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Background: Cardiac flow closely interact with function, however, the correlation of right ventricular
(RV) flow and function remains unknown, thus our objective is to observe right ventricular flow with
four-dimensional phase-contrast cardiovascular magnetic resonance imaging (4D flow CMR) in patients
with pulmonary arterial hypertension (PAH) and to analyze flow components with RV function and
hemodynamics.

Methods: This study retrospectively enrolled 30 patients with PAH (mean age: 49+13 years, 16 females)
and 14 age- and sex-matched healthy volunteers as controls (mean age: 44+12 years, 9 females). All patients
who underwent CMR and right heart catheterization (RHC) within 1 week between January 2019 and
July 2020 were included. Hemodynamics were measured with RHC. RV flow components, including the
percentages of direct flow (RVPDF), retained inflow (RVPRI), delayed ejection flow (RVPDEF) and residual
volume (RVPRVo) were quantified using 4D flow CMR. The associations between RV flow components and
other CMR metrics, clinical data, and hemodynamics were analyzed by Spearman’s correlation analysis.
Results: In patients with PAH, RVPDF was decreased and RVPRVo was increased compared with the
normal control group. The sum of RVPDF and RVPDEF RV was significantly correlated with RV ejection
fraction (RVEF) (r=0.802, P<0.001), and there was no notable difference between RVEF and the sum
of RVPDF and RVPDEF (t=0.251, P=0.831). Both RVPDF and RVPRVo were correlated (in opposite
directions) with the RV end-diastolic volume index, RV end-systolic volume index, RV global longitudinal
strain, and RVEF. RVPDF was negatively correlated with pulmonary vascular resistance (PVR), and
positively correlated with cardiac output and cardiac index. RVPRVo was positively correlated with PVR and
negatively correlated with cardiac output and cardiac index.

Conclusions: RV blood flow components qualified with 4D flow CMR is a valuable noninvasive method

for the assessment of RV function and hemodynamics in patients with PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is classified
as pulmonary hypertension (PH) group 1 (1), and is
characterized by progressively increasing pulmonary
vascular resistance (PVR) and right ventricular (RV)
remodeling leading to RV failure. Although recent advances
in therapeutic modalities have significantly improved
the outcomes of patients with PAH, the disorder still is
associated with high rates of morbidity and mortality. A
previous meta-analysis (2) showed RV ejection fraction
(RVEF) to be the strongest predictor of mortality from
PAH. From a pathophysiological perspective, since
pulmonary arterial remodeling results in increased RV
post-load and subsequently affects flow status in the right
heart, RV structural and functional changes are preceded
by changes in pulmonary arterial and RV flow (3,4). Vortex
formation in the main pulmonary artery has been shown
to allow accurate estimation of pulmonary arterial pressure
and the diagnosis of patients with PH (5); thus, intracardiac
flow could be a more sensitive indicator for monitoring
heart function. However, changes in RV flow and their
correlation with hemodynamics and RV function in patients
with PAH have not yet been elucidated.

Cardiovascular magnetic resonance (CMR) imaging is
an accurate and reproducible method for the assessment of
heart size, morphology, and function, and permits the non-
invasive assessment of blood flow (6). Four-dimensional
(3 spatial dimensions combined with time) phase-contrast
(4D flow) CMR (7) can measure the velocity of blood flow
in great vessels in any direction, and can also allow for
visualization and quantification of the multidimensional
intracardiac hemodynamic status and kinetic energy, as
well as functional assessment without breath-hold and/or
the use of contrast agents (8,9). Stoll ez 4l. used 4D flow
CMR in patients with ischemic or dilated cardiomyopathy
and observed a decrease in the volume and kinetic energy
of direct flow (DF) compared with healthy controls (10).
Elhawaz er al. (11) indicated that the kinetic energy of left
ventricular (LV) blood flow was associated with the 6-minute
walk test and LV remodeling after valvular intervention in
patients with aortic stenosis. Fredriksson ez 4/. (12) reported
that RVDF had a larger volume and possessed a higher
presystolic kinetic energy than the other flow components
in healthy people. However, RV flow characteristics in
patients with PAH have not yet been reported.

In the present study, we aimed to: (I) compare RV
flow components between patients with PAH and
healthy volunteers using 4D flow CMR; (II) evaluate the
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relationship between RV flow components and other
functional metrics and serum biomarkers; and (III) assess
the relationship between RV flow and hemodynamics.

Methods
Study cobort and design

This study was registered at the Chinese Clinical Trials
Registry Center” (http://www.chictr.org/en/; registration
number ChiCTR-OCH-14004929), and was approved by
the institutional review board of China-Japan Friendship
Hospital (IRB No. 2017-24). Informed consent was
obtained from all participants or their family.

This study retrospectively enrolled patients with PAH
from China-Japan Friendship Hospital. Patients who
underwent right heart catheterization (RHC) and CMR
within 1 week from January 2019 to July 2020 were
included. The diagnoses of all patients were based on mean
pulmonary arterial pressure (MPAP, >25 mmHg) and PVR
[>3 Wood units (WU)], as well as pulmonary capillary wedge
pressure (PCWP, <15 mmHg) as assessed by RHC (1).

The included participants were aged between 18 and
65 years old. Patients with poor quality 4D flow or CMR
images or incomplete RHC data were excluded. Patients
in PH groups 2, 3, 4, and 5 were also excluded, as were
those with cardiomyopathy, coronary stents, lung diseases,
malignancies, diabetes mellitus, cirrhosis, kidney dysfunction,
or hyperthyroidism. A normal control group comprising
14 age- and sex-matched healthy volunteers was also enrolled
as the normal control group.

RHC

Hemodynamics were assessed by RHC. A Swan-Ganz
standard thermodilution pulmonary artery catheter
[Edwards (Shanghai) Medical Products Co., Ltd.] was
placed at the right inferior pulmonary artery. The indices
measured included right atrial pressure (RAP), MPAP,
PCWP, and PVR. Cardiac output (CO) and the cardiac
index (CI) were determined using the Fick method.

CMR examination

All patients underwent CMR within 1 week of RHC.
CMR was performed using a 1.5 Tesla clinical scanner
(MAGNETOM Area, Siemens Healthcare, Erlangen,
Germany) using an 18-channel phased-array surface coil.
Images were acquired during end-expiratory breath-
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holds with retrospective electrocardiographic gating.
First, standard cine long-axis 4-chamber and contiguous
short axis slices covering both ventricles from base to apex
were acquired with a balanced steady-state free precession
sequence (typical acquisition parameters: repetition time/
echo time, 3.4/1.4 ms; flip angle, 50-60°; slice thickness,
6 mm; in-plane spatial resolution, 1.8x1.8 mm’; temporal
resolution, 40 ms; 25 reconstructed cardiac phases).
Subsequently, 4D flow CMR images were acquired in the
sagittal plane using a 3D retrospectively electrocardiography-
triggered, navigator-gated prototype sequence with the
following parameters: repetition time/echo time, 4.6/2.5
ms; flip angle, 7°; temporal resolution, 40 ms; voxel size,
2.4x2.4x2.4 mm’; and velocity encoding, 100-150 cm/s.
Twenty-five reconstructed cardiac phases were interpolated
from 19-25 phases based on the patients' heart rate (ranging
from 60 to 80 beats/min). Respiratory navigator gating was
applied to minimize motion artifacts. Maxwell’s correction
and concomitant gradient field effects were corrected on the
scanner. For each participant, the field of view was adjusted
to cover the whole heart, and the scan time was 6-9 minutes.

CMR analysis

RV functional metrics, including the RV end-diastolic
and end-systolic volume indexes (RVEDVI and RVESVI,
respectively) and RV and LV ejection fractions (RVEF
and LVEF, respectively), were analyzed using the cine
sequence on Cardiac Function (SyngoVia workstation
Siemens Healthcare, Erlangen, Germany) by a radiologist
with 8 years’ experience. A second radiologist with
6 years’ experiences independently measured the RV global
longitudinal strain (RVGLS), radial strain (RVGRS), and
circumferential strain (RVGCS) by contouring the cine
images at the end-diastolic phase using CVI* (Version
5.11, Circle Cardiovascular Imaging Inc., Calgary, Alberta,
Canada). RV flow components were also independently
post-processed and analyzed using CVI* (Version 5.11,
Circle Cardiovascular Imaging Inc., Calgary, Alberta,
Canada) by a radiologist with 5 years’ experience.

The RV flow component analysis consisted of background
phase correction, noise filtering, and velocity aliasing
correction, as well as endocardial segmentation at end
diastole and end systole with pathline generation from each
segmented voxel. The positions of the pathlines (which
are a form of visual simulation of a 3D velocity field that
illustrates the travelling orbit of fluid particles in space at end
systole) were divided into the following 4 functional flow
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components, which have been described previously (12):
(I) DE, which refers to blood that enters the ventricle during
diastole and leaves the ventricle during systole in the analyzed
heartbeat; (II) delayed ejection flow (DEF), which describes
blood that starts and resides inside the ventricle during
diastole and leaves during systole in the analyzed heartbeat;
(IIT) retained inflow (RI), which refers to blood that enters the
ventricle during diastole but does not leave during systole in
the analyzed heart beat; and (IV) residual volume (RVo), which
describes blood that resides within the ventricle for at least 2
cardiac cycles. The percentage of each flow component in the
RV was the ratio of each component volume (DF, DEE, RI and
RVo) to RVEDYV, including the percentage of DF (RVPDEF),
the percentage of DEF (RVPDEF), the percentage of RI
(RVPRI), and the percentage of RVo (RVPRVo).

Statistical analysis

Statistical analyses were performed using SPSS 22 (Chicago,
IL, USA). Data were expressed as mean = standard
deviation (SD) or median with interquartile range (IQR).
Nonparametric 2 independent samples #-tests were used to
compare the 2 groups. Correlations were analyzed using
Spearman’s correlation. All tests were 2-sided, with P<0.05
considered to indicate a statistically significant difference.

Results
Baseline characteristics

Thirty patients with PAH (mean age: 49.1+13.2 years,
16 females) and 14 healthy volunteers (mean age:
43.7+12.3 years, 9 females) were included in this study. The
demographic and clinical data of all participants are shown
in Table 1. There were no significant differences in sex,
age, body mass index, heart rate, systolic blood pressure, or
diastolic blood between the 2 groups. The respiratory rate
of patients with PAH was faster than that of the healthy
controls (t=2.18, P=0.035). Patients with PAH were all on
at least 1 PAH-specific medication. One patient died of
sudden massive hemoptysis during hospitalization, and the
other patients are currently being followed up.

RV function, strain, and flow in PAH patients and bealthy
controls

The RV flows of participant patient with PAH and a
normal control are visualized in Figure 1. As shown in
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Table 1 Demographic and clinical characteristics of all participants
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Characteristics Total PAH Control P

Cases 44 30 14

Age (years) 47.6+14.2 49.1+13.2 43.7+12.3 t=1.58 (P=0.121)
Sex (F/M) 25/19 16/14 9/5 ’=3.18 (P=0.476)
Respiratory rate (beats/min) 20.2+1.4 20.5+1.4 19.6+1.1 t=2.18 (P=0.035)*
Heart rate (beats/min) 80.9+15.1 83.4+15.4 75.4+13.3 t=1.78 (P=0.086)
Body Mass Index (Kg/m?) 22.8+2.3 23.1+2.4 222422 t=1.14 (P=2.262)
Systolic BP (mmHg) 116.1£14.9 116.8+15.3 114.7+£14.2 t=0.42 (P=0.680)
Diastolic BP (mmHg) 79.5+13.3 79.9+13.9 78.7+12.3 t=0.27 (P=0.788)

6-minute walk distance (m)

Smoking

NYHA functional class
I
M
\Y

Serum biomarkers

NT-proBNP (pg/mL), median (IQR)
CNTI (ng/mL), median (IQR)

CMR metrics
RVEDVI (mL/m?)
RVESVI (mL/m?)
RVSVI (mL/m?)
RVMI (g/m?)
RVEF (%)
RVCO (L/min)
RVCI (L/min/m?)
RVGRS (%)
RVGCS (%)
RVGLS (%)
RVPDF (%)
RVPDEF (%)
RVPRI (%)
RVPRVo (%)
RVPDF + RVPDEF (%)

375 (205, 580)
2

322.5 (68, 975)
0.009 (0.004, 0.018)

94.2+38.2
60.1+£37.7
34.5+20.0
25.9+9.9
39.6+18.9
4.1+2.4
2.3+1.3
12.5+7.6
-8.7+4.1
-14.5+7.4
24.1+£14.0
17.0+5.2
17.4+5.4
41.1+19.6
41.6+16.5

290 (178, 386)
2

12
16

548.0 (265, 1,500)
0.011 (0.0086, 0.03)

103.5+39.5
70.2+38.3
33.8+22.7
36.6+9.8
33.6+17.6
3.8+2.2
2.1+1.4
12.0+£7.4
—7.0+3.7
-11.9+6.6
16.4+9.2
15.8+5.9
16.5+6.2
50.9+15.7
32.1+11.5

670 (495, 705)
0

34 (23, 83.5)
0.001 (0, 0.01)

66.4+13.3
29.8+8.7
36.6+9.3
19.3+4.9
57.9+5.4
4.9+1.1
2.9+0.6
14.8+7.8
-9.6+4.5
-22.2+3.6
40.7+5.3
19.5+1.9
19.1£2.1
20.3+£5.3
59.8+5.0

U=35.10 (P<0.001)*

U=29.00 (P<0.001)*
U=75.00 (P<0.001) *

t=5.19 (P<0.001) *
t=4.58 (P<0.001)*
t=2.89 (P=0.006)*
t=3.170 (P=0.003)*

t=—4.25 (P<0.001)*
t=3.28 (P=0.002)*
t=2.94 (P=0.005)"

U=140.00 (P=0.775)

U=62.00 (P=0.038)*

U=17.00 (P<0.001)*
t=-9.19 (P<0.001)
t=-2.24 (P=0.030)
t=—1.44 (P=0.157)
t=7.08 (P<0.001)
t=-8.28 (P<0.001)

Table 1 (continued)
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Table 1 (continued)

Characteristics Total PAH Control P

Right heart catheterization
Systolic PAP (mmHg) - 76+23 - -
Diastolic PAP (mmHg) - 29+11 - -
Mean PAP (mmHg) - 48+14 - -
PCWP (mmHg) - 10+4 - -
PVR (WU) - 14.0+£7.5 - -
CO (L/min) - 3.0+1.2 - -
Cl (L/min/m? - 2.4+1.0 - -

*, P<0.05. Values are expressed as mean + SD or number (percentage), or median and interquartile range (IQR). BP, blood pressure;
PH, pulmonary hypertension; NT-proBNP, N-terminal pro-brain natriuretic peptide; RVEDVI, right ventricular end-diastolic volume index;
RVESVI, right ventricular end-systolic volume index; RVSVI, right ventricular stroke volume index; RVEF, right ventricular ejection fraction;
RVMI, right ventricular myocardial mass index; RVGRS, right ventricular global radial strain; RVGCS, right ventricular global circumferential
strain; RVGLS, right ventricular global longitudinal strain; RVPDF, the percentage of right ventricular direct flow; RVPDEF, the percentage
of right ventricular delayed ejection flow; RVPRI, the percentage of right ventricular retained inflow; RVPRVo, the percentage of right
ventricular residual volume; PAP, pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular

resistance; CO, cardiac output; Cl, cardiac index.

Tuble 1, compared with those in the control group, the RV
functional metrics of the patients with PAH, including RV
end-diastolic volume index (RVEDVI), end-systolic volume
index (RVESVI) and myocardial mass index (RVMI) were
increased, while the RV stroke volume index (RVSVI),
ejection fraction (RVEF), cardiac output (RVCO) and
cardiac index (RVCI) were markedly reduced. Also, the
RV global longitudinal strain (RVGLS) and RV global
circumferential strain (RVGCS) were decreased in patients
with PAH. As shown in Figure 2, RVPDF was significantly
reduced in patients with PAH compared with the control
group, whereas RVPRVo was markedly increased. However,
RVPRI and RVPDFE were slightly lower in the PAH group

than in the control group.

Correlation between RV flow and function/serum
biomarkers

As shown in Table 2, RVPDF was negatively correlated
with RVEDVI, RVESVI, RVMI and RVGLS, while being
positively correlated with RVSVI, RVEF, RVCO and
RVCI. Meanwhile, RVPRVo was positively correlated with
RVEDVI, RVESVI, RVMI and RVGLS, but was negatively
correlated with RVSVI, RVEF, RVCO and RVCI.

Figure 3 shows that the sum of RVPDF and RVPDEF
(RVPDF + RVPDEF) was correlated with RVEF (r=0.802,
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P<0.001), and there was no significant difference between
RVEF and RVPDF + RVPDEF (t=0.251, P=0.831). Figure 4
shows that RVPDF was positively correlated with the
6-minute walk distance (6MWD) (r=0.612, P<0.001) and
was negatively correlated with serum N-terminal pro-brain
natriuretic peptide (NT-proBNP) (r=-0.639, P<0.001).
Meanwhile, RVPRVo was positively correlated with N'T-
proBNP (r=0.637, P=0.001) but was negatively correlated
with the SMWD (r=-0.592, P<0.001).

Correlation between RV flow components and
bemodynamics in patients with PAH

Table 1 displays the study participants’ hemodynamics, as
measured by RHC. Table 3 shows the correlation between
RV flow components and hemodynamics, as measured by
RHC. We found that RVPDF was negatively correlated with
PVR and positively correlated with CO and CI. Further,
RVPRVo had positive correlations with RAP, MPAP and
PVR, and negative correlations with CO and CI. None of
the RV flow components were correlated with PCWP.

Discussion

"This study has produced several findings. Firstly, compared
to that of the healthy controls, the RVPDF was diminished
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Figure 1 Right ventricular blood flow visualization in a normal participant (F/32 years old) (A,B) and a patient with idiopathic pulmonary

artery hypertension (F/32 years old, mean pulmonary artery pressure: 40 mmHg) (C,D). (A,C) Pathline visualization of the right ventricular

flow components (green represents DF; yellow represents retained inflow; blue represents DEF; and red represents residual volume) in

diastole. (B,D) Pathline visualization of the RV flow components (green represents DF; yellow represents retained inflow; blue represents

DEF; and red represents residual volume) in systole. RA, right atrium; RV, right ventricle; RVOT, right ventricular outflow tract.

in patients with PAH, while the RVPRVo was significantly
increased. Secondly, RVPDF and RVPRVo were found to be
closely correlated (in opposite directions) with the other RV
functional metrics and RVGLS, while the RVEF was similar
to the sum of RVPDF and RVPDEF. Thirdly, in patients
with PAH, RVPDF and RVPRVo were closely correlated (in
opposite directions) with MPAP, PVR, CO, and CI, which
were also determined by RHC. To our knowledge, this is
the first study to report the characteristics of RV flow and
their correlation with RV function and hemodynamics in
patients with PAH.

In previous 4D flow MRI studies (12-14), the ventricular
flow of normal controls was categorized into 4 components,
and ventricular flow components and energetics were also

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

characterized. DF refers to blood that enters the ventricle
during diastole and leaves the ventricle during systole in the
analyzed cardiac cycle. Among the 4 functional components
of the LV diastolic volume, DF has the most direct route
and the fastest transit through the LV, and best preserves
the kinetic energy from inflow to pre-systole (15). Both RVo
and RI constitute the non-ejecting portion of ventricular
volume. In our control group, the RVPDF and RVPRVo
were slightly lower than previously published values from
healthy individuals (12,14). However, RVPDF was still the
largest component among the 4 flow components, followed
by RVPRVo, RVPRI, and RVPDEF.

Previous studies using 4D flow CMR (14,16) indicated
that RVPDF is reduced with the increased RV volumes in
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patients with mild ischemic heart disease, and that LVDF is
also diminished with increased LV volumes. However, non-
ejecting flow was found to increase in patients with chronic
ischemic heart disease. Similarly, compared to normal controls,
decreased RVPDF and increased RVPRVo were prominent

60.00 - @ RVPDF
B RVPDEF
CJRVPRI
50.00 4 W RVPRVo
<)
< 40.00 A
2
o
& 30.00 -
k)
5
o 20.00 4 (41
[0}
o
10.00 el 19 16 17
0.00
Control group PAH

Figure 2 Comparison of right ventricular flow components
between PAH patients and healthy controls. Compared with
the control group, the percentage of RVPDF in patients with
PAH is significantly reduced, while the percentage of RVPRVo is
increased. RVPDE, right ventricular direct flow; RVPRVo, right

ventricular residual volume.

Table 2 Correlation between right ventricular flow and functional data

RV flow characteristics in patients with PAH, suggesting
that changes in 4D flow-sspecific markers may detect RV
dysfunction. DF possesses a significantly larger amount
of kinetic energy than the other 3 flow components (17),
while RVo, which describes blood that resides within the
ventricle for at least 2 cardiac cycles, has the lowest kinetic
energy among the 4 blood components.so, DF is prepared
for effective systolic ejection.

Among four flow components, RVo had the largest
volume in patients with PAH. This means that the reduction
in DF is insufficient for effective systolic ejection by virtue
of preserved kinetic energy. In PH, RV remodeling is
initiated when the afterload increases (4), and the increase
in RVo initially confers an advantage (e.g., acting as a buffer
for kinetic energy redistribution), so as to reduce transfer
of kinetic energy to potential energy that would result
in the elevation of ventricular pressure. This situation is
similar to LV blood flow in patients with left heart failure,
and indicates that kinetic energy may be converted into
less efficient configurations within the ventricle, resulting
in the failure of any compensatory mechanism (13,16). A
decrease in DF may indicate LV dysfunction, even in subtle
or subclinical LV remodeling. RVo has been shown to be
an independent and significant index for distinguishing
patients with atrial fibrillation from healthy controls (18).

RV function is the main predictor of survival in patients
with PAH. In this research, RVPDF and RVPRVo were

Cardiac MR RVPDF (%)

RVPDEF (%)

RVPRI (%) RVPRVo (%)

RVEDVI (mL/m?) -0.49 (P=0.001)

RVESVI (mL/m?) -0.74 (P<0.001)*

RVSVI (mL/m?) 0.34 (P=0.034)

RVMI (g/m?) -0.45 (P=0.004)
RVEF (%) 0.77 (P<0.001)*
RVCO (L/min) 0.58 (P<0.001) *

RVCI (L/min/m?) 0.46 (P=0.004)

RVGRS (%) 0.31 (P=0.055)
RVGCS (%) -0.08 (P=0.641)
RVGLS (%) -0.62 (P<0.001)*

-0.18 (P=0.270)
-0.39 (P=0.012)
0.11 (P=0.489)
-0.23 (P=0.154)
0.41 (P=0.008)
0.10 (P=0.552)
0.12 (P=0.463)
0.11 (P=0.464)
-0.06 (P=0.732)
-0.18 (P=0.277)

-0.14 (P=0.382) 0.41 (P=0.009)

-0.33 (P=0.032) 0.68 (P<0.001)*
0.06 (P=0.721) -0.28 (P=0.079)
-0.19 (P=0.259) 0.49 (P=0.002)
0.37 (P=0.019) -0.73 (P<0.001)*
0.56 (P=0.734) -0.41 (P=0.008)
0.08 (P=0.610) -0.42 (P=0.007)
0.12 (P=0.444) -0.32 (P=0.042)
-0.09 (P=0.572) 0.11 (P=0.509)

-0.13 (P=0.414) 0.57 (P<0.001)*

*, correlation is significant at the 0.001 level (2-tailed). RVEDVI, right ventricular end-diastolic volume index; RVESVI, right ventricular
end-systolic volume index; RVSVI, right ventricular stroke volume index; RVEF, right ventricular ejection fraction; RVMI, right ventricular
myocardial mass index; RVGRS, right ventricular global radial strain; RVGCS, right ventricular global circumferential strain; RVGLS, right
ventricular global longitudinal strain; RVPDF, the percentage of right ventricular direct flow; RVPDEF, the percentage of right ventricular
delayed ejection flow; RVPRI, the percentage of right ventricular retained inflow; RVPRVo, the percentage of right ventricular residual volume.
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Figure 3 Correlation between right ventricular eject fraction (RVEE, as measured on cine images) and the sum of the percentage of RVPDF
and (RVPDF + RVPDEE, as measured by 4D flow sequence). (A) RVEF is correlated with the sum of RVPDF and RVPDEF (RVPDF +
RVPDEF); (B) RVEF is comparable to the sum of RVPDF and RVPDEF (RVPDF + RVPDEF). RVPDE right ventricular direct flow;

RVPDEEF, right ventricular delayed ejection flow.
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Figure 4 Correlation between RV flow and clinical markers. (A) RVPDF is negatively correlated with the serum NT-proBNP; (B) RVPDF
is positively correlated with the 6MWD; (C) PRVo is positively correlated with NT-proBNP; (D) PRVo is negatively correlated with
6MWD. NT-proBNP, N-terminal pro-brain natriuretic peptide; 6 MWD, 6-minute walk distances.
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Table 3 Correlation between right ventricular flow and hemodynamics in patients with PAH

RV flow components RAP (mmHg) MPAP (mmHg) PAWP (mmHg) PVR (WU) CO (L/min) Cl (L/min/m?)
RVPDF (%) -0.51 (P=0.002) -0.45 (P=0.005) 0.21 (P=0.207)  -0.74 (P<0.001)*  0.66 (P<0.001)*  0.64 (P<0.001)*
RVPDEF (%) -0.45 (P=0.007)  —0.30 (P=0.053) 0.16 (P=0.352) -0.32 (P=0.072)  0.20 (P=0.272) 0.16 (P=0.380)
RVPRI (%) -0.44 (P=0.007) -0.36 (P=0.027) 0.16 (P=0.335) -0.35 (P=0.049)  0.25 (P=0.163) 0.20 (P=0.275)
RVPRVo (%) 0.57 (P<0.001)*  0.56 (P<0.001)* 0.19 (P=0.256) 0.73 (P<0.001)*  -0.56 (P<0.001)* -0.54 (P<0.001)*

*, correlation is significant at the 0.001 level (2-tailed). RVPDF, the percentage of right ventricular direct flow; RVPDEF, the percentage of
right ventricular delayed ejection flow; RVPRI, the percentage of right ventricular retained inflow; RVPRVo, the percentage of right ventricular
residual volume; RAP, mean right atrial pressure, MPAP, mean pulmonary arterial pressure; PAWP, pulmonary capillary wedge pressure;
PVR, pulmonary vascular resistance; CO, cardiac output; Cl, cardiac index.

correlated (in opposite directions) with other RV functional
metrics, such as RVEE, thus confirming that ventricular
flow status and function are highly interdependent on 1
side. The significant reduction of RVPDEF and elevation of
RVPRVo accompanied by a slight increase in RVPRI and
RVPDEE, which is a phenomenon in PAH, suggests that
PDF and PRVo can serve as indicators of RV dysfunction.
Moreover, the sum of RVPDF and RVPDEF was similar
to the RVEF, which was calculated using steady-state free
precession cine images, indicating that 4D flow provides
ventricular blood flow status information to enable an
understanding of RV dysfunction without compensating for
respiratory motion (19,20). It can also be used to calculate
RVEFE, which is the sum of RVPDF and RVPDEF, without
the need for the breath-holding requirements used for
conventional cine images.

Strain has been widely used to evaluate ventricular
deformation and mechanics. In a previous study (21),
global longitudinal strain, global circumferential stain, and
global radial strain were reduced in patients with PH and
RVEF <50%. In the present study, we found that global
longitudinal strain and global circumferential strain were
decreased in patients with PAH; only global longitudinal
strain was correlated with RVPDF and RVPRVo (in opposite
directions). Although the detailed mechanism is unclear, our
data confirms the close interaction between morphology,
function, and blood flow. The 6MWD and NT-proBNP
are used to conduct risk assessments of patients with PAH,
and may also provide prognostic information and thus
be used to guide therapeutic decisions (1). Both RVPDF
and RVPRVo were correlated with the 6MWD and N'T-
proBNP, suggesting that RV flow component analysis can
provide prognostic information. However, the cutoff value
for risk assessment is still unknown. Previous studies have
reported that 4D flow CMR could provide a non-invasive
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estimate of PVR and MPAP (22-24). We further observed
that RVPDF and RVPRVo were inversely correlated with
PVR and MPAP. To our knowledge, the current work is
the first to demonstrate the correlation between RV flow
components and hemodynamics. Ventricular structures
and blood flow are highly interdependent; thus, as the
ventricular flow is altered in the early stages of remodeling,
flow itself can influence disease progression.

Study limitations

There are several limitations in this study that should be
noted. Firstly, the current results only relate to a relatively
small number of sex- and age-matched patients and
volunteers. Changes to ventricular flow related to age,
sex, respiratory, and heart rate remain unknown. Also,
our study only included patients with PAH; whether the
current findings can be extrapolated to other etiologies of
PH remains unclear. Thirdly, since most patients were New
York Heart Association classification II/111, further study is
required on ventricular flow in the assessment of subtle right
ventricular dysfunction. Moreover, kinetic energy of flow
components is known to be predictive of patients’ functional
capacity; however, due to software algorithm limitations, we
did not analyze the kinetic energy of each flow component.
Therefore, the kinetic energy of RV flow in PAH should be
further investigated in future research. Finally, the lack of
longitudinal data limited the assessment of the prognostic
significance of the 4D flow-specific parameters for clinical
outcomes, and future follow-up studies are needed.

Conclusions

This study has demonstrated that 4D flow CMR can permit
the visualization and quantification of RV flow components.
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RVDF is significantly reduced and residual volumes are
markedly increased in patients with PAH. RV blood flow
components are closely correlated with RV function and
hemodynamics in patients with PAH. We suggest that
4D flow imaging is included in the CMR protocol in the
evaluation of patients with PAH.
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