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Background: The Norwood procedure is the first stage of correction for patients with hypoplastic left
heart syndrome (HLHS) and may lead to an abnormal neoaortic anatomy. We prospectively studied the
neoaorta’s fluid dynamics and the abnormal twist of the neoaorta by MRI examinations of HLHS patients
in Fontan circulation. This study for the first time investigates the hypothesis that the neoaorta twist is
associated with increased helical flow patterns, which may lead to an increased workload for the systemic
right ventricle (RV) and ultimately to RV hypertrophy.

Methods: A group of forty-two HLHS patients with a median age of 4.9 (2.9-17.0) years, at NYHA I was
studied along with a control group of eleven subjects with healthy hearts and a median age of 12.1 (4.0-41.6).
All subjects underwent MRI of the thoracic aorta including ECG-gated 2D balanced SSFP cine for an axial
slice stack and 4D-flow MRI for a sagittal volume slab covering the thoracic aorta. The twist of the neoaortic
arch was quantified by the effective geometric torsion, defined as the product of curvature and geometric
torsion. Fluid dynamics and geometry in the neoaorta, including the flow helicity index, were evaluated using
an in-house analysis software (MeVisLab-based). Myocardial mass of the systemic ventricle at end-diastole
was estimated by planimetry of the short-axis stack.

Results: Compared to the control group, the neoaorta in the HLHS patients shows an increased twist
(P=0.04) and higher peak helicity density (P=0.03). The maximum helicity density was correlated with
maximum effective torsion of the ascending neoaorta (P<0.001). The degree of maximum twist correlated
with the increase in RV myocardial mass (P<0.01).

Conclusions: This study shows that the abnormal twist of the neoaortic arch in HLHS patients is
associated with abnormal helical flow patterns, which may contribute to increased RV afterload and may
adversely affect the systemic RV by stimulation of myocardial hypertrophy. These findings suggest that
further improvements of surgical aortic reconstruction, guided by insights from 4D-flow MRI, could lead to

better neoaortic fluid dynamics in patients with HLHS.
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Introduction

In patients with hypoplastic left heart syndrome (HLHS),
formation of a “neo-aorta” is an integral part of the Norwood
procedure (Figure I) that includes creation of an anastomosis
of the native aorta to the former pulmonary trunk and
reconstruction of the ascending aorta and transverse arch
using a porcine pericardial graft (1,2). This sophisticated
aortic surgery leads to an abnormal neoaortic twist that
potentially leads to abnormal fluid dynamics and increased
ventricular afterload with subsequent myocardial hypertrophy
and impaired ventricular function in the long run (3-5).

4D flow MRI has been shown to provide important
information on fluid dynamics in the cardiovascular
system (6). The agreement of 4D flow MRI with 2D phase
contrast has been demonstrated previously (7). Abnormal
fluid dynamics in the neoaorta of HLHS patients were
quantified in a previous 4D-flow MRI study (8). Several
other computational fluid dynamics (CFD) studies have also
shown the impact of the aortic geometry on haemodynamics
(9-11). A CFD study on aortic models with and without
twist predicted a relationship between twist and helical
flow patterns and motivated further studies on our patient
cohort (10). No previous clinical MRI study quantified the
relationship between aortic twist and helical flow patterns in
HLHS patients’ neoaorta.

The present study aims to investigate the neoaorta’s
abnormal twist and its consequences on fluid dynamics
as well implications for the RV. We present the following
article in accordance with the MDAR reporting checklist
(available at http://dx.doi.org/10.21037/cdt-20-770).

Methods
Patient data

HLHS patients were enrolled for an MRI study after 3 stage
palliation (12) at the Kinderherzzentrum Kiel, Germany.
The three stages of surgical palliation involved: (I) modified
Norwood procedure with a Blalock-Taussig (BT)-Shunt
and an aortic arch reconstruction using a porcine pericardial
patch augmentation (Figure 1), (II) superior cavo-atrio-
pulmonary anastomosis “Hemi-Fontan” with enlargement of

the left pulmonary artery (LPA), and stage (III) Total cavo-
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pulmonary anastomosis by creating an intraatrial fenestrated
tunnel. The patient’s ascent and parent’s consent were
obtained prior to any MRI study. Healthy controls were
recruited from subjects ruled out for cardiovascular disease.
The subjects’” demographic characteristics are listed in
Table 1. The study was approved by the institutional ethics
board of Kiel University’s Faculty of Medicine (A168/07).
The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013).

Data acquisition and reconstruction

Cardiovascular MRI examinations were performed on a
3.0 Tesla MR system (Achieva 3.0T, TX-series, Philips
Healthcare, Best, The Netherlands) with a 32-channel coil
for cardiac imaging. Blood flow velocities were quantified
with a time-resolved phase-contrast with three-dimensional
anatomic coverage (4D-flow MRI) using retrospective
ECG-gating and a temporal phase resolution of 30-40 ms.
The velocity-encoding was set to values of VENC =150-
200 cm/s (corresponding to expected peak velocity) for
velocity encoding without aliasing, which was 10% above
the expected peak blood flow velocity.

Scanned data were acquired under free-breathing
conditions using an MR navigator signal read-out for
tracking of diaphragmatic motion with a respiratory drift
correction of up to a maximum drift 2 mm per minute. The
acceptance window of respiratory navigator of 4-8 mm
relative to the end-expiratory position was applied to
achieve a respiratory acceptance between 40% and 70%
and a total acquisition time of 8-12 minutes. A 2.2 mm
isovoxel resolution was used to resolve a stack volume with
a 25 cm x25 cm field of view in sagittal orientation and a
stack thickness of 6-9 cm. The flip angle was o =10°, TR/
TE was 4.7-5.4 ms/2.2-2.8 ms and sensitivity encoding
(SENSE) factor for parallel imaging acceleration was 2. A
non-symmetric 4-point phase contrast velocity encoding
was used. A linear phase correction was applied to velocity-
encoded phase contrast data. The slab for 4D-flow MRI
covered the aortic arch down to the diaphragm and the
pulmonary arteries near the bifurcation (Figures 2,3).

ECG-gated measurement of the short axis stack using
a 2D balanced SSFP cinesequence was used to quantify

Cuardiovasc Diagn Ther 2021;11(6):1379-1388 | http://dx.doi.org/10.21037/cdt-20-770



Cardiovascular Diagnosis and Therapy, Vol 11, No 6 December 2021

1381

Figure 1 Schematic drawing of the Norwood procedure as the first step of palliating hypoplastic left heart syndrome (HLHS), which

includes formation of a “neo-aorta” from the former pulmonary trunk and the native hypoplastic aorta. For reconstruction of the ascending

aorta and transverse arch graft material is being used.

Table 1 Demographic characteristics of patients and healthy controls

Parameter HLHS subjects (n=42) Healthy controls (n=11) P value
Sex
Male 39 (69%) 4 (36.4%) 0.09
Female 13 (31%) 7 (63.6%)
Age
At Norwood (days) 5 (2.0-163) - -
At TCPC (years) 2.55(1.7-5.1) - -
At MRI (years) 4.85 (2.9-17) 12.1 (4-41.6) 0.006
Weight (kg) 23.84+12,93 50.25+26.56 <0.001
Height (cm) 116.65+22.65 149.02+28.84 0.002
BSA (m?) 0.87+0.31 1.42+0.52 0.001
HR (min™) 84.38+10.53 79.82+14.32 0.163
HLHS subtype
MA/AA 19 (45%) - -
MS/AA 11 (26%) - -
MA/AS 3 (7%) - -
MS/AS 9 (21) - -

HLHS, hypoplastic left heart syndrome.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Cuardiovasc Diagn Ther 2021;11(6):1379-1388 | http://dx.doi.org/10.21037/cdt-20-770



1382 Gabbert et al. Quantification of neoaorta’s fluid dynamics in HLHS patients

Figure 2 The complex aortic surgery for the Norwood procedure leads to an abnormal neoaortic twist as illustrated by this 3D
reconstructing using 4D-flow MRI data.

Figure 3 Visualization of blood flow by streamlines in the thoracic aorta of a HLHS patient with evident dilation of the aortic arch. (A)
In early systole, the flow velocity is elevated near the aortic isthmus; (B) a pronounced helical flow pattern is visible in systole in the aortic
arch, and in the descending aorta with a clockwise rotation, distinct from the normal flow pattern with counter-clockwise rotation in the
descending aorta; (C) the helical flow pattern extends into diastole. HLHS, hypoplastic left heart syndrome.
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Figure 4 Schematic representation of the construction of the centerline. (A) Landmarks are set along the aorta between aortic valve and

diaphragm, (B) which will be connected (C) as well as smoothed in the last step.

myocardial mass.

Data analysis

4D-flow MRI data of the HLHS patients and controls were
acquired according to common guidelines (6) (Figure 3)
and analyzed by an in-house analysis software (MeVisLab-
based). Landmarks were set to define the centerline of the
aorta between aortic valve and diaphragm (Figure 44,4B).
A curved vessel centerline was defined as the natural cubic
spline through the landmarks (Figure 4C). The aorta’s
geometric characteristics including curvature and torsion
were determined as a function of the position alongside
the aortic centerline using the Frenet-Serret formulas.
In this context, the term torsion refers to the geometric
property of the centerline twist. An in-plane curvature has
no such torsion, whereas a curvature which leaves a plane
has torsion. The product of torsion and curvature, referred
to as ‘effective torsion’, was computed. The aortic arch’s
position was determined by the most cephalic point on
the centerline (closest to the patient’s head). The sections
proximal or distal to this reference point in the aorta are
referred to as the ascending or descending neoaorta. The
section of the aorta in between the aortic valve and the
diaphragm is considered as thoracic aortic section.

A multi-planar reconstruction (MPR) with slice thickness
of 2.2 mm provided blood flow data in planes, perpendicular
to the aortic centerline (6). By integration over the MPR

© Cardiovascular Diagnosis and Therapy. All rights reserved.

planes, helicity density was calculated as a function of the
position along the aorta 7 and time t:

Iu(x,t)-w(x,t)dV,
14

r

(1]

Hd(r,t)=

where V. is the slice volume, # is the velocity vector, w is the
vorticity, and x is the position vector within a plane. A schematic
illustration of vorticity and helicity is shown in Figure 5.

Planimetry of the short-axis stack was performed with
the Extended MR Workspace (version 2.6.3.5, Philips
Healthcare, Best, Netherlands).to quantify myocardial mass.
To compare HLHS patients’ peak effective torsion and
peak helicity density with the healthy controls’, a Wilcoxon
signed rank test was used. Correlations were studied using
Spearman’s rank correlation coefficient.

Results

MRI scans were performed in on HLHS subjects (29 male,
13 female) with a median age of 4.9 years (2.9-17.0 years)
after establishing the Fontan circulation, and 11 healthy
controls (4 male, 7 female) with a mean age of 12.1 (4.0-41.6).
The subjects’ demographic characteristics are listed in 7able 1.

Effective torsion, helicity density of the (neo)aortic root
of patients and controls and RV mass are summarized in
Table 2. Peak effective torsion was significantly higher in
HLHS patients compared to controls (Wilcoxon signed
rank test, P=0.02; Figure 64). In all HLHS subjects, peak
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Figure 5 Illustration of vortex strength, helicity density and relative helicity. (A) Schematic illustration of vortex strength. (B) Helicity

density is positive when it has a clockwise sense. (C) Helicity density is negative in case of the helix’ counterclockwise sense. (D) Relative

helicity. The vortex strength vector lies on the axis of the helix. @: vortex strength; v: flow velocity.

Table 2 Geometric and fluid dynamics parameters in patients and healthy controls

Parameter HLHS subjects (n=42) Healthy controls (n=11) P value
Peak effective torsion (L/cm?) 0.112+0.053 0.068+0.023 0.04
Peak helicity density (m/s? 24.41+31.91 3.27+21.17 0.03
Myocardial mass 67.88+25.75 - -

HLHS, hypoplastic left heart syndrome.
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Figure 6 Comparison of HLHS patients with healthy controls. (A) Peak effective torsion is significantly higher in HLHS patients than in controls
(P=0.02); (B) peak helicity density is significantly higher in HLHS patients than in controls (P=0.03). HLHS, hypoplastic left heart syndrome.
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Figure 7 Relation of peak helicity density to torsion in the neoaorta of HLHS patients. (A,C) Use effective torsion, (A,B) show maximum

torsion values along the aorta between valve and diapragm. Torsion values in (C,D) were calculated for the ascending section of the aorta. (A,C)

Effective torsion, (B,D) conventional torsion.

effective torsion had a positive sign, corresponding to a path
with clockwise rotation in forward direction. Compared
to healthy controls, peak helicity density was significantly
higher in HLHS patients (Wilcoxon signed rank test,
P=0.03; Figure 6B). In 79% of HLHS patients versus 64%
of controls, helical blood flow rotated clockwise according
to positive peak helicity density values. Both, peak effective
torsion and peak helicity density showed large variance for
HLHS patients compared to controls reaching particularly

© Cardiovascular Diagnosis and Therapy. All rights reserved.

large maximum values.

Maximum helicity density of blood flow in the entire
aortic section correlated strongly with the maximum
effective geometrical torsion of the ascending neoaorta
(Spearman’s p =0.62, P<0.001) and moderately with the
effective torsion of the entire aortic section (Spearman’s p
=0.35, P=0.02) as shown in Figure 7. Peak helicity density in
the entire aortic section correlated moderately with the peak
effective torsion of the ascending neoaorta (Spearman’s p
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Figure 8 Relationship between RV myocardial mass with maximum effective torsion (A) and maximum torsion (B) in HLHS patients. The

P values come from the Spearman test of correlations. RV, right ventricle; HLHS, hypoplastic left heart syndrome.

=0.36, P=0.02). The correlation of the peak helicity density
in the entire aortic segment with the effective torsion peak
of the entire aortic section was not statistically significant
(Spearman’s p =0.19, P=0.2).

RV myocardial mass was 67.88+25.75 g/m’ BSA and
correlated with maximum effective torsion (Spearman’s p
=0.42, P<0.01), as shown in Figure §.

Discussion

This study for the first time shows that in HLHS patients
with Fontan circulation the abnormally high twist and
effective torsion (Figure 2) of the neo-aorta after surgical
reconstruction during Norwood operation (Figure 1)
induces helical flow patterns (Figures 3,5). The results of
our study suggest that patients with strong neoaortic torsion
could be at an increased risk to develop hypertrophy.

Aortic twist can be quantified by geometric torsion,
a quantity that may reach high values in sections of low
curvatures. To mitigate that, we used the effective torsion
as a novel index, which considers both torsion and vessel
curvature, to characterizes the torsion of the aorta with
a focus on regions with high curvature. A previous
computational fluid dynamics study suggested that in aortic
models, helical flow patterns with dominant preferential
direction of rotation in the aorta are related to aortic
twist (10). In fluid dynamics, secondary flow patterns with

© Cardiovascular Diagnosis and Therapy. All rights reserved.

internal stresses, e.g., helical flow patterns, often indicate
of energy loss due to resistance to the flow (13). Only few
studies have previously investigated ventricular remodeling
in HLHS patients and its association to secondary flow
patterns induced by the abnormal neoaortic anatomy
(,11,14).

According to previous studies (10,15), curved vascular
segments with no significant torsion generate symmetric,
anti-directional helices, known as “Dean flow patterns”,
with increasing dominance of a particular direction of
rotation when torsion increases. By averaging the cross-
sectional helicity density, symmetric anti-directional helices
with different signs attenuate each other, which makes
helicity density an appropriate index to determine the single
helix formation or formations with dominant single helical
flow patterns.

The significant correlation of neoaorta’s effective torsion
with helicity density (Figure 7) and myocardial mass (Figure 8)
indicates a consecutive hypertrophy of the right ventricle (RV)
to compensate for the increased flow resistance.

Future studies need to investigate whether modifications
of aortic arch reconstruction techniques in HLHS, such
the chimney reconstruction without patch (16) or arch
angle augmentation (17), may change blood flow patterns.
Furthermore, it has to be explored if other factors, such as
the reduced elasticity of the neo-aorta (5,18) is linked to the
formation of abnormal flow pattern. This study may also
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stimulate others to conduct 4D-flow MRI or CFD studies
to help to improve our understanding of aortic biophysical
properties after extensive surgical reconstruction.

Conclusions

The abnormal twist of the HLHS patients’ reconstructed
neoaorta is associated with unfavorable changes in the aortic
fluid dynamics and secondary ventricular hypertrophy.
The findings of the present study may ultimately motivate
modifications of Norwood procedure.
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