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Abstract: Characterization of the physiological hemodynamic environment in normal pulmonary
arteries is a key factor in understanding pathological conditions. This study aimed to analyze
the morphology and hemodynamics in the healthy adult pulmonary bifurcation in comparison to
age-matched repaired Tetralogy of Fallot (rTOF) geometries. The pulmonary trunk of five healthy
volunteers was reconstructed from 4D Flow-MRI data and was compared to rTOF results. Subject-
specific boundary conditions were assigned in both the inlet and outlets of the models, and flow
characteristics were analyzed computationally. The morphological and flow features were consistent
among the healthy geometries, highlighting the ability of an averaged geometry derived from this
small cohort to capture the main flow characteristics. A slightly higher mean time-averaged wall shear
stress (TAWSS) was found in the right pulmonary artery, which was also the branch with a higher
mean curvature and local Reynolds number. Compared to rTOF results, the averaged healthy geome-
try demonstrated more than an 8-fold lower value in TAWSS, with the individual patient-specific
healthy volunteers showing further reduced TAWSS than the rTOF patients. These observations
could be useful in clinical assessment and decision making based on hemodynamic indices.

Keywords: hemodynamics; computational fluid dynamics; healthy volunteers; Tetralogy of Fallot;
pulmonary arterial models

1. Introduction

The pulmonary arteries are distinct vessels with a complex anatomy and unique
biomechanical characteristics. Under normal conditions, the pulmonary bifurcation is
characterized as a low-resistance, low-pressure, and high-flow environment [1]. Changes in
blood pressure have been shown to modify the wall compliance and thickness, influencing
the proximal and distal pulmonary vasculature [2,3]. Knowledge of the hemodynamic
environment in healthy pulmonary arteries is a key factor in understanding pathological
conditions which can disturb the flow environment or lead to remodeling of the pulmonary
arteries [4-7]. The relationship between anatomical geometry and hemodynamic features
appears significant in both health [8] and disease [9,10], and requires further investigation.

Previous studies have attempted to perform the hemodynamic assessment of normal
pulmonary arteries. Tang et al. (2011) combined computational fluid dynamics (CFD) tools
with magnetic resonance imaging (MRI) to investigate the blood flow in six healthy subjects
(median age of 33 years old, range 21-51 years), under rest and exercise conditions [11].
Their study focused mainly on the wall shear stress (WSS), and showed an increase in
the WSS values with exercise [11]. Béchler et al. (2013) analyzed the 4D flow patterns
in eighteen healthy volunteers with a mean age of 30.3 4= 5.7 years old [12]. Utilizing
magnetic resonance velocity mapping, they found that helical structures develop in the
right pulmonary artery (RPA) and left pulmonary artery (LPA) branches [12]. More recently,
Capuano et al. (2019) analyzed the blood flow in an anatomical averaged model, derived
from five young subject-specific models (age range 4-18 years old), and concluded that the
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pulmonary bifurcation is hemodynamically efficient in healthy volunteers [8]. In addition,
they explained the mechanism of the helical structure formation in RPA, being linked to the
main pulmonary artery (MPA) curvature, leading to boundary layer detachment [8]. Finally,
Hu et al. (2020) utilized 4D flow cardiac magnetic resonance to investigate the relationship
between hemodynamic changes and right heart function and associated increased peak WSS
and energy loss with pulmonary hemodynamic changes in the main and right pulmonary
arteries [13].

In this new study, we analyze in detail five new subject-specific models from healthy
volunteers (age range 27-59 years old) and present their anatomical averaged geometry to
investigate the morphological features and the blood flow environment with computational
tools. We further provide new information on the comparison of healthy geometries to age-
matched adult repaired Tetralogy of Fallot (rTOF) [14-18] results (age range 19 to 54 years)
presented previously by Boumpouli et al. (2021) [19]. To the best of our knowledge, this is
the first study attempting to quantify differences between healthy and rTOF geometries.

In the following, Section 2 describes the methodology, followed by Section 3, which
presents the results. Section 4 provides a summary of the findings and makes comparisons
with previous studies and, finally, Section 5 presents a brief conclusion.

2. Materials and Methods
2.1. Cohorts and Extraction of DICOM Stacks

Retrospective data from five healthy subjects (n = 5) were used to study the blood
flow in the pulmonary bifurcation of healthy volunteers (mean age 44.6 &+ 14.2 years, see
Table 1 for demographic data). Four-dimensional flow MRI images were acquired using an
MRI research 4D flow sequence with retrospective electrocardiogram (ECG) gating and
respiratory gating (Figure 1A), a spatial resolution of 3.6 mm x 2.4 mm X 2.6 mm, and
velocity encoding (VENC) of 150 cm/s. The 4D flow MRI datasets were then imported
into Circle Cardiovascular Imaging Software (cvi42®, Calgary, AB, Canada, v. 5.11) for
further analysis, in a novel process described in detail in Black et al. (2023) [20]. Briefly,
mask correction was utilized to distinguish static tissue and regions of blood flow, while
instantaneous velocity streamlines (Figure 1B) of the entire region of interest (ROI), includ-
ing the pulmonary arteries, were visualized at systolic acceleration (SA), peak systole (PS),
and systolic deceleration (SD). At each time-step, the continuous ROI was discretized to
create a set of axial, coronal, and sagittal slices, resulting in a complete Digital Imaging and
Communications in Medicine (DICOM) stack (Figure 1C). Pixel intensity within the lumen
was proportional to the velocity magnitude of blood. A temporal composite image at each
slice was then created from the SA, PS, and SD images, which were combined via super-
imposition (Figure 1D) and imported into ITK-Snap for segmentation and reconstruction
(Figure 1E; see Section 2.3). The clinical data were part of a research dataset from the Queen
Elizabeth Hospital, Glasgow, UK (see Institutional Review Board Statement).

Results from the healthy group were compared with retrospective clinical data from
five adult rTOF patients (1 = 5) presented previously by Boumpouli et al. (2021) [19], with
a mean age of 33.4 & 14.2 years. Further information on the rTOF data can be found in [19].
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Figure 1. Analysis of 4D flow MRI data from healthy volunteers for the creation of a DICOM stack [20].
(A) Acquisition of 4D flow MRI data; (B) instantaneous velocity streamlines at systolic acceleration
(SA), peak systole (PS) and systolic deceleration (SD); (C) generation of datasets at each time-step;
(D) creation of a composite DICOM stack from SA, PS, and SD time-steps; (E) reconstruction of
pulmonary arterial model.

Composite

Table 1. Demographic data of the five healthy subjects, and the RPA and LPA flow splits used as
outflow boundary conditions (as described in Section 2).

Healthy Subject Sex Age at Scan Flow Split (Qrpa:Qrpa)
1 Female 47 years 56.2:43.8
2 Male 59 years 53.2:46.8
3 Male 33 years 52.2:47.8
4 Male 57 years 54.1:45.9
5 Male 27 years 44.0:56.0
Mean value - 44.6 + 14.2 years 52.0:48.0

2.2. Flow Information

The flow information was extracted from the 4D flow MRI data using the cvid2®
software (v. 5.11). The pulmonary trunk was isolated, and centerlines along the MPA and
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the main daughter branches were created. The threshold for each tracked branch was
adapted to ensure the best fit, while slices perpendicular to each branch were obtained.

The inlet flow rate waveforms of each subject are presented in Figure 2A. An average
flow rate waveform was calculated based on the five healthy patient waveforms, normal-
ized in time using the respective period of the cardiac cycle of each subject. The mean and
maximum values of the flow rates were also measured. Table 2 presents the mean and
standard deviation of the diameters, mean flow rate, and mean and maximum velocities of
the MPA, RPA and LPA branches for the healthy subjects (1 = 5), in comparison to the rTOF
mean values (n = 5). The individual values for each healthy subject and the averaged model
are provided in the Supplementary Materials (Table S1). Flow waveforms from the RPA
and the LPA were further acquired from the 4D flow MRI data. The net volumes from the
RPA and LPA flow rates, defined as the forward minus backward volume, in mL, over the
cardiac cycle, were used to estimate the flow splits in the daughter branches, as described
in Boumpouli et al. (2021) [19] (presented in Table 1 for all healthy subjects). The average
flow split was found to be approximately 52%:48% (Qrpa-av:QLPA-av)-
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Figure 2. (A) Subject-specific pulsatile inlet flow rate waveform for the five healthy subjects and
the average flow rate waveform, normalized in time by the respective period of each cardiac cycle.
(B) Computational mesh of the averaged geometry with 7 prismatic layers for the boundary layer
mesh visible in the RPA branch outlet. (C) Anatomical landmarks of the cross-sections () and (y)
shown in healthy geometries 1 and 5, and the healthy averaged model.

Table 2. The mean and standard deviation of the diameters, mean flow rate, and mean and maximum
velocities for the MPA, RPA and LPA branches of the healthy subjects (n = 5) and the age-matched
adult rTOF patients (n = 5).

Mean Healthy £SD Healthy Mean rTOF +SD rTOF
Dypa (m) 0.029 0.002 0.029 0.012
Dgpa (m) 0.021 0.002 0.016 0.004
Dipa (m) 0.020 0.001 0.020 0.005

Qmean (ML/s) 86.300 12.069 85.280 24.298
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Table 2. Cont.
Mean Healthy +SD Healthy Mean rTOF +SD rTOF
UmeanMpa (m/s) 0.131 0.024 0.111 0.049
Unmeanrpra (m/s) 0.136 0.046 0.298 0.254
UmeanLpa (m/s) 0.134 0.019 0.190 0.274
Upaxmpa (m/s) 0.463 0.067 0.758 0.362
Umaxrpa (m/s) 0.473 0.116 1.832 0.879
UnaxLra (m/s) 0.476 0.059 0.865 0.650

Healthy cohort
n=5 y n=5

Healthy 3

2.3. Subject-Specific and Anatomical Averaged Models

To segment the subject-specific structures, a combination of semi-automatic and man-
ual segmentation was used in the open-source software ITK-SNAP (www.itksnap.org,
v.3.8.0, accessed on 15 December 2020) [21], as described in Boumpouli et al. (2021) [19]. The
segmentation was extended until the first daughter branch on the right and left pulmonary
branches and branch extensions were added to avoid boundary effects. An anatomical
averaged geometry was also created using Deformetrica (www.deformetrica.org/, v.4.3.0,
accessed on 20 January 2021) [22], a statistical shape analysis tool, following the methodol-
ogy described in [19] for the rTOF patient geometries. Statistical shape analysis has gained
a lot of attention over the past few years in cardiovascular research as it enables a better
understanding of geometric patterns within a population [8,9,23-25]. Briefly, the model
of the 1st subject was used as the initial template model, and the process was repeated
five times, with the calculated template utilized as the reference geometry at each further
iteration. The final averaged model was decided based on the maximum surface distance
between the reference and the calculated model, which was approximately 1% in the final
iteration. The five healthy models with the final averaged geometry (red) are presented
on the left of Figure 3, together with the five rTOF patient models and the rTOF averaged
geometry (green) [19] (right of Figure 3).

\ | rTOF cohort

y

| Healthy 1 rTOF 1 ‘
)

rTOF 2

A
v
- - -

rTOF Averaged

rTOF 3
Healthy Averaged

Healthy 4 pw rTOF 4

Scm
Scale
rTOF 5

Healthy 5

Figure 3. Anatomical averaged geometry of all healthy subjects (red, n = 5) and anatomical averaged
geometry of the adult rTOF patients (green, n = 5) [19]. The respective healthy (left) and patient-
specific (right) models are also shown. All geometries are to scale.
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2.4. Morphological Analysis

A geometric analysis was conducted in the open-source software VMTK (www.vmtk.org,
v.1.4.0, accessed on 1 February 2021), to quantify (i) the curvature «(s) of the RPA and
LPA branches, measuring the deviation of a curve from a straight line [26], according to

— I (s)x" (s)]]
<) = o
curvilinear abscissa [27]; (ii) the tortuosity, describing the relative increment from a straight
line along the length of the curve [26]; (iii) the minimum inscribed sphere radius along the
daughter branches [28]; and (iv) the in-plane and (v) out-of-plane angles, measuring the
bifurcation angle and planarity, respectively [29].

Curvature and torsion were estimated along the centreline of each model. A calculated
average plot of curvature is presented for the healthy LPA and RPA branches in Figure 4A.
The curvilinear abscissa was normalized by the distance corresponding to the peak curva-
ture closer to the bifurcating LPA and RPA branches. Error bars were used to denote the
deviation of the subject-specific values from the calculated average.

The differences in the anatomical characteristics between healthy and patient popula-
tions are important to identify, especially in cases of clinical intervention or the evaluation
of disease progression. Therefore, the mean curvature, as calculated for the healthy mod-
els, was compared with the corresponding calculated mean values of the rTOF patient
models [19] (Figure 4B).

, where c(s) represents the centerlines of the models, with (s) being the
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Figure 4. Plots of (A,B) mean curvature and (C,D) mean Dean number for (A,C) the healthy mod-
els alone and (B,D) in comparison with rTOF patient results [19]. Error bars are shown in (A,C)
to indicate the variability between subject-specific values and the calculated mean values. The
value corresponding to the peak curvature (closer to the bifurcation) was used to normalize the
curvilinear abscissa.

2.5. Computational Methods

The computational mesh was generated using the commercial software ANSA (BETA
CAE Systems, v. 20.0), and the volume mesh consisted primarily of tetrahedral elements
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(Figure 2B). A boundary layer mesh composed of 7 layers of prismatic cells was added,
with the first layer at a distance of 0.005 cm away from the wall, while the total number of
elements was around 2.5 million, based on a mesh independence test. The y+ value was
calculated based on the maximum WSS values [30] and was found to be smaller than 1.

For the flow simulations, the k-w shear stress transport (SST) turbulence model
was assumed, which utilizes the turbulent kinetic energy, k, and the dissipation rate,
w, differential transport equations [31]. Patient-specific pulsatile inlet waveforms with a
plug velocity profile were specified at the inlet of the models and the patient-specific flow
splits (shown in Table 1) were assigned at the outlets of the models. In the averaged model,
the mean pulsatile, the inlet waveform with a plug velocity profile and the mean flow
splits (Table 1) were considered at the model’s inlet and outlets, respectively. The walls
were assumed to be rigid, and the no-slip boundary condition was assigned. All numerical
simulations were performed with blood, considered as a Newtonian, incompressible fluid,
governed by the Reynolds-averaged Navier-Stokes equation [32]:

V=0 (1)

ou S aﬁi aﬁj

where % is the mean velocity field and p is the pressure. The blood density (p) was assumed
to be 1060 kg/m? and the viscosity (1) was approximated as 4 x 1073 Pa s, respectively. The
pressure-implicit with splitting operators (PISO) solver of the OpenFOAM® library was uti-
lized, recommended for transient incompressible turbulent flows. The second-order diver-
gence scheme and differential scheme were specified, similar to Boumpouli et al. (2021) [19].
A rigorous investigation of the effects of the boundary conditions and computational meth-
ods has previously been conducted [30,33,34]. A pulsatile laminar model and a k-omega SST
model using the same mesh in various geometries (pulmonary arteries, aorta) [30,33-35]
were compared and the wall shear stress results were both qualitatively and quantitatively
very similar for all cases. In addition, the effects of Newtonian and non-Newtonian models
and the assumption of rigid walls were investigated, resulting in only marginal differences
in the wall shear stress and velocity developed at the pulmonary bifurcation of idealized
models [30,33].

The time-averaged wall shear stress was calculated according to the equation
Tean = % fOT | Tw|dt, where | Ty is the magnitude of the instantaneous WSS vector and T is
the period of the cardiac cycle. The TAWSS distribution was normalized by the value at the
inlet of each model (denoted as TAWSSn), with the values being 1.1 Pa, 0.7 Pa, 0.8 Pa, 0.6 Pa,
0.5 Pa and 1.0 Pa, for the healthy subjects 1 to 5, and the averaged geometry, respectively.

In addition, the Reynolds (Re = #), Womersley (Wo = %\/Z) and Deangayx

v

(Demax = Remax \/g) numbers were calculated for all models; D is the diameter of the
MPA inlet, w is the angular frequency (equal to 27t/T), v is the kinematic viscosity (equal
to y/p) and R is the radius of curvature (1/curvature). The calculated average plots of the
Dean number, as estimated along the centerline of each model, are presented in Figure 4C
for the LPA and RPA branches. The average healthy plots are further compared with the
corresponding calculated average of the rTOF models (Figure 4D) [19].

A more extensive analysis of the individual values of the flow information, the mor-
phological analysis, and the dimensionless numbers for the 5 healthy models and the
anatomical averaged geometry, can be found in the Supplementary Materials. In addition,
the min/mean/max torsion, the change in the maximum inscribed sphere radius along
the RPA and LPA branches, the streamlines of velocity and the secondary flows at the
cross-sections (o) and (y) are also provided in the Supplementary Material.
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3. Results

The results from the morphological characterization of the models (Section 3.1), the di-
mensionless numbers (Section 3.2), and the computational hemodynamic analysis (Section 3.3)
are presented in the following paragraphs.

3.1. Morphological Analysis

The mean and standard deviation of the morphological analysis conducted for the
5 healthy subjects are displayed in Table 3, together with the respective values for the five
adult rTOF patients. All the individual values for the 5 healthy subjects and the averaged
model can be found in the Supplementary Materials (Tables S2 and S3). Average curvature
plots are presented in Figure 4A.

Table 3. Mean and standard deviation of morphological analysis characteristics (curvature, tortuosity,
minimum inscribed sphere radius along the daughter branches, and in-plane and out-of-plane angles)
for the healthy (1 = 5) and adult rTOF patients (1 = 5).

Mean Value Healthy +SD Healthy Mean Value rTOF +SD rTOF
-1
Curvature RPA (mm™) 0.018/0.068 0.001/0.014 0.016/0.051 0.002/0.022
(mean/max)
—1
Curvature LPA (mm™) 0.016/0.064 0.002/0.018 0.027/0.091 0.013/0.029
(mean/max)
Tortuosity (RPA/LPA) 0.083/0.115 0.020/0.028 0.035/0.153 0.041/0.068
Min Sphere Radius (mm)
(RPA/LPA) 9.062/7.984 0.778/1.282 5.840/6.300 1.396/2.664
In-Plane Angles (RPA/LPA) 138.4°/138.7° 3.482° /15.054° 145.3°/136.7° 16.598° /52.860°
Out-of-Plane Angles (RPA/LPA) 2.02°/-7.6° 6.181°/16.181° —16.4°/22.9° 15.908° /23.747°

Similar values of the mean and maximum curvature and mean in-plane angle (Table 3)
were noticed between the right and left healthy pulmonary branches, with a slightly higher
mean value of curvature observed in the RPA branch (Table 3, Figure 4A). The curvature
of the RPA, based on the mean curvature plot, appeared to decrease more rapidly further
downstream, compared to the LPA curvature (Figure 4A). Tortuosity was found to be
higher in the LPA, with a mean value of 0.115, compared to the 0.083 calculated for the
RPA branch. Finally, the out-of plane angles indicated a clockwise shift of the RPA and an
anti-clockwise shift of the LPA branch, with the LPA displaying higher planarity (Table 3).
These results are markedly different from those reported for the rTOF population, where
the maximum curvature and tortuosity of the LPA branch are comparatively lower in the
healthy population, the radius of the RPA is smaller compared to the LPA, the in-plane
angle of the LPA branch is more acute, and there is a change and higher rotation in the
out-of-plane angles of both the RPA and LPA branches (Table 3).

A comparison between the mean curvature in the LPA and RPA branches for the
healthy and rTOF cohorts is presented in Figure 4B, where a considerable increase is
evident in the mean curvature of the LPA branch in the diseased population, with a relative
decrease in the curvature of the RPA branch. A detailed morphological analysis for the
individual rTOF geometries of Figure 4B can be found in [19].

The total geometric volumes of the healthy and rTOF geometries, as presented in
Figure 3, were also calculated and are provided in Table 4. Overall, the pulmonary arteries
of the healthy population had a much higher volume compared to the rTOF patients (mean
healthy volume of 7352.7 mm?3 vs. mean rTOF volume of 5436.5 mm?). The differences in
the volume when comparing the individual geometries were also adequately captured by
the averaged geometries (6577.6 mm? for the healthy averaged geometries vs. 4491.2 mm?
for the rTOF averaged geometries).
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Table 4. Geometric volume (mm?) of the healthy and rTOF models, as presented in Figure 3.

Subjects

1 2 3 4 5 Averaged Mean

Volume Healthy (mm?®)

5259.3 5873.5 10069.2 8130.9 8205.6 6577.6 7352.7

Volume rTOF (mm?)

5658.6 3097.2 5866.7 6774.6 6730.4 4491.2 5436.5

Figure S1 of the Supplementary Material shows the decrease in the maximum inscribed
sphere radius along the centerlines of the LPA (Figure S1A) and RPA branches (Figure S1B)
of the healthy geometries.

3.2. Dimensionless Numbers

The mean Re numbers for the MPA, RPA and LPA and the Wo and De numbers of the
healthy subjects were calculated and are reported in Table 5, together with the respective
mean values for the adult rTOF patients. These parameters are associated with alterations
in the wall shear stress [36,37] and secondary flow patterns [38—41]. A mean Remean of
1006 was calculated for the MPA, which dropped to 737 and 705 for the RPA and LPA,
respectively. Contrary to this trend, the highest mean Re number was reported at the RPA
branch of the rTOF population (1180), followed by the Remean of the MPA (852). Wo had a
mean value of 20.8, which was similar to that calculated for the rTOF patients (Wo = 21.2).
Finally, similar maximum Dean numbers were calculated locally for the RPA and the LPA
branches of the healthy subjects (1231 for the RPA and 1240 for the LPA), while higher
mean De numbers were reported for the rTOF population (1945 for the RPA and 1594 for
the LPA). Dean number plots for the LPA and RPA branches were compared for the healthy
and r'TOF geometries (Figure 4D). The peak Dean number was elevated in both the RPA
and LPA branches of the rTOF patients, while Demax appeared to be slightly higher in
the RPA branch in both cases. The Dean number is proportional to the square root of the
curvature, which is also presented in Figure 4. Both the RPA and LPA are slightly curved
vessels and although the characteristic Dean vortices in the peak flow were not visible
in the healthy geometries, transient vortical structures existed at the mid-deceleration in
the systole and mid-diastole (Figure S2 of the Supplementary Materials). Figure S3 of the
Supplementary Materials also displays the secondary flows in the cross-sections («) and
(v) in the healthy pulmonary arterial models 1, 2 and 4, indicating that there is not much
disturbance to flow during peak flow. A small vortex was visible in the RPA branch of the
healthy 1 model, while a stable focus was visible in the healthy 4 model (Figure S3).

Table 5. Mean and standard deviation of the mean and maximum Reynolds (Re), maximum Dean
(De) and Womersley (Wo) numbers for the healthy (n = 5) and adult rTOF patients (n = 5).

RemeatLMPA RemeanfRPA RemeanfLPA
(Remax_mpa) (Remax_RPA) (Remax_LpA)

Demax_RPA Demax_LPA Wo

Mean Healthy 1006 (3571) 737 (2594) 705 (2513) 1231 1240 20.8

£SD Healthy 157.17 (526.07) 188.22 (488.39) 88.76 (390.52) 264.10 331.61 0.66

Mean rTOF 852 (5011) 1180 (6807) 844 (4031) 1945 1594 21.2

+SD rTOF 554.09 (1083.90) 1031.84 (1150.61) 1031.38 (2321.43) 802.80 388.52 10.81

3.3. Time-Averaged Wall Shear Stress

TAWSSn distribution, normalized by the TAWSS value at the inlet of each respective
geometry, is presented in Figure 5. Higher wall shear stresses were observed at the entrance
of the LPA and RPA branches, while the wall shear stress distribution along the MPA and
the pulmonary junction of the healthy subjects appeared relatively uniform. The highest
TAWSSn values were observed at the RPA of geometries 1 and 4 (Figure 5A,D), and the
LPA of geometry 2 (Figure 5B). The lowest TAWSSn values were found at the MPA of the
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averaged geometry (Figure 5F). Our results indicate that the wall shear stress was highest
at the locations of highest curvature (Figure 4A) in the LPA and RPA branches, which also
correlate with the max Dean numbers (Figure 4C).

RPA LPA

(A) Healthy 1

(D) Healthy 4 (E) Healthy 5 |

[ —
0 02040608 1
non-dimensional TAWSS

Figure 5. Non-dimensional time-averaged wall shear stress (TAWSSn) distribution, normalized with
the wall shear stress developed at the inlet wall of each model, respectively, for the healthy (A) 1;
(B) 2; (C) 3; (D) 4; (E) 5; and (F) anatomical averaged geometries. Insets show the back view of the
geometries. The RPA and the LPA branches are denoted in (A).

To quantify the differences in the TAWSS values among the different geometries, two
cross-sections () and (y) were assumed (see Figure 2C), located at a distance of 0.4D from
the point of branch splitting, and matching the slices displayed in Figure 1 in Boumpouli
et al. (2021) [19]. Eight points, equally distanced, were selected from the wall of each
cross-section, and a mean TAWSS was calculated for all subject-specific and anatomical
averaged geometries. A mean TAWSS was then calculated for geometries 1-5 and the
results of each cross-section are presented in Table 6 in Pascal. The mean TAWSS value was
compared with the TAWSS value calculated for the healthy anatomical averaged geometry.
The TAWSS values of the healthy averaged geometry were slightly lower compared to the
mean values calculated from the individual healthy geometries 1-5 (0.743 Pa vs. 0.822 Pa
for the cross-section (o) in the RPA, and 0.748 Pa vs. 1.35 Pa for the cross-section (y) in
LPA), while there was no great variation in the TAWSS values of the different geometries.
The mean TAWSS as calculated in the cross-section (x) of RPA was lower compared to the
mean value calculated in the cross-section (y) of LPA (Table 6). The mean TAWSS values
calculated based on the (x) and (y) cross-sections of each subject were plotted and are
presented in Figure 6I. The range of the TAWSS values was between 0.71 and 1.36 Pa, with
the lowest value calculated for geometry 5 (Figure 61E) and the highest value for geometry 1
(Figure 61A). The TAWSS value of the healthy anatomical averaged model (Figure 611 left)
was at a lower level (~0.75 Pa), but within the range calculated for the subject-specific
geometries (Figure 6I).
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Table 6. Mean TAWSS in Pascal. The values were derived based on the TAWSS values of selected
points along the cross-sections («) and (y), as shown in Figure 2C. For comparison, the mean TAWSS
values of rTOF patients [19] are also provided.

Healthy rTOF
Anatomical Averaged  Geometries 1-5 Mean = Anatomical Averaged  Geometries 1-5 Mean
TAWSS (Pa) TAWSS + SD (Pa) TAWSS (Pa) TAWSS + SD (Pa)
RPA—Cross-section («) 0.743 0.822 £ 0.263 8.7 13.3 £ 6.6
LPA—Cross-section () 0.748 1.35 +0.333 42 109+72
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Figure 6. (I) Time-averaged wall shear stress (TAWSS) plot, calculated based on the mean TAWSS
values of selected points located along the cross-sections (x) and (y), shown in Figure 2C, and
presented here in Pascal, for the healthy (A) 1; (B) 2; (C) 3; (D) 4; and (E) 5; and (II) for the anatomical
averaged geometries derived from the healthy (1 = 5) and rTOF geometries (1 = 5), the latter presented
in detail in [19]). (III) TAWSSn distribution for the averaged healthy and rTOF [19] geometries,
normalized with the wall shear stress developed at the inlet wall of each model.

3.4. Averaged Healthy vs. Averaged rTOF Geometries

The TAWSS of the averaged healthy geometry was also compared with shear stress
values developed based on the averaged rTOF model. Although the pattern of TAWSSn
distribution (Figure 6III) between the two models was relatively similar, with higher values
of TAWSSn at the LPA and RPA branches than at the MPA, the magnitude of TAWSSn was
evidently much higher in the rTOF averaged model. Figure 61l quantifies the difference in
the cross-sections () and (y), where a value of approximately 6.47 Pa was calculated for
the rTOF averaged geometry, compared to only 0.75 Pa for the healthy averaged model
(more than 8-fold difference). Table 6 also displays the mean TAWSS values (in Pascal) of
the individual subject-specific models at each cross-section. TAWSS was elevated in the
rTOF patient population, with the TAWSS at the RPA cross-section being slightly higher
than that at the LPA. Conversely, TAWSS appears to be higher at the LPA cross-section for
the healthy population.

3.5. CFD vs. In Vivo 4D Flow MRI

Streamlines of velocity exported from the computational simulations for the healthy
models 1, 2 and 4 were compared with those obtained directly in vivo from the 4D flow
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MRI data (Figure 7, cvi42® v. 6.0.2). The CFD results were qualitatively similar to the
in vivo data, with higher velocities developed in the RPA branch of models 1 and 4 and the
LPA branch of model 2. Nevertheless, some quantitative differences existed, with the CFD
underestimating the blood flow velocity, especially at the MPA of models 2 and 4.

Healthy 1 Healthy 2 Healthy 4

In vivo
4D Flow MRI

Figure 7. Comparison of CFD with in vivo 4D flow MRI data for the healthy models 1, 2, and 4.

4. Discussion

Characterization of the hemodynamic environment of healthy arteries is important for
a better understanding of the underlying mechanisms of pathological alterations, disease
diagnosis and progression, as well as treatment [42-49]. The morphology of the pulmonary
arteries is considered a crucial factor in flow development, mostly correlated with the rever-
sal of flow [50-52], while the flow conditions affect the wall shear stress, a biomechanical
factor related to the endothelial cell function and disease progression [53-55]. Nevertheless,
the number of studies investigating the blood flow in healthy pulmonary arterial models is
still limited, even though it has grown in the past few years for both healthy and patient
populations [8,9,13,19,56-59]. This study contributes to our current knowledge by evaluat-
ing in detail the morphological and flow characteristics of a new cohort of subject-specific
geometries of the healthy adult pulmonary bifurcation and presenting their anatomical
averaged model. It further offers new information by comparing and quantifying com-
putationally, for the first time according to our knowledge, differences between healthy
adults and age-matched rTOF patients [19]. The rTOF patient population [19] showed a
significantly higher mean curvature and a characteristically more acute in-plane angle in
the LPA branch than that of their healthy counterparts (Figures 3 and 4B), while the mean
curvature of the RPA branch was relatively smaller in the diseased population. In gen-
eral, the total geometric volumes of rTOF anatomies were smaller than healthy geometries
(Table 4). The TAWSS was also more than 8-fold higher in the averaged rTOF geometry than
in the averaged healthy geometry (Figure 6ILIII, Table 6), and the individual patient-specific
rTOF patient models had much higher TAWSS values than the healthy volunteers.

The morphological analysis in this study suggests that the curvature and the in-plane
angles are very similar between the RPA and the LPA branches of healthy adults. The
minimum sphere radius was smaller for the LPA, indicating a smaller diameter of the
LPA branch. Finally, a clockwise rotation was observed for the RPA branch caused by the
average of the out-of-plane angles, and an anti-clockwise rotation was observed for the
LPA branch. A steeper curvature and a smaller section area in the RPA branch are also
reported in the study of Capuano and his co-workers [8] in healthy pulmonary arteries of
children (age range 4-18 years old).

The Reynolds, Womersley and Deanpy,x numbers were also calculated, and a small
range of values were observed in the healthy population. These parameters are associated
with alterations in the wall shear stress [36,37] and secondary flow patterns [38—41]. The
highest mean Re was found in the healthy MPA, while the RPA and LPA displayed similar
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Re values. Wo was approximately 20, while De was similar between the RPA (Degpa = 1231)
and LPA (Deppa = 1240) in the healthy population, which is smaller than the De number
reported for rTOF, especially for the RPA branch (Derpa = 1945, Deypa = 1594) [19]. These
dimensionless numbers, as estimated in this study, are in line with those presented in
previous studies for the pulmonary arteries of healthy subjects [8,60,61].

A higher TAWSSn was observed at the entrance of the RPA and LPA branches
(Figure 5), which coincides with the location of highest curvature and consequently Deanmax
numbers (Figure 4A,C). The TAWSS values (calculated from the cross-sections (x) and (v))
reported in this study for the healthy models were up to 1.36 Pa (Figure 6IA), which is
comparable to those of healthy control volunteers presented in previous studies (up to
2.05 Pa), and of patients with pulmonary arterial hypertension (up to 1.01 Pa) [11,53]. The
importance of initial BCs [62] is highlighted when the TAWSS values in the cross-sections
(o) and (y) are compared. A slightly higher mean TAWSS value (Table 6) was found in the
LPA, which is the branch with a higher mean tortuosity and mean De number. The TAWSS
value, calculated from both cross-sections («) and (y), of the averaged healthy geometry
(~0.75 Pa) was further compared with the TAWSS value of the averaged rTOF geometry
in Figure 6II [19]; the latter was found to be highly elevated (~6.47 Pa), i.e., ~8.6 times
higher than that of the averaged healthy geometry. Since the simulations for the averaged
geometries were conducted under the same respective conditions, and the averaged bound-
ary conditions were calculated using the same process, this result indicates that the rTOF
population is characterized by significantly higher TAWSS values, also evident from the
TAWSSN distribution of the averaged models (Figure 6111).

Considering all data from the small cohort study of healthy and rTOF patients, the
rTOF population clearly had an increased RPA flow split; in six out of seven rTOF cases,
the flow was diverted to the RPA, of which four had over 60% of the flow. The mean initial
flow rates, as presented here, in Table 2, did not vary significantly between healthy and
diseased individuals [19], but the reversal of flow was higher in the rTOF patients [19]. The
maximum velocities developed in the daughter branches of the rTOF population (Table 2)
were also evidently higher than the healthy pulmonary arteries. In addition, the calculated
maximum Re and De numbers were found to be elevated in the rTOF patients [19], as
compared to the healthy population (Table 5). The results of this study, therefore, suggest
that (i) the flow splits and flow reversal based on the initial flow conditions and (ii) the
curvature of the LPA, the diameter, and the planarity of both daughter branches from
the morphological characteristics are some key parameters that affect the health of the
pulmonary environment.

Finally, some discrepancies were found between the blood velocity calculated with
CFD modelling and those exported from the 4D flow MRI data. Such differences are
unavoidable, and some of the reasons for them include the spatiotemporal resolution,
which is higher with CFD, and the data interpolation used to calculate the blood velocity
in vivo due to the coarser spatial resolution of the 4D scanner [20,63-65]. In addition, WSS
values extracted as part of post-processing 4D flow MRI data are considered qualitatively
inaccurate due to a tendency to underestimate WSS [66,67]; therefore, the authors did not
attempt a comparison with the TAWSS values presented in this study.

Limitations

This study was limited to a small sample size of volunteers; nevertheless, all of them
were healthy adults with no known underlying pathological conditions and four out of
five were males. Previous studies in both healthy and diseased arterial models have gained
insights from small cohorts [8,68], and thus, we are confident that this cohort is a good
representation of the healthy adult population. The assumption of rigid walls is another
limitation of this study, although previous studies that have investigated the effect of
arterial wall compliance found no significant differences in the flow patterns [8,30,33,69,70].
Peripheral pulmonary vascular resistance [71] was also neglected but was compensated
with the assignment of subject-specific flow splits at the models” outlets. Another limitation
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of this work was the inlet velocity, which only varied with time, while the spatial variability
of the flow, induced by the movement of the valve, was not captured [72,73]. Finally, a more
detailed investigation is needed to assess the suitability of the k-omega SST turbulence
model for studying detailed flow patterns in addition to wall shear stress.

5. Conclusions and Future Work

This study provides new information on the characterization of the morphology and
hemodynamic environment of healthy adult pulmonary arteries, which appeared mostly
similar among participants. This was in high contrast to geometric and flow features
observed in diseased (rTOF) adult pulmonary arteries [19]. Despite the small cohort
size, the averaged healthy geometry effectively captured the main flow characteristics
of the subject-specific models and helped to highlight the differences between healthy
and diseased pulmonary branches. Future work will seek access to a larger sample of
healthy volunteers and rTOF patients to further confirm the findings of this study and will
consider the pulmonary vascular resistance and compliance of both healthy and diseased
populations. The latter could potentially help clarify the remodeling mechanism in the
pulmonary arteries due to diseased downstream conditions, assisting clinical decisions for
further surgical interventions based on hemodynamic indices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fluids9040085/s1, Table S1: Analysis of the MPA, RPA and LPA
branches of each model. The diameters, mean flow rate, and mean and maximum velocities are
provided for the 5 healthy subjects and the anatomical averaged geometry. Table S2: Morphological
analysis of the curvature and torsion for the 5 healthy subjects and the anatomical averaged geometry.
The mean value and standard deviation (SD) are based on the analysis of all six geometries (5 patients
and anatomical averaged). Table S3: Morphological analysis of the tortuosity, minimum inscribed
sphere radius along the daughter branches, and in-plane and out-of-plane angles for the 5 healthy
subjects and the anatomical averaged geometry. The mean value and standard deviation (SD) are
based on the analysis of all six geometries. Figure S1: Change of the maximum inscribed sphere
radius along the (A) LPA and (B) RPA branch. X-axis is normalized based on the maximum inscribed
sphere radius at the level of the MPA inlet. Y-axis is normalized with the value corresponding to
the peak curvature (closer to the bifurcation) of each geometry, similar to Figure 4 of the paper.
Table S4: Flow analysis of the subject-specific models. The Reynolds (Re), Dean (De) and Womersley
(Wo) numbers are provided for the 5 healthy subjects and the anatomical averaged geometry. The
mean value and standard deviation (SD) are based on the analysis of all six geometries. Figure S2:
Subject-specific flow waveforms for the healthy (A) 1; (B) 2; (C) 3; (D) 4; (E) 5 geometries, and (F)
the healthy anatomical averaged geometry, at (I) peak flow, (II) mid-deceleration at systole, and (III)
mid-diastole, respectively. Streamlines of velocity are also presented, colored by non-dimensionalized
velocity. Non-dimensionalization is based on division with the maximum velocity corresponding
to each healthy subject. The RPA and the LPA branches are indicated in (A.I). Figure S3: Secondary
flows visualised by in-plane velocity vectors, at slices (&) and (y), during peak flow, for the (A)
healthy 1; (B) healthy 2; and (C) healthy 4 models.
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Nomenclature

ASO Arterial switch operation

CFD Computational fluid dynamics
De Dean number

DICOM  Digital Imaging and Communications in Medicine
LPA Left pulmonary artery

MPA Main pulmonary artery

MRI Magnetic resonance imaging
PAH Pulmonary arterial hypertension
PS Peak systole

Re Reynolds number

RPA Right pulmonary artery

rTOF repaired Tetralogy of Fallot

SA Systolic acceleration

SD Systolic deceleration

TAG Transposition of great arteries
TAWSS  Time averaged wall shear stress
TOF Tetralogy of Fallot

VENC Velocity encoding

Wo Womersley number
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