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Background: This study aimed to assess the severity of helix and vortex flow in pulmonary artery
hemodynamic using 4-dimensional flow cardiac magnetic resonance (4D flow CMR) in patients with
repaired tetralogy of Fallot ('TOF) and healthy child volunteers and to explore the relationship between
pulmonary hemodynamic changes and right heart function.

Methods: CMR studies were performed in 25 rTOF patients (15 M/10 F; 8.44+4.52 years) and 10 normal
child volunteers (7 M/3 F; 8.2£1.22 years) on 3.0T MR scanners. Cardiac function was calculated in the
patient and control groups. Systolic diameter, peak velocity, net flow, and regurgitation was quantified in
the main pulmonary artery (MPA) plane, left pulmonary artery (LPA) plane, and right pulmonary artery
(RPA) plane. The relationship between the hemodynamic parameters and quantitative flow indices and right
ventricular (RV) function were analyzed through simple linear regression analysis using Pearson R-values.
We analyzed differences in flow patterns between the 2 groups for the same slice. According to the severity
of the helix and vortex flow in the 4D flow CMR, we categorized rTOF patients into the following groups:
group 1, severe flow grading; group 2, mild flow grading; group 3, no flow grading; the control cases with no
flow grade were included in group 4. We compared RV cardiac function, wall shear stress (WSS), and viscous
energy loss (EL) between group 1+2 and group 3+4 using unpaired #-test analysis for normally distributed
data and the Mann-Whitney test for non-normally distributed continuous variables.

Results: RV end-diastolic volume index (EDV;) (127.8+36.13 vs. 83.11x6.18, respectively; P<0.001),
RV end-systolic volume index (ESV)) (65.14£27.02 vs. 36.13+5.95, respectively; P<0.001), and ejection
fraction (EF) (49.97£6.39 vs. 56.71£4.56, respectively; P=0.006,) were significantly different between the
groups. The rTOF diameters of the MPA and RPA were significantly larger than those of the control group
(19.74£4.01 vs. 14.97+2.37 for MPA, P=0.001; 12.04+3.28 vs. 8.99+1.23 for RPA, P=0.004, respectively).
There were correlations between peak WSS and pulmonary regurgitation (PR) in the MPA (R=0.48,
P=0.014), correlations between peak systolic EL and RVEDV (R=0.51, P=0.008), and between peak systolic
EL and RVESV (R=0.51, P=0.009). The peak systole and diastole WSS of group 1+2 were significantly
different compared to group 3+4 in the MPA (P<0.05). The peak systole and diastole EL of group 1+2
was significantly different from group 3+4 in the MPA (P<0.05). The peak systole EL of group 1+2 was
significantly different from group 3+4 in the RPA (P<0.01).

Conclusions: Increased peak WSS and EL were associated with pulmonary hemodynamic changes in the
MPA and RPA. There might be an earlier marker of evolving hemodynamic inefficiency than that in traditional
parameters. The better understanding of pulmonary artery hemodynamic assessment in rTOF may lead to a

greater insight into pulmonary artery (PA)-RV interactions and how they ultimately impact RV function.
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Introduction

Tetralogy of Fallot (TOF) is one of the most common
complex congenital heart defects requiring repair in infancy,
which consists of malalignment ventricular septal defect,
pulmonary stenosis, overriding aortic root, and right
ventricular (RV) hypertrophy (1). With the introduction of
modern surgical techniques, a dramatic 40% reduction in
deaths associated with TOF was noted from 1979 to 2005,
with most patients now surviving well into adulthood (2).
Children with TOF require frequent and long-term
surveillance for common postoperative sequelae, including
for residual RV outflow tract obstruction, pulmonary
regurgitation (PR), RV dilatation or hypertrophy, and right
or left ventricular dysfunction (3).

Cardiovascular magnetic resonance (CMR) is routinely
used to assess the RV size and function, along with PR.
Four-dimensional flow (4D flow) magnetic resonance
imaging (MRI) provides hemodynamic information,
allowing for flow quantification, assessment of complex flow
patterns such as helical or vortical flow, and quantification
of higher-order fluid dynamic metrics such as wall shear
stress (WSS) (4), turbulent kinetic energy (5), and viscous
energy loss (EL) (6). Recently, some authors reported that
kinetic energy is a potential early marker of RV efficiency
to guide intervention in repaired tetralogy of Fallot ('TOF)
patients (7,8). Due to the anatomy of rT'OE, the blood flow
in the pulmonary artery is known to be complex and can
exhibit a swirling, or helical flow pattern. Geiger ez /. (9)
reported marked variation in blood flow in all rTOF patients
identified, including severe vortex formation and retrograde
flow in the RV outflow tract and pulmonary arteries.

To our knowledge, there are few current methods that
evaluate the pulmonary artery by hemodynamics indices
using a 4D flow sequence in r'TOF patients. Some recent
research exists, but this literature only characterizes
abnormal flow patterns (9) or focuses on the comparison
of 2D and 4D flow MRI for flow quantification (10,11).
Therefore, this study aimed to (I) assess the severity of
helix and vortex in the main pulmonary artery (MPA), right
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pulmonary artery (RPA), and left pulmonary artery (LPA) by
4D flow CMR in patients with rTOF and child volunteers.
(II) The relationship between pulmonary hemodynamic
changes and right heart function was also explored.

Methods
Subjects

This single-center retrospective cohort study was approved
by the hospital institutional review board. In total, 25
patients with rTOF (gender 15 M/10 F; age 8.44+4.52 years)
and 10 healthy child volunteers (gender 7 M/3 F; age
8.2£1.22 years) were included in this study as a control group.
The exclusion criteria were as follows: (I) residual shunt and
residual obstruction examined by echocardiography in the
rTOF group; (II) moderate to severe stenosis (>300-400 cm/s)
of the left and RPA during echocardiography follow-up;
and (III) patients with inadequate image quality (aliasing,
inhomogeneous magnetic field, motion artifact, imaging
noising, etc.) for the cardiac function or hemodynamic
analysis. The age at CMR, heart rate, body surface area, the
surgical procedures, and follow-up times after surgery were
collected. Patients were examined with contrast agents and
informed consent was signed by participant’s parents or legal
guardians.

"The control population included aged- and gender-matched
children with typical intracardiac structure, ventricular
function, and no history of cardiothoracic surgery, which were
ruled out by echocardiography. The control group underwent
CMR without contrast agent and informed consent was signed
by the participant’s parents or legal guardians.

Cardiac magnetic resonance

All subjects underwent 2D balanced steady-state free
precession (2D b-SSFP) cine sequence performed with a
3.0T scanner (MR750, GE Healthcare, Waukesha, WI,
USA) by short-axis view covering the right ventricle to
measure cardiac function. The following MR imaging
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Figure 1 Routine blood flow parameters were analyzed in the pulmonary artery. (A) Locations of the MPA, RPA, and LPA cutplanes, which

were placed approximately 10-15 mm downstream from the pulmonary valve or LPA/RPA bifurcation. (B) The results of peak velocity in

MPA, RPA, and LPA cutplanes. MPA, main pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery. Arrows indicate

sliced sheet of pulmonary artery.

parameters were used: repetition time ms/echo time ms,
3.1/1.5; acquisition matrix, 288-320x288-320; flip angle,
60°; interslice gap 0 mm; section thickness, 6-7 mm. Finally,
20-30 phases per cardiac cycle were reconstructed.

The CMR 4D flow data were acquired after the bolus
injection of 0.1-0.2 mmol/kg gadolinium-based contrast
agent in rT'OF subjects. 4D flow sequence CMR was used
to characterize and quantify flow hemodynamics in the
whole heart. Data sets were acquired with prospective
electrocardiographic (ECG)-gating during free-breathing.
The image acquisition volume was in the coronal plane
with full volumetric coverage of the great arteries. Sequence
parameters were as follows: echo time, 2.1 ms; repetition
time, 4.3 ms; flip angle 8-12°; voxel size, (1.2 to 1.6) x (1.2
to 1.6) x (1.2 to 1.6) mm’; temporal resolution, 34.4 ms;
velocity sensitivity, 160-200 cm/s, parallel imaging with
reduction factor, R=2. The resulting scan time was on
the order of 10-12 minutes. We followed the parameter
settings of the protocol according to the 4D Flow CMR
consensus statement (12). Due to the smaller field of vision
(FOV), a higher spatial resolution is recommended for
a pediatric population (13). We selected a thinner slice
thickness to achieve isotropic voxels. The velocity encoding
range was determined by referring to peak velocities of the
same vessels in echocardiography. Optimization of flow
parameters was able to fulfill flow quantification in 4D flow
CMR covering the heart and pulmonary artery.
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RV function analysis

Quantitative analysis of cardiac function was measured by
2D b-SSFP in rTOF subjects and the control group using
CVI version 5.9.1 software (Circle Cardiovascular Imaging,
Calgary, AB, Canada). The endocardial and epicardial
borders of the right ventricle were semi-auto traced on
short-axis cine images at end-systole and end-diastole.
The right ventricle end-diastolic volume (EDV) and end-
systolic volume (ESV) were obtained from short-axis stacks.
Ejection fraction (EF) was calculated automatically. Height
and weight were measured, and body surface area (BSA) was
calculated. Ventricular volume was indexed to the BSA.

4D flow data processing and analysis

The number of reconstructed temporal frames was limited
to 20 or 30 frames. 4D flow MRI data were preprocessed
to correction using CVI version 5.9.1 software (Circle
Cardiovascular Imaging, Calgary, AB, Canada). During
visualization with CVI, the shaded surface display was
created based on 4D flow data. The central line segment was
used to develop a geometric structure of the main, left, and
right pulmonary artery (MPA, RPA, and LPA, respectively).
Analysis planes were semi-automatically placed orthogonal
to the anticipated main low direction (Figure I) in the MPA,
RPA, and LPA. The imaging was required to have a line
of at least 4 pixels (i.e., 16 voxels covering the pulmonary
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Figure 2 Vortex severity was graded in the rTOF patients. (A) Follow-up magnetic resonance imaging of a 12-year-old, female child using

a 4D flow sequence. During diastole, the flow pattern of an rTOF patient with severe PA dilation can be seen (group 1). A severe vortex

formed in the PA, and the flow velocities were lower; the vortex formed by regurgitation was close to the pulmonary valve. (B) Follow-up

magnetic resonance imaging of a 9-year-old, male child using 4D flow sequence. During diastole, a flow pattern of an rTOF patient with

PA was observed, and the vortices formed in the PA and mild vortex locally affected the wall shear stress inside the vessel (group 2). A vortex

formed by regurgitation found close to the pulmonary valve. (C) Follow-up magnetic resonance imaging of a 15-year-old, male teenager

using 4D flow sequence. During diastole, none-flow grading appeared in the pulmonary artery (group 3). rTOF, repaired tetralogy of Fallot;

PA, pulmonary artery. Curved arrows indicate direction of blood flow.

arteries) along the diameter of each vessel flow pattern
analysis. 4D-blood flow visualization was evaluated for each
patient and volunteer in consensus reading with regard
to vortex formation and helical flow using streamlines.
Time-resolved 3D velocity vector mapping was viewed
dynamically and rotated or magnified for inspection in any
chosen orientation by 2 observers (both with more than
3 years of experience in 4D flow image processing). The
velocity vector represents the rate of change of the position
of an object. As illustrated in Figure 2, vortices were defined
as regional circular flow patterns deviating by more than
90° from the physiological flow direction along the vessel
lumen (9). Vortex severity was graded into 3 categories
by Biirk et al., who described the strength of prominent
secondary flow formations as follows (14): no vortex
formation (0° < flow rotation <180°) =0, moderate vortex
(180° < flow rotation <360°) =1, pronounced vortex (flow
rotation >360°) =2. As illustrated in Figure 3, helical flow of
PA was defined as its tangent making a constant angle with a

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

fixed line in space (15). Helical flow in the RV outflow tract,
and in the right and left pulmonary arteries was evaluated
using the following a 3-grade ranking: no helical flow =0,
moderate helical flow (low rotation <360°) =1, severe helical
flow (flow rotation >360°) =2. If patients simultaneously
had different types of flow grading, the higher-grade flow
prevailed. The groups were defined as follows: group 1, the
repair TOF cases with severe flow grading, including MPA,
RPA, and LPA; group 2, the repair TOF cases of moderate
flow grading, including MPA, RPA, and LPA; group 3, the
repair TOF cases of none flow grading, including MPA,
RPA, and LPA; group 4, no flow grading in controls.
Additionally, quantitative flow analysis was performed
with previously described software. Systolic diameter, peak
velocity, net flow, and PR fraction were measured in the
MPA, RPA, and LPA of both groups (Figure 1). WSS was
calculated from 3D velocity vector fields, as described by
Stalder et al. (16). Viscous EL was calculated as described
by Barker ez al. (6). WSS and EL were calculated from the
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Figure 3 Follow-up magnetic resonance imaging of a 5-year-old, male child using 4D flow sequence. (A) During systole, RPA hemodynamic

vectors were analyzed in 3 dimensions inducing opposite-sign wall helical flow (flow rotation >360°). (B) During systole, the flow

characteristics were related to the anatomy of the heart and the main blood flow directions in RPA cutplane. Blood flow vector distribution

showing abnormal flow along the tangent direction of the artery wall. RPA, right pulmonary artery.

peak-systolic and end-diastolic velocities.

Statistical analysis

All data were presented as means + standard deviations
or numbers (percentage) and ranges. A comparison of
cardiac function and blood flow parameters between
rTOF patients and volunteers was performed using the
unpaired #-test for normally distributed variables and
the Mann-Whitney test for non-normally distributed
variables. Comparison occurrence frequency of normal
and abnormal flow patterns was also performed in the
pulmonary artery between the 2 groups. The relationship
between the hemodynamic parameters and quantitative
flow indices and RV function were analyzed through
simple linear regression analysis using Pearson R-values.
To compare RV cardiac function, WSS, and viscous
EL between group 1+2 and group 3+4 unpaired #-test
analysis for normally distributed data and Mann-Whitney
test for non-normally distributed continuous variable
were used. The null hypothesis was rejected for P-values
less than 0.05.

Results
Clinical information

In rTOF and control groups, the mean age at CMR was
8.44x4.52 and 8.2+1.22 years, respectively. In 25 rTOF

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

patients, 2 types of surgical procedures were identified:
partial valve preserving (n=2, 8%) and transannular patch
(n=23, 92%). The mean follow-up time was 7.24+4.25 years.
The mean heart rate and body surface area are shown in
Table 1.

Cardiac function and flow quantification

Right ventricle function was significantly different
between the rTOF and control group in terms of RV end-
diastolic volume index (EDV,) (127.8+£36.13 vs. 83.11+6.18,
respectively; P<0.001), RV end-systolic volume index (ESV;)
(65.14£27.02 vs. 36.13+5.95, respectively; P<0.001), and EF
(49.97+6.39 vs. 56.71+4.56, respectively; P=0.006, Table 1).

The diameter of MPA and RPA in the rTOF group
was significantly larger than that in the control group
(19.74£4.01 vs. 14.97+2.37 for MPA, P=0.001; 12.04+3.28
vs. 8.99x1.23 for RPA, P=0.004, respectively, Table 2).
The peak velocities of LPA in the rTOF group and
control group were significantly different (151.76+32.2 vs.
116.3+20.64, respectively; P=0.002, Table 2). However, the
net forward flow showed no significant difference between
groups (51.7+21.26 vs. 44.26+9.72 for MPA, P=0.558;
30.22+14.46 vs. 23.97+4.16 for RPA, P=0.392; 20.89+13.17
vs. 19.34+5.32 for LPA, P=0.602 respectively, Tuble 2).

The mean regurgitation fraction of MPA, RPA, and LPA
in the r'TOF group was 31% (£17%), 26% (£16%), and
30% (x15%), respectively (Tuble 3).
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Table 1 CMR measurements in patients and healthy volunteers (mean + SD)

Variables r'TOF patients (n=25) Healthy volunteers (n=10) P value
Age at CMR (years) 8.44+4.52 8.2+1.22 0.45
Sex (male/female) 15/10 (60%) 7/3 (70%)

Follow-up times after surgery (years) 7.24+4.25 -

Heart rate (beat/min) 82+14 91.2+17 0.13
Body surface area (m?) 0.98+0.34 1.09+0.16 0.09
RVEDV index (mL/m?) 127.8+36.13 83.11+6.18 <0.001*
RVESV index (mL/m?) 65.14+27.02 36.13+5.95 <0.001*
EF (%) 49.97+6.39 56.71+4.56 0.006*

Data are expressed as mean + standard deviation or n (%). *, represents a statistically significant difference. rTOF, repaired tetralogy of
Fallot; EF, ejection fraction; RVEDV, right ventricular end-diastole volume; RVESYV, right ventricular end-systolic volume.

Table 2 Pulmonary artery systolic diameter and blood flow parameters in rTOF patients and healthy controls

Variables rTOF Control P value
Diameter (mm)
MPA 19.74+4.01 14.97+2.37 0.001*
RPA 12.04+3.28 8.99+1.23 0.004*
LPA 10.03+3.15 9.34+1.49 0.510
Peak velocity (m/s)
MPA 127.92+46.89 103.8+17.66 0.125
RPA 146.48+36.84 126+£17.75 0.104
LPA 151.76+32.2 116.3+20.64 0.002*
Net flow (mL)
MPA 51.7+21.26 44.26+9.72 0.558
RPA 30.22+14.46 23.97+4.16 0.392
LPA 20.89+13.17 19.34+5.32 0.602

Data are expressed as mean + standard deviation. *, represents a statistically significant difference. MPA, main pulmonary artery; RPA,

right pulmonary artery; LPA, left pulmonary artery.

Flow pasterns

Velocity vector and streamline visualization were successfully
performed in all subjects. The healthy child volunteers
exhibited normal uniform and laminar flow patterns in the
MPA and LPA in 10 cases and in the RPA in 9 cases. In 1
abnormal case of RPA flow, grade 1 helical flow was observed.
Furthermore, 7 of 25 rTOF subjects had helical flow patterns
in the RPA (3 cases of grade 1, 4 cases of grade 2), and 1
subject had helical flow patterns in the LPA (1 case of grade 1).
Meanwhile, 14 of 25 rT'OF subjects had vortex flow patterns

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

in the MPA (12 cases of grade 1, 2 cases of grade 2), while
1 case had vortex flow patterns in the RPA (1 case of grade
1), and 2 cases had them in the LPA (2 cases of grade 1).
The flow grading was as follows: group 1 included 6 rTOF
patients; group 2 included 9 rTOF patients; group 3 included
10 rT'OF patients; group 4 included 9 child volunteers.

Correlation analysis

The correlated peak WSS, maximum peak systolic EL, and
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Table 3 Comparison of peak systolic velocity, regurgitation fraction, and flow grading in rTOF patients and healthy controls

Flow grading
Subject Regurgitation fraction (%) Helix (cases) Vortex (cases)
0 1 2 0 1 2

rTOF

MPA 3117 25 - - 11 12 2

RPA 26+16 18 3 4 24 1 -

LPA 30+15 24 1 - 23 2 -
Control

MPA 0 10 - - 10 - -

RPA 0 9 1 - 10 - -

LPA 0 10 - - 10 - -

The median flow grading with ranges (none =0, moderate =1, severe =2) in the MPA, LPA, and RPA. Group 1: the rTOF cases of severe
(grade 2) flow grading, including the MPA, RPA, and LPA. Group 2: the rTOF cases of mild (grade 1) flow grading, including the MPA, RPA,
and LPA. Group 3: the rTOF cases of none flow grading, including the MPA, RPA, and LPA. Group 4: none-flow grading in controls. MPA,
main pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery; rTOF, repaired tetralogy of Fallot; MIP, maximum intensity

plot; ROI, regions of interest.

cardiac function were measured in the MPA, RPA, and LPA
of the patient and control groups (7able 4). In the MPA,
there was a correlation between peak WSS and PR (R=0.48,
P=0.014). In the RPA, there was a correlation between peak
systolic EL. and RVEDV (R=0.51, P=0.008), and between
peak systolic EL. and RVESV (R=0.51, P=0.009).

Quantitative flow grading analysis

Results of the quantitative flow grading analysis of MPA,
RPA, and LPA are summarized in Table 5. Peak WSS and
peak EL of flow the grading groups during the cardiac cycle
in the MPA, RPA, and LPA with rTOF and healthy controls
are shown in Figure 4. The peak systole and diastole WSS
of group 1+2 were significantly different from those of
group 3+4 in the MPA (P<0.05, Figure 5). The peak systole
and diastole EL of group 1 + 2 was significantly different
from group 3+4 in the MPA (respectively; P<0.05, Figure 5).
The peak systole EL of group 1+2 was significantly different
from group 3+4 in the RPA (P<0.01, Figure 5).

Discussion

TOF patients following surgical repair represent a
growing population with congenital heart disease,
as they now survive into adulthood. Progressive RV

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

enlargement is common in rTOF patients with moderate
or severe PR (17). In recent years, CMR has been used
to assess cardiac function, and is considered the gold
standard for the quantification of RV function (18). Our
results demonstrated that the EDV,, ESV,, and EF were
significantly different in r'TOF patients compared to
healthy volunteers after a follow-up 7.24£4.25 years.
To better guide treatment, understanding the abnormal
pulmonary arteries hemodynamics and how they impact
RV function has become increasingly important. 4D flow
CMR has been widely used to measure non-invasively
complex 3D hemodynamic changes in the pulmonary
arteries (19). Francois et a/l. (1) observed increased PA WSS
values in rT'OF subjects compared with healthy controls.
Our study was to assess the flow grading of the helix and
vortex in pulmonary artery hemodynamics and to explore
the relationship between pulmonary hemodynamic changes
and right heart function.

Vortex flow patterns in ¥rTOF

We found that most of the vortices existed in the MPA
during systole and diastole (1able 3). Vortices might be the
key flow characteristic of a dilated pulmonary artery (20).
In our study, the MPA and RPA diameters in the rTOF
group were significantly larger than those in the control
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Table 4 Comparisons of the correlations between hemodynamic parameters and the routine CMR measurements in rTOF patients and healthy

controls
RVEDVi RVESVi RVEF MPA PR
Variables
r P r P r P r P
rTOF
Wall shear stressyp, -0.06 0.746 -0.16 0.42 0.13 0.524 0.483* 0.014*
Energy lossypa 0.28 0.169 0.28 0.17 -0.19 0.364 0.333 0.103
Wall shear stressgps -0.28 0.169 -0.32 0.12 0.103 0.621 -0.05 0.797
Energy lossgea 0.51* 0.008* 0.51* 0.009* -0.23 0.260 0.303 0.141
Wall shear stress p, -0.06 0.76 -0.12 0.55 0.152 0.466 0.226 0.275
Energy loss pa 0.29 0.156 0.22 0.289 0.015 0.943 0.136 0.516
Control
Wall shear stressypa 0.33 0.344 0.08 0.82 0.08 0.81 - -
Energy lossypa 0.461 0.179 0.13 0.72 0.119 0.742 - -
Wall shear stressgpa 0.20 0575 -0.03 0.93 0.157 0.665 - -
Energy lossgpa -0.027 0.938 -0.08 0.81 0.139 0.701 - -
Wall shear stress, p, 0.105 0.772 -0.09 0.79 0.23 0.522 - -
Energy loss s -0.187 0.603 -0.21 0.55 0.222 0.537 - -

*, represents a statistically significant difference. RVEDV, right ventricular end-diastole volume; RVESYV, right ventricular end-systole
volume; RVEEF, right ventricular ejection fraction; MPA PR, main pulmonary artery regurgitation fraction.

group. This concept was confirmed by previous 4D flow
studies of the pulmonary artery, which showed that vortices
and helices were associated with increased WSS in the
pulmonary artery wall, suggesting that flow was implicated
in artery dilatation and that a change to the artery wall
composition might be a secondary phenomenon (21,22).

Helical flow patterns in ¥TOF

In our study, most of the helical flow existed in the RPA
during systole and diastole (7zble 3). Helical flow can
be regarded as the rotational motion of blood oriented
normally to the mainstream of blood flow during its passage
through the artery. In the helical flow, the streamlines in
the lumen of the arteries demonstrate a helical shape, and
those on the cross-sections of the arteries exhibit secondary
rotations. Stonebridge ez al. stated that when compared with
typical flow patterns, helical flow may be more efficient and
require less energy to drive blood through the tapering and
branching arterial system (23).

Moreover, the increased helical flow induced by
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pulsatile blood flow in the thoracic aorta and coronary
artery would further enhance the oxygen transport (24).
Liu et al. reported that at the same flow rate, the helical
flow in the MPA enhanced flow mixing and the WSS (25).
The occurrence of helical flow in the RPA was largely the
result of complex geometries (26) and pulmonary vascular
elastance. However, the mechanism is not well understood.

Subgroup analysis of flow grading

In our study, systole and diastole WSS were statistically
different between group 1+2 (moderate and severe flow
grading r'TOF cases) and group 3+4 (none-flow grading
r'TOF cases and controls) in the MPA. These results
indicated that changes in hemodynamics already existed in
the MPA as evidenced by the severity of the helix and vortex
when RVEF was normal.

The peak systole EL of group 1+2 was significantly
different from that of group 3+4 in the MPA and RPA. EL
was calculated by secondary non-turbulent flow and was
sensitive to the presence of large-scale vortices and helices
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Table 5 Summary of quantitative flow grading analysis between group 1+2 and group 3+4
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Parameter Group 1 + Group 2 Group 3 + Group 4 P
Cases 15 19
RVEDVi (mL/m?) 130.98+42.51 104.06+27.48 0.060
RVESVi (mL/m?) 66.32+32.73 50.44+18.75 0.146
RVEF (%) 50.65+6.23 53.69+5.88 0.435
Stroke volume index(mL/m?) 65.57+18.81 55.26+13.46 0.087
Systole
Wall shear stressypa 0.24+0.09 0.19+0.04 0.026*
Energy lossypa 33.14+12.43 21.17+8.22 0.002**
Wall shear stressgpa 0.44+0.18 0.56+0.21 0.086
Energy lossgea 38.76+24.25 18.79+7.72 0.002**
Wall shear stress ps 0.59+0.16 0.59+0.17 0.988
Energy loss pa 16.57+5.43 16.67+8.44 0.468
Diastole
Wall shear stressypa 0.13+0.09 0.08+0.04 0.021*
Energy lossyea 15.87+10.49 8.54+4.99 0.011*
Wall shear stressgpa 0.15+0.08 0.14+0.07 0.791
Energy lossgpa 9.06+9.27 6.02+4.36 0.992
Wall shear stress g, 0.17+0.08 0.18+0.11 0.791
Energy loss pa 4.11+3.63 5.14+3.77 0.187

MPA, main pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery. Asterisk(s) represent a statistically significant
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Figure 4 Peak WSS and peak EL of the flow grading group during the cardiac cycle in the MPA, RPA, and LPA of rTOF and volunteers.
MPA, main pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery; WSS, wall shear stress; EL, energy loss.
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Figure 5 Comparison of cardiac function, WSS, and EL in group 1+2 and group 3+4 during the systole and diastole in the MPA, RPA,
and LPA of rTOF patients and volunteers. *, indicates statistical significance (P<0.05); **, indicates statistical significance (P<0.01). MPA,
main pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery; WSS, wall shear stress; EL, energy loss; rTOEF, repaired
tetralogy of Fallot.
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in our study (27). Our explanation for this was that peak EL
is a component of mechanically produced kinetic energy,
and kinetic energy effectively introduces added work on the
RV and ultimately elevates the afterload (28).

The relationship between bemodynamic parameters and
RV function

In our study, there were correlations between peak WSS
and PR in the MPA. Geva et al. reported that chronic
PR leads to ventricular deterioration (29). PR may play
a role in the formation of vortex flow in MPA, although
the etiology is still poorly understood. In addition, flow
vortices have been associated with alteration in WSS and
affect endothelial function. These were consistent with our
findings.

Earlier studies reported abnormal RV-PA coupling with
normal RV EF in the rTOF group. A dramatically increased
EL noted in RPA with more severe RV enlargement was
considered evidence of impaired ventricular-vascular
coupling (30). In our study, there were correlations between
peak systolic EL. and RVEDV/RVESVi in the RPA. These
inefficiencies changed performance such as in the areas
of pulmonary vascular reserve, ventricular remodeling,
and decreased performance (31). Our study supports
the possibility that hemodynamic changes are associated
with ventricular deterioration and may be helpful in
understanding how PA-RV interactions impact RV function.

Limitations

Some limitations to our study should addressed. First,
our results were inherently limited by the small sample
size of a pilot study. Second, the limited spatial resolution
might have also masked details of the velocity gradients,
due to the limited scanning time. Third, 4D flow data sets
were acquired with prospective ECG-gating during free-
breathing. A validation study showed good agreement
in hemodynamic change during scans with and without
respiratory gating (32), but prospective gating might have
influenced backward flow and regurgitation fraction values.
Fourth, irregular, and rapid fluctuations due to turbulence
were not directly represented in the three-directional blood
flow velocities in each imaging voxel as measured by the
4D flow MRI (33). Thus, the severe stenosis of pulmonary
artery cases was not included in the study. Fifth, the
current spatiotemporal resolution of 4D flow MRI and the
smoothing kernel used for the EL quantification might have
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underestimated the magnitude of the laminar component
of viscous EL (34). Finally, it is essential to note that we
analyzed WSS and EL only at peak systolic and diastolic
time points; this is a limitation in our workflow. In future
work, we expect to assess a larger cohort of rT'OF patients,
improve stratification of flow phenomena, and provide
practical guidance regarding management.

Conclusions

Increased peak WSS and EL were associated with
pulmonary hemodynamic changes in the MPA and
RPA. These might be an earlier marker of evolving
hemodynamic inefficiency than traditional parameters.
We hope that a more comprehensive understanding of
pulmonary artery hemodynamics in r'TOF might lead
to greater insight into PA-RV interactions and how they
impact RV function.
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