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a b s t r a c t

Pulmonary arterial hypertension (PAH) is a disease characterized by an elevated pulmonary arterial (PA)
pressure. While several computational hemodynamic models of the pulmonary vasculature have been
developed to understand PAH, they are lacking in some aspects, such as the vessel wall deformation
and its lack of calibration against measurements in humans. Here, we describe a computational modeling
framework that addresses these limitations. Specifically, computational models describing the coupling
of hemodynamics and vessel wall mechanics in the pulmonary vasculature of a PAH patient and a normal
subject were developed. Model parameters, consisting of linearized stiffness E of the large vessels and
Windkessel parameters for each outflow branch, were calibrated against in vivo measurements of pres-
sure, flow and vessel wall deformation obtained, respectively, from right-heart catheterization, phase-
contrast and cine magnetic resonance images. Calibrated stiffness E of the proximal PA was 2.0 and
0.5 MPa for the PAH and normal models, respectively. Calibrated total compliance CT and resistance RT

of the distal vessels were, respectively, 0.32 ml/mmHg and 11.3 mmHg⁄min/l for the PAH model, and
2.93 ml/mmHg and 2.6 mmHg⁄min/l for the normal model. These results were consistent with previous
findings that the pulmonary vasculature is stiffer with more constricted distal vessels in PAH patients.
Individual effects on PA pressure due to remodeling of the distal and proximal compartments of the pul-
monary vasculature were also investigated in a sensitivity analysis. The analysis suggests that the remod-
eling of distal vasculature contributes more to the increase in PA pressure than the remodeling of
proximal vasculature.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Clinically, pulmonary arterial hypertension (PAH) is defined by
an elevated mean pulmonary arterial pressure (mPAP) that is
greater than 25 mmHg with left atrial pressure or in the presence
of a pulmonary capillary wedge pressure less than 15 mmHg
(McLaughlin et al., 2009). Among the numerous pathological fea-
tures accompanying the increase in mPAP in PAH patients include
the proliferation and migration of vascular smooth muscle cells,
thickening of intima and media, development of plexiform lesions
in small to medium size pulmonary arteries, and stiffening of large
pulmonary vessels (Shimoda and Laurie, 2013; Sutendra and
Michelakis, 2013).

Although several animal models such as chronic hypoxia or
monocrotaline rat models have been used to understand the
pathogenesis of PAH, there are currently no animal models that
can completely replicate human PAH (Shimoda and Laurie, 2013;
Stenmark et al., 2009). This issue is exacerbated by the fact that
vascular tissue samples from PAH patients are scarce, whereas
studies using these samples have mostly been confined to small-
scale biochemical and histological measurements (Tuder et al.,
2007) that provide only limited insights on the organ-level alter-
ations of vessel wall mechanics and hemodynamics in this disease.
Furthermore, regional changes in vessel wall mechanics and hemo-
dynamics are obscured in global measurements of pressure wave-
forms from right heart catheterization (RHC), the current gold
standard for diagnosing PAH. This disconnect in data acquired
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across different scales may be addressed by developing physics-
based computational models that are calibrated against experi-
mental and/or clinical measurements.

Computational models of PAH hemodynamics have received
considerably less attention than their systemic vasculature coun-
terparts (Kheyfets et al., 2015; Su et al., 2013, 2012; Tang et al.,
2012). These models, albeit useful in gaining insights on the differ-
ent biomechanical aspects of PAH, present either of the following
limitations: (1) a rigid wall modeling assumption (a critically
important limitation considering that tissue stiffness is a key
parameter of the problem) in patient-specific anatomical models
(Kheyfets et al., 2015; Tang et al., 2012), (2) fluid-structure interac-
tion formulations performed on highly idealized geometries(Su
et al., 2013, 2012). Furthermore, to the best of our knowledge, no
contribution has thus far been made to simultaneously calibrate
3D models of PAH against measurements of blood flow and vessel
wall mechanics (Hunter et al., 2006; Kheyfets et al., 2013).

In this work, we present a computational model of pulmonary
vasculature hemodynamics that seeks to overcome the aforemen-
tioned limitations. This model not only accounts for the fluid-
structure interactions between blood flow and vessel wall in
patient-specific anatomical models, but more importantly, is cali-
brated against patient-specific data of vessel wall deformation
and hemodynamics. This approach enables the incorporation of
large vessels stiffness, as well as the compliance and resistance
of the distal vessels in a patient-specific manner. We present
results derived from a PAH patient and a normal subject. The cali-
brated models were then used to isolate and quantify the contribu-
tion of mechanical changes in the distal (small vessels) and
proximal (large vessels) compartments to the increase in mPAP
found in PAH patients. The approach described here lays the foun-
dation for subsequent development of patient-specific computa-
tional hemodynamics models of PAH.
2. Methods

2.1. PAH subject data

Cine and phase-contrast (PC) magnetic resonance (MR) images
were acquired (using a 3-Tesla Philips scanner with ECG gating)
from a 44-year-old PAH male subject. Main pulmonary artery
(MPA) blood velocities and volumetric flow were computed from
the PC-MR images using Q-Flow software (Philips Medical Sys-
tems). Right-heart catheterization was performed within 1 week
of the imaging examination to measure pressure waveforms in
the MPA. On the other hand, cine MR images of a 65-year old vol-
unteer with no known cardiovascular disease (from a separate
dataset) was also used here to develop computational hemody-
namics model of a normal pulmonary vasculature. All data were
acquired at the National Heart Center of Singapore, and both sub-
jects gave written informed consent.
2.2. Estimation of pressure and flow in the normal subject MPA

Phase-contrast and RHC data were not available for the 65 years
old normal subject. To address this issue, pressure and volumetric
flow waveforms acquired in a previous study on healthy subjects
(Lankhaar et al., 2006) were used here as surrogate data for the
normal subject of this study. We note here that the normal subject
was well within the 54 ± 16 years old age-range of the subjects
found in that study. The surrogate volumetric flow waveform
was scaled so that the total outflow volume per cycle was equal
to the subject-specific right ventricular stroke volume measured
from the cine MR images.
2.3. Pressure-displacement relationship in the MPA

Pressure-displacement relationship of the MPA was established
from the cine MR images and the pressure waveform in both sub-
jects. Specifically, cross-sectional area of the proximal MPA (AMPA)
was measured over time and its equivalent diameter was calcu-

lated as DMPAðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
pAMPAðtÞ

q
. We note here that the equivalent

diameter is a commonly used metric in clinical practice in most
cardiovascular diseases (Bellinazzi et al., 2015; Gharahi et al.,
2015; Jakrapanichakul and Chirakarnjanakorn et al., 2011). Using
end-diastolic (ED) diameter DMPAðtEDÞ as a reference, time-
resolved MPA radial displacement was estimated as
DDMPAðtÞ ¼ DMPAðtÞ � DMPAðtEDÞ. The radial displacement waveform
DDMPAðtÞ was synchronized with the pressure waveform PðtÞ to
derive the pressure-displacement relationship PðDDMPAÞ.

2.4. Finite element model of the pulmonary vasculature

Geometry consisting of up to the first 4 generations of branches
in the pulmonary vasculature was reconstructed from cine MR
images acquired at ED in the PAH patient and normal subject.
The geometry includes the MPA, left pulmonary artery (LPA) and
right pulmonary artery (RPA). Reconstruction of the PA geometries
was performed using MeVisLab (www.mevislab.de). These geome-
tries were subsequently refined and meshed using CRIMSON (Car-
diovasculaR Integrated Modelling and SimulatiON; www.
crimson.software; Khlebnikov and Figueroa, 2015). An anisotropic
mesh with characteristic element sizes varying from 0.7 mm in the
center of the lumen to 0.3 mm at the first five boundary layers
adjacent to the lumen surface of each vessel was generated in both
geometries. This choice, which gives a good balance between accu-
racy and computational speed, was based on a mesh convergence
study that is similar to Kheyfets et al. (2015). Details of this analy-
sis is given in Appendix A. The resultant meshes for the PAH and
normal models contain approximately 2.8 and 2 million elements,
respectively. A summary of data used in calibration and construc-
tion of the two models is given in Table 1.

2.5. Simulation of hemodynamics and wall deformation in the
pulmonary arteries

Hemodynamic simulations based on a coupled momentum for-
mulation (Figueroa et al., 2006) that accounts for the fluid-
structure interaction between blood flow and the arterial wall
deformation (Xiao et al., 2013) were performed on the PAH and
normal models. This formulation, which was implemented in
CRIMSON’s stabilized finite element solver, has been validated
against experimental/clinical measurements (Cuomo et al., 2017,
2015) and deformable phantoms of the aorta (Kung et al., 2011).
In the coupled momentum formulation, blood was assumed to
behave as a Newtonian fluid with a prescribed viscosity g, whereas
the arterial wall was assumed to behave as a linear isotropic elastic
membrane with prescribed linearized stiffness E, Poisson ratio m
and wall thickness h. Local values of wall thickness were estimated
using a diameter-thickness ratio (1:0.019) found in morphometric
studies on large pulmonary arteries of rats (Hislop and Reid, 1978)
that was adjusted accordingly to the diameter and thickness mea-
sured in humans (Trip et al., 2015). Poisson ratio m ¼ 0:5 was pre-
scribed in both models. The inlet and outlets rings of all vessels in
the models were kept fixed in the simulations.

Measured and surrogated volumetric flow waveforms were
mapped to a blunt and parabolic velocity profile that was imposed
as boundary condition at the MPA inlet in the PAH and normal
models, respectively. Each outlet was coupled to a three-element
Windkessel model parameterized by R1, R2 and C, representing
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Table 1
Summary of data and information used for calibrating the normal and PAH model.

Age
(years)

Cardiac index (L/
min/m2)

Volumetric flow waveform Pressure waveform 3D computational model Diameter changes at
the MPA

Normal 65 3 Approximated to match measured
RV stroke volume

Approximated Reconstructed from subject MR
image at end diastolic

Measured from
subject MR image

PAH 44 2.93 Measured from PC-MR images Measured from RH
catheterization

Reconstructed from subject MR
image at end diastolic

Measured from
patient MR image
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the proximal resistance, distal resistance, and compliance charac-
teristics of the vasculature distal to that outlet.

2.6. Material and Windkessel model parameter calibration

Linearized stiffness (E) and Windkessel parameters (Ri
1;R

i
2;C

i) in
each outlet i were iteratively calibrated to match the pressure-
displacement relationship and pressure waveforms in both sub-
jects (Fig. 1). These parameters were initialized using pressure,
flow and geometry data. Specifically, the linearized stiffness E
was estimated from a 1D elastic tube model (Matthys et al., 2007),

Psys ¼ PED þ 4
3

ffiffiffiffi
p

p
AMPAðtEDÞ Eh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AMPAðtsysÞ

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AMPAðtEDÞ

p� �
; ð1Þ

where Psys, PED, h, and AMPAðtÞ denote, respectively, the systolic pres-
sure, diastolic pressure, wall thickness and MPA cross sectional area
at peak-systole ðtsys) and ED ðtEDÞ. The Windkessel model parame-
ters were initialized based on the following estimates of total arte-
rial resistance RT and compliance CT:

RT ¼ Ri
1 þ Ri

2 ¼ Pmean

Qmean
; CT ¼ Qmax � Qmin

Psys � PED
Dt: ð2a;bÞ

In the above equation, Pmean, Qmax, Qmin, Qmean and Dt denote the
mean pressure, maximum, minimum, and mean volumetric flow
rate, and the time interval between maximum and minimum flow
in the MPA, respectively. Estimated values of RT and CT were then
distributed to each outlet i to ensure equal flow split between the
LPA and RPA using the following equations (Xiao et al., 2014):

RLPA
T ¼ RRPA

T ¼ Pmean
1
2

� �
Qmean

¼ 2RT ;
1

Ri
T

¼ Ai

AT

 !
1

2RT

� �
; ð3a;bÞ
Fig. 1. Schematic of the model calibration process (for parameters
CLPA
T ¼ CRPA

T ¼ CT

2

� �
; Ci ¼ CT

2

� �
� Ai

AT

 !
: ð4a;bÞ

Here, Ri
T ;R

LPA
T , RRPA

T , Ci, CLPA
T , CRPA

T , Ai and AT denote, respectively, the
total resistance associated with outlet i, LPA, RPA; the compliance
associated with outlet i, LPA, RPA; the area of outlet i, and the total
outlet area of the branches associated with either the LPA or RPA.

The total resistance at each outlet ðRi
TÞ was divided into proxi-

mal and distal resistances ðRi
1;R

i
2Þ. The proximal resistance (Ri

1;
Eq. (5)) was assumed to match the characteristic impedance at
the proximal MPA and, therefore, was prescribed with the same

value at each outlet. The distal resistance (Ri
2; Eq. (6)) was obtained

by subtracting Ri
1 from Ri

T , i.e.,

Ri
1 ¼ qCED

AMPAðtEDÞ ; c2ED ¼
2
3

� � ffiffiffiffi
p

p
Eh

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AMPAðtEDÞ

p ; ð5a;bÞ

Ri
2 ¼ Ri

T � Ri
1; ð6Þ

where q and cED denote the fluid density and ED pulse wave prop-
agation speed, respectively.

After the parameters were initialized as described above, cali-
bration was performed iteratively in two nested loops. In the inner

loop, Ri
1, R

i
2 and Ci were estimated iteratively by adjusting the total

resistance (RT) and compliance ðCT) at the main pulmonary artery
until measured values of pulse (DPp ¼ Psys � PED) and diastolic pres-
sures (PED) were achieved. The iterative adjustment process was
performed using the following mathematical formulation (Xiao
et al., 2014).
Ri
1, R

i
2, C

i and E) with measured pressure and diameter data.
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Rnþ1
T ¼ Rn

T þ
DPn

Qmean
and Cnþ1

T ¼ Cn
T þ

Qmax � Qmin

ðPsys � PEDÞ2
DtDPn

p ð7a;bÞ

where DPn represents the difference between measured and simu-
lated diastolic pressure (PED � Pn

ED), and DPn
p is the difference

between measured and estimated pulse pressure. In the outer loop,
the linearized stiffness E was calibrated to match measured
pressure-displacement relationships (Fig. 1). Each loop was termi-
nated when relative differences between the measured and simu-
lated quantities fell below 10%. Forward simulation in each loop
was performed until a truly periodic solution was attained, specifi-
cally, when the difference between the blood volume entering the
domain (QiÞ minus the summation of blood volume leaving all out-
lets over one cardiac cycle is less than 10�3 ml.

2.7. Parametric study on the proximal and distal effect on pressure
waveform

The computational framework presented here also enabled us
to separate the effect of the proximal arterial stiffness, distal resis-
tance and compliance on the pressure waveform and pulse pres-
sure. This parametric study was performed by substituting
calibrated values of linearized stiffness (E), or distal pulmonary
resistance and compliance (RT ;CT) of the normal model into the
PAH model. Simulation was run with the switched parameters
for several cardiac cycles until a periodic solution was attained as
described in the previous section.
3. Results

3.1. Geometry and hemodynamics data in the pulmonary vasculature

Data revealed substantial differences in the PA geometry
between the PAH patient and the normal subject (Fig. 2). Specifi-
cally, equivalent diameter at ED was larger in the PAH patient than
in the normal subject: diameters in the PAH patient were 18.20%,
31.55% and 39.25% larger in the MPA, RPA and LPA, respectively.
Conversely, maximum MPA diameter change (measured close to
the bifurcation point) was lower in the PAH patient than that in
the normal subject (2.50 vs. 4.00 mm) (Fig. 3c).

In terms of hemodynamics, measured MPA peak pressure in the
PAH patient was substantially higher than typical values found in
healthy subjects (62 vs. 30 mm Hg; Lankhaar et al., 2006)
(Fig. 3a). Measured mean MPA volumetric flow rate in the PAH
Fig. 2. Profile of the diameter measured along the centerline of the p
patient was, however, lower than that measured in the normal
subject (61.65 vs. 93.17 ml/s) (Fig. 3b). Slope and area enclosed
in the measured pressure-displacement curve were, respectively,
larger and smaller in the PAH subject (Fig. 3c).
3.2. Calibrated model parameters

Because we did not see significant differences in the results
between using a blunt and a parabolic velocity profile, all subse-
quent results reported here are based on the blunt velocity profile.
Calibrated values of linearized stiffness E were 2.0 and 0.50 MPa
(Fig. 4) in the PAH and normal models, respectively. Calibrated
total distal flow resistance RT was 11.3 mmHg⁄min/l in the PAH
model and 2.6 mmHg⁄min/l in the normal model, whereas cali-
brated total distal compliance CT was 0.3 ml/mmHg in the PAH
model and 2.9 ml/mmHg in the normal model (Fig. 4). Using the
calibrated parameter values, the maximum differences between
measurements and model predictions in time-averaged pressure,
peak pressure and peak diameter were within 4.12%, 6.80% and
4.70% for both subjects.

Time-averaged wall shear stress (TAWSS) and oscillatory shear
index (OSI) were computed. Larger TAWSS and smaller OSI were
observed at the MPA when compared to the smaller branches
(Fig. 5a) in both models. Circumferential averaged TAWSS was
lower in the PAH model at all locations along the 3 main branches
of the PA (i.e., MPA, RPA and LPA). On the other hand, OSI was
higher along all the branches in the PAH model (Fig. 5b). Averaged
over the entire PA geometry, TAWSS and OSI in the PAH model
were found, respectively, to be 1.4 and 0.18 Pa. In the normal
model, TAWSS and OSI were found to be 4.2 and 0.08 Pa, respec-
tively (Fig. 5c).
3.3. Model prediction of PA wall mechanical behavior

Radial displacement of the PA wall was substantially lower in
the PAH model (Fig. 6a and b). Quantified as changes in equivalent
diameter along the vessel (Fig. 2), the largest displacement was
located at the MPA in the normal model and decreased slightly
along the LPA and RPA. Conversely, radial displacement was uni-
form but substantially smaller in the PAH model from the mid-
section of the MPA to that in the LPA and RPA. Average displace-
ment of the entire PA in the PAH model (1.69 mm) was about
36% smaller than in the normal model (2.63 mm).
ulmonary arteries at ED in the PAH patient and normal subject.



Fig. 3. Measurements (solid lines) and model predictions (dotted lines) of: (a) pressure, (b) volumetric flow rate, and (c) pressure-displacement curves for the normal subject
(top) and PAH patient (bottom).

Fig. 4. Comparison of calibrated values of the proximal linearized stiffness E, total distal resistance RT and compliance CT between normal and PAH subject.
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Relative area change (RAC), a metric shown to be strongly cor-
related with mortality in PAH (Gan et al., 2007), was also computed
along the main, left and right pulmonary artery (Fig. 6c). This met-
ric is defined as the maximum area change divided by the area at
end systolic ðAmaxdisp � AEDÞ=AED. Our results showed lower RAC
in the PAH model (�0.14) when compared to the normal model
(�0.31) along all three branches (MPA, LPA and RPA).

Fig. 7 shows the differences in pulse wave propagation along
the MPA and its branches between the normal and the PAH subject.
The pressure waveforms revealed a noticeable phase lag between
different locations in the MPA, RPA and LPA of the normal model.
This phase lag was entirely absent in the PAH model. This disparity
is associated with a much higher pulse wave velocity estimated in
the PAH model (5.6 m/s) than the normal model (2.7 m/s) because
of the higher tissue stiffness and thickness in the former.
3.4. Effects of proximal and distal parameters on the pressure
waveform

Pulse pressure is a hemodynamic metric that has been shown to
be strongly correlated with arterial remodeling (Coogan et al.,
2013; Eberth et al., 2009), and its ratio with stroke volume has
been shown to be a strong independent predictor of mortality in
idiopathic PAH patients (Mahapatra et al., 2006). The effect of sub-
stituting calibrated parameter values associated with the proximal
(E) and distal pulmonary vasculature (RT ;CT) found in the normal
model into the PAH model (Fig. 8) was investigated using this met-
ric. Substituting the linearized stiffness with the values found in
the normal model led to a decrease in 52.49% in the pulse pressure.
Similarly, substituting calibrated values of the total distal resis-
tance RT and compliance CT values found in the normal model into
the PAH model led to a larger decrease of 60.94% compared to the
measured pulse pressure.
4. Discussion

We have developed patient-specific computational models of
hemodynamics in the pulmonary vasculature using measurements
acquired from a PAH patient and a normal subject. These models
included the fluid-structure interactions between blood flow and
arterial wall, therefore overcoming a key limitation of previous
computational models of PAH (Kheyfets et al., 2015, 2013; Su
et al., 2013). We investigated both hemodynamics and mechanical
behavior of the large pulmonary arteries. We have calibrated the
PAH model against in vivo patient-specific measurements of blood
flow, pressure and vessel wall deformation. For the normal model,
calibration was performed using flow and pressure measurements
from health subjects in a previous study together with patient-
specific measurements of vessel wall deformation. The model
parameters consist of the linearized stiffness E of the large vessels,



Fig. 5. Comparison of (a) spatial distribution (b) circumferentially average of TAWSS and OSI plotted with the normalized distance in MPA, RPA and LPA; and (c) mean values
of TAWSS and OSI between the normal and PAH subject.
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and the Windkessel parameters reflecting compliance and flow
resistance of the distal vessels.

Calibrated linearized stiffness in the large vessels (MPA, LPA and
RPA) were found to be 2.0 and 0.5 MPa in the PAH and normal
models, respectively. The large stiffness found in the PAH model
was also reflected by the low RAC value, a parameter strongly cor-
related with mortality (Gan et al., 2007). These results are in agree-
ment with previous human studies (Lau et al., 2012; Sanz et al.,
2009), which also found that the PA is substantially stiffer in PAH
patients (Lau et al., 2012; Stevens et al., 2012). Lau et al. (2012)
found that the linearized stiffness of the proximal PA (based on a
different definition) is on average 3.6 times higher in PAH patients
than in healthy subjects. We note that while the model predicted
an increase in stiffness in the PAH patient, it cannot differentiate
whether its increase is caused by arterial remodeling (e.g., fibrosis)
or simply, by the nonlinearity mechanical behavior of the artery.
The study by Tian et al. (2014) clearly shows that the increase in
stiffness found in acute PAH is associated with the latter mecha-
nism. With remodeling (most probably in the case of PAH patient),
however, the dominant mechanism becomes less clear. For exam-
ple, a study using chronic monocrotaline-induced PAH rat model
have found that the collagen content increases, the collagen fiber
becomes less wavy, and the PA Young’s modulus correspondingly
increases at 4 weeks (Pursell et al., 2016).

Distal vasculature in the PAH model was found to possess a
total compliance CT of 0.32 ml/mmHg and resistance RT of 11.3
mmHg⁄min/l. These parameters are statistically associated with
higher mortality in PAH patients (Gan et al., 2007; Mahapatra
et al., 2006). The larger value of total resistance RT found in the
PAH model suggests that the distal pulmonary vessels are more
constricted. These results are consistent with histologic studies
(Barberà et al., 1994; Santos et al., 2002; Shimoda and Laurie,
2013) on samples acquired from PAH patients that revealed a
decrease in distal lumen size and intimal thickening, both indica-
tive of stiffer vessels.

Time-averaged wall shear stress and OSI were, respectively,
lower and higher along the MPA and RPA in the PAH model. Our
results are comparable to the range of values found in previous
computational studies using PAH subjects data (Kheyfets et al.,
2015; Tang et al., 2012) (mean TAWSS: 1.4 Pa) and healthy subjects
data (Tang et al., 2012) (mean TAWSS: 4.2 Pa). Our results revealed
a noticeable phase shift in pressure waveforms at different loca-
tions of the MPA in the normal subject. This shift was absent in
the PAH subject. Pressure-displacement relationship was also dif-
ferent between the PAH and the normal model with the latter hav-
ing a larger area inside the curve. These features, which can be
largely attributed to the smaller compliance found in the PAH
model, has also been observed in a previous animal study (Wang
et al., 2013)

Substituting the parameter values of E and ðCT ;RTÞ in the PAH
model with those found in the normal model allowed us to quan-
tify the effects on pulse pressure resulting from alterations in the
proximal or distal vasculature. A decrease in the pulse pressure
was found when values of ðCT ;RTÞ from the normal model were



Fig. 6. Comparison of (a): spatial distribution of the maximum radial displacement and (b) maximum diameter change and (c) RAC along the MPA, RPA and LPA in the normal
and PAH model.
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used in the PAH model. This decrease is larger than when the value
of E in the normal model was used. This result suggests that
remodeling in the distal vasculature accounts for a larger portion
of the increase in RV workload found in PAH patients (Chemla
et al., 2013).
4.1. Limitations

The computational framework presented here overcomes some
drawbacks of previous modeling efforts to analyze PAH. Neverthe-
less, there are still some limitations. First, the coupled momentum
formulation assumes that the vessel wall behaves in a linear elastic
manner and undergoes small deformations. Therefore, the descrip-
tion of vessel wall mechanics in the model is essentially a first-
order approximation. Second, we have assumed homogenous val-
ues of linearized stiffness for the entire pulmonary vasculature.
Regional data on localized stiffness could be used to circumvent
this limitation. Third, the segmented geometry, particularly at
the smaller branches and bifurcations, may not be accurate
because of the resolution of clinical MR images is limited. This
error may affect the estimation of hemodynamic quantities and
the model parameters. Fourth, flow and pressure data were not
acquired in the pulmonary artery of the normal subject, as the lat-
ter requires invasive RHC. To circumvent this issue, we have used
pressure and flow waveforms acquired in previous studies of nor-
mal humans as surrogate data in our study. We have also scaled
the flow waveform so that total outflow in the MPA is the same
as the RV stroke volume measured in the normal subject. Fifth,
we have fixed the inlet and outlet boundaries in our models as in
previous studies (Figueroa et al., 2006). Axial motion, however,
may occur in the pulmonary arteries even though distensibility
in the axial direction has been found to be lower compared to
the radial direction (Bellofiore et al., 2015). Correspondingly, this
assumption may lead to some error. Finally, the proposed compu-
tational hemodynamic framework was applied only to data
acquired from a normal subject and a PAH patient. Moreover, the
parametric study to assess the impact of model parameters on
pressure waveform was performed only on 3 parameters
ðE;RT ;CTÞ with no intermediate values. Conclusions drawn from
this study will be strengthened by applying the framework to a lar-
ger patient dataset and including more parameters. Nevertheless,
results obtained using the proposed computational model are in
agreement with previous findings
4.2. Conclusion

The modeling framework described here represents an
advancement in computational analysis of PAH hemodynamics,
particularly, in the simultaneous quantification of changes in
hemodynamics and vessel wall mechanics associated with this dis-
ease. This framework will be applied in future studies to quantify
the mechanical impact of PAH on the pulmonary vasculature.



Fig. 7. Comparison of the variation of pressure waveform and changes in pressure-displacement relationship at different cross sections along the MPA (black), LPA (red) and
RPA (blues) between the PAH patient and normal subject. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Effects on the pulse pressure in the PAH model when values of linearized
stiffness E and the Windkessel parameters (CT ;RT ) were replaced by those found in
the normal model.
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