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Abstract

Background—Cardiac MRI plays a central role in monitoring children with repaired tetralogy of
Fallot (TOF) for long-term complications. Current risk assessment is based on volumetric and
functional parameters that measure late expression of underlying physiological changes. Emerging
4-D flow MRI techniques promise new insights.

Objective—To assess whether 4-D flow MRI-derived measures of blood kinetic energy (1)
differentiate children and young adults with TOF from controls and (2) are associated with disease
severity.

Materials and methods—Pediatric patients post TOF repair (7=21) and controls (7=24)
underwent 4-D flow MRI for assessment of time-resolved 3-D blood flow. Data analysis included
3-D segmentation of the right ventricle (RV) and pulmonary artery (PA), with calculation of peak
systolic and diastolic kinetic energy (KE) maps. Total KEgy and KEpp were determined from the
sum of the KE of all voxels within the respective time-resolved segmentations.

Results—KEpa was increased in children post TOF vs. controls across the cardiac cycle, with
median 12.5 (interquartile range [IQR] 10.3) mJ/m? vs. 8.2 (4.3) mJ/m2, A<0.01 in systole; and 2.3
(2.7) mJ/m2 vs. 1.4 (0.9) mJ/m2, P<0.01 in diastole. Diastolic KEpa correlated with systolic KEpa
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(R2 0.41, P<0.01) and with pulmonary regurgitation fraction (R? 0.65, £<0.01). Diastolic KEgy
showed similar relationships, denoting increasing KE with higher cardiac outputs and increased
right heart volume loading. Diastolic KEgy and KEpp increased with RV end-diastolic volume in a
non-linear relationship (R? 0.33, £<0.01 and R? 0.50, A<0.01 respectively), with an inflection
point near 120 mL/m2.

Conclusion—Four-dimensional flow-derived KE is abnormal in pediatric patients post TOF
repair compared to controls and has a direct, non-linear relationship with traditional measures of
disease progression. Future longitudinal studies are needed to evaluate utility for early outcome
prediction in TOF.
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Introduction

Tetralogy of Fallot (TOF) accounts for approximately 10% of congenital heart disease and is
the most common cyanotic congenital heart defect [1]. Surgical techniques have improved
survival such that children with TOF require frequent and long-term surveillance for
common postoperative sequelae, including residual right ventricular (RV) outflow tract
obstruction, pulmonary regurgitation, RV dilatation or hypertrophy, and right or left
ventricular dysfunction [2]. These complications are readily identified by MRI and are
associated with impaired functional status, heart failure, surgical reintervention, atrial and
ventricular arrhythmias, and sudden death [3-8]. Outcome prediction, however, remains
imprecise and based on morphologic and simplified functional parameters (e.g., indexed
ventricular volumes, ejection fraction), which measure late expression of underlying
physiological changes [9, 10]. For example, in the repaired TOF patient with chronic
pulmonary regurgitation, pulmonary valve replacement can halt or reverse RV dilatation [3,
11-13], but the risk of arrhythmia and sudden death might not be avoided [14, 15].
Consequently, early and more sensitive markers of deteriorating hemodynamics are needed.

Emerging 4-D flow MRI techniques hold great promise in this domain [16-20]. Four-
dimensional flow MRI provides comprehensive hemodynamic information, allowing for
assessment of complex flow patterns such as helical or vortical flow, and quantification of
higher-order fluid dynamic metrics such as pressure difference maps [21-23], turbulent
kinetic energy [24] and viscous energy loss [25]. Published findings in TOF, however,
remain largely descriptive characterizations of abnormal flow patterns [26, 27] or
comparisons to traditional 2-D MR flow parameters [28]. More recently, 4-D flow MRI has
been used to noninvasively derive kinetic energy (KE) maps for visualization and
quantification of flow energetics in the RV of people with repaired TOF [29]. Similarly,
echocardiographic contrast particle imaging velocimetry has been used to map ventricular
planar KE dissipation in a comparable population [30]. As a measure of the energy
expended to overcome blood flow inertia, KE might signal deteriorating hemodynamics via
excessive multi-directional energy dissipation. In other words, KE is a means of quantifying
inefficiencies in the energetic transfer of ventricular contraction to net systolic blood flow.
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Such inefficiencies play an especially important role in the child with repaired TOF with a
post-surgical outflow tract or conduit [31], but 4-D advanced hemodynamic parameters have
not yet been related to conventional outcome predictors such as RV volume or ejection
fraction.

In this case-control study we explored quantitative 4-D flow MRI measures of right heart
flow energetics that might be alternative markers of hemodynamic efficiency in pediatric
patients with repaired TOF. We hypothesized that 4-D flow MRI-derived energetic
biomarkers (1) can differentiate those with repaired TOF from healthy controls and (2) are
associated with disease severity as measured by conventional clinical MRI parameters.

Materials and methods

We performed a single-center retrospective case-control study comparing pediatric and
young adult patients with repaired TOF with an age-appropriate control population. All
patients and control subjects underwent 4-D flow MRI immediately following a clinically
indicated cardiovascular MRI exam between October 2011 and January 2016. Informed
consent was obtained for performing 4-D flow per our prospective protocol. The protocol
was approved by our institutional review board and complied with the Health Insurance
Portability and Accountability Act.

We included children and young adults with TOF who had undergone staged or primary
complete surgical correction before 3 years of age. We excluded patients with associated
complex congenital heart disease (e.g., pulmonary atresia with major aortopulmonary
collaterals, complete atrioventricular canal, or anomalous pulmonary venous drainage) or
residual ventricular septal defect. The control population included patients <18 years of age
with normal intracardiac structure and ventricular function, and no history of cardiothoracic
surgery.

We identified 21 people with TOF who met study criteria and 24 control subjects who
underwent MRI for evaluation of possible coronary anomaly (/=12), family history of
sudden death or cardiomyopathy (#=7), possible bicuspid aortic valve (/7=1) or extracardiac
vascular anatomy (/=4). We collected baseline demographic data for all patients. We
abstracted surgical description and clinical follow-up duration from operative reports and the
electronic health record.

Magnetic resonance imaging

Imaging was performed on a 1.5-tesla (T) scanner (MAGNETOM Avanto or Aera; Siemens
Healthcare USA, Malvern, PA). A 12-channel matrix coil was used for imaging on the
Avanto and an 18-channel matrix coil on the Aera. Standard balanced steady-state free
precession cine imaging, MR angiography and 2-D phase-contrast scans were obtained per
routine clinical protocol and as appropriate for the assessment of patients with TOF [32].
MR angiography, 2-D phase-contrast MRI and 4-D flow were acquired following blood-pool
contrast administration of 0.12 mL/kg gadofosveset trisodium (Ablavar; Lantheus Medical
Imaging, North Billerica, MA) in all patients. Four-dimensional flow scan characteristics for
this cohort were: spatial resolution = 1.4-4.5 x 1.1-3.1 x 1.4-3.5 mm3, temporal resolution
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= 36.0-44.8 ms, repetition time/echo time [TR/TE] = 4.7-5.1/2.2-3.0 ms, flip angle = 15°,
and velocity sensitivity (VENC) = 100-250 cm/s. General anesthesia was administered by a
pediatric anesthesiologist per the institutional clinical protocol for 10/21 (48%) people with
TOF and 4/24 (17%) controls.

Image post-processing and 4-D data analysis

We measured ventricular volumes and function by conventional cine post-processing
techniques [33] and standard clinical flow measurements derived from 2-D phase-contrast
images using Medis QMass and QFlow (Leiden, The Netherlands), respectively. A single
observer (M. J.R., a research assistant with 3 years of experience and a biomedical
engineering background) corrected 4-D flow MRI data for velocity aliasing, Maxwell terms
and eddy currents [34, 35], from which time-averaged 3-D phase-contrast MR angiograms
were calculated. We then used commercial software (EnSight; CEIl Software, Apex, NC) to
determine the peak systolic (maximum PA outflow velocity) and peak diastolic (maximum
tricuspid inflow, or E wave velocity) time points, or phases, from the pulmonary outflow and
tricuspid valve inflow profiles, respectively (Fig. 1). We used another commercial
application (Mimics; Materialise, Leuven, Belgium) to generate 3-D segmentation volumes
of the main and proximal branch pulmonary arteries (PA) and right ventricle (RV) at peak
systole and peak diastole (Fig. 1). A custom software tool developed in MATLAB
(MathWorks, Natick, MA) was used to derive energetic parameters from RV and PA velocity
masks similar to previously reported strategies used by Jeong et al. [29]. For each voxel
inside the segmentation volumes, we calculated kinetic energy (KE). We calculated KE for a
voxel of blood using the equation KE = 1/2 mv2, where mass (m) is voxel volume multiplied
by density of blood (1.05 g/mL) and absolute velocity (v) is determined from 4-D flow data.
We determined KEgy and KEpa from the sum of the KE of all voxels within the respective
blood-pool segmentation, and calculated them for two phases (peak systole and peak
diastole) in order to compare changes across the cardiac cycle. We generated KE maps for
each phase by projecting mean KE on a 2-D plane transecting the RV and PA, respectively
(Fig. 1). To normalize for patient and ventricular/vascular size, we indexed total KE values
to body surface area (BSA) as well as segmentation volume of the PA and RV (in mL).

Statistical analysis

All continuous values are reported as median values with interquartile ranges. Patient
characteristics, conventional MRI measurements and 4-D energetic biomarkers were not
normally distributed and we applied the Mann-Whitney Uest for comparison between
groups. Differences were considered significant for £A<0.05. To identify relationships
between energetic biomarkers and conventional MRI parameters, we performed linear and
polynomial regression analysis and calculated the correlation coefficient RZ; a correlation
was considered significant for £<0.05. All statistical analysis was performed using
MATLAB (MathWorks, Natick, MA) and SPSS (IBM, Armonk, NY).

Results

Patient demographics are summarized in Table 1. Age and gender distribution and body
surface area were similar between people with TOF and controls, though those with TOF
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had significant pulmonary regurgitation, increased ventricular size and diminished
ventricular function, as expected. Three people with TOF had undergone RV—PA conduit
placement as part of complete repair, two for near pulmonary atresia/severe pulmonary valve
dysplasia and one because a conus coronary artery crossed the RV outflow tract. No one
underwent pulmonary artery stent placement. Mean main PA velocity was 1.65+0.68 m/s.

Flow energetics — people with repaired tetrology of Fallot vs. healthy controls

There were significant differences in calculated right heart 4-D energetic parameters (Table
1). Kinetic energy was indexed to both patient size (body surface area in m2) and the
anatomically segmented volume (size of RV or PA in mL). KEpa index was increased in
people with TOF during systole (12.5 [IQR 10.3] vs. 8.2 [4.3] mJ/m2, P<0.01; 0.19 [IQR
0.16] vs. 0.14 [IQR 0.07] mJ/mL, £<0.01) and during diastole (2.3 [IQR 2.7] vs. 1.4 [0.9]
mJ/m?2, P<0.01; 0.034 [IQR 0.055] vs. 0.022 [IQR 0.009] mJ/mL, A<0.01). Diastolic KEgy
was greater in TOF than in controls only when indexed for ventricular size (0.034 [IQR
0.013] vs. 0.024 [0.012] mJ/mL, P=0.02). Figure 2 illustrates these differences,
demonstrating the distribution of KEgy and KEpp across the cardiac cycle in a control
subject and two people with TOF. Greater KEpp was expended during systole in both people
with TOF compared to the control patient, while KEgy and KEpa during diastole were
increased only in the man with TOF with severe pulmonary regurgitation and right
ventricular dilatation.

Flow energetics — relationships with ventricular performance and disease severity

Across patients and controls, systolic KEgy and KEpa significantly correlated with RV
stroke volume (R2=0.58, A=0.0001 and R2=0.61, A=0.0001), denoting increasing kinetic
energy at higher cardiac outputs. Similarly, there were strong relationships between diastolic
and systolic KEgy and KEpa (R2 0.38, A<0.01 and R? 0.41, £<0.01, respectively; Fig. 3),
further indicating that increased diastolic KE elicits higher systolic KE, or that the RV must
compensate for pulmonary regurgitation with higher energy expenditures. In fact, in people
with TOF, diastolic KEgry and diastolic KEpa wWere both significantly associated with degree
of volume loading as assessed by pulmonary regurgitation fraction (R% 0.54, A<0.01 and R?
0.65, P<0.01 respectively; Fig. 3).

Most important, comparing indexed right ventricular end-diastolic volume (RVEDV) to
diastolic KEgy and KEpa across both control and TOF populations demonstrated a non-
linear relationship (R2 0.33, £<0.01 and R? 0.50, A<0.01, respectively). Figure 4 illustrates
that at normal and smaller RV volumes, both control and TOF patients had relatively low
KEgy and KEpa during diastole. As ventricular size increased beyond 120-130 mL/m?2, KE
increased more rapidly and was best approximated by a second-order polynomial (RZ 0.50
and R2 0.33, A<0.01).

Discussion

In the child with TOF with chronic pulmonary regurgitation, significant controversy remains
regarding optimal timing of pulmonary valve replacement, with respect to both post-
intervention RV remodeling and, more important, avoidance of major adverse outcomes
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such as arrhythmias and sudden cardiac death. Risk assessments are based largely on
morphologic and simplified functional parameters obtained from MRI but reflect late
disease manifestations. Four-dimensional flow MRI offers whole-heart post-hoc calculation
of traditional measures such as pulmonary regurgitation fraction, but also provides novel
quantitative metrics to assess disease severity. In fact, our study demonstrates that measures
of flow energetics derived from 4-D flow MRI, such as KE, are abnormal in children with
TOF as compared to healthy controls and, more important, have a direct relationship with
traditional measures of TOF disease severity such as RV size and pulmonary regurgitation
fraction.

These observations confirm and build on prior work. Jeong et al. [29] measured time-
resolved KE by 4-D flow MRI in the right and left ventricles of 10 subjects with TOF and
demonstrated important differences compared to controls. While KEgy and KE,y, did not
have significant relationships with more conventional MRI outcome predictors, the number
of subjects and the absolute differences in ventricular KE between subjects and controls
were smaller than what we have observed in a larger cohort, and in both the RV and main
and branch PAs. The authors noted that while absolute KEgy and KE\, were higher in
people with TOF, forward flow in the PA and aorta were similar compared to controls,
indicating greater kinetic energy in the RV and LV without increased pulmonary or systemic
flow and implying ventricular—vascular inefficiency. Indeed, the higher degree of kinetic
energy that we observed in the downstream vasculature supports such an assumption, and
the direct and non-linear relationship of these energetic biomarkers with routine
measurements of ventricular performance (e.g., RVEDV, stroke volume) suggests that they
might be earlier predictors of disease progression. In fact, the strong relationship that we
observed between diastolic and systolic KE is further indication that increased diastolic
energy triggers higher systolic flow energy, or that chronic pulmonary regurgitation directly
increases myocardial workload in a measurable fashion. Moreover, the dramatic increase
noted in KEpa With more severe RV enlargement is evidence of impaired ventricular—
vascular coupling and a compelling argument that these inefficiencies precede changes such
as ventricular remodeling and decreased performance.

Interestingly, Fogel and colleagues [31] assessed 13 patients with TOF by a combination of
cardiac MRI and invasive hemodynamic catheterization to estimate RV power output and
energy loss in patients with chronic pulmonary regurgitation. The authors found a strong
negative correlation between RV power output and normalized ventricular volumes, with an
exponential decrease in power output beyond right ventricular end-diastolic volume
(RVEDV) of 120-140 mL/m? and right ventricular end-systolic volume (RVESV) of 65-75
mL/m?2. These inflection points are similar to the trend we demonstrated between KE of the
right heart and increasing RV size in our TOF cohort. It is important to note, however, that
our estimation of flow energy (KEpa) was derived entirely from 4-D flow MRI and in a
noninvasive fashion and might be a more practical and low-risk means of assessing evolving
hemodynamic inefficiency.

Noninvasively derived 4-D energetic biomarkers of RV efficiency could directly influence
indications for reintervention in TOF. Current indications for pulmonary valve replacement
are based on pulmonary regurgitation fraction, RV volumes, biventricular ejection fraction
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and exercise intolerance, with significant weight given to an indexed RVEDV threshold of
150-170 mL/m?2 While the optimal volumetric threshold is controversial [36, 37], multiple
studies have generated more enthusiasm for early intervention at smaller ventricular sizes
[15, 38-40]. In a retrospective MRI study of adults with TOF before and after pulmonary
valve replacement, indexed RVEDV and RVESYV decreased 34% and 37%, respectively, and
no patients with an RVEDV >170 mL/m?2 or RVESV >85 mL/m? before pulmonary valve
replacement had “normalization” of RV volumes after surgery [40]. In another single-center
prospective study, Buechel and colleagues [39] performed MRI on people with TOF
following pulmonary valve replacement using a threshold RVEDV of 150 mL/m?2 and
demonstrated prompt RV remodeling, with substantial reduction of RV volume and mass at
6 months after surgery. It is important to note that none of the referenced studies discerned a
volumetric threshold that reliably predicts postoperative course free of arrhythmia or sudden
death. Longitudinal comparison of other markers such as KE with these major adverse
events and other clinical endpoints such as functional capacity is needed.

Several studies have evaluated routine parameters of ventricular function or flow to predict
the postoperative outcomes in people with TOF and chronic pulmonary regurgitation.
Although standard MRI parameters are the best available predictors of functional status, they
do not correlate directly with decreasing exercise capacity [41], a common finding in
repaired TOF [42—47], and not unexpected given the greatly increased hemodynamic
demands imposed on the RV during exercise. Past studies have implicated numerous factors
in this impairment, including pulmonary regurgitation, PA distortion, impaired lung
function, chronotropic impairment, and ventricular dysfunction [42-47], but energetic
markers might be earlier and more comprehensive markers of the hemodynamic
inefficiencies that drive exercise intolerance. Kinetic energy, for example, represents a small
percentage (1-6%) of total ventricular work at rest but plays a substantially larger role
during activity [48]. Unfortunately, our study was retrospective in nature and the available
exercise data were insufficient to draw any meaningful conclusions about these
relationships. Further study, including exercise or pharmacological stress MRI, is needed to
assess whether the small changes in KE at rest signal inefficiencies that are more dramatic
during exercise and more closely correlate with exercise capacity than traditional
parameters.

Our retrospective study is limited by its small sample size, the heterogeneity of patients with
TOF and a limited pediatric control population. We also included people who received a
gadolinium-based blood-pool contrast agent that is no longer commercially available.
Inclusion of both fully conscious and anesthetized patients also introduces some
heterogeneity in the TOF patient population, but this limitation is inherent to the
retrospective design and reflects real-world variability. While our study would be
strengthened by age- and BSA-matched controls, clinical indications for cardiac MRI in a
young cohort are very narrow and volunteer recruitment is unfeasible. A lack of a reference
or gold standard for flow energetic measures is another limitation. It is important to note that
we analyzed KE maps only at peak systolic and diastolic timepoints, though information is
available across the entire cardiac cycle. This is a limitation in our workflow but future
studies and analysis tools could incorporate this information. Finally, in some patients with
pulmonary stenosis, VENC settings might have limited dynamic range, which is particularly
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important in discriminating the lower velocities observed in the RV and great arteries during
diastole. Nonetheless, we did observe significant differences in diastolic energetic markers.

Conclusion

Over the decades following TOF repair, the increased energy demands associated with
chronic pulmonary regurgitation contribute to excess myocardial work and can lead to
untimely heart failure and other life-threatening complications. Four-dimensional flow MRI
energetic measures, such as kinetic energy, are abnormal in repaired TOF compared to
controls, have a direct and non-linear relationship with traditional measures of disease
severity, and might be an earlier predictor of evolving hemodynamic inefficiency than
traditional parameters. Longitudinal observation is needed to assess the utility of MRI flow
energetics for predicting impaired ventricular—vascular coupling relationships and
deteriorating hemodynamics. Comparison to exercise capacity and clinical outcomes in a
larger cohort is warranted.
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Fig. 1.

Fogur-dimensional (4-D) flow MRI data analysis. a Four-dimensional flow-derived 3-D
phase-contrast MR angiogram and 2-D analysis planes at the level of the pulmonary valve
(PV) and tricuspid valve (TV). The analysis planes were used to calculate flow—time curves
to determine peak systole and diastole via peak flow rates. b Three-dimensional
segmentations of the right ventricle (RV) and pulmonary artery (PA) based on the 3-D
phase-contrast MR angiography data and masking of velocities inside the segmented vessels.
Separate segmentations were generated for peak systole and peak diastol. ¢ Calculation of
RV and PA kinetic energy (KE) maps during systole and diastole. Total KE is listed below
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each map. Ao aorta, LPA left pulmonary artery, MPA main pulmonary artery, RA right
atrium, RPA right pulmonary artery, SVC superior vena cava

Pediatr Radiol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Robinson et al. Page 13

KE,, Map - systole [m)] KE,, Map - diastole [m] KE,, Map - systole [m] KE,, Map - diastole [m)]
A. Healthy 0.002 — 0.002 0.002 0.002
control
0.001 0.001 0.001 | = 0.001
Normal ;
0 0 0 0
total KE=1.7mJ total KE=5.6 mJ total KE=2.9m)J
B. TOF 0.002 0.002 0.002 0.002
patient
0.001 0.001 0.001 0.001
Normal RV size
& trivial PR
0 0 0 - 0
total KE =22.9 mJ total KE=2.3mJ total KE=5.9m)J total KE=2.8 mJ
C. TOF 0.002 0.002 0.002 0.002
patient
0.001 0.001 0.001 0.001
RV dilatation
& severe PR
0 0 0 0
total KE = 54.8 mJ total KE =15.2 mJ total KE = 15.9 mJ total KE = 10.8 mJ
Fig. 2.

Maps of kinetic energy (KE) superimposed on the underlying anatomical 4-D flow MRI
data. The individual images show KE maps during peak systole and peak diastole in three
subjects (a, control; b, ¢ people with tetralogy of Fallot). Color coding illustrates regions
with high (red) and low (b/ue) kinetic energy. Note increased total KE in a 21-year-old man
with TOF with right ventricular dilatation and severe pulmonary regurgitation (c, compared
to a 16-year-old male control (a) and a 15-year-old girl with TOF with normal right
ventricular size and trivial pulmonary regurgitation (b). LPA left pulmonary artery, PA
pulmonary artery, PR pulmonary regurgitation, RPA right pulmonary artery, RVright
ventricle
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70

70

Right heart kinetic energy (KE) increases with cardiac output and degree of volume loading
because of pulmonary regurgitation. a, b Increased diastolic KE is strongly associated with
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increased systolic KE in both the right ventricle (RV) and pulmonary artery (PA),
respectively. ¢, d Diastolic KEgry and KEpp are strongly related to pulmonary regurgitation
fraction. BSA body surface area
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Right heart kinetic energy (KE) during diastole is associated with right ventricular (RV) size.
When normalized to body surface area (BSA), both KEgry (a) and KEppa (b) demonstrate
strong positive correlations with right ventricular end-diastolic volume (RVEDV) across
both control patients and people with tetralogy of Fallot, with KEpa increasing more rapidly
beyond an inflection point of 120 mL/m?2 (dashed lines). PA pulmonary artery
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Table 1
Patient and control cohort characteristics
Post TOF repaira Controls® P-val ueb
(n=21) (n=24)

Age 13.8 (8.2) 15.8 (3.0) 0.18
n (female) 13 13 N/A
Body surface area (m?) 1.62 (0.70) 1.62 (0.28) 0.25
Standard MRI parameters

PR fraction (%) by flow 23 (28) N/A N/A
PR fraction (%) by volumetry 19 (30) 0(6.7) <0.01
RVEDV index (mL/m?) 128 (23) 92 (19) <0.01
RVESV index (mL/m?) 70 (13) 41 (11) <0.01
RV stroke volume (mL) 88 (44) 76 (19) 0.81
RV ejection fraction (%) 47 (11) 56 (10) <0.01
RVCI (L/min/m?) 3.7(2.2) 3.6 (0.8) 0.15
LVEDV index (mL/m?) 91 (15) 87 (16) 0.27
LVESV index (mL/m?) 41 (11) 35(7) <0.01
LV stroke volume (mL) 63 (50) 80 (20) 0.09
LV ejection fraction (%) 55 (9.5) 60 (6) <0.01
LVCI (L/min/m?) 3.3(0.8) 3.7(0.8) 0.05
Ratio pulmonary-to-aortic flow 0.95 (0.22) N/A N/A

4-D flow MRI energetic parameters,cabsoluteand indexed to body surface area and segmentation volume

Systole
KEgy (MJ)

KEpa (MJ)

KERgy index (mJ/m?)

KEpa index (mJ/m?)

KEgy index (mJ/mL)
KEpa index (mJ/mL)
Diastole

KEgy (MJ)

KEpa (MJ)

KEgy index (mJ/m?)

KEpa index (md/m?)

KEgy index (mJ/ml)

KEp, index (mJ/mL)

5.4(3.7)
14.7 (23)
34(23)
12,5 (10.3)
0.056 (0.048)
0.193 (0.16)

3.6(4.0)

25 (3.6)

25(18)

23(2.7)

0.034 (0.013)
0.034 (0.055)

5.1 (3.0)
12.8 (6.0)
33(2.0)
8.2(4.3)
0.047 (0.03)
0.138 (0.072)

3.4 (L7)

2.4 (1.3)
2.1(0.92)
1.4(0.9)
0.024 (0.012)

0.022 (0.009)

0.92
0.27
0.5

<0.01

<0.01

0.78
0.13
0.18
<0.01
0.02
<0.01

Page 19

a, . . . L . .
Standard MRI measurements and 4-D flow MRI-derived energetic calculations presented as median (interquartile range). Energetic markers are

indexed to both body surface area (mJ/m2) and segmentation volume (mJ/ml)

bDifferences were considered significant for £~<0.05
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CEnergetic parameters are reported in absolute (mJ) and normalized values, indexed to both body surface area (mJ/mZ) and segmentation volume
(mJ/mL)

KE kinetic energy, LV left ventricle, LVC/ left ventricle cardiac index, LVEDV left ventricle end-diastolic volume, A//A not available, PA
pulmonary artery, PR pulmonary regurgitation, RV right ventricle, RVC/ right ventricle cardiac index, RVEDV right ventricle end-diastolic volume,
LVESV left ventricle end-systolic volume, RVESV right ventricle end-systolic volume, 7OF tetralogy of Fallot
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