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Abstract

Background: Recently, time-resolved 3D phase contrast magnetic resonance imaging (4D-flow) allows flow dynam-
ics in patients with pulmonary arterial hypertension to be measured. Abnormal flow dynamics, such as vortex

blood flow pattern in the pulmonary artery (PA), may reflect progression of pulmonary arterial hypertension (PAH).
Some reports suggested that abnormal blood flow parameters including wall shear stress (WSS) could be markers

of PAH. However, it was not fully assessed clinical usefulness of these variables. We aimed to assess whether these
flow dynamic parameters, such as vortex formation time (VFT) and WSS, were associated with right ventricular (RV)
function.

Results: Fifteen subjects, nine with PAH and six healthy volunteers, underwent 4D-flow. Differences of Blood flow
patterns, blood flow velocities and WSS between PAH patients and healthy volunteers were evaluated. We also
assessed the association between VFT, WSS and RV function in PAH patients. Both vortex blood flow patterns and
early systolic retrograde flow in the main PA were observed in all patients with PAH. The PA flow velocities and WSS

in patients with PAH were lower than those in healthy volunteers, but that blood flow volumes in the MPA, RPA and
LPA and SV in the MPA were broadly comparable between the groups. The mean VFT was 35.0 £ 16.6 % of the cardiac
cycle. The VFT significantly correlated with RV ejection fraction, RV end systolic volume, and RV end systolic volume
index (RVEF = 75.1 4+ (—85.7)-VFT, p = 0.003, RVESV = 12.4 + 181.8-VFT, p = 0.037 and RVESVI = 10.6 + 114.8-VFT,

p = 0.038, respectively) in PAH patients, whereas WSS did not correlate with RV function.

Conclusions: We confirmed that abnormal blood flow dynamics, including the vortex formation and the early onset
of retrograde flow, low WSS in the PA were characteristics of PAH. The VFT may be associated with right ventricular
dysfunction, whereas WSS was not. Our results suggest that 4D-flow is an effective means of detecting right heart
failure as well as diagnosing PAH.
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Background
Pulmonary arterial hypertension (PAH) is a progressive
disease with a poor prognosis characterized by increas-
ing pulmonary vascular resistance and pulmonary arte-
rial pressure (PAP) (D’Alonzo et al. 1991; Runo and Loyd
2003). The raised mean pulmonary arterial pressure
provokes right heart failure which is the primary cause
of death in patients with PAH (D’Alonzo et al. 1991). In
recent years, several drugs, such as phosphodiesterase-5
(PDE-5) inhibitors, endothelin receptor antagonists
(ERA), and prostanoids approved for the treatment of
PAH have been shown to improve the symptoms, exer-
cise tolerance and mortality of patients with PAH (Rubin
et al. 2002; Galie et al. 2005; Rubin et al. 2011; Pulido et al.
2013). As prompt treatment with these drugs is associated
with better treatment outcomes, it is essential that the
diagnosis of PAH is not delayed (McGoon et al. 2004).
Nonetheless, the early detection and diagnosis of PAH is
challenging, as PAH is likely to be asymptomatic until pul-
monary vascular lesions have progressed. Echocardiography
(UCQ) is usually performed when PAH is suspected; how-
ever, Doppler-derived pressure estimation is often inaccu-
rate (Fisher et al. 2009). Consequently, estimation of PAP
by Doppler UCG is not recommended as a screening tech-
nique to detect mild, asymptomatic PAH (Galie et al. 2009).
Cardiac magnetic resonance imaging (CMR) is a non-
invasive means of evaluating right ventricular (RV) func-
tion and the characteristics of the pulmonary vascular bed,
and can also detect myocardial fibrosis (McLaughlin et al.
2009; Bradlow et al. 2012). Furthermore, in recent years,
time-resolved 3-dimensional (3D) phase-contrast magnetic
resonance imaging (4D-flow MRI) allows pulmonary intra-
vascular blood flow to be visualized, and blood flow velocity,
volume and wall shear stress (WSS) to be measured (Barker
et al. 2014; Helderman et al. 2011; Ota et al. 2015; Reiter
et al. 2008; Tang et al. 2012; Truong et al. 2013). This new
technology revealed that the abnormal blood flow dynam-
ics, including the vortex formation and the early onset of
retrograde flow were characteristics of PAH, and the vortex
formation time (VFT) was correlated with PAP (Reiter et al.
2008, 2015). Although investigators revealed that low values
of WSS in pulmonary artery in PAH patients were lower
than those in healthy volunteers, it was not established clini-
cal usefulness of these variables (Truong et al. 2013; Barker
et al. 2014). In this study, we aimed to assessed the relation-
ships between flow dynamic and hemodynamic parameters,
including VFT and WSS obtained by 4D-flow and RV func-
tional parameters measured by CMR.

Methods

Ethics statement

Our study protocol complied with the Declaration of
Helsinki and was approved by the institutional research
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review board of Hamamatsu University School of Medi-
cine, Hamamatsu, Japan. Written informed consent was
provided by all subjects. The study was registered at the
UMIN Clinical Trials Registry (UMIN 000011128).

Study design and subjects

Nine patients with PAH (defined as mean PAP > 25 mmHg
measured by right heart catheter (RHC) at the time of
their diagnosis) in World Health Organization (WHO)
functional class II-1III and six healthy volunteers (with-
out known significant health problems, including heart or
lung diseases, or symptoms) were enrolled in this study.
All underwent a gadolinium-enhanced magnetic reso-
nance angiography (MRA) and 4D-flow at Hamamatsu
University Hospital between December 2012 and Sep-
tember 2014. Exclusion criteria were atrial fibrillation and
atrial flutter.

MR imaging

All MR imaging was performed using a Discovery 750,
3T machine (GE Healthcare, Waukesha, WI, USA)
together with a 32-channel phased array torso coil. The
gradient performance had a maximum gradient strength
of 50 mT/m and a maximum slew rate of 200 mT/m/ms.

Time-resolved contrast-enhanced 3D MRA and 4D-flow
Contrast-enhanced  breath-hold  three-dimensional
MRA (Gd 3D MRA) was repeated before and after bolus
injection of gadolinium chelate with standard dose of
0.1 mmol/kg at an injection rate of 2—-3 ml/s using an
auto-injector. The contrast agent was used to increase the
definition of the arterial wall boundary for post-process-
ing and also to increase the signal-to-noise ratio in the
4D-flow measurement. The data acquisitions for contrast
enhanced MR angiogram was performed during breath-
holding at neutral position, which was not in the inhaled
position or exhaled position.

Electrocardiogram-gated, respiratory-compensated
coronal 3D fast spoiled gradient-recalled echo in the
steady state (FSPGR)-based 4D-flow was conducted cov-
ering the right atrium, right ventricle and proximal por-
tion of the PA with the parameters described in the data
supplement (Supplementary method in Additional file 1).

4D-flow and MRA data sets were transferred to a
personal compute in DICOM format, and were post-
processed with flow analysis software (Flova; R Tech,
Hamamatsu, Japan). The application consisted of two
processes for data extraction and analysis. The applica-
tion consisted of two processes of extraction and analy-
sis. First, time-resolved images of 3D velocity vector
fields were generated to overview the blood flow within
the abdominal aorta. Then, 3D streamlines, wall shear
stress (WSS) maps were generated using 4D data sets.
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Flow vector data acquired with 4D-flow was segmented
by using the vessel boundary information determined by
contrast enhanced MRA. Time-resolved images of 3D
velocity vector fields were generated to obtain an over-
view of the blood flow within the PA. Second, color-
coded 3D streamlines and WSS maps were generated
using the 4D data sets.

Generation of 3D streamlines and calculation of WSS

We chose several cross-sectional planes traversing the
main PA (MPA), right PA (RPA) and left PA (LPA). All
planes were placed perpendicular to the longitudinal
axis of the PA. Figure la indicates the locations of the
MPA, RPA or LPA cross-sectional planes, which were
placed immediate downstream of pulmonary valve
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cusps or RPA/LPA bifurcation, respectively. We then
generated 3D streamlines to visualize blood flow pat-
tern in the MPA using the Runge—Kutta method (Liu
et al. 2006).

Wall shear stress is defined as the product of fluid vis-
cosity and shearing velocity of the blood in the vicinity of
the vascular wall. The method we used to calculate the
shearing velocity vector was similar to that reported by
Masaryk et al. (1999) and Cheng et al. (2002), however,
our method was 3D instead of 2D. A 3D method to meas-
ure WSS has previously been reported (Isoda et al. 2010)
on which our application is based. The dynamic viscosity
of the blood was assumed to be 0.00384 Pa/s in the appli-
cation (please refer to data supplement in Additional
file 1 for further details on the method used).

artery

Fig. 1 Cross-sectional planes traversing the main, right and left pulmonary artery and the locations of the pulmonary trunk, proximal RPA and
proximal LPA. a Cross-sectional planes traversing the main, right and left pulmonary artery. All cross-sectional planes were placed perpendicular to
the longitudinal axis of the pulmonary artery. Each cut plane was placed immediately downstream of the pulmonary valve cusps or the bifurcation
of the main pulmonary artery. b, € The locations of the pulmonary trunk (b), proximal RPA and proximal LPA (c), in which wall shear stress values
were calculated. MPA main pulmonary artery, RPA right pulmonary artery, LPA left pulmonary artery, RPA right pulmonary artery, LPA left pulmonary

Pulmonary trunk
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Analyses of right ventricular function

Breath-hold cine magnetic resonance images were
obtained in contiguous short-axis planes from the car-
diac apex to the base with the patient in a resting state.
The 2D fast imaging employing steady state acquisition
(FIESTA) cine images were based on the steady state free
precession sequence.

Image analysis and measurements

The diameters and areas of the PA were measured at the
cross-sectional cut planes. Blood flow patterns were ana-
lyzed visually for the presence of vortex blood flow and
early systolic retrograde flow in the MPA. We excluded
the valvular vortical and helical flow from the analy-
sis. These blood flow patterns were determined by two
observers. The VFT (% of the cardiac cycle) in the MPA
was also calculated (number of the cardiac phase with
vortex divided by 20) with frame-counting method by
single observer. Maximum and mean blood flow vol-
umes, velocities which passed the cross-sectional planes
for the MPA, RPA and LPA were measured automatically.
Stroke volumes (SV) at the MPA, RPA and LPA were cal-
culated by temporal integration of blood flow volumes.
WSS values in the pulmonary trunk, proximal RPA or
LPA were also calculated automatically (Fig. 1b, c). Right
ventricular end diastolic volume (RVEDV), RV end sys-
tolic volume (RVESV) and RV ejection fraction (RVEF)
were determined from 2D FIESTA cine images in the
short axis view. They were automatically calculated with
analysis software (CardiacVX, GE Healthcare, Waukesha,
W1, USA). Right ventricular volumes were indexed to the
body surface area (RVEDVI and RVESVI).

Statistical analysis

All parametrically distributed data are expressed as the
mean =+ standard deviation (SD). Differences in blood
flow parameters and RV function between patients with
PAH and healthy volunteers were examined using the
unpaired ¢ test. Categorical variables were compared
using Fisher’s exact test. Correlations between the two
methods were assessed by Pearson’s correlation coeffi-
cient (r). The linear regression analysis was used to assess
the correlation of VFT and WSS with PA dimensions,
blood flow parameters and right ventricular functional
variables. A p value <0.05 was considered statistically sig-
nificant. All analyses were performed using SPSS statis-
tics software (version 21.0; IBM Corporation, New York,
NY, USA).

Results

Clinical characteristics

The nine PAH patients were consisted of five with idiopathic
PAH, three with systemic lupus erythematosus-associated
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PAH, and one with congenital heart disease-associated
PAH. Table 1 summarizes the subjects’ demographic and
clinical characteristics. There were no significant differences
in terms of age, sex, height, body weight or body surface
area between patients with PAH and healthy volunteers. In
patients with PAH, eight of nine patients were treated with a
combination of a PDE-5 inhibitor and an ERA. One patient
was not received any vasorelaxant agents. One PAH patient
was excluded from the RV function analysis, because of
missing data.

Flow pattern

The 3D streamline images revealed the existence of
vortex blood flow in the MPA in all patients with
PAH. There was no inter-observer disagreement on
the determination of vortex blood flow patterns.
Typical images of 3D streamlines of the vortex
appearance in PAH are shown in Fig. 2. The mean
VET was 35.0 £ 16.6 % of the cardiac cycle in PAH.
The early systolic retrograde flow at the MPA was
also seen in all patients with PAH, but this blood
flow pattern was not seen in any of the healthy
volunteers.

Pulmonary artery dimensions and blood flow parameters

The arterial dimensions and the blood flow param-
eters obtained by 4D-flow at the MPA, RPA and LPA
are shown in Table 2. Both MPA and RPA diameters,
and RPA area in each cross-sectional plane were sig-
nificantly greater in patients with PAH than healthy
volunteers, but neither LPA diameter nor MPA and
LPA areas differed significantly between the groups.
Maximum blood flow velocities in the MPA, RPA and

Table 1 Baseline characteristics of study participants

Healthy volunteers PAH patients p value

Number, n 6 9
Age, years 458 £89 418+147 0.558
Gender, n (male/female) 4/2 1/8 0.089
Height, cm 1632 £10.7 1577 £58 0.288
Body weight, kg 604 £ 11.1 532164 0.234
Body mass index, kg/m?  22.04 2.5 214420 0.635
Bodly surface area, m? 1.63£020 152£01 0.209
IPAH/APAH, n N/A 5/4
PDE-5 inhibitors, n (%) N/A 8(88.9)
Endothelin receptor N/A 8(88.9)

antagonists, n (%)
Prostanoids, n (%) N/A 5(55.6)

Data are expressed as n (%) or mean =+ standard deviation

PAH pulmonary arterial hypertension, IPAH idiopathic pulmonary arterial
hypertension, APAH associated pulmonary arterial hypertension, PDE-5 inhibitors
phosphodiesterase 5 inhibitors, N/A not available
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Fig. 2 The blood flow in a patient with pulmonary arterial hypertension. Three-dimensional streamline visualizations of blood flow at peak systolic
(a, d), mid diastolic (b, e) and end diastolic phases (¢, f) in a patient with pulmonary arterial hypertension (a—c; in the right anterior oblique view,
and d, e; in the left anterior oblique view). Blue color indicates 0 mm/s, and red color indicates maximum blood velocity. LAO left anterior oblique
view, RAO right anterior oblique view, MPA main pulmonary artery, LPA left pulmonary artery, RPA right pulmonary artery

LPA in patients with PAH were significantly lower than
healthy volunteers. Although mean blood flow velocity
in the LPA in patients with PAH was not significantly
different to that of healthy volunteers, mean blood flow
velocities in the MPA and RPA were significantly lower.
Maximum and mean blood flow volumes and SVs in the
MPA, RPA and LPA did not differ significantly between
the groups.

Wall shear stress

Figure 3 shows 3D visualizations of WSS during the
peak systolic and end diastolic phases in a patient with
PAH and a healthy volunteer. The WSS in patients with
PAH was spatially and temporally heterogeneous as
compared with healthy volunteers. Maximum WSS
in the pulmonary trunk, proximal RPA and proximal
LPA, and mean WSS in the proximal RPA and proxi-
mal LPA, were significantly lower in patients with PAH
than healthy volunteers; however, mean WSS in the pul-
monary trunk did not differ significantly between the
groups (Table 3).

Right ventricular function

Table 4 shows the RV functional parameters obtained
by 2D FIESTA cine images: RVEDVI was significantly
greater in patients with PAH than healthy volunteers.
Although RVEDV, RVESV and RVESVI tended to be
higher in PAH, the differences were not statistically sig-
nificant. Right ventricular ejection fraction was broadly
comparable between the groups, and mean values in both
groups were within normal range (40—-60 %) of our calcu-
lation software.

Relationships between duration of vortex and PA
dimensions, blood flow parameters and right ventricular
function

The VFT, which is closely related to the mean PAP (Reiter
et al. 2008, 2013), showed significantly negative correla-
tion with RVEF, and significantly positive correlation
with RVESV and RVESVI, whereas it did not correlate
with PA dimensions, blood flow parameters or WSS in
the MPA in PAH patients (Table 5). The correspond-
ing linear equations were RVEF = 75.1 + (—85.7)-VFT,
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Table 2 Pulmonary artery dimensions and blood flow
parameters in patients with PAH and healthy volunteers

Healthy volunteers PAH patients p value

Diameter (mm)

MPA 130£10 156£25 0.038

RPA 80+£0.7 M7£17 0.001

LPA 9.14+08 138£76 0.097
Area (mm?)

MPA 5376 £94.2 780.0 £ 2722 0.058

RPA 2337 £363 4358 £ 1322 0.003

LPA 2623 £47.0 7533 +£897.8 0.209
Maximum blood flow velocity (m/sec)

MPA 041+£0.10 0.28 + 0.09 0.019

RPA 041 +£0.15 0.22 +£0.07 0.006

LPA 032+£0.10 0.18 £ 0.07 0.010
Mean blood flow velocity (m/sec)

MPA 0.10 £ 0.02 0.07 £0.02 0.011

RPA 0.11 £ 0.04 0.06 £+ 0.02 0.007

LPA 0.09 £ 0.02 0.06 +0.05 0.249
Maximum blood flow volume (L/min)

MPA 13.54 £ 283 12.74 £349 0.650

RPA 587 +1.08 596 + 1.05 0.874

LPA 510+ 1.50 4854283 0911
Mean blood flow volume (L/min)

MPA 3.14+£0.77 278 £0.34 0.240

RPA 153 4+0.29 1.65 4+ 0.55 0618

LPA 138 +£0.38 141 +£062 0.909
Stroke volume (mL)

MPA 6254156 549473 0.219

RPA 305+58 327+£106 0.667

LPA 274+75 27.7+£120 0.945

Data are expressed as mean =+ standard deviation

PAH pulmonary arterial hypertension, MPA main pulmonary artery, RPA right
pulmonary artery, LPA left pulmonary artery

RVESV = 124 + 181.8-VFT and RVESVI = 10.6 +
114.8-VFT, respectively (Fig. 4). We also evaluated that
whether both mean and maximum WSS in the MPA was
associated with PA dimensions and RV function, whereas
they did not correlate with either dimensions or RV
function.

Discussion

We evaluated the blood flow patterns and characteristics
(i.e., flow velocity, flow volume, WSS and SV) obtained
by 4D-flow, and RV functional parameters obtained
by 2D FIESTA cine imaging, in patients with PAH. We
found: (1) both vortex blood flow and early systolic ret-
rograde flow in the MPA in all patients with PAH; (2)
lower PA flow velocities and WSS in patients with PAH
than healthy volunteers, but that blood flow volumes in
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the MPA, RPA and LPA and SV in the MPA were broadly
comparable between the groups; (3) RVEDVI was signifi-
cantly greater in patients with PAH than healthy volun-
teers; (4) VFT significantly correlated with RVEF, RVESV
and RVESVI, but not with PA size, other blood flow
parameters or WSS.

In patients with PAH, CMR allows non-invasive assess-
ment of right ventricular function, which has important
prognostic value (Yamada et al. 2012). 4D-flow can evalu-
ate arterial hemodynamics, such as blood flow velocity,
flow volume and WSS in vivo (Reiter et al. 2008; Mano
et al. 2013; Barker et al. 2014). Furthermore, this method
is capable of clearly visualizing blood flow patterns (e.g.
vortex formation) and WSS (Odagiri et al. 2014). There-
fore, 4D-flow is a useful method of characterizing blood
flow both qualitatively and quantitatively in vivo.

It was recognized that the vortex blood flow and early
systolic retrograde flow were characteristics of PAH, and
vortex blood flow seemed to be linked to systolic retro-
grade flow (Reiter et al. 2008; Helderman et al. 2011).
In current study, we also observed both vortex blood
flow and early systolic retrograde flow in the MPA in
all patients with PAH, whereas these were not seen in
healthy volunteers. Our results confirm the findings of
previous reports.

Several studies have previously evaluated the blood
flow parameters in PAH. In these studies, although the
blood flow velocity measured in the PA was lower in PAH
than normal subjects, it is still not clear whether there
are differences in blood flow volume (Garcia-Alvarez
et al. 2011; Helderman et al. 2011; Truong et al. 2013;
Barker et al. 2014). In our study, blood flow velocity was
reduced in patients with PAH compared with healthy
volunteers; however, blood flow volume and SV did not
differ between the groups. In our study PAH patients,
their duration of disease was widespread with a range of
1-15 years, and they received various PAH treatments.
These different stages and severities of disease and treat-
ments could confound the study results. Indeed, stand-
ard deviation of LPA diameter was enormously high in
our result, it was because one patients showed the large
diameter LPA (area; 2966.2 mm? and diameter; 30.7 mm,
respectively), and her disease duration was 15 years.
From our results, we speculated that dilatation of pulmo-
nary artery might maintain blood flow volumes, even in
the condition of decreased blood flow velocities. Boer-
rigter and colleagues reported that MPA dilatation was
related to neither PAP nor cardiac output (Boerrigter
et al. 2010). In contrast, it has been reported that in ani-
mal models an increased PAP was associated with struc-
tural changes in pulmonary atrial wall tissue, leading to
remodeling of the PA (Kobs and Chesler 2006; Lammers
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pulmonary artery, LPA left pulmonary artery, RPA right pulmonary artery

Fig. 3 The wall shear stress visualization in a patient with pulmonary arterial hypertension. a, b Typical three-dimensional visualization of wall shear
stress (WSS) at different cardiac phases in a patient with pulmonary arterial hypertension at peak systolic (a) and end diastolic phases (b). ¢, d For
comparison, 3D visualizations of WSS in a healthy volunteer are shown at peak systolic (€) and end diastolic phases (d). Pulmonary arterial wall color
indicates WSS; the color shift from blue to red denotes increases in WSS. Blue color indicates O Pa; red color, >1.5 Pa. WSS wall shear stress, MPA main

et al. 2008). These findings supported that remodeling
and dilatation of the proximal PA might represent a phys-
iologic response that maintained pulmonary hemody-
namics in PAH.

There are currently several methods of evaluating the
severity of PAH in clinical practice. Transthoracic UCG is
non-invasive and provides a useful estimation of PAP and
tricuspid annular plane systolic excursion. Right heart car-
diac catheterization is essential for the diagnosis of pulmo-
nary hypertension. However, neither of these modalities
can measure WSS. 4D-flow is a unique means of charac-
terizing WSS qualitatively and quantitatively in PAH.

It is widely recognized that WSS influences endothe-
lial cell function. Increasing WSS reportedly enhances
endothelial nitric oxide synthase activity followed by
vascular dilatation (Noris et al. 1995; Corson et al. 1996;
Fisher et al. 2001). Although PAH is characterized by
increased pulmonary vascular resistance (PVR) from
remodeling and occlusion of the small pulmonary arte-
rioles, previous reports indicated that systemic endothe-
lial dysfunction observed in PAH (Wolff et al. 2007; Peled
et al. 2008; Gabrielli et al. 2011). The endothelial-depend-
ent flow-mediated vasodilation of the brachial artery was
impaired in PAH patients (Wolff et al. 2007; Gabrielli
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Table 3 Wall shear stress in patients with PAH and healthy
volunteers

Healthy PAH patients p value
volunteers
Maximum WSS (Pa)
MPA 143+ 035 093+0.23 0.005
RPA 1.65 +0.68 0.77 £0.23 0.003
LPA 158 £0.50 0.64£022 <0.001
Mean WSS (Pa)
MPA 047 £0.07 046 + 0.09 0.854
RPA 0594+0.13 035+0.17 0.002
LPA 0.56 £+ 0.08 0.39+0.07 0014

Data are expressed as mean =+ standard deviation

PAH pulmonary arterial hypertension, WSS wall shear stress, MPA main
pulmonary artery, RPA right pulmonary artery, LPA left pulmonary artery

Table 4 Right ventricular function in patients with PAH
and healthy volunteers

Healthy PAH patients p value
volunteers
RVEF (%) 458 £6.7 435+160 0.769
RVEDV (mL) 96.6 £ 26.8 1353 +428 0.099
RVEDVI (mL/m?) 564+ 137 90.7 £ 269 0.024
RVESV (mL) 555+ 154 794 +£41.1 0.244
RVESVI (mL/m?) 316524 53.0+£ 260 0.102

Data are expressed as mean =+ standard deviation

PAH pulmonary arterial hypertension, RVEF right ventricular ejection fraction,
RVEDV right ventricular end diastolic volume, RVEDVI right ventricular end
diastolic volume index, RVESV right ventricular end systolic volume, RVESVI right
ventricular end systolic volume index
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et al. 2011), which indicated decrease of systemic nitric
oxide bioavailability in PAH patients. In our cohort,
WSS was lower in patients with PAH than healthy vol-
unteers, a finding that is consistent with other investi-
gators (Tang et al. 2012; Truong et al. 2013; Barker et al.
2014). However, the absolute values of WSS in both PAH
patients and volunteers differed from previous papers
(Barker et al. 2014; Tang et al. 2012). Both vessel diam-
eters and flow velocities are determination factor of WSS
values. The differences of WSS values were associated
with heterogeneity of study populations, especially in
PAH patients. They might have different disease stages,
severities and receive various treatments. These clinical
backgrounds might affect the estimated WSS values. In
addition, pulmonary arterial wall segmentation, calcula-
tion algorithms also could affect WSS values. Wall shear
stress is thought to reflect disease progression in PAH
(Tang et al. 2012; Truong et al. 2013), and therefore may
have potential as a biomarker for PAH, although further
studies will be needed to confirm this hypothesis.
Analysis of the National Institutes of Health registry
showed that increased mean PAP is associated with poor
prognosis in PAH (D’Alonzo et al. 1991). Right heart fail-
ure is known to be a major complication of PAH, and it is
well established that RV dysfunction also strongly influ-
ences mortality in PAH (D’Alonzo et al. 1991; Ghio et al.
2010). Other investigators have reported a correlation
between VFT and mean PAP, and that the existence of
a vortex in the PA combined with the VFT is diagnostic
of PAH (Reiter et al. 2008, 2013, 2015). Nevertheless, the

Table 5 Correlations of vortex formation time and wall shear stress with pulmonary artery dimensions, flow parameters

and right ventricular function in patients with PAH

Variables Correlation with vor-  Correlation with maxi- Correlation
tex formation time mum WSS at MPA (Pa) with mean WSS
(%cardiac cycle) at MPA (Pa)
r p value r p value r p value
Geometry of MPA Diameter (mm) —0.257 0.504 0.035 0928 —0.019 0.962
Area (mm?) —-0.212 0.643 0.035 0.928 0.001 0.999
Blood flow parameter at MPA Maximum blood flow velocity (m/sec) —0.391 0.299 0.348 0359 0.068 0.862
Mean blood flow velocity (m/sec) 0374 0321 —0.091 0.817 —0.021 0.957
Maximum blood flow volume (L/min) —0.621 0.080 0.238 0.537 —0.115 0.768
Mean blood flow volume (L/min) —0.004 0.992 —0.119 0.760 —0.232 0.546
SV (mL) —0.025 0.948 —0.122 0.755 —0.262 0.496
WSS at MPA Maximum WSS (pa) —0.354 0.350 - - 0.741 0.022
Mean WSS (Pa) —0.339 0.337 0.741 0.022 - -
RV functional parameter RVEF (%) —0.892 0.003 0.546 0.162 0.592 0.112
RVEDV (mL) 0.408 0316 0.112 0.791 —-0417 0.305
RVEDVI (mL/m?) 0.366 0373 0.116 0.784 —0427 0.291
RVESV (mL) 0.738 0.037 —0.204 0628 —0.525 0.182
RVESVI (mL/m?) 0.736 0.038 —0.221 0.599 —0.546 0.162

RV right ventricle, MPA main pulmonary artery, SV stroke volume, WSS wall shear stress, RVEF right ventricular ejection fraction, RVEDV right ventricular end diastolic
volume, RVEDVI right ventricular end diastolic volume index, RVESV right ventricular end systolic volume, RVESVI right ventricular end systolic volume index
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relationship between VFT and PA blood flow parameters
is still not clear. Consequently, we explored whether VFT
correlated with measures of RV function obtained by 2D
FIESTA cine images and blood flow parameters obtained
by 4D-flow in PAH. Our findings indicate that VFT is
correlated with RV systolic dysfunction, but that other
blood flow parameters, such as the flow volume, velocity
and WSS, were not. Vortex formation time may therefore
be a predictor of prognosis in PAH.

Our study has some important limitations. First, most
of our patients were treated with PDE-5 inhibitors and

ERAs, which dilate the PA and thus would be expected
to influence blood flow parameters in PAH. Second, we
did not evaluate the relationship between RHC and UCG,
and 4D-flow data, because our subjects did not undergo
RHC or UCG just before or after the 4D-flow imag-
ing studies. Third, we did not measure blood viscosity.
Fourth, RV volume parameters were automatically calcu-
lated in current study. It was reported that RV volumes
were significantly affected by inclusion or exclusion of
trabeculaions and papillary muscles (Kawel-Boehm et al.
2015). The operator drew a cavity of the RV in case of
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failure of the algorithm, however, the algorithm could
affect the RV functional values. Fifth, PA pressure could
also affect RV function, however, we could not confirm
the correlation of VFT and PAP or PVR, because we did
not evaluate the RHC data. Sixth, as described above,
pharmaceutical treatments, disease stages, severities
could be confounding factors of measurements, espe-
cially in PAH patients. Seventh, validation of 4D-flow
was not fully established. Many studies have compared
the technique to standard Doppler ultrasound (US) in
various vessels. The quantification results of these stud-
ies generally showed lower velocities with 4D flow MRI
compared to Doppler US (Harloff et al. 2009; Stanko-
vic et al. 2012) with a moderate correlation between the
methods. It is possible that this could affect the interpre-
tation of our results. Finally, our sample size was small,
which affects the power of statistical tests and increases
the risk that a type II error could have occurred.

Conclusion

Pulmonary blood flow velocity and WSS in patients with
PAH were lower than healthy volunteers, and these find-
ings were consistent with previous reports. We also con-
firmed that abnormal blood flow dynamics, including
vortex formation and early onset of retrograde flow were
characteristic of PAH. We found that the VFT was asso-
ciated with RV systolic function in PAH patients. Further
prospective studies are necessary to identify and validate
whether WSS and VTF are clinically useful biomarkers
for PAH.
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parameters.
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