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Abstract

Pulmonary hypertension has multiple etiologies and so can be difficult to diagnose, prognose, and treat. Diagnosis is typically made
via invasive hemodynamic measurements in the main pulmonary artery and is based on observed elevation of mean pulmonary
artery pressure. This static mean pressure enables diagnosis, but does not easily allow assessment of the severity of pulmonary
hypertension, nor the etiology of the disease, which may impact treatment. Assessment of the dynamic properties of pressure and
flow data obtained from catheterization potentially allows more meaningful assessment of the strain on the right heart and may
help to distinguish between disease phenotypes. However, mechanistic understanding of how the distribution of disease in the lung
leading to pulmonary hypertension impacts the dynamics of blood flow in the main pulmonary artery and/or the pulmonary
capillaries is lacking. We present a computational model of the pulmonary vasculature, parameterized to characteristic features of
pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension to help understand how the two con-
ditions differ in terms of pulmonary vascular response to disease. Our model incorporates key features known to contribute to
pulmonary vascular function in health and disease, including anatomical structure and multiple contributions from gravity. The
model suggests that dynamic measurements obtained from catheterization potentially distinguish between distal and proximal
vasculopathy typical of pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension. However, the
model suggests a non-linear relationship between these data and vascular structural changes typical of pulmonary arterial hyper-
tension and chronic thromboembolic pulmonary hypertension which may impede analysis of these metrics to distinguish between
cohorts.
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Introduction determines the strain that it is under due to PH and the
Pulmonary hypertension (PH) is a pathology originating resultant severity.” .
within the lung or heart that results in increased pulmonary The underpinnings of elevated blood pressures in the

pathophysiology of PH are complex and multi-factorial.

blood pressures, putting strain on the right heart, which can ‘ ! -
Pulmonary arterial hypertension (PAH) and chronic

ultimately lead to cor pulmonale. PH is typically diagnosed
when mean pulmonary artery pressure (mPAP) exceeds
20mmHg at rest,' sometimes in conjunction with elevated

ulmonary capillary wedge pressure. These static measures ~ COTresponding author:
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are not considered to be predictive of the severity of PH.” It g5 97019, Auckland 1142, New Zealand.
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thromboembolic pulmonary hypertension (CTEPH) are
subtypes of PH that are defined by the presence of pre-
capillary hypertension and degrees of small vessel arterio-
pathy.* CTEPH differs from PAH, as it is also associated
with proximal occlusion of the pulmonary arteries which
can cause significant alterations to perfusion and elevate
pulmonary blood pressures beyond the level that would
occur through vascular remodeling alone.”’ Diagnostic
methods should, ideally, be able to distinguish these differ-
ences as well as between pathology of the micro- and macro-
vasculature in different forms of PH. In PAH, CTEPH, and
other forms of PH, uncertainty in diagnosis can impact on
treatment outcomes.® For example, pulmonary thromboen-
darterectomy (PTE) surgery is one of the most effective
curative options for CTEPH patients.” Although this sur-
gery is effective,'” many patients still show signs of impaired
pulmonary vascular function after removal of lesions. This
implies an important effect of irreversible microvascular
remodeling that persists in the distal arteries and cannot
be removed by surgery.!' Methods to distinguish between
(reversible) thrombosis and (irreversible) remodeling of the
vasculature will assist clinical decision making.

Mean pulmonary artery pressure or mPAP, despite being
the most commonly used metric to confirm PH, does not
effectively distinguish between PAH and CTEPH.'? There is
evidence to suggest that characteristics of the dynamic
changes in pressure and flow waveforms at the main pul-
monary artery (MPA) can enable a meaningful distinction
between the two.>® For example, characteristics of MPA
impedance (the opposition of pulmonary vasculature to pul-
satile flow) and wave reflection have been proposed to be
early markers of PH severity,™® and there is evidence that
CTEPH patients show indications of increased wave reflec-
tion (due to proximal occlusions) compared to PAH
patients.” Elevated wave reflection markers in CTEPH
patients have been shown to persist even after pulmonary
endarterectomy,'®> demonstrating the impact of vascular
remodeling. Estimation of large vessel resistance has been
used to assess the hemodynamic contributions of large and
small vessels in CTEPH,' to enable assessment of the
extent of small vessel disease post-PTE operation. These
measurements provide a way to distinguish between these
patients and hence have the potential to introduce a step
change in current clinical practice.

Computational models are a valuable addition to the
surgical armamentarium for assessment of CTEPH' and
are useful in predicting system-level response to changes
in pulmonary vascular physiology.'®!” To confidently dis-
tinguish between micro- and macrovascular disease, models
must incorporate function across the whole spatial scale
range of the pulmonary vasculature. However, to date,
only a limited number of computational models have been
proposed that satisfy this.'®!” Several models assess pulmo-
nary function in hypertensive diseases using explicit repre-
sentations of the major pulmonary arteries combined with

lumped models of the distal vasculature.?*' This provides
an accurate representation of macrovascular structure and
function, but neglects the anatomical detail of the small
pulmonary blood vessels where significant vascular remod-
eling occurs.?”> Qureshi et al.?>** explicitly represented the
geometry of the first three generations of pulmonary arter-
ies, but simplified the rest of the pulmonary vasculature as a
structured bifurcating tree (a quasi-symmetric structure).
CTEPH has been represented by increasing the stiffness of
the large pulmonary arteries,”* and more recently by hemo-
dynamic models of occlusions typical of the disease.”> PAH
typically is modeled by stiffening of small pulmonary arter-
ies.>*?*> Vascular asymmetry across relevant scales to
CTEPH and PAH and the impact of vascular occlusion
versus remodeling and physiologically relevant scales has
not been considered. Asymmetry in structure across the
whole vascular tree is required in a model to achieve
this.”® Clark and Tawhai®® provide an imaging and
morphometry-based model of the pulmonary vasculature
that allows prediction of blood flow dynamics that incorpo-
rates anatomical structure from the heart to the pulmonary
capillaries, as well as the considerable impact that gravity
and local tissue elastic recoil pressure have on pulmonary
vascular function. This allows a basis for a systematic inves-
tigation of the impact of microvascular remodeling and
macrovascular occlusion in human lungs.

In this study, we present a computational model to sim-
ulate the impact of distal remodeling on the MPA imped-
ance. The model provides an integrated assessment of
vascular function including anatomic branching of blood
vessels, the effect of gravity, and distensible and recruitable
capillary beds. The model is used to investigate differences
between PAH and CTEPH. In this work, we have imple-
mented a staged description of vascular remodeling based
on a detailed histological study.>* We use the model to inter-
pret how dynamic measurements of hemodynamics at the
right heart reflect distal and proximal vasculopathy typical
of PAH and CTEPH.

Methods

We employed an anatomical model of the entire pulmonary
vasculature to understand its dynamic function in response
to local and global pathology typical of PAH and CTEPH.
This model builds upon previously published anatomical
models of pulmonary vascular function.'®>2

Model geometry

The anatomically structured model of the pulmonary circu-
lation consists of macrovascular, acinar, and capillary-scale
components, as presented in previous studies.”> The
macrovascular component was derived from volumetric
high-resolution computed tomography (CT) images of the
lungs of a 23-year-old Caucasian, never smoking male with
a body mass index of 23.1kg/m?> from the Human Lung
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Atlas database.?’ Images were acquired at close to function-
al residual capacity. The subject was selected from a cohort
of normal subjects aged 20-30 from this database as the
closest to the mean shape derived from a principal compo-
nent analysis of the cohort.”® The macrovascular model
includes arterial structure from CT to one generation
beyond the segmental arteries, supplemented by a volume
filling branching algorithm to create an arterial and venous
tree geometry to the acinar level with morphometrically
consistent properties.'®*® The resulting geometry is a
three-dimensional distributed graph-like structure with
blood vessel structures described by their start point, end-
point, and radius. The repeated acinar structure is a nine-
generation acinar branching model,” with discrete arterio-
les and venules that are connected by multiple parallel
capillary connections, forming a ladder-like model. This
acinar model lies distal to each terminal artery
(of which there are ~32,000) in the macrovascular model.
The capillary connections are conceptualized as recruitable
capillary sheets, following the rigorous mathematical descrip-
tion for capillary beds derived by Fung and Sobin.*® 32

Simulating dynamics of the pulmonary blood flow

Blood flow in the macrovascular, acinar, and capillary
blood vessels was simulated using wave transmission
theory.?>=*3* Each blood vessel in the model that is proxi-
mal to the capillary beds was represented by a discrete com-
pliant tube, and the capillary bed was represented via sheet
flow theory. Details of the methodology are provided as
Supplementary Material. Briefly, blood flow in the extra-
capillary vascular network, was simulated by superposing a
forward traveling flow waveform, backward traveling wave-
form and a steady state flow in the system. Blood flow
through the branching network of pulmonary blood vessels
was simulated using an electrical circuit analogue model, as
described in full by Clark and Tawhai.? In this model, each
extra-capillary blood vessel has associated with it a charac-
teristic admittance (Y,) and a characteristic wave velocity
(¢, the characteristic velocity at which a pulse of blood
travels along the length of a blood vessel). This character-
istic admittance is a function of vessel radius (r(), vascular
wall compliance (o, itself a function of vessel elastance and
wall thickness), blood density (p), blood viscosity (p), and
frequency (w). This characteristic impedance is the imped-
ance that the individual vessel contributes to the system.
The effective admittance (Y,) of a vessel is a function of
the characteristic admittance of all downstream segments
calculated using connectivity of elements in series and in
parallel.” Y, is updated in each vessel as a function of the
admittance in downstream vessels via formulae defined at
bifurcations which take as inputs the relative radii of vessels
in the network and the length of each vessel segment.® 3>
This effective admittance is then used to calculate the rela-
tionship between pressure and flow in the whole system
(admittance is the ratio of flow to pressure). This is achieved

by applying a boundary condition at the left heart outlet
(see Boundary and initial conditions section) and calculat-
ing effective admittance in each vessel from the left heart
back toward the right heart (the MPA inlet). Flow and
pressure in each individual vessel are then calculated
based on prescription of a boundary condition at the right
heart (see Boundary and initial conditions section).

The equations governing the dynamics of blood flow in
the pulmonary capillaries were derived via the theoretical
analysis of Fung,** allowing for a change in capillary diam-
eter across the capillary sheet (accounting for compliance of
a two-port network). This approach differs from the model
described by Clark and Tawhai* who did not allow for a
mismatch in arterial and venous blood pressures at the inlet
and outlet of the capillary sheet, but is consistent with pre-
vious modeling of the pulmonary vasculature that used sim-
plified representations of macrovascular structure.***

Boundary and initial conditions

Boundary conditions were specified at the MPA (the inlet to
the model) and the pulmonary veins (the outlet to the
model).

The incident flow waveform in the MPA was defined as a
cosine Fourier series

N
qo(t) = Aycos(wnt + ¢,) (1)
n=1

where ®, is the nth harmonic frequency (w,=2nnHR/60,
with HR as heart rate), 4, is an amplitude, and ¢, is a
phase offset. These parameters are defined in Table 1 for
the first eight terms. The function ¢o(z) at the MPA inlet is
the equivalent of the forward traveling flow waveform pro-
vided by the heart for the system; this waveform was
assumed to be fixed across simulations. Interpreted physi-
cally, a fixed flow waveform assumes that the heart can
continue to generate the same cardiac output, independent
of pulmonary vascular disease. This forward waveform was
generated by simulating flow in the normal lung under con-
ditions described by Clark and Tawhai*®> and then holding
this waveform fixed across all further simulations. The
assumed waveform magnitude spectrum is in good agree-
ment with normal recordings of flow waveforms (when
combined with backward waveforms produced within the

Table I. Parameters defining forward flow waveforms at the main
pulmonary artery (inlet).

n | 2 3 4 5 6 7 8

®p 754 15.08 2262 30.16 37.70 4524 5278 60.32
A, 1042 544 308 055 057 085 044 030
¢, —195 —-256 294 182 —133 -242 298 -—I.12

n being the harmonic frequency number, w, is harmonic frequency, A, is defined
in I/min, and ¢, is in radians.
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lung) and simulations of forward flow waveforms derived
by other studies.'” An analysis of the impact of decreased
cardiac output on results is provided as Supplementary
Material.

Zero wave reflection was imposed at the left atrium as a
boundary condition (exiting the veins and entering the left
atrium).” This has been tested against a load impedance
condition at the left atrium with negligible impact on
model predictions.*

Vascular compliance

The pulmonary blood vessels have elastic walls, enabling
them to respond to changes in blood pressure over a cardiac
cycle. The compliance of the pulmonary blood vessels is
modified during the progression of vascular remodeling,
due to early thickening of the arterial walls and later fibro-
sis.?® For extra-acinar vessels (arteries and veins), the rela-
tionship between radius (r) and transmural pressure (P,,,) is
defined as

3
r=ry <1 +4£f;l) Pun = ro(1 + 09 Pun)

2
where E is the Young’s modulus, ry is the unstrained radius,
o is the vessel compliance, and / is the thickness of the
vessel wall, respectively.
At the capillary-scale, the sheet height, H, is a function of
the transmural pressure, defined by
H= HO + acPIm (3)
where o, is a compliance constant, and H, is the unstrained
sheet height.’® For blood vessels with diameter less than

200 um, P,,, is defined as the difference between blood pres-
sure and the air pressure in the surrounding alveolar tissue.

In larger vessels, it is defined as the difference between
blood and local tissue elastic recoil pressure.*!-36-37

Model implementation and baseline parameterization

The model was implemented using a custom-written
Fortran library, accessible via a python interface and instal-
lable as a python library (www.github.com/LungNoodle/
lungsim). The differential equations associated with
Fung’s mathematical description of the capillary beds™
were solved using a finite difference method. The parame-
ters used in this model are shown in Table 2,!8:31:3441-43
following the steady-state description of the lung given by
Clark et al.'®

Perturbations to the model to reflect vascular pathology

We considered two perturbations to the model to reflect the
vascular pathology typical of PAH and CTEPH: vascular
occlusion and vascular remodeling. We considered these
perturbations separately and together. Selected scenarios
are illustrated in Fig. 1. PAH was simulated by remodeling
alone, divided into 10 steps from RMI1 (normal) to RM10
(most severe). CTEPH was simulated by a combination of
occlusion and remodeling (RM1-10) in the non-occluded
regions.

Vascular occlusion was simulated using two scenarios:
Case 1: left lower lobe (LLL) occlusion to reflect a major
proximal occlusion of the pulmonary vasculature, and
second, random occlusion of arteries one generation distal
to the segmental level which reflects a more distal occlusion.
Case 2: we occlude arteries until the total number of capil-
lary beds that are occluded is as close as possible to the case
where the LLL is occluded. Occlusion is simulated by reduc-
ing the diameter of an individual artery until simulated
blood flow through that artery is negligible.>**4#¢

Vascular remodeling is simulated via a staged description
of vascular remodeling, as first described by Postles et al.,*

Table 2. Baseline model parameters, following Clark et al.,'® which describe the normal structure and function of the pulmonary vasculature.

Parameter Description Value Reference
Ro (MPA) Main pulmonary artery unstrained radius (mm) 11.2

R4 (artery) Strahler diameter ratio (arteries, no units) 1.52 '8
Ro (MPV) Main pulmonary vein unstrained radius (mm) 14.53

R4 (vein) Strahler diameter ratio (veins, no units) 1.56 '8
o Vessel baseline compliance (Pa™') 149 % 107* 4
i Blood viscosity (Pa-s) 336 x 1073 s
p Blood density (kg-mm>) 1.05x 107 s
Otc Capillary sheet compliance (m-Pa") 13x107° 42
F Friction factor constant (no units) 1.8 31
K Friction factor constant (no units) 12.0 31
Ho Unstrained capillary height (m) 3.5x107° 2
L Average length of a capillary unit (m) 1186 x 107¢ 34
He Apparent blood viscosity in capillaries (Pa-s) 192 x 1073 42

MPA: mean pulmonary artery; MPV: mean pulmonary vein.
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Simulated conditions Perfusion distribution at Perfusion distribution at
systole (0.16 s) diastole (0.32 5)

a RM1 (Normal): No pathology and
baseline parameters. Pulmonary
blood flow shows a gravitational
gradient with some heterogeneity
due to anatomical variability.

“»

b RMS5: Grade 5 remodeling (see
Table 1), represents small vessel
vasculopathy reflective of PAH.
There is a stiffening of small
muscular arteries and a randomly
distributed pruning of arteries.

L

€ CTEPH LLL: At RM1 stage (no
remodeling). Reflects a proximal
occlusion of the left lower lobe
(LLL). There is a large single region
with no flow dues to occlusion, but
a normal vascular function
elsewhere.

.y

d CTEPH LLL (RMS5): Occlusion of the
left lower lobe (LLL) alongside
grade 5 remodeling of small
vessels, representing CTEPH with a
proximal occlusion. This results in a
large occluded region with no flow,
plus patchy perfusion elsewhere
due to stiffening of small muscular
arteries and a randomly disturbed
pruning of arteries.

ie

e CTEPH SubSeg: Occlusion of
randomly selected subsegmental
arteries, targeting the same total
capillary occlusion as when the left
lower lobe is occluded. There are
multiple, moderately sized, regions
with no flow due to occlusion, but a
normal vascular function
elsewhere.

f CTEPH SubSeg (RM5): Occlusion of
randomly selected subsegmental
arteries, targeting the same total
capillary occlusion as when the left
lower lobe is occluded, in
combination with grade 5
remodeling. Here we see an
increase patchiness in perfusion
due to a combination of vascular
remodeling, pruning and occlusion.

en

ol W 9 Acinar blood flow mm/s

Fig. 1. lllustrations of key simulated scenarios and predicted blood flow distribution at the acinar level in two time steps of a heart cycle (0.16 s,
representing systole and 0.32 s, representing diastole). Each simulated scenario aims to capture similar levels of pathological changes in the
pulmonary vasculature but with different underlying distribution of disease. Row (a) shows the case of no pathology (RMI), (b) shows small
vessel vasculopathy on grade 5 (see Table I), (c) represents proximal left lower lobe occlusion with no vessel pathology (RMI with occlusions),
(d) shows with proximal left lower lobe occlusion along with RM5 remodeling, (e) shows occlusions in subsegmental arteries occluding the same
number of capillaries as panel (c) with no pathology, and (f) shows subsegmental occlusions same as panel (e) with RM5 remodeling.

assuming that the remodeling process in CTEPH and PAH
happen via the same stages.*>*’ The structural evolution of
small pulmonary blood vessels during remodeling was
assessed by Heath and Edwards in a detailed histological

study in idiopathic PAH.?> Remodeling was classified into
six grades with increasing severity, but we exclude Grade 6,
which involves necrotizing arteritis and is rare.’® We split
the five grades of remodeling into 10 steps (two per grade).
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Remodeling is characterized by reductions in compliance
due to (1) hypertrophy and hyperplasia (o), and (2) fibrosis
(o) along with application of a narrowing factor due to
proliferation of the intima (7,) and a pruning factor related
to occlusion of the vessels (p;), summarized in Table 3.
These factors modify the radius-compliance relationship
defined in equation (4) to
r = ngro(1 4 w000 Pyy) 4)
A detailed rationale for the parameterization given in
Table 3 is provided as Supplementary Material.

Model analysis and relation to information typically
derived from right heart catheterization

The model predicts blood flow and pressure variation at
each level of the pulmonary vascular tree. This allows
assessment of the distribution of pulmonary blood flow
and calculation of key metrics that have been previously
derived from right heart catheterization (RHC) data. Here
we use our model to predict:

1. mPAP and pulmonary vascular resistance

2. Spectra representing the impedance magnitude and phase
in the MPA. Impedance is the ratio of flow to pressure,
and can be decomposed into magnitude and phase com-
ponents, which in turn depend on frequency. Typical
impedance spectra are classified by a high zero frequency
impedance, followed by a minimum in low frequency (1-
3.5Hz),* and then oscillation around an asymptote.*’ >

. A normalized pulse pressure which represents the differ-
ence in the systolic (peak) and the diastolic (minimum)
pressure, normalized by mPAP.

. Wave speed, forward compressive wave (FCW ) intensity,
and backward wave (BW) intensity which can be derived
from a wave intensity analysis.®”** Each of these metrics
has been proposed as a means to distinguish between

disease presentations based on observed differences
between PAH and CTEPH cohorts.®

Results

Fig. 1 shows a selection of simulated conditions and phys-
iological interpretation for each of these conditions. This
illustrates how vascular remodeling alone impacts the pre-
dicted distribution of perfusion in the lungs at near-systole
and near-diastole time-points. As remodeling is progressive-
ly implemented, the predicted distribution of perfusion tran-
sitions from a gravitationally dependent distribution, with
local heterogeneity due to asymmetry in vascular structure,
to a ‘patchier’ distribution of perfusion with reduced grav-
itational dependency. Where proximal occlusion is added to
the model (CTEPH), we see increased disruption to the per-
fusion distribution, in localized regions.

Fig. 2 shows the simulation results, with blood flow per
acinus (perfusion) averaged in 10 mm bins along gravita-
tional height of the Ilung. When remodeling (alone) is
implemented in the model, there is an increase in the iso-
gravitational heterogeneity of perfusion (quantified by
standard deviation) and a decrease in the temporal variation
in blood flow. That is, systolic and diastolic flow magni-
tudes are closer together. The same trends are apparent in
CTEPH simulations which include occlusion, but the mag-
nitude of heterogeneity in perfusion is greater. When the left
lower lobe alone is occluded this heterogeneity presents in a
localized region at the base of the lung, but when subseg-
mental arteries are occluded this heterogeneity is present
throughout the whole lung.

Fig. 3 shows static (mPAP) and dynamic pressure pro-
files predicted by the model as a function of the ten
prescribed remodeling stages (RM1-10). Fig. 3a shows a
moderate increase in mPAP in the early stages of disease
(prior to RMS5), but as vascular pruning and stiffening due
to fibrosis are introduced, predicted mPAP increases
beyond the level that normally results in diagnosis of PH

Table 3. The parameters defining the simulated 10 steps of remodeling, following Postles et al.>’

Grade (remodeling step, RM) Olh ng br of Notes

I (RMI) I 1.0 0.0 I Normal pulmonary vasculature (no remodeling)

I (RM2) 5/6 1.0 0.0 I Small changes in compliance due to hypertrophy
2 (RM3) 2/3 0.925 0.0625 I Vessel narrowing and pruning begins to play a role
2 (RM4) 12 0.850 0.1250 I

3 (RM5) 1/3 0.775% 0.1875* I Vascular pathology begins to influence larger vessels (<500 um)
3 (RM§) 1/6 0.700%* 0.2500%* 5/6 Fibrosis begins to influence vascular compliance

4 (RM7) 1/6 0.625%* 0.3126* 2/3

4 (RM8) 1/6 0.550% 0.3750%* 12

5 (RM9) 1/6 0.550% 0.4375* 1/3 Severe fibrosis with vessels <1000 um impacted

5 (RMI10) 1/6 0.550% 0.5000% 1/6

A reduction in compliance due to hypertrophy and hyperplasia, o}, is applied to vessels in the diameter range 1001000 um. A narrowing factor due to proliferation
of the intima ngis applied to vessels in the diameter range 30-300 um, or 30-500 um for values with an asterisk. A pruning factor representing complete occlusion
of the vessels, py, is applied to vessels of diameter <300 um, or <500 um for values with an asterisk. Finally, a reduction in compliance due to fibrosis, o is applied

to vessels in the diameter range 30-500 um.
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Fig. 2. Simulated acinar perfusion distribution averaged in 10 mm bins versus normalized height of the lung, in the direction of gravity. (Top row)
Average flow distribution for healthy and PAH stage 5 (RMS5, as defined in Table 3) at two time-points of the heart cycle, representing near-systole
(0.16 s) and near-diastole (0.32 s). (Middle row) Average flow distribution for proximal left lower lobe occlusions (CTEPH LLL) at RM| and RM5.
(Lower row) Average flow distribution for distal sub-segmental occlusions (CTEPH SubSeg) at RMI and RM5.

(indicated by a horizontal dashed line). In the case of
CTEPH simulations, occlusion of the LLL or the subseg-
mental arteries increases overall mPAP but the trends in
mPAP with level of remodeling remain similar to the case
of remodeling alone. The dynamic pulmonary artery pres-
sure profiles increase in amplitude progressively over the
simulated remodeling stages (Fig. 3b), again with the largest
increases occurring after RMS5 (where fibrosis and signifi-
cant vascular pruning is introduced). CTEPH simulations
show similar trends in pressure waveforms (not shown), but
visually distinguishing between these waveforms would not
be possible in investigation of clinical pressure traces.

Fig. 4 shows the nature of impedance magnitude as pre-
dicted by the model. All spectra exhibit a high impedance at
zero frequency values (representing the pulmonary vascular
resistance, the non-transient component of impedance).
As expected, the magnitude of this zero frequency imped-
ance increases with increasing severity of vascular remodel-
ing (Fig. 4a). For the lower remodeling stages (RM1 to
RMS5), impedance spectra show a minimum around 1-—

3.5Hz, and a second peak between 4 and 8 Hz. However,
alongside an increase in magnitude we predict a shift to the
right of the impedance spectra with increasing remodeling
stage, which is typical of those seen in PAH.>® Although
inclusion of occlusion, as in CTEPH, modifies impedance
spectra by elevating peaks there is no clear distinction
between PAH and CTEPH in terms of the nature of these
impedance spectra.

Recent studies have suggested that a more complex inter-
pretation of pulmonary artery pressure and flow waveforms
may better distinguish between etiologies of PH.** This
includes calculation of normalized pulse pressure and
wave intensity analysis. The wave speed, the intensity of
the forward compressive wave (FCW), and the backward
wave (BW) are key metrics from this analysis that could be
used to distinguish between disease presentations.® Fig. 5
takes these metrics, plus the location of the first minimum
in the impedance spectra and the height of the first peak and
plots against mPAP to determine whether any of these met-
rics are able to distinguish between predicted metrics in the
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Fig. 3. (a) Model predicted mPAP as a function of remodeling stages, for simulations of PAH and vascular remodeling plus occlusion (CTEPH).
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MPA in simulations of PAH and CTEPH. The normalized
pulse pressure increases in early stages of remodeling where
remodeling is limited to hypertrophy and proliferation of
the intima, but as remodeling progresses the whole system
effectively becomes stiffer and the normalized pulse pressure
begins to decrease (Fig. 5a). For the same pulmonary artery
pressure, we predict a reduced normalized pulse pressure in
CTEPH due to proximal occlusions. Metrics derived from
wave intensity analysis (Fig. 5b-d) show that in general our

model predicts lower FCW intensity and BW intensity in
CTEPH than in PAH. However, because the relationship
between these metrics and mPAP is non-linear it may be
difficult to use these metrics to distinguish between individ-
ual patients. Finally, we see a shift in the location of the first
impedance spectrum minima to the right (Fig. 5e) in both
PAH and CTEPH, and an increase in the magnitude in the
secondary peak with increasing mPAP. In this metric we see
a consistent trend, that for a given mPAP the secondary
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peak will be lower in CTEPH than in PAH, and this effect
will be amplified the more proximal the occlusion (Fig. 5f).
We note (Supplementary Material) that decreases in cardiac
output result in increases in normalized pulse pressure and
FCW, with minimal impact on other parameters. This sug-
gests that these two indices likely increase with disease
severity beyond the stage that the heart maintains its
normal cardiac output.

Discussion

In this study we presented a computational model of the
pulmonary vasculature that aims to capture changes to

the vasculature in PH, with a particular focus PAH and
CTEPH. The anatomically based computational model
employed in this work has successfully linked large scale
measurements of pulmonary vascular function, and changes
in the pulmonary microvasculature as a consequence of vas-
cular remodeling in disease. The model suggests that dynamic
measurements of blood pressure and flow at the right heart
potentially distinguish between distal and proximal vasculop-
athy typical of PAH and CTEPH. We assessed several metrics
of vascular function that can be calculated from RHC data
and conclude that nonlinearity in response to changes in vas-
cular structure may impede analysis and interpretation of
these metrics between cohorts.



0 |

Multiscale contributors to pulmonary hypertensive disease Ebrahimi et al.

Previous computational studies analyzing functional dif-
ferences between PAH and CTEPH have used a quasi-
symmetric structure to represent the pulmonary arteries
and veins, and represented CTEPH and PAH as an
increased stiffness in the pulmonary arteries (CTEPH by
stiffening large arteries, and PAH by stiffening small arter-
ies).>*?>>* Our anatomical description of the pulmonary
vascular structure allows us to explicitly simulate how the
distribution of vascular remodeling and macrovascular
occlusion in the lungs impacts vascular function, due to
explicit representation of vascular branching to the acinar
level. Rather than assuming vascular remodeling to be
simply a stiffening of the pulmonary arteries,'”*>%% we
implemented a staged vascular remodeling phenotype
based on histological imaging.> This aims to capture the
contributing factors to the pathogenesis of PAH which
includes both a stiffening of the vasculature due to changes
in vessel wall structure and fibrosis, and a microvascular
‘pruning’ or loss of patency of the small blood vessels.*®>’
Our implementation of CTEPH in this model as a combi-
nation of occlusion and small vessel remodeling reflects cur-
rent understanding of its pathophysiology, which describes
the disease as often arising from prior thrombi in large or
medium sized vessel causing high vascular resistance accom-
panied by small vessel disease.'!**%-36-385% With this integrat-
ed model of the pulmonary vascular system, it is possible to
analyze the impacts of disease processes at different spatial
scales (proximal occlusion versus distal remodeling) and
how this may impact clinically measurable quantities. This
approach opens the door to ‘personalized” modeling of
patients with PAH and CTEPH, as has been demonstrated
in pulmonary embolism cases ** which can assess how het-
erogeneity in disease presentation impacts function.
However, the focus here is to determine how typical disease
presentation impacts on RHC metrics and so a single ana-
tomically based vascular geometry is assessed with different
disease presentations imposed within it.

Some forms of PH present with lower mPAP than meet
the diagnosis threshold."*® For example, some patients with
pulmonary vascular dysfunction present with exercise limi-
tation, at lower resting mPAPs."® This is consistent with
our model predictions that show a non-linear trend for ele-
vation in mPAP with vascular remodeling, indicating that
significant small vessel vasculopathy can be present prior to
reaching an abnormal mPAP. Trends in mPAP are also
consistent with previous model studies showing the impact
of vascular occlusion in acute pulmonary embolism, with
substantial increases in mPAP being a factor only when
significant occlusion is present.*® Predicted impedance spec-
tra are also consistent in shape and magnitude to those
typically derived in the pulmonary circulation in health
and pulmonary vascular disease.”® In normal function, the
first minimum in the impedance spectrum is described as
being at 2-3 Hz, and shifts to the right in PH.>* This shift

to the right is described as being indicative of a poor right
ventricular coupling with the pulmonary circulation.” The
trends observed in our impedance spectra in response to
imposed pulmonary vascular changes are therefore as
expected, with a shift to right in phase and impedance spec-
tra with increase of magnitude of oscillations in more severe
remodeling cases (higher distal vessel compliance and vas-
cular pruning). There are simulated cases where the magni-
tude of increase in mPAP and the amplitude in oscillation of
pulmonary artery pressure become non-physiological. This
occurs approximately at our remodeling stage 8 where there
is significant vascular pruning and compliance reduction,
and mPAP elevates beyond the upper range of 46.1+
11.4mmHg that has been reported in the literature.®' This
overestimation of mPAP in the most extreme cases simulat-
ed is likely a result of vascular remodeling being imposed
equally throughout the lung model (so there is no regional
variability in disease presentation), as well as an assumption
that cardiac output is not impacted by late-stage disease. In
reality, the heart compensates for the increased downstream
resistance by remodeling, leading to increased cardiac wall
thickness and hypertrophy.?'**? In chronic PH a decrease
in cardiac output due to these factors is expected.®® ¢*
However, it is beyond the scope of this study to attempt
to model cardiac remodeling in response to PH, and as
such this model provides an upper limit for the pressure
response to vascular pathology within the lungs.

An important benefit of the proposed model is that it can
simulate the response of the pulmonary vasculature to dif-
ferent distributions of disease. In the scenarios considered
(illustrated in Figs. 1 and 2) we simulate perturbations to
the pulmonary vasculature with different regional distribu-
tions that result in similar elevations in pulmonary vascular
resistance. The first, small vessel vasculopathy (simulated
throughout the lung) is reflective of PAH, and the other
scenarios simulated aim to reflect CTEPH with vascular
occlusion superimposed on small vessel vasculopathy. In
the CTEPH scenarios we consider a large proximal occlu-
sion and more distributed subsegmental occlusions. The dif-
ferences in mPAP predicted in these scenarios are small;
however, the impact of these imposed pathologies on both
the spatial and temporal distributions of perfusion within
the lung show major differences. Regions with lower flows
(anterior in supine) demonstrated the most temporal
changes in both health and disease which is consistent
with the literature.®>°® When spatial heterogeneity is intro-
duced to the model via vascular occlusion, our model pre-
dicts an increase in temporal variability in perfusion
alongside this spatial heterogeneity (see Fig. 2). While a
vertical gradient of perfusion is evident in normal
human lung, this is obscured in spatially uniform disease
(see Fig. 2) which is consistent with experimental measure-
ments from the literature.®”-%® Patchiness in flow distribu-
tion is a frequently reported outcome of CTEPH.?
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A mosaic like pattern on chest CT scan is not in itself spe-
cific to a subtype of PH, but the correlation between a
mosaic pattern and sub-segmental perfusion defects is
likely to connect small vessel disease (in our case PAH or
CTEPH) to more proximal pulmonary artery dilation.®
Mosaic pattern attenuation has been proposed as an
easy method to evaluate blood distribution of CTEPH
patients,”® although it can arise from vascular remodeling
in the absence of vascular occlusion.?

This study has presented the impact of disease distribu-
tion on dynamic markers of pulmonary vascular function,
that may contribute to diagnosis and differentiation of PH.
As a part of wave intensity analysis, calculation of a wave
speed (or pulse wave velocity) is typical.” Wave speed can be
reliably calculated from RHC measurements, and is signif-
icantly higher in PH patients than in controls.” Wave speed
has been shown to be elevated in both CTEPH and PAH
patients, but no significant differences have been found
between the two groups.® Our model suggests that wave
speed is strongly correlated with mPAP and that differences
in wave speed between CTEPH and PAH differ only mar-
ginally, despite this metric being strongly related to the pres-
ence or absence of PH (see Fig. 5b). Similar to clinically
measured pulsatility index (pulmonary artery pulse pressure
normalized by right atrial pressure), normalized pulse pres-
sure is defined to provide a measure of downstream dynam-
ic resistance. Pulsatility indices have been shown to be a
marker of right ventricular dysfunction’' and are elevated
in CTEPH compared with PAH patients (although some
studies do not control for mPAP).”>”®> While FCW intensity
has been reported to be higher in both PAH and CTEPH
than in normal controls, there has been no reported signif-
icant difference between CTEPH and PAH.® Our model
predicts that for a given mPAP both normalized pulse pres-
sure and FCW are expected to be higher in CTEPH than in
PAH, and may distinguish between cases if a depression in
cardiac output is observed. On the other hand, BW intensity
shows consistent trends across the scenarios simulated,
showing a trend for an increase as mPAP increases, and a
consistent reduction in simulated CTEPH scenarios com-
pared with PAH simulations. This is consistent with
observed reductions in BW intensity in CTEPH but not in
PAH derived from clinical data (although these differences
were not statistically significant).® Our model suggests that
the impact of the proximal occlusions typical of CTEPH
can be seen in impedance spectra characteristics, and that
for a given measured mPAP one would expect the first min-
imum of the impedance spectra to be further to the left than
in PAH, and the secondary maximum to be lower in height.
The fact that model predictions consistently show this trend,
for the range of small vessel vasculopathies simulated, sug-
gest that these characteristics of the impedance spectra,
along with BW intensity derived from wave intensity anal-
ysis are potentially likely indicators of differences between a

distal presentation of disease more typical of PAH and a
proximal contributor as observed in CTEPH. The choice of
such a marker clinically is a factor of both their ease of
calculation and their ability to distinguish between popula-
tions.”* Computational modeling provides an avenue to
improve interpretation of these data in cohorts presenting
with different PH etiologies.

Model limitations

The model assumes Newtonian behavior of blood in the
extra-acinar blood vessels, and non-Newtonian behavior
in the micro-vasculature that is approximated by an
assumption of an effective blood viscosity (derived from
empirical data) at this scale.'®*> Assumptions were made
while developing the wave transmission theory in the tree
that the equations representing blood flow can be linearized
and that there is no ‘multiple wave reflection’ (the first
reflection is dominant). This is consistent with previous
studies that the primary reflection is dominant, particularly
in proximal arteries.>””

In analysis of the impact of occlusion on the lung, a
target proportion of the lung was occluded, rather than
conducting a physiological assessment of the regions of
the lung most likely to be occluded (e.g. due to the distri-
bution of blood flow in the lung). A previous study,>* con-
sidering occlusion alone in the left and right lower lobes,
indicated a slightly higher impact of right lower lobe
occlusion than left, but trends in functional metrics with
remodeling are similar. In this analysis we imposed com-
plete occlusion to simplify comparisons between clustered
and more diffuse occlusion; however, simulation of partial
occlusion is possible using methods employed by ourselves®®
and other groups.?® Our previous analysis in acute pulmo-
nary embolism suggests that partial occlusion of an artery
has a non-linecar impact on hemodynamics with roughly
50% or more occlusion being hemodynamically significant
at the MPA. However, partial occlusion that allows flow to
reach the small remodeling arteries may impact their remod-
eling and this would be an interesting focus for future
studies.

The model also neglects heterogeneity in arterial changes
in PAH, which may arise from different disease pheno-
types.”® The staged structural analysis of Heath and
Edwards provides a detailed structural analysis that can
be directly related to parameters defining vascular size
and compliance.”> More recent studies’® add detail on
fraction intima and media thickness (which influence % in
equation 2) subphenotypes of PAH and healthy lungs.
Opverall, the changes in fractional wall thicknesses are
comparable with our change in compliance implemented.
However, it is clear that there may be vascular changes
that do not exactly follow the stages defined by Heath
and Edwards, for example plexiform lesions may form
without significant remodeling. Similar studies that track
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vascular changes by stage of disease may be useful to
improve parameterization of the model in the future.

A further limitation of the model is the absence of a
heart model at the inlet/outlet of the system that can
adapt to changes in the pulmonary vascular system.
Hence, the model is limited to assumptions regarding
the cardiac response to elevated pulmonary blood pressure,
as are all models assessing disease distribution to
date.'-18:19:23725.36.38.77 ‘Here  cardiac output is held con-
stant throughout all the case studies, which could lead to
an over-estimation of both mPAP and pulse pressures in
some cases. In addition, clinically measured pulsatility indi-
ces, which normalize by right atrial pressure, cannot be
directly calculated by our model which is limited to assess-
ing normalized pulse pressure as a proxy measure. In reality,
the late-stage disease cardiac output is likely to decrease.®> %
However, the non-linearities in predicted indices typically
appear at pulmonary artery pressures below that which
would indicate late stage disease, so this assumption primar-
ily impacts the most extreme cases simulated. In the future,
coupling our pulmonary model to a simple cardiac system
model,”®” could improve the accuracy of model predictions
when significant remodeling is present. Some simulations
indicating how reductions in cardiac output influence
key output metrics from our model are provided as
Supplementary Material, including a preliminary illustra-
tion of how patient specific pathology and measured cardiac
output can be combined to predict patient status. Inclusion
of cardiac function into models of the pulmonary circula-
tion in hypertensive disease should be an important focus
for future modeling to avoid assumptions regarding this
adaption.

In summary, our model predicts that there are potentially
quantifiable differences in metrics reflecting the dynamic
relationship between blood pressure and flow in the MPA
between CTEPH and PAH, but that these differences
should be interpreted with care, particularly when metrics
representing this dynamic response change non-linearly
with disease progression (for example when fibrotic changes
begin to occur in the vasculature). Future studies that
employ similar computational modeling techniques in a
subject-specific context (as has been demonstrated in acute
pulmonary embolism®®) may provide a means to quantify
heterogeneity in response to these conditions and to
improve interpretation of proposed metrics of pulmonary
vascular health.
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Notation

Y.  Characteristic admittance

o Characteristic wave velocity

o Unstrained vessel radius

r Vessel radius

oy  Vascular wall compliance

o Capillary wall compliance

o, Compliance reduction factor due to hypertrophy and
hyperplasia

oy  Compliance reduction factor due to fibrosis

W Frequency

u Blood viscosity

p Blood density

Y,  Effective admittance

qo  Incident flow waveform

®,  nth harmonic frequency

®, nth phase offset

E Young modulus

P, Transmural pressure

Hy Unstrained capillary sheet thickness

H  Capillary sheet thickness

h Thickness of the vessel wall

F Friction factor constant

k Friction factor constant

L.  Average length of a capillary unit

He Apparent blood viscosity in capillaries

py  Pruning factor

ny,  Narrowing factor due to proliferation of intima
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