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Aims To study flow-related energetics in multiple anatomical segments of the total cavopulmonary connection (TCPC)
in Fontan patients from four-dimensional (4D) flow magnetic resonance imaging (MRI), and to study the relation-
ship between adverse flow patterns and segment-specific energetics.

Methods Twenty-six extracardiac Fontan patients underwent 4D flow MRI of the TCPC. A segmentation of the TCPC was

and results automatically divided into five anatomical segments [conduit, superior vena cava (SVC), right/left pulmonary artery
(LPA), and the Fontan confluence]. The presence of vortical flow in the pulmonary arteries or Fontan confluence
was qualitatively scored. Kinetic energy (KE), viscous energy loss rate, and vorticity were calculated from the 4D
flow MRI velocity field and normalized for segment length and/or inflow. Energetics were compared between seg-
ments and the relationship between vortical flow and segment cross-sectional area (CSA) with segment-specific
energetics was determined. Vortical flow in the LPA (n=6) and Fontan confluence (n=12) were associated with
significantly higher vorticity (P=0.001 and P=0.015, respectively) and viscous energy loss rate (P=0.046 and
P=0.04, respectively) compared to patients without vortical flow. The LPA and conduit segments showed the high-
est KE and viscous energy loss rate, while most favourable energetics were observed in the SVC. Conduit CSA in-
versely correlated with KE (r = -0.614, P=0.019) and viscous energy loss rate (r = -0.652, P=0.011).
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Conclusions

Vortical flow in the Fontan confluence and LPA associated with significantly increased viscous energy loss rate.

Four-dimensional flow MRI-derived energetics may be used as a screening tool for direct, MRI-based assessment of

flow efficiency in the TCPC.

Graphical Abstract

Vortical flow in the TCPC associates with
increased viscous energy loss rate

Introduction

The Fontan circulation redirects systemic venous blood flow directly
towards the pulmonary arteries (PAs), the so-called total cavopulmo-
nary connection (TCPC). Consequently, a relatively non-pulsatile,
passive pulmonary circulation is present leading to increased central
venous pressure and reduced cardiac output,1'2 both associated with
important morbidity. Computational fluid dynamic (CFD) studies
have found correlations between energy-consuming flow patterns
and TCPC geometries and adverse outcome, including an elevated
central venous pressure,3 reduced cardiac output,4 and reduced ex-
ercise performance.” Therefore, ideally the geometry of the TCPC
needs to maximally conserve the limited available energy in the blood
flow to achieve optimal haemodynamics, and inefficient areas may be
improved by targeted interventions.

Altered flow patterns have been identified in various TCPC seg-
ments.®® However, four-dimensional (4D) flow magnetic resonance
imaging (MRI) is able not only to visualize flow patterns in the TCPC
in vivo®®'% but also allows novel, voxel-wise quantitative measure-
ments of energy in the flow, e.g. viscous energy loss.581"12 Thus, 4D
flow can provide insights in the energetic consequences of these ad-
verse flow patterns.

However, the comparison of 4D flow derived TCPC energetics in
the heterogeneous Fontan population is subject to unique challenges
that requires a standardized analysis approach which is currently not
available. For example, part of the TCPC can often not be evaluated
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due to device-related (e.g. fenestration closure device) artefacts mak-
ing direct comparison between patients without these devices un-
feasible. To study 4D flow MRI-derived energetics in the TCPC, a
standardized analysis approach is needed that divides the TCPC into
multiple anatomical segments: extracardiac conduit, Fontan conflu-
ence, the left PA (LPA) and right PA (RPA), and the superior vena
cava (SVC). This approach allows for the direct comparison of
segment-specific energetics between patients and between different
segments within a patient, but also allows to compare energetics
from serial 4D flow scans within one patient.

The aim of this study was to use an automated, segmental analysis
approach to (i) evaluate 4D flow derived energetics within five ana-
tomical segments of the TCPC and (i) correlate adverse flow pat-
terns to blood flow energetics within these segments.

Material and methods

Twenty-six patients with a previous Fontan operation using an
extracardiac conduit were retrospectively selected from a local data-
base containing both clinical (routine follow-up, n=7) and research
4D flow MRI scans (n=19) acquired between 2013 and 2017 (3T,
Ingenia, Philips Healthcare, Best, the Netherlands). Four-dimensional
flow acquisition details are presented in Supplementary material on-
line, Table S1. All 4D flow MRI acquisitions were performed under
free-breathing conditions without the use of a respiratory navigator.
All patients in this study had either (i) no fenestration performed
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during surgery or (ii) a closed fenestration, either spontaneously or
with the use of a fenestration closure device. Long-term outcome
was assessed by reviewing the latest medical records for deterior-
ation in New York Heart Association (NYHA) class, newly-onset
tachyarrhythmia or failure of the Fontan circulation (cardiac trans-
plant, protein losing enteropathy, death, Fontan take-down) in April
2021. The study was approved by the Medical Ethical Committee and
written informed consent was obtained from all patients and/or
guardians.

Division of the TCPC into standardized

segments

A 3D reconstruction of the TCPC, covering the extracardiac conduit,
SVC (below the brachiocephalic vein), Fontan confluence and the
RPA and LPA, was semi-automatically segmented on magnitude-
weighted velocity images at the cardiac phase with highest flow
(CAAS, MR Solutions, Pie Medical Imaging, Figure 1A and B). In
patients with a fenestration closure device or PA stent in situ, only
part of the conduit (distal to the device) or PA (proximal to the stent)
was included in the segmentation because of device-related flow
artefacts. TCPC segments (RPA, LPA, conduit, and SVC) with a cen-
treline length <1.5 cm were excluded to ensure a sufficient number
of voxels in each segment.

To divide the 3D TCPC segmentation into five standardized ana-
tomical segments, the following steps were required; firstly, vessel
centrelines were automatically generated between all vessels
(Figure 1A), using in-house developed software."® Subsequently, the
TCPC was automatically divided into five anatomical segments, by
clipping the geometry perpendicular to the centreline at the centre-
line bifurcation points (Figure 1B). The functional caval offset (in milli-
metre, mm), representing how much conduit and SVC flows are set
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apart to avoid flow collision, was quantified (Figure 1C). The cross-
sectional area (CSA) of the conduit, SVC, LPA, and RPA were deter-
mined perpendicularly to the centreline at a 1 mm interval. The mean
CSA of the segment was used and normalized for body surface area
(BSA).

Qualification of flow patterns
The presence of vortical flow was qualitatively rated within the stand-
ardized segments of the Fontan confluence, RPA, and LPA. Vortical
flow was defined as the presence of a swirling flow >360° in the ma-
jority (>50%) of streamlines and/or pathlines. Flow collision between
conduit and SVC flow within the Fontan confluence was qualitatively
determined, defined as collision of >50% of streamlines/pathlines.

Segments were dichotomized based on the presence/absence of
vortical flow (LPA, RPA, Fontan confluence) or caval flow collision
(Fontan confluence) and normalized flow energetics (see below)
within these segments were compared between the groups.

To determine the reproducibility of the qualitative rating of flow
patterns, interobserver analysis was performed on blinded datasets
for all cases.

Blood flow energetics

Multiple flow-related energetics were quantified from 4D flow MRI
for each voxel within the segments.1 1% The total amount of each en-
ergetic in the different segments was computed for each cardiac
phase (25—30 phases per cardiac cycle) by summing voxel-wise ener-
getics within the segment. The cardiac-cycle averaged energetic val-
ues were reported. Quantitative energetics included kinetic energy
[KE, in milljoules (mj)], viscous energy loss rate [EL, in milliwatts
(mW)], and vorticity (Vort, in 1/s). KE is the amount of energy pre-
sent in the blood flow due to motion. EL represents the amount of
KE within the blood flow lost per second due to viscosity-induced

Sagittal view

Figure | The 3D geometry of the TCPC was automatically divided into five anatomical segments by dividing the geometry perpendicular to the
centreline (black lines) bifurcation points (coloured circles, A). The resulting division in five anatomical segments is shown in B. The functional caval off-
set (in millimetre, mm) was quantified as the distance between the projection of the bifurcation vectors of the conduit and SVC on a plane (pink) be-
tween the bifurcation vectors of the RPA and LPA (C). RPA/LPA, right/left pulmonary artery; SVC, superior vena cava.
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frictional forces."™" Vorticity represents the amount of spinning mo-
tion of the blood flow around a common axis." In addition, the pro-
portionality of viscous energy loss to the total amount of KE present
during the cardiac cycle was calculated using the dimensionless
ELindex (EL/KE) as a marker of flow efficiency, where EL is the

summed volumetric EL during the cardiac cycle (in mj)."®

Normalization of blood flow energetics
Segmental energetics of the LPA, RPA, SVC and conduit were nor-
malized for inflow rate (in L/min) through each segment and for cen-
treline length of the segment to correct for differences in the extent
of the TCPC segmentation (e.g. part of the TCPC can often not be
evaluated due to device-related artefacts); E.Lnorm_ﬂowﬂength and
KEnorm_flow--tength i MW and m), both per L/min per cm segment, re-
spectively, and Vortnorm_fiow-+length in 1/s per L/min per cm segment.
The rationale of the chosen normalization is given in the discussion.
The Fontan confluence segment was normalized for flow only
(KEnorm_flows E'Lnormfﬂow, and Vort,orm_fiow) as this segment is always
completely included in the segmentation in all patients.

Statistical analysis

Continuous data were presented as median + interquartile range
(IQR). Energetics comparisons between segments were performed
using the Kruskal-Wallis test or Mann—Whitney U test, with post hoc
Dunn’s test for multiple comparisons. Interobserver variability was
tested using Cohen’s Kappa test (0-0.2 poor, 0.2-0.4 fair, 0.4-0.6
moderate, 0.6-0.8 good, 0.8—1.0 very good agreement). A P-value
<0.05 was considered statistically significant. Data were analysed
with SPSS 25.0 (SPSS, IBM Corp., Armonk, NY, USA) and Prism 8.0
(Graphpad Software, La Jolla, CA, USA).

Results

Characteristics of the study population are presented in Table 1. The
following number of segments were excluded from analysis: conduit
n=12, SVC n=8, LPA n=2, RPA n=4. Main reasons for the exclu-
sion of the segments (centreline length <1.5 cm) were the presence
of a fenestration closure device (conduit segments, n = 12), PA stent
(LPA segment, n=1), or because of only a small contribution to the
TCPC (RPA and SVC segments). Since the SVC and conduit are often
anastomosed close to the hilum of the right lung, the length of the
RPA before subdivision into the segmental branches or the length of
the SVC below the brachiocephalic vein can be short.

Qualitative flow patterns vs. quantitative

blood flow energetics

Results of qualitative flow patterns vs. quantitative energetics are
shown in Tables 2 and 3. Vortical flow was present within the
Fontan confluence in 12 patients (46%, Figure 2A, Supplementary
material online, Video S1), with a significantly higher Vort,orm_flow
[7746 (IQR 4084) vs. 5825 (IQR 2592) per second per L/min in-
flow, P=0.015] and ELporm fiow [0.018 (IQR 0.0073) vs. 0.013
(IQR 0.0072) mW per L/min, P=0.046] compared to patients
without vortical flow (Table 2).

Table I Characteristics of the study population

Male/female 12/14

Primary diagnosis, n (%)

HLHS 9 (35)
DILV 4+ TGA 2(8)
DORV + TGA 3(11)
TA + TGA 5(19)
ccTGA 2 (8)
PA + IVS 2(8)
Other 3(11)

Characteristics at 4D flow MRI

Age (years) 14.4 (4.6, range 10.2-29.2)

Height (cm) 161 (17)
Weight (kg) 47 (21)
BSA (m?) 14 (0.4)
Conduit size (16 mm/18 mm/20mm)  18/5/3
NYHA class I-l, n (%) 26 (100)
Ejection fraction (%) 51(8)

Values are presented as median (IQR).

(cc)TGA, (congenitally corrected) transposition of great arteries; BSA, body sur-
face area (Haycock); DILV, double inlet left ventricle; DORYV, double outlet right
ventricle; HLHS, hypoplastic left heart syndrome; MRI, magnetic resonance imag-
ing; TA, tricuspid atresia.

Caval flow collision was present in 8 (33%) patients. Patients with
caval flow collision had significantly decreased caval offset [2.3 mm
(IQR 1.2) vs. 5.2mm (IQR 3.4), P<0.001]. Only 3/8 patients with
caval flow collision also showed vortical flow in the Fontan conflu-
ence with extension into the LPA in two patients. Patients with caval
flow collision showed significantly lower KE,oqm_fiows E'Lnorm_ﬂow, and
Vortaorm fiow compared to patients without caval flow collision
(Table 2).

Vortical flow was present in 6/24 LPA segments (Figure 2B,
Supplementary material online, Video S2) and 3/22 RPA segments.
Patients with vortical flow inside the LPA showed significantly

increased ELnormfﬂOWJrlength' and

Vortnorm_flow-Hengths
KEnorm_flow-+length COMpared to patients without vortical flow
(Table 3). No significant differences in energetics could be identified
between patients with/without vortical flow in the RPA.
Interobserver agreement was very good for the qualitative rating
of caval flow collision and vortical flow in the Fontan confluence
(k=0.91 and 1.0, respectively) and good for the rating of vortical

flow in the LPA (x = 0.78) and RPA (x = 0.78).

Energetics between TCPC segments

Results of energetics within the different segments are shown in
Table 4. KEnorm_fiow-+tength Was significantly higher in the conduit
[0.029 (IQR 0.016)] and LPA [0.025 (IQR 0.013)] compared with the
SVC [0.016 (IQR 0.0058) m] per L/min inflow per cm segment,
P=0.004 and P<0.001, respectively]. E'Lnormiﬂowﬂength was signifi-
cantly higher in the LPA [0.0060 (IQR 0.0040)] compared with the
SVC[0.0030 (IQR 0.0023), P<0.001] and RPA [0.0038 (IQR 0.0028)
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Vortical flow in Fontan confluence

Conduit

Conduit

Figure 2 Streamline representation of blood flow in the TCPC is shown from multiple views for two patients with a previous Fontan operation
using an extracardiac conduit (A and B). (A) A central vortex is shown at the Fontan confluence due to interaction between SVC and conduit flows.
(B) Vortical flow is shown in the LPA. LPA, left pulmonary artery; SVC, superior vena cava.

Table2 Comparison of qualitative flow patterns vs. quantitative energetics in the Fontan confluence

Vortical flow FC
(n=12)

No Vortical
flow FC (n=14)

Energetic

VOrtnorm fow 7746 (4084) 5825 (2592)

KEnorm fow 0.069 (0.036) 0.050 (0.034)
ELnorm flow 0.022 (0.011) 0.016 (0.013)
ELindex 0.20 (0.09) 0.18 (0.08)

P-value Caval flow No caval flow P-value
collision (n = 8) collision
(n=18)
0.015 5224 (2632) 7450 (2608) 0.011
0.053 0.041 (0.019) 0.069 (0.032) 0.002
0.046 0.011 (0.0058) 0.020 (0.0066) 0.001
0.35 0.19 (0.04) 0.19 (0.09) 0.94

Values are represented as median (interquartile range). bold values represent significant p values <0.05.
EL horm_flow Viscous energy loss rate in milliwatt per L/min; KEom_fows kinetic energy in millijoule per L/min; L/min, litre per minute inflow (conduit + superior vena cava flow);

Vort,orm_flow VOrticity in 1/s per L/min.

mW per L/min inflow per cm segment, P=0.027]. E.Lnorm_ﬂow+|ength
in the conduit compared to the SVC did not reach significance
(P=0.053). ELjgex Was significantly higher in the FC [0.19 (IQR
0.075)] compared with the RPA [0.14 (IQR 0.050), P<0.001] and
conduit [0.15 (IQR 0.083), P=0.041]. Vortaerm_fiow-+length Was signifi-
cantly higher in the LPA [2651 (IQR 1273)] compared with the RPA
[1714 (IQR 758), P < 0.001].

TCPC geometry

The mean CSA/BSA of the conduit, SVC, LPA and RPA are indicated
in Table 5. A good inverse correlation was shown between normal-
ized conduit CSA and KEorm_flow-+length and ELnormfﬂoerlength and a
moderate inverse correlation between normalized RPA CSA and
ELnorm_ﬂow+|ength. Furthermore, a positive correlation was present
between normalized LPA CSA and Vort,orm_fiow-+length:
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Table 3 Vortical flow patterns vs. energetics in the left pulmonary artery

Energetic Vortical flow LPA (n = 6) No vortical flow LPA (n = 18) P-value
VOrthorm_flow-+length 3748 (1380) 2449 (684) 0.001
KEorm_flow-+ength 0.032 (0.019) 0.023 (0.015) 0.09
E'Lno,.miﬂowﬂength 0.0085 (0.0058) 0.0060 (0.0035) 0.04
ELindex 0.19 (0.05) 0.16 (0.06) 0.22

Values are represented as median (interquartile range).
EL horm_flow-+lengths Viscous energy loss rate in milliwatt per L/min per cm segment; KEorm_flow +length Kinetic energy in millijoule per L/min per cm segment; L/min, litre per minute
inflow, LPA; left pulmonary artery; Vortnorm_flow-tlengths VOrticity in 1/s per L/min per cm segment.

Table 4 Blood flow energetics in the five anatomical segments of the TCPC

Anatomical segments KE orm_flow+length E.Lnormiﬂow+length Vort,orm_flow+length ELindex

Conduit (n=14) 0.029 (0.016) 0.0059 (0.0040) 2337 (412) 0.15 (0.083)
SVC (n=18) 0.016 (0.0058) 0.0030 (0.0023) 2335 (1204) 0.18 (0.040)
RPA (n=22) 0.023 (0.010) 0.0038 (0.0028) 1834 (658) 0.14 (0.050)
LPA (n=24) 0.025 (0.013) 0.0060 (0.0040) 2651 (1273) 0.17 (0.049)
Fontan confluence (n = 26) — — — 0.19 (0.075)

Values are represented as median (interquartile range).

EL, KE, and Vort in the Fontan confluence were normalized for flow only and therefore not presented in this table; E.Lnormiﬂowﬂe,,gth, viscous energy loss rate in milliwatt per L/
min per cm segment; KEqorm_flow-+length Kinetic energy in millijoule per L/min per cm segment; L/min, liter per minute inflow; RPA/LPA, right/left pulmonary artery; SVC, superior
vena cava; TCPC, total cavopulmonary connection; Vortaorm_flow-tiengths VOrticity in 1/s per L/min per cm segment.

Table 5 Correlation between segment cross-sectional area and energetics

KEnorm,ﬂow+length E"—norm,ﬂow+length vortnorm,ﬂow+length ELindex
Anatomical ~ CSA/BSA Correlation P-  Correlation P-  Correlation P-  Correlation  P-
segment (mm?¥m?) coefficient value coefficient value coefficient value coefficient value
Conduit (n=14) 130 (46) -0.614 0.019 -0.652 0.011 -0.245 0.399 -0.499 0.069
SVC (n=18) 99 (26) 0.234 0.349 -0.044 0.862 0.335 0.174 -0.117 0.643
RPA (n=22) 89 (31) -0.338 0.124 -0.440 0.041 -0.292 0.188 0.103 0.647
LPA (n=24) 103 (48) -0.082 0.703 -0.068 0.753 0.445 0.029 0.252 0.234

Values are indicated as median (interquartile range). Correlation coefficients represent Pearson or Spearman rank analysis.

E'Lm,,m_ﬂowﬂengm, viscous energy loss rate in milliwatt per L/min per cm segment; BSA, body surface area (Haycock); CSA, cross-sectional area; KEnorm_flow-tlengths Kinetic energy
in millijoule per L/min per cm segment; L/min, litre per minute inflow; RPA/LPA, right/left pulmonary artery; SVC, superior vena cava; Vort,orm_fiow-+length, VOrticity in 1/s per L/
min per cm segment.

Patients with vortical flow in the LPA (n = 6) had significantly higher Discussion

normalized LPA CSA compared to patients without vortical flow
[138 (53) vs. 94 (50) mm*m?, P=0.014, respectively]. Also patients
with vortical flow in the RPA (n=3) had significantly higher normal-
ized RPA CSA compared to patients without vortical flow [127
(range 102—172) vs. 85 (28) mm*/m?, P=0.009, respectively].

This study quantified in vivo 4D flow energetics in a cohort of patients
with a previous Fontan operation using an automated analysis ap-
proach that divides the TCPC into standardized anatomical segments.
Correlations between adverse vortical flow patterns in the LPA and
Fontan confluence with quantitative flow-related energetics could be
determined. The LPA and conduit segments were the segments with

Follow-up

Mean follow-up after 4D flow MRI scan was 4.2 (SD 1.1) years. No
patients experienced deterioration in NYHA class, newly-onset
tachyarrhythmia or failure of the Fontan circulation (cardiac trans-
plant, protein losing enteropathy, death, Fontan take-down).

the most inefficient energetics. Furthermore, EL; qex Was highest in
the Fontan confluence, indicative that a higher proportion of KE is
dissipated at the area where both caval flows meet. Patients with vor-
tical flow in the PA had a significantly elevated viscous energy loss
rate, but also significantly larger PA CSA, indicating that PA CSA
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alone may insufficiently characterize the haemodynamic resistance
for pulmonary blood flow. Eventually, this approach may be of inter-
est as a screening tool for direct, MRI-based assessment of flow effi-
ciency in specific segments of the TCPC.

Segmental analysis

In this study, an automated analysis approach was used by subdividing
the TCPC into five standardized anatomical segments. This is of im-
portance, as certain parts of the TCPC cannot be evaluated with 4D
flow due to device-related artefacts (e.g. stents or fenestration clos-
ure devices). Without the applied segmental approach, almost 50%
of patients in our study could not have been evaluated with 4D flow
energetics due to these device-related artefacts, as these make direct
comparison with patients without these devices impossible since in-
clusion of a larger part of the TCPC will result in higher energetic val-
ues. With the segmental approach, the other TCPC segments
without artefacts could still be evaluated and compared leading to im-
portant insights in segment-specific adverse flow patterns and
energetics.

Qualitative flow patterns vs. quantitative

blood flow energetics

Vortical flow

Four-dimensional flow MRI has revealed abnormal flow patterns
within the TCPC, including helical and vortical flow in the PAs and
Fontan confluence,””'° at the junction between the inferior vena
cava (IVC) and extracardiac conduit® or in an attached, blind-
ending pulmonary trunk.® However, how these flow patterns re-
late to quantitative energetics within these segments with altered
flow is not known. In our study cohort, vortical flow was present
in the LPA (25%) and Fontan confluence (46%), with significantly
higher vorticity compared to patients without vortical flow. The
presence of vortical flow was also associated with a significantly
higher viscous energy loss rate in these segments. Therefore, as
expected, observed vortical flow patterns are related to quantita-
tive 4D flow MRI-derived vorticity and are associated with
reduced flow efficiency. The increased EL can be explained as the
swirling blood flow leads to increased dissipative velocity gra-
dients (i.e. difference in velocities between adjacent blood ele-
ments resulting in energy-dissipating frictional forces) within the
blood flow and between the flow and the vessel wall."”

Vortical flow occurred most often in the LPA which could par-
tially be explained by the presence of a blind-ending pulmonary
trunk that was still attached to the LPA in two patients, as previ-
ously reported.® Other speculative factors such as interaction of
conduit and SVC flow, anastomosis angles and potential influence
of the aorta on LPA flow may all play a role but could not be
studied in this cohort.

Caval flow collision

Previous in vitro studies have shown that collision of caval flows
result in chaotic, intensely disorganized flow patterns, with helic-
al flow extending into the PAs."® Incorporating a degree of caval
offset resulted in significantly reduced energy loss by avoiding
these head collisions of both caval flows."® In our cohort, caval
offset was as expected significantly lower in patients with caval

flow collision. Of interest, we surprisingly observed significantly
lower E'Lnorm7ﬂ0w+lengthv KEnorm7ﬂ0w+lengthv and
Vort,orm_flow-+length iN the Fontan confluence in patients with
caval flow collision, at first sight suggesting it to be a favourable
flow pattern. However, this is likely not true based on previous

obtained results'®'?

and multiple reasons can contribute to this
conflicting result. Most importantly, the relatively low spatial
resolution of 4D flow data (see Limitations section) allows only
for assessment of flow patterns on a relatively large scale, and
energy-consuming chaotic flow disturbances on a smaller scale,
that have been described in the area of flow collision using
in vitro models,19 are therefore likely not accounted for. As a re-
sult, on a larger scale caval flow collision can cause a decrease in
velocity of both caval flows within the Fontan confluence leading
to the observed lower energetics. Furthermore, caval flow colli-
sion may result in more choatic flow characteristics in the
Fontan confluence with associated turbulent energy losses that
are not accounted for by the viscous energy loss rate metric that
assumes laminar flow,"* thereby underestimating total energy
loss.

Segment-specific flow energetics

In general, KEnorm_fiow-+length (conduit + LPA) and E'Lnorm_ﬂowﬂength
(LPA) were highest in the conduit and LPA, while the SVC had the
most favourable energetics. This observation could be due to rela-
tively small diameters of the PA and conduit segments in some
patients. CFD studies have demonstrated that the PA and Fontan
conduit diameters are the most important factor associated with ad-
verse flow efficiency.”*?" The velocities in these vessels are often
higher, e.g. due to relatively small LPA, often caused by compression
by a dilated aortic root, or by the presence of undersized conduits in
a proportion of patients leading to increased KE. Significant IVC-
conduit mismatch has previous been shown with 4D flow MR, espe-
cially in adolescent patients with 16 mm conduits.® The increased
velocities will lead to stronger velocity gradients between the vessel
wall and the peak of the flow profile leading to higher EL.
Interestingly, also patients with higher LPA CSA showed increased
E'Lnorm_ﬂowﬂength when vortical flow was present in the LPA, indicat-
ing that PA CSA alone may be insufficient to characterize the haemo-
dynamic resistance towards the lung.

The SVC, however, is not restricted as no synthetic material is
used and vessel size can adapt to rising flow rates with somatic
growth, keeping blood flow velocities, and related energetics in
the SVC low and favourable. Importantly, clinical decision-making
regarding the need for intervention is difficult for patients without
an evident focal stenosis of the PA or Fontan conduit, but in
whom an undersized conduit or overall hypoplastic LPA is present
as pressure gradients from catheterization can be absent or min-
imal. The quantification of segment-specific energetics may be
helpful to evaluate the significance of these adverse geometries
non-invasively.

Overall, the segmental analysis of 4D flow energetics performed in
this study illustrates that the LPA and conduit are two important
areas in the TCPC that may benefit from optimization by
intervention.
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Normalization of four-dimensional flow

magnetic resonance imaging energetics

In order to compare energetics between patients or segments, we
chose to normalize energetics in the SVC, conduit, RPA and LPA for
inflow and segment length for multiple reasons. Since total energetics
are computed using the sum of voxel-wise energetics, total energet-
ics will be influenced by the size of the TCPC. This will be related to
the body size of patients, but also by the presence of device-related
artefacts that exclude part of the TCPC from 4D flow analysis.
Furthermore, under laminar flow conditions, energetics such as EL
are proportional to flow rate,'?
but also between different segments within a patient (e.g. the conduit
carries 65% of venous return with variable flow splits to both PAs).
Therefore, energetics in the SVC, conduit, RPA and LPA were nor-
malized for inflow and segment-length to correct for differences in
extent of the segmentation. The Fontan confluence was normalized

which will differ between patients,

for flow only, as this segment of the TCPC is always completely avail-
able for the analysis. By normalizing energetics in the Fontan conflu-
ence for inflow rate, differences in Fontan confluence sizes due to
different body sizes will also be corrected for, as flow is considered
proportional to BSA.**

Limitations

The quantification of energetic markers from 4D flow MRI in this
study is subject to multiple limitations. Firstly, the spatial resolution of
4D flow is relatively low (2.5 mm isotropic). The absolute amount of
viscous energy loss is dependent on the spatial resolution and 4D
flow derived viscous EL have shown to be orders of magnitude lower
compared to ‘true’ CFD-derived values.' Due to the relatively low
spatial resolution, flow phenomena and associated energy losses on a
smaller scale are not captured using 4D flow MRI. However, despite
measurements of lower energy losses with 4D flow, the relative per-
formance of the TCPC between patients remains intact, thereby still
allowing for a relative comparison between patients and most likely
also between TCPC segments within patients.'> Furthermore, MRI-
related errors such as partial volume artefacts at the vessel borders
and the presence of velocity noise will all affect the accuracy of meas-
ured velocities and derived energetics. 4D flow protocols have to be
optimized for this application, in which optimal compromises be-
tween spatial resolution, signal-to-noise-ratio and total scan dura-
tions have to be made. Recently, we introduced a non-
electrocardiogram (ECG)-gated 3D flow MRI sequence (as opposed
to ECG-gated 4D flow MRI), allowing for acquisition of cardiac-cycle
averaged flow rates and flow rate derived clinical parameters in a
<1.5 min scan with superior image quality compared to conventional
4D flow MRL*

Importantly, the effect of respiration is not taken into account with
the use of 4D flow MRI, thereby not allowing to study the effect of in-
and expiration on flow patterns and related energetics. In patients
that underwent an Fontan operation, especially conduit flow rate is
affected by respiration due to an increase in hepatic venous flow dur-
ing inspira‘cion.26 However, although respiration influences pulsatility
observed in the TCPC, the heart beat is the main driving force for
systemic venous return in the Fontan circulation, not affected by res-
piration,”” which can be adequately captured with the free breathing
ECG-gated 4D flow MRl approach used in our study.

Future directions and role on clinical
outcome

This cohort represented relatively healthy teenage/adolescent
patients after previous Fontan operation that underwent MRI exam-
ination as part of routine follow-up, with no events occurring during
follow-up. However, the adverse flow patterns present in a subset of
patients may provide a chronic burden that may only become appar-
ent later in life. Larger studies with longer follow-up are required to
determine its effect on long-term outcome, including exercise cap-
acity and degree of liver cirrhosis. Future studies using serial 4D flow
scans may provide insights in how segment-specific energetics de-
velop over time, as TCPC blood flow may become increasingly ineffi-
cient with time?* and the proposed standardized segmental
approach in this study is important for this serial follow-up.

Conclusions

In conclusion, this study uses a segmental analysis approach to quan-
tify segment-specific 4D flow MRI energetic measurements in the
TCPC, allowing for the direct comparison of segment-specific ener-
getics between patients. Furthermore, the segmental approach
allows for comparison of energetics between heterogeneous patients
with a previous Fontan operation and allow for serial follow-up of
haemodynamics using 4D flow MRI. Vortical flow in the Fontan con-
fluence and LPA, observed in 25-46% of patients, was associated
with significantly increased viscous energy loss rate. Segmental ana-
lysis indicated that the LPA and conduit segments were associated
with highest normalized viscous energy loss rate which may be opti-
mized by targeted intervention in these segments. Importantly,
patients with vortical flow in the PAs had a significantly larger PA
CSA, indicating that PA CSA alone does not fully characterize the
haemodynamic resistance for pulmonary blood flow. 4D flow MRI
energetics has the potential to be used as a screening tool for direct,
MRI-based assessment of flow efficiency in the TCPC.

Lead author biography

Friso M. Rijnberg obtained his medical
degree from the University of Leiden
in 2016. He is currently PhD candi-
date at the
Cardiothoracic Surgery at the Leiden

Department  of

University Medical Center, Leiden,
the Netherlands. His main research
interest is the long-term outcome of
single ventricle patients, with a special
interest in the use of advanced imag-

ing modalities, including 4D flow MRI
and computational fluid dynamics, for the evaluation of blood flow in
the total cavopulmonary connection.

Supplementary material

Supplementary material is available at European Heart Journal Open
online.


https://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeab018#supplementary-data

Segmental assessment of blood flow efficiency in the TCPC using 4D flow MRI

Funding

This work is supported by a grant from Stichting Hartekind and the
Dutch Heart Foundation (2018-T083 to F.M.R.) and (CVON2017-08-
RADARto H.C.v.A.and ).F.).

Conflict of interest: none declared.

Data availability

The data underlying this article will be shared on reasonable request
to the corresponding author.

References

1.

N

(S}

o

oo

Rijnberg FM, Hazekamp MG, Wentzel JJ, de Koning PJH, Westenberg J|M,
Jongbloed MRM, Blom NA, Roest AAW. Energetics of blood flow in cardiovas-
cular disease: concept and clinical implications of adverse energetics in patients
with a Fontan circulation. Circulation 2018;137:2393-2407.

. Gewillig M, Brown SC. The Fontan circulation after 45 years: update in physi-

ology. Heart 2016;102:1081-1086.

. Sundareswaran KS, Pekkan K, Dasi LP, Whitehead K, Sharma S, Kanter KR, Fogel

MA, Yoganathan AP. The total cavopulmonary connection resistance: a signifi-
cant impact on single ventricle hemodynamics at rest and exercise. Am | Physiol
Heart Circ Physiol 2008;295:H2427— H2435.

. Haggerty CM, Whitehead KK, Bethel J, Fogel MA, Yoganathan AP. Relationship

of single ventricle filling and preload to total cavopulmonary connection hemo-
dynamics. Ann Thorac Surg 2015;99:911-917.

. Khiabani RH, Whitehead KK, Han D, Restrepo M, Tang E, Bethel }, Paridon SM,

Fogel MA, Yoganathan AP. Exercise capacity in single-ventricle patients after
Fontan correlates with haemodynamic energy loss in TCPC. Heart 2015;101:
139-143.

. Rijnberg FM, Elbaz MSM, Westenberg JJM, Kamphuis VP, Helbing WA, Kroft LJ,

Blom NA, Hazekamp MG, Roest AAW. Four-dimensional flow magnetic reson-
ance imaging-derived blood flow energetics of the inferior vena cava-to-
extracardiac conduit junction in Fontan patients. Eur | Cardiothorac Surg 2019;55:
1202-1210.

. Houtzager JH, Westenberg ], de Koning P}, Hazekamp MG, Roest AA. Helical

flow pattern in the right pulmonary artery after Fontan palliation. Eur Heart |
Cardiovasc Imaging 2014;15:1183.

. Rijnberg FM, van Assen HC, Hazekamp MG, Roest AAW. Tornado-like flow in

the Fontan circulation: insights from quantification and visualization of viscous en-
ergy loss rate using 4D flow MRI. Eur Heart | 2019;40:2170.

. Sundareswaran KS, Haggerty CM, de Zélicourt D, Dasi LP, Pekkan K, Frakes DH,

Powell A}, Kanter KR, Fogel MA, Yoganathan AP. Visualization of flow structures
in Fontan patients using 3-dimensional phase contrast magnetic resonance imag-
ing. | Thorac Cardiovasc Surg 2012;143:1108-1116.

. Markl M, Geiger J, Kilner PJ, Foll D, Stiller B, Beyersdorf F, Arnold R,

Frydrychowicz A. Time-resolved three-dimensional magnetic resonance velocity
mapping of cardiovascular flow paths in volunteers and patients with Fontan cir-
culation. Eur | Cardiothorac Surg 2011;39:206-212.

. Elbaz MSM, van der Geest R|, Calkoen EE, de Roos A, Lelieveldt BPF, Roest

AAW, Westenberg JJM. Assessment of viscous energy loss and the association
with three-dimensional vortex ring formation in left ventricular inflow: In vivo
evaluation using four-dimensional flow MRI. Magn Reson Med 2017;77:794-805.

. Cibis M, Jarvis K, Markl M, Rose M, Rigsby C, Barker AJ, Wentzel JJ. The effect of

resolution on viscous dissipation measured with 4D flow MRI in patients with

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Fontan circulation: Evaluation using computational fluid dynamics. | Biomech
2015;48:2984-2989.

Antiga L, Piccinelli M, Botti L, Ene-lordache B, Remuzzi A, Steinman DA. An
image-based modeling framework for patient-specific computational hemo-
dynamics. Med Biol Eng Comput 2008;46:1097-1112.

Venkatachari AK, Halliburton SS, Setser RM, White RD, Chatzimavroudis GP.
Noninvasive quantification of fluid mechanical energy losses in the total cavopul-
monary connection with magnetic resonance phase velocity mapping. Magn
Reson Imaging 2007;25:101-109.

Fenster BE, Browning ], Schroeder D, Schafer M, Podgorski CA, Smyser |,
Silveira LJ, Buckner JK, Hertzberg JR. Vorticity is a marker of right ventricular dia-
stolic dysfunction. Am | Physiol Heart Circ Physiol 2015;309:H1087-H1093.
Kamphuis VP, Westenberg JJM, van der Palen RLF, van den Boogaard PJ, van der
Geest RJ, de Roos A, Blom NA, Roest AAW, Elbaz MSM. Scan-rescan reproduci-
bility of diastolic left ventricular kinetic energy, viscous energy loss and vorticity
assessment using 4D flow MRI: analysis in healthy subjects. Int | Cardiovasc
Imaging 2018;34:905-920.

Wang C, Pekkan K, de Zélicourt D, Horner M, Parihar A, Kulkarni A,
Yoganathan AP. Progress in the CFD modeling of flow instabilities in anatomical
total cavopulmonary connections. Ann Biomed Eng 2007;35:1840-1856.

Sharma S, Goudy S, Walker P, Panchal S, Ensley A, Kanter K, Tam V, Fyfe D,
Yoganathan A. In vitro flow experiments for determination of optimal geometry
of total cavopulmonary connection for surgical repair of children with functional
single ventricle. | Am Coll Cardiol 1996;27:1264-1269.

Amodeo A, Grigioni M, Oppido G, Daniele C, D’'Avenio G, Pedrizzetti G,
Giannico S, Filippelli S, Di Donato RM. The beneficial vortex and best spatial ar-
rangement in total extracardiac cavopulmonary connection. | Thorac Cardiovasc
Surg 2002;124:471-478.

Tang E, Wei Z(A), Whitehead KK, Khiabani RH, Restrepo M, Mirabella L, Bethel
J, Paridon SM, Marino BS, Fogel MA, Yoganathan AP. Effect of Fontan geometry
on exercise haemodynamics and its potential implications. Heart 2017;103:
1806-1812.

Dasi LP, KrishnankuttyRema R, Kitajima HD, Pekkan K, Sundareswaran KS, Fogel
M, Sharma S, Whitehead K, Kanter K, Yoganathan AP. Fontan hemodynamics: im-
portance of pulmonary artery diameter. | Thorac Cardiovasc Surg 2009;137:
560-564.

Restrepo M, Tang E, Haggerty CM, Khiabani RH, Mirabella L, Bethel ], Valente
AM, Whitehead KK, McElhinney DB, Fogel MA, Yoganathan AP. Energetic impli-
cations of vessel growth and flow changes over time in Fontan patients. Ann
Thorac Surg 2015;99:163-170.

Akins CW, Travis B, Yoganathan AP. Energy loss for evaluating heart valve per-
formance. | Thorac Cardiovasc Surg 2008;136:820-833.

Lange PE, Onnasch DG, Schaupp GH, Zill C, Heintzen PH. Size and function of
the human left and right ventricles during growth. Normative angiographic data.
Pediatr Cardiol 1982;3:205-211.

Rijnberg FM, van Assen HC, Juffermans JF, Kroft LJM, van den Boogaard PJ, de
Koning PJH, Hazekamp MG, van der Woude SFS, Warmerdam EG, Leiner T,
Grotenhuis HB, Goeman JJ, Lamb HJ, Roest AAW, Westenberg JJM. Reduced
scan time and superior image quality with 3D flow MRI compared to 4D flow
MRI for hemodynamic evaluation of the Fontan pathway. Sci Rep 2021;11:6507.
Hsia TY, Khambadkone S, Redington AN, Migliavacca F, Deanfield JE, de Leval
MR, Effects of respiration and gravity on infradiaphragmatic venous flow in nor-
mal and Fontan patients. Circulation 2000;102:111148—11153.

Gabbert DD, Hart C, Jerosch-Herold M, Wegner P, Salehi Ravesh M, Voges |,
Kristo I, Bulushi AAL, Scheewe J, Kheradvar A, Kramer H-H, Rickers C. Heart
beat but not respiration is the main driving force of the systemic venous return
in the Fontan circulation. Sci Rep 2019;9:2034.



	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7
	tblfn8
	tblfn9
	tblfn10



