputs, although the majority of the chosen patient-
specific input data are proven to be important to match
central pp.

RESULTS

Anthropometric and clinical data, presence of
comorbidities, like diabetes and ischemic heart disease
(IHD), and smoking status of patients are reported in
Table 3.

Mean, l, standard deviation, r, and coefficient of
variation (cv ¼ r=l) values of systolic and diastolic
pressures recorded at the three measurement sites for
all the patients are indicated in Table 4. Based on
systolic BP transmission from central-to-peripheral
sites, Picone et al.39 individuated four BP phenotypes:
(phenotype I) both central-to-brachial and brachial-to-
radial systolic BP increase (�5 mmHg), (phenotype II)
only aortic-to-brachial systolic BP increase, (pheno-
type III) only brachial-to-radial systolic BP increase,
(phenotype IV) neither aortic-to-brachial nor brachial-
to-radial systolic BP increase. Considering the invasive
measurements of systolic BP at the ascending aorta,
brachial and radial arteries on the 12 patients (all
indicated in Table 4), we recognized all the four BP
phenotypes identified by Picone et al.39 The phenotype
associated to each patient is reported in Table 4.

To test the reliability of the patient-specific multi-
scale model to estimate the individual central BP, the
procedure schematized in Fig. 3 was implemented. For
each patient, we evaluated the average waveform, lpðtÞ,
(and the standard deviation, rpðtÞ) of the central pres-

sure per beat over the recorded cardiac cycles. Then
signal lpðtÞ was compared against the corresponding

simulated average waveform, lpðtÞcomp. The latter was

obtained through the patient-specific multiscale model,
which received as model inputs the patient-specific
noninvasive data (S, AGE, W, H, HR, Tvc, PPb and
Pmb

).
Figure 4 displays measured central pressure signals

(lpðtÞ, continuous thin blue line, and lpðtÞ � rpðtÞ, dotted
thin blue line) and the corresponding simulated aver-
age signals (lpðtÞcomp, continuous thick red line) for all

patients. All signals are reported as a function of the
non-dimensional mean heartbeat period, RR. Visually,
one can appreciate that the simulated signals well
match the average measured signals, despite dissimi-
larities between the measured and computed shapes of
the central pressure waveforms.

To better quantify the accuracy of the model, we
also determined, for each patient, the errors introduced
by both the reference model (the one without the pa-
tient-specific adjustments) and the patient-specific
model in estimating central systolic, diastolic, mean
and pulse pressures with respect to the mean values of
the related measured pressures indicated in Table 4.
These results are reported in Table 5. It emerges that
the reference model leads to higher mean errors in
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s
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m
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T
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FIGURE 2. Sensitivities of central systolic (sys), diastolic
(dia), mean (mean) and pulse (pp) pressures to the input
model parameters (age, AGE, weight, W, height, H, heart rate,
HR, mean left ventricular contraction time, Tvc , and mean and
pulse brachial BPs, Pmb

and PPb ) for men.
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central systolic (26.12 mmHg), mean (10.43 mmHg)
and pulse (28.46 mmHg) pressures compared with the
patient-specific model (4.26, 4.98 and 3.51 mmHg for
systolic, mean and pulse pressures, respectively). Dif-
ferently, slightly smaller mean errors occur in central
diastolic pressure (5 mmHg) with respect to the pa-
tient-specific model (5.86 mmHg). Based on these re-
sults, it is apparent that the adaptations to make the
reference model patient-specific are effective in repro-
ducing the patient-specific characteristics. For diastolic
pressure, however, the mean error by the reference
model is moderately littler than by the patient-specific
model. The reference model does not lead to smaller
errors in central diastolic BP for all the patients but for
only five of the twelve patients, for which the error is
drastically reduced. Since these five patients belong to
three over the four recognized BP phenotypes (see
Table 4), it is difficult to identify clear correlations
between the error in central diastolic BP and one or
more BP phenotypes. Thus, it should be verified on a
greater number of patients whether (i) central diastolic
pressure is smaller with the reference than with the
patient-specific model, and (ii) potential correlations
between one or more BP phenotypes and the individual
errors in central diastolic BP exist.

By adopting the patient-specific model, differences
between measured and modeled mean pressures appear
quite acceptable. In fact, mean error is always �5
mmHg, apart from diastolic BP, and standard devia-
tion is always �8 mmHg, which have been proposed as
the minimum acceptable errors in central BP valida-
tion protocol.48 Coherently with Fig. 4, Table 5 con-
firms that diastolic pressure errors are greater than
systolic ones for the majority of patients. One can also
observe that errors in mean pressure are between errors

in systolic and diastolic pressures, while large/small
pulse pressure errors do not necessarily correspond to
large/small systolic and diastolic pressure errors.

Scatter plots between simulated central systolic/di-
astolic BPs and catheter measurements are given in

Fig. 5, together with coefficients of determination (R2).
The latter are equal to 0.95 and 0.67 for systolic and
diastolic pressures, respectively, thereby reflecting a
good correlation between measured and simulated
pressures, as well as larger errors by the model for
diastolic pressures than for systolic pressures.

Bland–Altman plots of the central systolic and
diastolic pressure errors by the model are depicted in

Fig. 6. The coefficients of determination, R2, for the
relations between the central pressure error and the
mean central pressure are 0.035 for the systolic pres-
sure and 0.11 for the diastolic pressure. Thus, the
present data suggest that the error magnitude does not
depend on the systolic pressure, even if it is slightly
correlated to the diastolic pressure.

DISCUSSION

In the present study, we propose a patient-specific
mathematical model to noninvasively evaluate central
BP, and test it against the invasive central BP mea-
surements of twelve patients.

Taking into account that this computational meth-
od does not require invasive pressure signals as input
data, and it is just based on systolic/diastolic automatic
oscillometric brachial pressures and generic anthro-
pometric parameters, the comparison between com-
puted and measured central pressure waveforms seems
satisfying. More in details, errors (absolute mean er-

TABLE 3. Anthropometric and clinical data, presence of comorbidities, like diabetes (d) and ischemic heart disease (IHD), and
smoking status (s) of patients.

Patient num-

ber S

AGE

(years) W (kg) H (cm) HR (bpm) Tvc (s) PPb (mmHg) Pmb
(mmHg) d IHD s

1 m 72 61 170 63 0.38 63 75 x x

2 f 68 81 175 65 0.39 50 94 x x

3 m 73 81 170 80 0.34 62 101

4 f 83 68 163 61 0.39 63 74

5 m 65 99 193 54 0.39 83 116 x

6 f 81 69 167 63 0.36 74 93 x x x

7 m 75 91 172 55 0.41 82 96 x x x

8 m 62 77 175 61 0.41 55 82

9 f 72 60 167 51 0.39 78 91 x

10 m 74 97 182 71 0.32 60 92 x

11 f 73 64 162 62 0.39 88 99

12 m 62 82 179 61 0.36 61 93

71.67 ±

6.61

77.50 ±

13.46

172.92 ±

8.72

62.25 ±

7.70

0.38 ±

0.027

68.25 ±

12.24

92.17 ±

11.45

Averages and standard deviation values of AGE, W, H, HR, Tvc , PPb and Pmb
are reported in bold in the last row.
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TABLE 4. Mean and standard deviations values of systolic (sys) and diastolic (dia) invasive pressures along the ascending aorta
(AA), right brachial (RBA) and radial (RRA) arteries.

Patient number

AA RBA RRA

sys (mmHg) dia (mmHg) sys (mmHg) dia (mmHg) sys (mmHg) dia (mmHg)

1 114.54 58.21 124.38 59.53 154.59 64.41

(I) ±3.21 ±1.10 ±4.07 ±1.81 ±2.33 ±1.50

2.80% 1.89% 3.27% 3.04% 1.51% 2.32%

2 131.66 78.95 113.25 82.07 127.44 72.79

(III) ±1.28 ±1.01 ±4.28 ±2.49 ±2.78 ±1.49

0.97% 1.28% 3.78% 3.03% 2.18% 2.05%

3 139.28 75.03 157.41 74.18 153.29 73.37

(II) ±3.02 ±1.79 ±2.34 1.54 ±3.46 ±2.04

2.17% 2.39% 1.48% 2.07% 2.26% 2.79%

4 122.36 63.36 122.64 55.49 127.74 58.30

(III) ±1.89 ±0.56 ±2.41 1.09 ±1.73 ±0.84

1.55% 0.89% 1.96% 1.97% 1.35% 1.45%

5 158.01 84.11 179.73 80.65 175.68 73.17

(II) ±5.19 ±0.74 ±4.32 3.46 ±4.64 ±2.78

3.28% 0.88% 2.40% 4.29% 2.64% 3.80%

6 143.16 76.48 152.47 71.45 156.64 71.28

(II) ±2.34 ±2.86 ±2.95 1.91 ±2.97 ±2.34

1.64% 3.74% 1.94% 2.68% 1.90% 3.28%

7 149.05 69.16 155.87 68.46 156.16 65.15

(II) ±5.29 ±2.28 ±4.78 1.67 ±4.65 ±2.63

3.55% 3.30% 3.07% 2.45% 2.98% 4.04%

8 119.96 67.01 129.24 65.94 136.29 65.13

(I) ±3.51 ±1.58 ±2.75 1.95 ±2.12 ±1.11

2.92% 2.36% 2.13% 2.96% 1.55% 1.70%

9 161.22 74.52 163.07 69.26 154.79 68.09

(IV) ±3.61 ±2.12 ±3.35 1.48 ±10.63 ±6.02

2.24% 2.85% 2.05% 2.14% 6.87% 8.84%

10 135.91 73.69 140.07 70.72 157.84 72.85

(III) ±2.72 ±0.95 ±4.81 2.07 ±2.22 ±0.95

2% 1.29% 3.43% 2.93% 1.41% 1.30%

11 177.26 74.32 177.21 72.86 183.60 73.26

(III) ±5.75 ±2.82 ±2.83 1.17 ±3.28 ±1.35

3.24% 3.80% 1.60% 1.61% 1.79% 1.85%

12 137.46 71.90 152.44 69 145.57 65.81

(II) ±4.11 ±2.03 ±3.43 2.69 ±3.01 ±1.95

3% 2.82% 2.25% 3.90% 2.07% 2.97%

Coefficients of variation are provided in percentage. The phenotype associated to each patient (I, II, III, or IV, see text), identified as indicated

by Picone et al.,39 is reported in brackets below the Patient number.

FIGURE 3. Schematic representation of the procedure implemented to test the patient-specific multiscale model.
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rors ± standard deviation) in systolic, diastolic, mean
and pulse pressure for the twelve patients are 4.26 ±

2.81, 5.86 ± 4.38, 4.98 ± 3.95 and 3.51 ± 2.38 mmHg,
respectively.

In order to contextualize the approach we propose
within the current medical scenario, it is useful to
compare the errors obtained through our method with
those produced by one of the most common device to
noninvasively estimate central BP, the SphygmoCor,
and generalized/variable transfer functions. The
SphygmoCor leads to errors in central systolic, dias-
tolic and pulse pressure of � 8.2 ± 10.3, 7.6 ± 8.7 and
� 12.2 ± 10.4 mmHg, respectively, with the calibration
performed through brachial cuff pressure. These errors
were obtained from a large meta-analysis including 857
subjects.5 Comparing these results with the ones pre-

sented in this study, our method seems promising, al-
though it still needs to be tested in an extended cohort
of individuals. In other works by Shih et al.,49,50 where
central BP was evaluated through an ensemble-aver-
aged generalized transfer function extracted from 40
individual transfer functions, smaller mean errors (in
modulus) in central systolic BP (� 2.2±6.4 mmHg in
Ref. 49 and � 2.1±7.7 mmHg in Ref. 50) were found,
albeit larger errors in central pulse BP emerged
(10.3±8 mmHg in Ref. 49) with respect to the ones by
our patient-specific model. More recently, a new
physiology-based technique was published by Natara-
jan et al.32 to accurately derive central BP via a stan-
dard automatic arm cuff. In particular, they applied a
variable transfer function method to the brachial BP-
like waveform, which was in turn derived through an
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FIGURE 4. Measured central pressure signals (lpðtÞ, continuous thin blue line, and lpðtÞ � rpðtÞ, dotted thin blue line) and
corresponding simulated average signals (lpðtÞcomp , continuous thick red line). Time is made dimensionless by the heartbeat
period, RR.
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ensemble averaging/calibration procedure, with bra-
chial systolic and diastolic BPs for calibration obtained
from the application of a patient-specific method to an

oscillogram. The technique by Natarajan et al. yields
errors in central systolic, diastolic and pulse BP
between � 0.6 and 2.6 mmHg and corresponding

TABLE 5. Errors ([mmHg]) in simulated central systolic (sys), diastolic (dia), mean (mean) and pulse (pp) pressures through both
the general (superscript G) and patient-specific (superscript PS) models, evaluated with respect to the mean values of the same

invasive pressures along the ascending aorta (AA).

Patient

General model Patient-specific model

sysG diaG meanG ppG sysPS diaPS meanPS ppPS

1 0.19 16.08 10.78 � 15.89 0.14 � 3.23 � 2.10 3.37

2 � 16.93 � 4.66 � 8.75 � 15.89 � 2.25 � 2.71 � 2.56 0.45

3 � 24.55 � 0.74 � 8.68 � 23.81 2.90 5.14 4.39 � 2.23

4 � 7.63 10.90 4.74 � 18.56 � 7.53 � 10.16 � 9.28 2.63

5 � 43.28 � 9.82 � 20.97 � 33.46 1.84 9.80 7.15 � 7.96

6 � 28.43 � 2.19 � 10.94 � 26.24 � 4.94 � 6.55 � 6.01 1.60

7 � 34.32 5.13 � 8.02 � 39.45 2.62 � 1.38 � 0.045 3.99

8 � 5.23 7.28 3.11 � 12.51 � 4.80 � 1.62 � 2.68 � 3.18

9 � 46.49 � 0.23 � 15.65 � 46.26 � 8.55 � 14.56 � 12.56 6.01

10 � 21.18 0.60 � 6.66 � 21.78 � 1.60 � 3.07 � 2.58 1.48

11 � 62.53 � 0.03 � 20.86 � 62.50 � 8.34 � 10.36 � 9.69 2.02

12 � 22.73 2.39 � 5.98 � 25.12 � 5.56 1.69 � 0.73 � 7.25

26.12 ±18.29 5 ±5.10 10.43 ±5.87 28.46 ±14.68 4.26 ±2.81 5.86 ±4.38 4.98 ±3.95 3.51 ±2.38

Moduli of mean errors ± standard deviation are reported in bold in the last row.
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FIGURE 5. Scatter plots between computed (subscript comp) systolic (sys) and diastolic (dia) pressures and measured (subscript
mea) values. R2 is the coefficient of determination and continuous/dotted lines are the those of linear regression/equality.
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FIGURE 6. Bland–Altman plots of the central systolic (sys) and diastolic (dia) pressures errors by the model (sys err and dia err,
respectively). l and r stand for the mean and standard deviation values of the pressure errors.
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standard deviation in the range 6.8–9 mmHg. Thus,
despite the proposal by Ref. 32 produces extremely
reduced mean errors with respect to our model, stan-
dard deviations double compared to ours. Based on
this comparison, our model produces competitive re-
sults with respect to the SphygmoCor and the gener-
alized transfer function by Shih et al.,49,50 despite
leading to larger mean errors than the physiology-
based technique by Natarajan et al.32 However, con-
sidering a wider picture of medical devices to estimate
central BP, the modeling approach here proposed gives
comparable results. In fact, according to Papaioannou
et al.37—which took into account 22 validation studies
of 11 medical devices involving a total of 808 sub-
jects—the error in aortic systolic BP through nonin-
vasive brachial BP calibration is between � 7.79 and �
3.84 mmHg. Our patient-specific model, which leads to
a mean error in central systolic BP of � 4.26 mmHg,
results among the best 11% of the methods considered
by Ref. 37 and adopting noninvasively measured bra-
chial BP values for calibration. Even if this study is not
able to provide a definitive answer about the best
prognostic parameter between central and brachial BP,
it offers a promising preliminary view of the in-silico
approach in providing patient-specific central BP esti-
mations, and represents a stimulus to exploit similar
models to estimate additional individual hemodynamic
measures. Patient-specific models, in fact, apart for
central BP evaluation, can be exploited to obtain fur-
ther cardiac and vascular parameters, which can enrich
the hemodynamic picture of each patient.

It is clear that the errors by our modeling approach
largely depend on the errors associated to the brachial
oscillometric measurement, from which the brachial
mean and pulse BPs (Pmb

and PPb) adopted in the
patient-specific calibration of the reference model were
extracted. The importance of these two parameters in
making the reference model patient-specific is, in fact,
proved by the sensitivity analysis reported in ‘‘Sensi-
tivity Analysis’’ section. Considering the latter, it is
predictable that any error associated to the input data
Pmb

and PPb is transmitted (with the same order of
magnitude) to the output data, namely the central BP
values. Despite the automatic oscillometric device we
adopted to assess brachial systolic and diastolic BP is
widely used in clinical practice, no peer-reviewed clin-
ical validation information is available on this tech-
nology. It follows that a direct comparison between the
input errors in the values of Pmb

and PPb and the
output errors in the estimations of central BP for the
12 patients is not possible here. Together with the
brachial oscillometric measurements, also invasive BP
recordings could be affected by bias. In fact, we did not
perform any specific assessment of the frequency

response of our pressure measuring system, possibly
introducing bias to our invasive BP measurements. As
previously mentioned, no information on the wave
form sampling rate of the pressure signal recording
system has been provided by the manufacturer, that
represents another potential source of bias in invasive
BP values.

As next steps in successive studies, we first recognize
the need to increase the number of test patients, which
would allow one to estimate the actual model errors in
central BP, and identify potential correlations between
central pressure errors and impacting factors, in order
to further reduce the model errors. Then, a direct
comparison between input and output errors should be
executed, and output errors could be possibly reduced
through more precise patient-specific oscillometric BP
measurement methods, like the one proposed by Liu
et al.24 and adopted by Natarajan et al.32

CONCLUSIONS

The proposed modeling approach exhibits a good
patient-specific response. Despite it is not demon-
strated to be superior to all the other methodologies to
noninvasively estimate central BP, it shows accept-
able approximation levels for central systolic BP
evaluation with noninvasive brachial BP calibration,
and could be adopted not only for central BP but also
for other central cardiac and vascular hemodynamic
parameters on specific subjects. Further efforts are
needed to test the reliability of the present method, by
extending the whole procedure to a larger cohort of
individuals, and possibly reducing the input errors
through more accurate oscillometric BP measurements
techniques.
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