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Abstract

Objective To investigate flow-related parameters in pulmonary arteries of patients with pulmonary arterial hypertension
(PAH).

Materials and methods Eleven PAH patients and twelve control participants were recruited. PAH and controls had similar
age and gender distribution. 2D phase-contrast MRI (PC-MRI) was performed in the main, right, and left pulmonary artery
(MPA, RPA, and LPA). The flow velocity, wall shear stress (WSS), and oscillatory shear index (OSI) were measured.
Results PAH patients displayed prolonged acceleration time (7,...) and increased ratio of flow change to acceleration volume
in pulmonary arteries (both P <0.001). The temporally averaged WSS values of MPA, RPA, and LPA in PAH patients were
significantly lower than those of control participants (P <0.001). The OSI in the pulmonary arteries was higher in PAH
patients than control participants (P < 0.05). The ROC analysis indicated the ratio of maximum flow change to acceleration
volume, WSS, and T, . exhibited sufficient sensitivity and specificity to detect patients with PAH. The WSS demonstrated
strong correlations with T, and the ratio value in the two groups (R*=0.78-0.96).

Conclusions We used a clinically feasible 2D PC-MRI sequence with a reasonable scanning time to compute aforementioned
indices. The quantitative parameters provided sufficient information to differentiate PAH patients from control participants.

Keywords Pulmonary arterial hypertension - Magnetic resonance imaging - Flow velocity - Wall shear stress

Introduction

Pulmonary arterial hypertension (PAH) is one of the five
categories of pulmonary hypertension (PH), and is a pro-
gressive condition characterized by progressive obliteration
of the pulmonary arterioles, leading to increased pulmonary
arterial pressure and eventually to right-ventricular (RV)
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primary PAH) and PAH associated with the other medical
conditions, such as connective tissue diseases and congenital
heart diseases. PAH is identified when the mean pulmonary
arterial pressure is >25 mmHg at rest or > 30 mmHg dur-
ing exercise, and when the pulmonary capillary wedge or
left-ventricular end-diastolic pressure is <15 mmHg and
the pulmonary vascular resistance (PVR) is >3 Wood units
[1]. Humber et al. reported a novel risk-prediction equation,
combining information on patient sex, 6-minute walking dis-
tance, and cardiac output, for estimating the survival of PAH
patients [2]. Over the past years, several novel treatment
options for PAH have been developed. However, despite the
improved survival rate of PAH patients, PAH remains a pro-
gressive fatal disease [3]. In PAH, increased PVR leads to
RV overload, hypertrophy, and dilatation, and eventually to
RV failure and death [4].

The previous studies have used noninvasive phase-contrast
magnetic resonance imaging (PC-MRI) to estimate several
hemodynamic parameters for diagnosing chronic PH patients.
Ley et al. have reported lower pulmonary peak velocity, lower
blood flow, shorter time-to-peak velocity, and higher pul-
monary velocity rise gradient in the main pulmonary artery
(MPA) of PAH patients [5]. A previous study measured stroke
volume and cardiac output in the MPA by right-heart catheteri-
zation (RHC) and PC-MRYI, and has shown a strong correlation
between these two schemes [6]. In addition, patients with high
PVR have been proven to present inhomogeneous velocity pro-
files, high retrograde flow, and low distensibility in MPA [6, 7].
Besides, the patients were also associated with shorter accel-
eration time (7,...) of flow rate in the MPA, lower acceleration
volume (V,..), and an increased ratio of maximum upslopes
of flow rate to V... [(maximum dQ/dr)/V,..] during ejection
[6]. Nevertheless, aforementioned indices in the right pulmo-
nary artery (RPA) and left pulmonary artery (LPA) have not
been discussed thoroughly. The altered flow characteristics of
RPA and LPA in PAH patients are still not clear.

In animal experiments, Wang et al. used the Windkessel
volume (V,,, ), which accounts for the shape of the arterial
pressure waveform, to describe the reservoir in the aorta by
calculating V,,, as an integration of the measured inflow (V;,)
and outflow (V) during a cardiac cycle [8]. Nonetheless,
a step toward elucidating the role of V,, in the system of
pulmonary arteries is still deficient.

Because vessels are exposed to various hemodynam-
ics forces, including viscous forces, periodic stretch, and
hydrostatic pressure induced by the pulsatile blood flow,
several studies have investigated the forces or pressure
exerted by the blood flow on the vessel wall to evalu-
ate the specific vascular characteristics of patients. The
index of wall shear stress (WSS), which describes the
frictional force of the flowing blood on the arterial wall,
has attracted increasing attention. Zarins et al. exam-
ined postmortem specimens to quantitatively correlate
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plaque localization with flow velocity profiles and WSS
in patients with carotid bifurcation atherosclerosis [9]. The
authors concluded that atherosclerosis develops preferen-
tially at branches and curvatures of the arterial tree, which
are associated with relatively low WSS, flow separation,
and departure from axially aligned, unidirectional flow.
Chien et al. indicated that the endothelial cells of ves-
sels bear the majority of the WSS and play a vital role in
the remodeling of the vascular wall [10, 11]. Cheng et al.
evaluated atherosclerotic lesion size and vulnerability in
mouse carotid arteries, observing that reduced shear stress
induced larger lesions with a vulnerable plaque phenotype
[12]. In addition, Barker et al. calculated the shear range
index [13], which is derived from the WSS, to evaluate
WSS symmetry along the lumen circumference, observing
significant differences in the bicuspid aortic valve between
patient and control groups [14]. Stalder et al. used PC-
MRI and calculated the oscillatory shear index (OSI) to
interpret the temporal oscillation of WSS during the car-
diac cycle in healthy volunteers [15].

To date, several schemes have been demonstrated to be
able to estimate WSS. Tang et al. developed a combined
MRI and computational fluid dynamics (CFD) approach to
construct subject-specific pulmonary artery models and to
quantify WSS in the MPA of PAH patients [16]. The previ-
ous studies reported lower systolic in-plane (i.e., circum-
ferential) WSS values, computed from three-directional
velocity-encoding 4D flow data sets, of proximal pulmonary
arteries in PAH group [17, 18]. Images acquired with 4D
flow MRI may comprise on longer total scanning time and
lower spatial resolution for analyzing hemodynamic param-
eters and WSS.

In this study, we measured blood flow hemodynamic
parameters, axial WSS, and WSS-derived OSI in the MPA,
RPA, and LPA in PAH patients and control participants
using noninvasive time-resolved two-dimensional (2D) PC-
MRI. We also investigated the regional distribution of WSS
along the circumference of vessel wall. The purpose of this
study was to understand the altered flow characteristics of
large pulmonary arteries in PAH patients.

Materials and methods
Study cohort

The study population consisted of 11 PAH patients (age
43.0+17.9 years; male/female =5/6) and 12 control partici-
pants without a history of pulmonary disease or pulmonary
valve insufficiency (age 38.4 + 8.9 years; male/female =5/7).
PAH and controls had similar age and gender distribution.
Informed consent was obtained from all participants.
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MRI acquisition

2D PC-MRI was performed on a 1.5 T clinical scanner (Mag-
netom Sonata, Siemens, Erlangen, Germany) with a body
array coil and prospective ECG triggering. A 2D gradient echo
phase-contrast sequence (TR/TE=11/4.8 ms, flip angle=15°,
temporal resolution =22 ms, matrix size =256 X 192, spatial
resolution=1.1x 1.1 mm?, and slice thickness=5 mm) with
a 150 cm/s through-plane velocity-encoding gradient was
acquired, sampling approximately 90% of the cardiac cycle
with free-breathing scheme. Magnitude and phase images of
the MPA (about 2 cm proximal to bifurcation), RPA (1-1.5 cm
distal to bifurcation), and LPA (1-1.5 cm distal to bifurcation)
were obtained. All images were acquired in imaging planes
perpendicular to the long axes of the vessels.

Data processing and statistical analysis

Regions of interest (ROIs) were determined manually on mag-
nitude images using a custom-built analysis program written in
Matlab (The Mathworks, Natick, USA) [15], and were applied
to phase images for calculating the flow velocity (Figure S1).
Several parameters including the peak flow rate, the mean flow
rate during the cardiac cycle, and the net flow volume were
calculated. Figure 1a shows the acceleration time (7,...) of
flow rate and the acceleration flow volume (V,...) in a 32-year-
old female PAH patient. The T,... was defined as the time
from the ECG R-wave to the peak flow rate [6], i.e., the time-
to-peak of the flow rate. The integrated flow rate during 7.
was defined as V... [6], as illustrated by the hatched area in
Fig. 1a. The max.dQ/dr was the maximum change in the flow
rate during ejection, defined by the maximum upslope of the
flow rate during systolic phases [6]. We defined a ratio of the
two aforementioned parameters to obtain a physical parameter
of force exerted by the heart during ejection phases:

Ratio = (max.dQ/d?)/ V... €))

To determine the instantaneous change in the windkessel
volume (V,,,) of the pulmonary system, the integral of the
differences between inflow and outflow was calculated, as
indicated by the hatched area in Fig. 1b [8].

Several other flow-derived indices were quantified to
investigate the hemodynamic differences between the PAH
patients and the control participants. The regurgitation frac-
tion was defined as the ratio of the retrograde to antegrade
flow volumes [19]. Pulmonary vascular strain was evaluated
from magnitude images using the following equation [19]:

A —A .
Vascular strain = M x 100%, Q)

min
where A, and A ;, are maximum cross-sectional area
and minimum cross-sectional area of the vessel during a
cardiac cycle, respectively.
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Fig.1 a Several indices derived from the flow profiles are displayed.

The T, .. was defined as the time duration from the onset of flow to the

peak flow rate. The V.. (hatched area) was evaluated by integrating the
profile of the flow rate during the 7,... The max.dQ/dz during the sys-
tolic phase was evaluated as the maximum slope of the flow rate curve
(thick solid line). b Integrals of pulmonary aerial inflow (V,,) and outflow
(Vou) in a 45-year-old female PAH patient. The integral of the differences
between the inflow (MPA) and outflow (RPA and LPA) represents the
instantaneous change in the V,,, (hatched area) during a cardiac cycle

Because PAH patients can exhibit abnormal shear stress
in the pulmonary arteries, axial WSS estimations (or 7), i.e.,
the WSS along the main flow direction, were performed. As
described in the previous study [15], if a 1D problem is con-
sidered, the estimations of 7 can be simplified to the following:

- ov
TENS 3

where # denotes the dynamic viscosity and was assumed as
4.5 cP [15], v denotes the blood flow velocity, and h denotes
the height of boundary. As described by Stalder et al., this cal-
culation combines Green’s theorem and B-spline interpolation
to provide an optimal quantification of several blood flow and
vessel wall parameters [15].

To determine the temporal oscillation in WSS during a car-
diac cycle, the OSI was calculated as follows:

JiTedr

OSI=11— , 4)
2 -
|- dt
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where T is the duration of the cardiac cycle and 7 is the
instantaneous WSS vector as given by Eq. (3) [15].

The unpaired Student’s ¢ test (two-tailed) was used to
evaluate the significance of differences between the PAH
patients and the control participants. We also analyzed the
receiver-operating characteristic (ROC) curves of several
quantified indices by the software of SPSS 12 (SPSS,
Chicago, IL). The area under the ROC curve (AUC),
cut-off value, specificity, sensitivity, and accuracy were
determined to perform the diagnostic performance of each
index. The Pearson’s correlation analysis was performed
to correlate WSS with peak flow rate, 7, and the ratio.

acce?
A P value < 0.05 was considered statistically significant.

Results
Blood flow hemodynamic indices

Figure 2 shows the time courses of the pulmonary flow
rates in the MPA, RPA, and LPA throughout the cardiac
cycles of a control participant (age 32 years, female) and
a PAH patient (age 32 years, female). In comparison with
the control participants, the PAH patients displayed mark-
edly increased flow rates in the MPA, RPA, and LPA,
which indicated that the flow patterns differed between
the two groups. However, the mean flow volumes and
peak flow rate of PAH patients and control participants
showed non-significant difference (Table 1). The meas-
ured T,... values of the control participants and the PAH
patients were 132.1 +14.0 ms and 93.8 +22.6 ms in the
MPA, 148.4 +20.4 ms, and 99.2 + 19.8 ms in the RPA,
and 136.7 +£28.6 ms and 96.0+ 17.6 ms in the LPA (all
P <0.001), respectively (Fig. 3a). As shown in Fig. 3b, the
V.ece differed significantly between the two groups only in
the LPA (control participant 6.4 + 1.5 cm®, PAH patient
4.0+ 3.4 cm®; P <0.05). We observed markedly higher
systolic max.dQ/dr values (Fig. 3c) in the MPA and RPA
in the PAH patients (6.5 + 3.4 L/s? and 2.9 + 1.8 L/s?) than
in the control participants (4.0+ 1.2 L/s? and 1.7 +0.6 L/
s?), as reflected by the steeper upslope of the flow rate
curves in the PAH patient (Fig. 2b). The defined ratio of
normalized maximum systolic increase in the flow rate is
a physical parameter that demonstrates the force exerted
by the heart during ejection phases. As shown in Fig. 3d,
the PAH patients exhibited significantly higher values for
this parameter in the MPA, RPA, and LPA than the control
participants [MPA: 373.0+101.0 s vs. 189.5 +65.7 s 2,
RPA: 434.8 +139.4 572 vs. 195.8 +70.3 s7%, and LPA:
553.5+224.5 572 vs. 214.9 £ 98.5 572 (all P <0.001)].
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Fig.2 The time courses of the pulmonary flow rates in the pulmonary
arteries throughout the cardiac cycle in a a 32-year-old female control
participant and b a 32-year-old female PAH patient

WSS, 0SI, and other indices

Figure 4 shows the time courses of WSS in the MPA, RPA,
and LPA in the control participants and PAH patients. The
PAH group exhibited lower WSS values than the control
group. The box plots in Fig. 5a, b show the hemodynamic
indices of the WSS and WSS-derived OSI in the con-
trol participants and PAH patients. The temporally aver-
aged WSS (Fig. 5a) in the MPA of the PAH patients was
0.21+0.06 N/m?, which was considerably lower than that
in the control participants (0.28 +0.04 N/m?, P <0.001). We
observed the same trend in the RPA and the LPA. The OSI
in the RPA (17.7+8.5% vs. 10.2+4.0%, P<0.01) and LPA
(21.9+9.3% vs. 15.3+4.3%, P <0.05) displayed signifi-
cantly higher values in PAH patients compared to control
participants.

The mean values of vascular strain in the control par-
ticipants (MPA: 28.4+13.3%; LPA: 34.2 +16.4%) were
significantly higher than those in the PAH patients (MPA:
13.1£4.7%; LPA: 20.5+£9.0%), suggesting that the vessel
walls of the control participants were less stiff than those
of the PAH patients (Fig. 5c). The PAH patients exhibited
a regurgitation fraction of 6.4 +6.0% in the MPA, which
was higher than that of the control participants (1.5 +1.5%,
P <0.05), indicating increased retrograde flow in the patients
with PAH compared with the control participants (Fig. 5d).
The V,, of the PAH patients and control participants showed
non-significant differences (Fig. Se). Table 1 summarizes
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Table 1 Hemodynamic parameters in the MPA, RPA, and LPA in the
control and PAH groups

Parameter MPA RPA LPA
Area (mm?)
Control  517.0+62.0 216.6+49.5 185.6+45.2

PAH 893.5+264.4%**
Peak flow rate (mL/s)

399.4+173.3%%  333.64+131.2%*

Control  268.6+60.1 123.4+25.1 90.5+29.4

PAH 364.3+176.0 158.5+93.9 91.2+50.6
Flow volume (mL)

Control  63.1+12.2 30.0+5.5 21.7+6.7

PAH 50.0+22.4 29.1+15.0 13.4+10.3%
T eee (mS)

Control  132.1+14.0 148.4+204 136.7+28.6

PAH 93.8 +22.6%** 99.2 4+ 19.8%#* 96.0 £ 17.6%**
Voo (€m?)

Control  22.0+7.2 92+23 64+1.5

PAH 18.7+10.0 72+23 4.0+3.4%
Max. dQ/dt (L/s?)

Control  4.0+1.2 1.7+0.6 1.3+0.6

PAH 6.5+3.4% 2.9+1.8% 1.7+0.9
Ratio (s72)

Control  189.5+65.7 195.8+70.3 214.9+98.5

PAH 373.0+ 101.0%%* 434,84+ 139.4%** 55354224 5%**
Wall shear stress (N/m?)

Control  0.28 +£0.04 0.33+0.11 0.32+0.06

PAH 0.21 +£0.06%***
Oscillatory shear index (%)

0.19 £ 0.06%*** 0.18 +£0.06%***

Control 16.6+6.4 10.2+4.0 153+4.3
PAH 222470 17.7+8.5% 21.9+9.3*
Vascular strain (%)
Control 28.4+13.3 46.8+24.7 342+164
PAH 13.1 £4.7%%* 31.6+11.0 20.5+9.0%
Regurgitation fraction (%)
Control 1.5+1.5 0.8+1.1 29+4.1
PAH 6.4+6.0% 2.5+4.9 7.8+10.1
Control PAH
Vo (em®)  10.5+4.8 9.8+6.8

Values are presented as mean =+ standard deviation
*P<0.05, ##P <0.01, ***P <0.001

the hemodynamic parameters of the MPA, RPA, and LPA
in the two groups.

Segmental WSS

Figure 6 illustrates the regional distribution of WSS along
the circumference of the vessel wall. The PAH patients gen-
erally exhibited lower segmental WSS in the MPA, RPA,
and LPA than the control participants. In the RPA, the WSS
in the segments in head—posterior—foot orientation (Fig. 6,

middle column) were markedly lower in the PAH patients
than in the control participants (P <0.001). In the LPA, the
WSS in all segments were significantly lower in the PAH
patients than in the control participants. The segmental
WSS values in the RPA and LPA of the PAH patients were
approximately 50% of those of the control participants
(Fig. 6, middle and right columns).

Both groups exhibited inhomogeneous WSS distribution,
particular in control group, which may be attributable to
uneven flow velocity profiles. Lower segmental variations
of WSS in PAH group indicated reduced asymmetry of WSS
along the circumference of the vessel walls.

ROC curve analysis and correlation analysis

Figure 7 presents the ROC curves in MPA, RPA, and LPA for
the quantified indices showing significant difference between
PAH and control groups. Table 2 summarizes the ROC
curve-related parameters. In MPA, the defined ratio, WSS,
and 7T, displayed high AUC (all AUC> 0.85) and sufficient
sensitivity (70-90.9%) and specificity (91.7-100%), all with
P <0.005. Similar trends can be observed in RPA and LPA.
As shown in Fig. 8, either in PAH patients or control par-
ticipants, WSS demonstrated strong correlations with T,
(R*=0.87-0.96) and the ratio (R =0.78-0.94).

cce

Discussion

In this study, we performed 2D PC-MRI to quantify several
flow-derived hemodynamic parameters, WSS, and WSS-
derived OSI parameters in MPA, RPA, and LPA, and used
them to differentiate the PAH patients from the control par-
ticipants. The integrated information of abovementioned
indices can help to understand the altered flow characteris-
tics of large pulmonary arteries in PAH patients.

The reduced 7, in the MPA, RPA, and LPA of PAH
patients demonstrated the effects of high PVR on the pump-
ing function of the right heart. The V. in the MPA and
RPA showed no significant difference between PAH patients
and control participants. It may be attributed to a compensa-
tory effect in which the heart provides sufficient V, . dur-
ing systolic phases, even in the presence of high pressure
and resistance in the pulmonary system in PAH patients.
Increased maximum dQ/dt values in the PAH group sug-
gested that the flow rate reached a maximum within a shorter
period in the PAH patients than in the control participants.
The PAH patients also exhibited higher values for the ratio
than the control participants, indicating that the right heart
might exert a larger force in PAH than in normal condition
to resist high-pressure gradient and resistance in the pul-
monary system. The high accuracy in the ROC analysis in
the defined ratio and T, further illustrated their diagnostic

acce
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powers to demonstrate the abnormality in the large pulmo-
nary arteries of PAH patients.

The PAH patients exhibited lower pulmonary vascular
strain in the MPA and LPA compared with the control par-
ticipants, suggesting that PAH is associated with increased
stiffness in the pulmonary arteries, which is consistent with
the results of previous histopathological research [20].

Wang et al. indicated that V;, can be used to estimate
aortic arterial compliance [8]. However, in our preliminary
results, the V,,, values of the control and PAH groups were
indistinguishable, which may have resulted from variations
in the treatment phases and progression of the PAH patients.
Therefore, the V,,, index may not provide a robust parameter
for assessing PAH in our present results. In future investiga-
tion of the V,,, index, recruiting a larger population of PAH
patients and separating the patients subject to various treat-
ment phases and progression into subgroups are necessary.

The previous studies have demonstrated that shear stress
induced by laminar blood flow plays an essential role in
normal vascular functioning, which includes the regulation
of the vascular caliber as well as the inhibition of the pro-
liferation, thrombosis, and inflammation of the vessel wall
[9, 10, 21-23]. Sustained high shear stress can modulate
the expression of vascular endothelial cell genes and pro-
teins that protect against atherosclerosis. Butler et al. indi-
cated that the temporal gradient in shear stress is essential
for the modulation of signaling and gene expression in
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Table 2 The ROC analysis of hemodynamic parameters in MPA, RPA, and LPA

Index AUC P value Cut-off value Specificity (%) Sensitivity (%) Accuracy (%)
MPA
Ratio (s72) 0.902 0.0011 248 91.7 90.9 91.3
WSS (N/m?) 0.850 0.0056 0.23 100.0 70.0 85.6
Acceleration time (s) 0.921 0.0009 0.11 91.7 90.0 90.8
Max. dQ/dr (L/s?) 0.773 0.0267 441 75.0 72.7 73.9
Vascular strain (%) 0.900 0.0016 16 83.3 80.0 81.7
Regurgitation (%) 0.879 0.0021 22 83.3 81.8 82.6
RPA
Ratio (s72) 0.962 0.0002 238 91.7 100.0 95.6
WSS (N/m?) 0.917 0.0010 0.20 100.0 70.0 85.6
Acceleration time (s) 0.950 0.0004 0.12 91.7 90.0 90.8
Max. dQ/dr (L/s%) 0.705 0.0966 1.73 66.7 72.7 69.5
OSI (%) 0.765 0.0312 17.73 100.0 54.5 78.2
LPA
Ratio (s2) 0.932 0.0005 316 91.7 90.9 91.3
WSS (N/m?) 0.900 0.0016 0.18 100.0 70.0 85.6
Acceleration time (s) 0.888 0.0022 0.11 75.0 90.0 82.1
Distensibility (%) 0.817 0.0122 24 83.3 80.0 81.7
OSI (%) 0.735 0.0564 19.1 83.3 63.6 73.9
Acceleration volume (mL.) 0.742 0.0559 4.3 91.7 70.0 81.3

vascular endothelial cells and their associated vasodilation
function [24]. Because disturbed blood flow and associated
low shear stress may upregulate the expression of genes
and proteins involved in vessel remodeling, we evaluated
the differences in WSS in the large pulmonary arteries
of PAH patients, attempting to understand the abnormal
WSS in MPA, PRA, and LPA in patient group. In the PAH
patients, reduced WSS during systolic phases as well as
reduced temporally averaged WSS throughout the cardiac
cycle may upregulate the expression of genes involved
in vasoconstriction in the pulmonary vascular system.

@ Springer

Increased OSI, representing increased oscillations in WSS,
can further indicate disturbed flow patterns in the MPA,
RPA, and LPA of the PAH patients. A heterogeneous flow
velocity may result in heterogeneous direction of the WSS,
leading to reduced WSS. Accordingly, the disturbance in
flow, the reduction in WSS, and the increase of OSI may,
consequently, have integrated impact on vasoconstriction
in PAH patients. On the other hand, the high correlations
showing between WSS and the defined ratio or T, fur-

ther described the interaction of abnormal vascular char-
acteristics and altered blood flow.
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Fig.8 The correlations between WSS and T,

Detailed investigation of the segmental WSS may also
provide useful information for assessing PAH. In each seg-
ment, the PAH group presented lower WSS compared to
the control group, especially at segments 1-2 (posterior-
right orientation) in the MPA, segments 6—12 (head—pos-
terior—foot orientation) in the RPA, and segments 6—12
(head-left-foot orientation) in the LPA. The previous studies
have indicated that atherosclerotic lesions typically occur
in the regions of curvature and bifurcation of the arteries
where they are usually with low WSS values [9, 25]. There-
fore, in our study, the segments in regions with low WSS
might be associated with a high risk of damage to vascular
wall. Future investigations of segmental WSS in PAH are
warranted to provide sophisticated information for clinical
assessment.

There are several limitations in this study. First, to achieve
a high temporal resolution and to shorten scanning time,
we acquired images using time-resolved 2D PC-MRI and
acquired data only on through-plane flow velocity-encod-
ing. Bollache et al. reported that one-directional velocity-
encoding technique may present lower flow measurements
than that measured by three-directional velocity-encoding
scheme [26]. Therefore, acquiring three-directional velocity-
encoding flow data can provide additional useful information
for PAH assessment, such as circumferential WSS of vessel
walls [15] or path lines of pulmonary vascular flow in the
case of 4D flow data acquisition [13, 27]. Second, consider-
ing the total scanning time, we did not evaluate the routine
cardiac function in this study. Obtaining measurements on
RV morphology and function to calculate geometry- and
function-derived indices [28, 29] may also increase the use-
fulness of the measured parameters in assessing PAH. Using
parallel imaging and navigator-controlled respiration scheme

WSS (N/m2)

WSS (N/m?2)

acce (@—€) and the defined ratio of (max. dQ/dn)/V,.. (e, f)

may enable the acquisition of images with higher temporal
resolution or spatial resolution, providing subtle details on
the temporal and spatial variations between the PAH patients
and control participants. Third, the limited numbers of study
participants and without correction of momentary situation
may not exclude the possible confounding factors of WSS;
for example, blood pressure, heart rate, medication, as well
as smoking situation. In future studies, the above-mentioned
factors and other physiological parameters, such as pulmo-
nary vascular resistance or pulmonary pressure, can be con-
sidered altogether to establish a risk-prediction model for
PAH patients. Fourth, the lack of catheterization data may
limit the understanding of the correlation between computed
indices and clinical outcome.

In conclusion, we evaluated several hemodynamic param-
eters, WSS, and WSS-derived OSI using 2D PC-MRI images
in a clinically feasible scanning time and without using com-
plex post-processing procedures. Our results indicated that
these indices are of assessing relevance in PAH and enable
the differentiation of PAH patients from control participants.
The establishment of these indices for PAH may facilitate
the long-term follow-up of the treating efficacy and manage-
ment of PAH patients.
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