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Abstract

OBJECTIVES: Aortopathy in tetralogy of Fallot (TOF) is characterized by increased aortic stiffness, dilation and reduced left ventricular (LV)
function. Repair in infancy normalizes aortic dimensions in early childhood. Our prior work demonstrated that early TOF repair does not
normalize aortic compliance and that abnormal ascending aortic flow patterns are prevalent. The objectives of this study were to: (i) deter-
mine whether proximal aortic flow-mediated viscous energy loss (E0L) is elevated in patients with early TOF repair compared with healthy
controls, and (ii) determine whether the degree of E0L is associated with LV function.

METHODS: Forty-one patients post TOF repair with normalized aortic size and 15 healthy controls underwent 4-dimenisonal-flow
magnetic resonance imaging flow analysis and E0L assessment. Correlations between E0L, aortic size, and LV function were assessed.
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RESULTS: The TOF group had increased peak systolic thoracic aorta E0L (3.8 vs 1.5 mW, P = 0.004) and increased averaged E0L throughout
the cardiac cycle (1.2 vs 0.5 mW, P = 0.003). Peak and mean systolic E0L in the ascending aorta was increased 2-fold in the TOF group com-
pared with control (peak: 2.0 vs 0.9 mW, P = 0.007). Peak E0L measured along the entire thoracic aortic length correlated with LV ejection
fraction (R = -0.45, P = 0.009), indexed LV end-systolic volume (R = -0.40, P = 0.010), and right ventricular end-systolic volume (R = -0.37,
P = 0.034).

CONCLUSIONS: Patients with repaired TOF exhibit abnormal aortic flow associated with increased E0L in the thoracic aorta. The magnitude
of E0L is associated with LV function and volumes. Increased aortic E0L in TOF is likely due to inherently abnormal LV outflow geometry and
or right ventricular interaction. Reduced aortic flow efficiency in TOF increases cardiac work and may be an important factor in long-term
cardiac performance.
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ABBREVIATIONS

LV Left ventricular
LVEF Left ventricular ejection fraction
LVOT Left ventricular outflow tract
MRI Magnetic resonance imaging
RV Right ventricular
TOF Tetralogy of Fallot

INTRODUCTION

Conotruncal anomalies present with structural features influence
the natural history, initial surgical treatment and late manage-
ment of these lesions. Aortopathy is an underappreciated comor-
bidity with ill-defined long-term consequences, particularly in
the current era of early surgical repair. In tetralogy of Fallot
(TOF), the most common conotruncal lesion, numerous studies
have reported abnormal ascending aortic wall histopathology,
physiology and haemodynamic perturbations [1–3]. The histo-
pathology of TOF-associated aortopathy resembles Marfan’s
syndrome and is characterized by medial degeneration [2, 4].
Non-invasive and invasive studies have reported increased aortic
stiffness in TOF patients that directly correlates with the degree
of aortic dilation [5, 6]. Putative aetiologies of TOF-associated
aortopathy include early chronic aortic volume overload, intrinsic
genetic abnormalities and combinations of these factors [5–8].

Several groups have shown that complete TOF repair in in-
fancy normalizes proximal aortic dimensions in early childhood
[9]. In a recent report, we assessed comprehensive aortic flow
haemodynamics with 4-dimensional (4D)-flow magnetic reson-
ance imaging (MRI) in a group of preadolescent TOF patients
who underwent complete repair prior to age 1 year [3].
Compared with age-matched normal controls, the TOF group
had increased aortic wall shear stress and stiffness despite all TOF
subjects having normal aortic dimensions. In addition, there was
a high prevalence of pathological flow formations in the ascend-
ing aorta regardless of arch sidedness. Other investigators have
correlated increased aortic wall stiffness with reduced left ven-
tricular (LV) function in both children and adults with repaired
TOF [5, 10]. Elevated wall stiffness in other aortopathies is associ-
ated with secondary flow patterns consisting of complex supra-
physiological vortical and helical flow structures that increase
energy dissipation and myocardial workload [11, 12]. However,
comparative analysis of secondary flow haemodynamic struc-
tures using qualitative approaches is difficult due to differences in
vessel geometry and the complexity of observed flow structures.

4D-flow MRI enables quantification of instantaneous viscous
energy loss (E0L) across a defined vascular pathway. E0L therefore
serves as a marker of prominent secondary aortic flow structures
that manifest in the form of complex 3-dimensional helical or
vortical structures [12, 13]. Based on our prior findings, we
hypothesized that patients with TOF have abnormal flow con-
duction through the ascending aorta that is associated with the
increased dissipated aortic E0L. The objectives of this study were:
(i) to quantify ascending aortic E0L in patients who previously
underwent complete TOF repair, (ii) to compare aortic E0L in TOF
patients to normal controls with similar age distribution and (iii)
to determine if aortic E0L is associated with aortic size and LV
function.

METHODS

As part of a larger retrospective study, we identified 41 paediatric
and adult patients with repaired TOF who underwent compre-
hensive clinically indicated cardiac MRI for the evaluation of right
ventricular outflow tract pathology [3]. Patients with abnormal
aortic valve anatomy or function, residual ventricular septal de-
fect and dilated ascending aorta (z-score >2) were excluded to
eliminate other lesions that impact aortic flow haemodynamics.
Fifteen healthy volunteers of similar age and body surface area
and having morphologically normal aortas were recruited from
different studies considering the software/hardware optimization.
This retrospective study was approved by the Colorado Multiple
Institutional Review Board with waived written consent
information.

Magnetic resonance imaging protocol

MRI evaluation was performed with a 1.5 T or 3.0 T system
(Achieva/Ingenia, Philips Medical Systems, Best, Netherlands)
using a 32-channel coil. Ventricular and functional analyses were
performed using standard prescribed 2-dimensional cine bSSFP
short-, long- and 4-chamber axis images acquired during end-
expiratory breath holds. As a part of the standard evaluation,
patients with repaired TOF received contrast enhanced angiog-
raphy for the dimensional analysis of the right ventricle, right
ventricular outflow tract and aorta.

E0L and qualitative flow haemodynamic analysis were per-
formed using 4D-flow MRI acquired in a sagittally oriented field
of view covering the mid-thorax with retrospective gating and
pencil beam respiratory navigation tracking the lung–liver inter-
face. Typical scan parameters were: echo time 2.4–2.6 ms, repeti-
tion times = 4.2–5.0 ms, flip angle = 10�, 14 cardiac phases
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resulting in temporal resolution between 38–48 ms and field of
view (FOV): 250–320� 200–250 mm2 providing a voxel size =
2.0� 2.0� 2.0–2.8 mm3 and velocity encoding 100–150 cm/s.
Typical acquisition time was 8–15 min depending on heart rate
and respiratory gating efficiency.

Viscous energy loss analysis

4D-flow datasets were imported into CVI42 platform (Version
5.9.1, Circle Cardiovascular Imaging, Calgary, AB, Canada) for vis-
cous energy loss analysis. The entire dataset was corrected for
background offset errors and velocity aliasing artefacts in each
encoding direction per consensus recommendation [14]. Three-
dimensional volume rendering of the phase-contrast MRI angi-
ography derived from the 4D-flow dataset was created for
detailed segmentation of the thoracic aorta. The head and neck
vessels and LV outflow tract were excluded from the
segmentation.

To calculate E0L, the centreline along the length of the thoracic
aorta was used to identify the region of interest and delineate en-
ergy loss in a predefined volumetric region. The determination of
instantaneous viscous energy loss due to frictional forces was
previously described by Barker et al., [12] where the rate of en-
ergy dissipation is calculated per individual voxel within a prede-
fined region of interest by computation of the viscous

component of the Navier–Stokes energy equation for incom-
pressible fluid at any point in the cardiac cycle. This approach
computes the viscous stress tensor per unit of volume (defined
by voxel size) for an individual cardiac phase, under an assump-
tion of uniform viscosity and boundary slip conditions. The in-
stantaneous energy loss was quantified for: (i) the thoracic aorta
extending from the level of the sinotubular junction to the mid-
descending aorta (at the level of aortic root), (ii) the ascending
aorta from the sinotubular junction to the origin of the brachio-
cephalic artery (or first arch vessel in the case of abnormal aortic
arch arrangement) and (iii) the aortic arch and descending aorta
(Fig. 1). Peak systolic and average energy losses per cardiac cycle
were recorded yielding the instantaneous metric of power loss
measured in milliWatts (mW).

Statistical analysis

Analyses were performed in Prism (version 7; GraphPad
Software, La Jolla, CA, USA). Variables were checked for the distri-
butional assumption of normality using normal plots, in addition
to Kolmogorov–Smirnov and Shapiro–Wilks tests. Demographic
and clinical characteristics between groups were compared using
Student’s t-test for normally distributed continuous variables. The
Mann–Whitney U-test was used for non-normally distributed
variables and the v2 test for categorical variables with no further

Figure 1: (A) Aortic contour was segmented from the initial 4-dimensional-flow dataset with separation of the head and neck vessels. (B) A luminal centreline was
then created to delineate 2 anatomically standardized aortic regions: (1) ascending aorta (sinotubular junction to the first arch vessel origin) and (2) thoracic aorta
(sinotubular junction to mid-descending aorta measured at the level of the aortic root). Viscous kinetic energy loss –E0L represented by heat map visualization depict-
ing the energy loss per voxel volume in the ascending aortic (C) and thoracic region (D).
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corrections for multiple testing. The relationship between the de-
gree of energy loss and aortic stiffness and LV function was ana-
lysed by simple linear regression analysis using Pearson’s
correlation. Significance was based on P-value <0.05.

RESULTS

TOF and control demographics and LV haemodynamic charac-
teristics are reported in Table 1. Thirty-six TOF subjects (88%)
underwent primary complete repair (32 transannular patch, 3
valve sparing, 1 right ventricle to pulmonary artery conduit). Five
patients (12%) had neonatal systemic-pulmonary shunts followed
by shunt takedown and repair with right ventricle to pulmonary

artery conduit. TOF arch sidedness was left in 27 patients (66%)
and right in 14 (34%). The median age at repair was 8 months
(range 0.8–60 months). All controls had normal left arch anat-
omy. No subjects took antihypertensive medications.

With respect to LV volume and function, there were no differ-
ences in indexed end-diastolic volume and stroke volume (SV)
between groups, but patients with TOF had increased indexed
end-systolic volume (median 38 vs 32 ml/m2, P = 0.032) and
decreased LV ejection fraction (median 55% vs 58%, P = 0.023).
There were no differences in cardiac index or LV mass index. As
expected, patients with TOF had increased indexed right ven-
tricular (RV) end-diastolic volume (median 135 vs 76 ml/m2,
P < 0.001), increased RV end-systolic volume (median: 67 vs
34 ml/m2, P < 0.001) and decreased RV ejection fraction (median:
49% vs 57%, P < 0.001). Lastly, patients with TOF had increased
ascending aortic size (mean ± standard deviation 2.5 ± 0.55 vs
2.0 ± 0.39 cm, P = 0.002).

Aortic viscous energy loss and flow analysis

The assessment of E0L is summarized in Fig. 2 and Table 2. TOF
subjects had increased peak systolic energy dissipation along the
entire length of the thoracic aorta (median 3.8 vs 1.5 mW,
P = 0.004). This finding persisted when adjusted for subject specif-
ic stroke volume (0.067 vs 0.029 mW/ml, P = 0.012). Similarly,
average E0L throughout the cardiac cycle was increased in TOF
patients (1.2 vs 0.5 mW, P = 0.003). When analysis was confined
to the ascending aorta, the results were similar with a 2-fold in-
crease in systolic energy loss in the TOF group (2.0 vs 0.9 mW,
P = 0.007). This finding persisted when adjusted to stroke volume
(0.035 vs 0.019 mW/ml, P = 0.020). Average E0L in the ascending
aorta was also increased in the TOF group (0.7 vs 0.3 mW,
P = 0.003). Lastly, E0L in the aortic arch and descending aorta of
the TOF group was greater (peak systolic E0L 1.7 vs 0.7 mW,

Figure 2: Peak systolic energy (A) and average E0L (B) were significantly increased within the ascending aorta in subjects with TOF. Similarly, peak systolic E0L was further
elevated along the aortic arch—descending aortic tract (C) with no difference in the average E0L in the same region (D). There was also increase in peak systolic and
average E0L along the entire thoracic aorta (E) and (F), respectively. TOF: tetralogy of Fallot.

Table 1: Demographics and MRI haemodynamics

TOF (n = 41) Control (n = 15) P-value

Age (years) 14 (10–21) 10 (10–18) 0.61
Female gender, n (%) 19 (46) 9 (60) 0.37
BSA (m2) 1.28 ± 0.43 1.26 ± 0.32 0.66
LV-EDVi (ml/m2) 84 (71–95) 76 (71–83) 0.34
LV-ESVi (ml/m2) 38 (32–45) 32 (31– 5) 0.032
LV-SVi (ml) 46 (38–52) 43 (41–57) 0.08
LV-EF (%) 55 (52–57) 58 (55–62) 0.023
LV-CI (l/min/m2) 3.3 (2.8–3.8) 3.7 (3.4–3.9) 0.123
RV-EDVi (m/s) 135 (113–154) 76 (73–96) <0.001
RV-ESVi 67 (56–80) 34 (32–36) <0.001
RV-EF 49 (45–55) 57 (56–62) <0.001

Data are represented as median with corresponding interquartile range or
mean ± standard deviation.
BSA: body surface area; CI: cardiac index; EDVi: end-diastolic volume index;
EF: ejection fraction; ESVi: end-systolic volume index; LV: left ventricle; MRI:
magnetic resonance imaging; RV: right ventricle; SV: stroke volume; TOF:
tetralogy of Fallot.
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P = 0.009; SV adjusted peak systolic E0L 0.029 vs 0.015 mW,
P = 0.014).

Regions of prominent E0L dissipation were associated with
pathological aortic flow structures in TOF patients. These regions
were characterized by prominent helical flow formations through
systole along the inner curve of the ascending aorta (Fig. 3).
Abnormal helical formations were present in 36 TOF patients
(89%). Specifically, patients with TOF demonstrated a primary

flow jet that exited the left ventricular outflow tract (LVOT) to-
wards the outward anterior portion of the aortic wall.
Simultaneously, secondary supraphysiological helices were
formed along the inner curve of the ascending aorta typically at
peak systole and enlarged towards the centre of the aortic lumen
during the progression of systole (Fig. 4). Conversely, we
observed that the single flow jet exiting the LVOT in control
patients took a uniformly laminar pattern across the lumen of the

Table 2: Aortic viscous energy (E0L) loss

TOF (n = 41) Control (n = 15) P-value

Thoracic aorta
Peak systole (mW) 3.8 (1.8–6.6) 1.5 (1.3–3.3) 0.004
Peak systole/SV (mW/ml) 0.067 (0.042–0.097) 0.029 (0.025–0.059) 0.020
Average (mW) 1.2 (0.6–2.1) 0.5 (0.3–0.9) 0.003

Ascending aorta
Peak systole (mW) 2.0 (0.9–2.8) 0.9 (0.7–1.4) 0.007
Peak systole/SV (mW/ml) 0.035 (0.022–0.054) 0.019 (0.014–0.034) 0.020
Average (mW) 0.7 (0.3–1.0) 0.3 (0.2–0.4) 0.003

Arch + descending aorta
Peak systole (mW) 1.7 (0.8–3.7) 0.7 (0.5–1.1) 0.009
Peak systole/SV (mW/ml) 0.029 (0.017–0.053) 0.015 (0.009–0.024) 0.014
Average (mW) 0.5 (0.3–1.0) 0.2 (0.1–0.4) 0.005

Data are represented as median with interquartile ranges.
SV: stroke volume; TOF: tetralogy of Fallot.

Figure 3: Comparative visualization of abnormal flow patterns and kinetic energy loss heat maps between a representative patient with TOF and a healthy control.
Notice that regions with prominent secondary flow structures were associated with the elevated energy dissipation. One can further notice that viscous energy loss is
associated with regions of flow acceleration typically present in the descending aorta. TOF: tetralogy of Fallot.
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ascending aorta with no secondary flow patterns. All control patients
had normal flow patterns with no secondary flow formations.

Aortic energy loss and flow haemodynamics

A summary of correlative analyses is depicted in Table 3 and sig-
nificant correlations are portrayed in Fig. 5. Peak E0L measured
along the entire thoracic aortic length correlated with LV ejection
fraction (R = -0.45, P = 0.009), indexed LV end-systolic volume
(R = -0.40, P = 0.010), and right ventricular end-systolic volume

(R = -0.37, P = 0.034). E0L in the ascending aorta did not correlate
with measures of aortic size. Finally, there was no association be-
tween E0L and the time of surgical repair.

DISCUSSION

The long-term management of TOF is primarily concentrated on
the status of the right heart [15], and left heart pathophysiology
has largely been attributed to the concomitant impact of right
heart dysfunction. Recent studies have demonstrated that TOF is
associated with significant abnormalities of aortic wall physiology
[5, 10, 16]. This study further demonstrates that in a relatively
young cohort of patients with repaired TOF: (i) abnormal flow
haemodynamic patterns are associated with elevated viscous en-
ergy loss –E0L through the thoracic aorta, and (ii) the magnitude
of E0L is associated with reduced LV function. The late impact of
increased transaortic fluid mechanical energy loss on LV function
in patients with repaired is unknown.

Altered flow haemodynamics in tetralogy of Fallot

Using 4D-flow MRI, unique aortic flow haemodynamic patterns
have been described in paediatric and adult patients with aortic
stenosis, dilation and in patients with aortic dissection [12, 17–
20]. The common finding in these studies is that altered flow dis-
tribution correlates with abnormal aortic wall shear forces. In a
prior study, we demonstrated that wall shear stress is elevated
throughout the proximal aorta in preadolescent patients with
repaired TOF even though aortic dimensions were normal [3].
Wall shear stress exerts major regulatory effects on arterial wall
biology through endothelial mechano-transduction. These influ-
ences regulate intracellular signalling cascades responsible for

Figure 4: Abnormal flow formations in a child with repaired tetralogy of Fallot (TOF) superimposed to standard steady-state free precession magnetic resonance
imaging images for better visualization of the aortic outflow tract—flow relationship at the peak systole (A) and late systole (B). Characteristic secondary supraphysio-
logical helices formed along the inner curve of the aorta and enlarged through the aortic lumen during progression of systole (white arrow). Secondary helical flow
formations then mix with the primary flow jet (dashed white arrow) at the proximal level of the aortic arch. (C) Artistic representation of streamlines present in the
thoracic aorta of patient with TOF. Two prominent stream jets at the level of the left ventricular outflow tract result in laminar cohesive flow along the outer curvature
of the aorta, and secondary helical flow along the inner curve.

Table 3: Correlation between E0L with LV/RV haemodynam-
ics and surgical repair

Beta ± SE R-value P-value

LV-EF (%) -2.78 ± 1.00 -0.45 0.009
LV-EDVi (ml/m2) 2.81 ± 2.99 0.15 0.354
LV-ESVi (ml/m2) 4.15 ± 1.54 0.40 0.010
LV-SV (ml) -0.85 ± 1.89 -0.07 0.655
LV-CI (l/min/m2) -0.069 ± 0.152 -0.08 0.654
RV-EDVi (ml/m2) 11.0 ± 6.14 0.28 0.080
RV-ESVi (ml/m2) 9.67 ± 4.39 0.37 0.034
RV-EF (%) -2.58 ± 1.50 -0.26 0.091
RF (%) -0.88 ± 3.64 -0.04 0.809
Aortic size (cm) -0.07 ± 0.11 -0.10 0.534
Age at repair (months) -0.17 ± 0.23 -0.12 0.475

Data are reported as beta coefficients representing the best fit values from
the linear regression ± standard error, Pearson R-value and respective
P-value. E0L values were natural log transformed for the correlation analyses.
CI: cardiac index; EDVi: indexed end-diastolic volume; EF: ejection fraction;
ESVi: indexed end-systolic volume; LV: left ventricle; RF: pulmonary regurgi-
tation fraction; RV: right ventricle; SV: stroke volume.
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endothelial arrangement, proliferation and even paracrine signal-
ling associated with smooth muscle cell proliferation and extra-
cellular matrix alterations [21].

Abnormal aortic valve anatomy such as bicuspid valve or any
form of aortic valve stenosis impacts flow haemodynamic char-
acteristics in the proximal aorta. In prior work, Barker et al. [11]
demonstrated unique flow jet patterns in bicuspid aortic valve
patients and directly linked unique flow patterns to the pattern
of cusp fusion. Barker et al. [12] subsequently associated abnor-
mal aortic flow with increased E0L in patients with aortic stenosis.
Our findings indicate that most TOF patients (89%) have a pri-
mary systolic flow jet that exits the LVOT towards the outward
anterior portion of the aortic wall. These patients also form sec-
ondary supraphysiological helices along the inner curve of the
ascending aorta that enlarges towards the centre of the aortic
lumen during the progression of systole (Fig. 4). In the proximal
aortic arch, the secondary helical flow formation mixes with the
primary flow jet. In our experience with 4D-flow MRI assessments
in numerous forms of congenital heart disease, this flow haemo-
dynamic abnormality is unique to patients with repaired TOF.

Causal factor(s) of the perturbed flow pattern and associated
elevated E0L prevalent in the TOF group are not known. In other
studied lesions, causes of secondary flow structures (helices and
vortices) and energy loss include: (i) altered LVOT anatomy (e.g.
aortic stenosis), and (ii) aortic dilation [11, 12, 19]. All patients in
our TOF cohort had non-stenotic tri-leaflet aortic valves. In prior
studies increased E0L was present in patients with ascending aortic
aneurysms and aortic valve stenosis [12]. Additional studies have
associated abnormal aortic geometry post extensive surgical re-
construction in Norwood procedure with increased E0L and ab-
normal flow haemodynamic patterns [22]. The lack of association
between E0L and ascending aortic size in our TOF cohort is likely
due our exclusion of patients with sizes above the normal range
(z < 2). Therefore, abnormal aortic leaflet anatomy and aortic
dilation do not explain our findings. Furthermore, we did not ob-
serve any association between E0L and the time of surgical repair.

TOF is characterized by the presence of a large subaortic ven-
tricular septal defect, and the aortic valve is dextroposed resulting
in anterior malalignment of the aortic root above the ventricular
septum. Surgical closure of the ventricular septal defect directs
LV output to the aorta along a pathline that differs significantly
from normal anatomy. We speculate that this abnormality of the
left ventricular outflow tract in TOF is the primary factor that
explains our findings. The anatomic features of TOF occur in a
spectrum. Consequently, patients with more mild features of TOF
(i.e. less aortic override and less subpulmonary right ventricular
outflow tract obstruction) would have more normal LVOT

anatomy following repair, which could explain the absence of ab-
normal flow haemodynamic patterns in the minority of TOF
patients we studied. However, the effect of specific TOF patholo-
gies and surgical strategy on the late outcome of aortic flow
haemodynamics require further investigations.

Energy loss and left ventricular function

LV function is an important prognostic marker of late mortality
and morbidity in TOF [23]. The difference in aortic E0L loss at rest
in TOF patients compared with normal controls constitutes irre-
versibly wasted LV mechanical energy that is converted to heat.
All studies were performed in the resting state, and the magni-
tude of wasted energy would likely be significantly increased dur-
ing physiological conditions requiring greater metabolic demand
(e.g. exercise). As a result, inefficient LV energy expenditure may
adversely impact late survival. Typical resting LV power output
can be derived as a product of cardiac index and mean arterial
blood pressure and varies between 0.5 and 1.0 W. Using this esti-
mate, the flow related energy loss observed in our TOF cohort
ranged between 0.1% and 5.4% of power provided by cardiac en-
ergetic output at peak systole [12]. However, this metric does not
consider the energetic expenditure throughout the entire cardiac
cycle and does not account for the energy loss associated with
turbulent structures. Lastly, the effect of E0L on exercise and age
progression is unknown.

Based on left ventricular ejection fraction (LVEF), the observed
relationship between calculated energy loss and LV function was
very modest, and the majority of TOF patients had clinically nor-
mal LVEF. However, LVEF is not a sensitive measure, and com-
promised myocardial deformation can occur without a parallel
reduction in LVEF [24]. Theoretical work by Stokke et al. [24]
demonstrated that geometric effects represented by myocardial
thickening can compensate for decreased longitudinal and cir-
cumferential strain early in the disease process indicating that
early systolic dysfunction can be present without a major change
in ejection fraction. Sjöbert et al. [25] analysed LV systolic per-
formance in patients with repaired TOF using 4D-flow MRI and
found significantly reduced kinetic energy production in an as-
sessment confined to the LV cavity. The interplay between kinetic
energy concentrated in the flow domain inside the LV during sys-
tole and E0L the ascending aorta remains unexplored. It is likely
that compromised LV contractile function associated with mech-
anical and electrical dyssynchrony combined with abnormal
LVOT morphology generates a suboptimally ejected stroke vol-
ume bolus resulting in wasted flow-mediated kinetic energy.

Figure 5: E0L correlated in negative fashion with LVEF (A), and positively with left ventricular end-systolic volume index (B), and right ventricular end-systolic volume
index (C). ESVi: end-systolic volume index; LN: natural logarithm; LV: left ventricle; LVEF: left ventricular ejection fraction; RV: right ventricle; SE: standard error.
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Limitations

This study has several limitations. First, we did not consider turbu-
lent kinetic energy which involves voxel by voxel analyses of tem-
poral flow fluctuations and is often a significant contributor of flow
turbulence. This method requires a separate reference velocity
encoding step in order to detect velocity fluctuation signalling [13].
In addition, turbulent kinetic energy calculations tend to omit large
scale secondary flow formations which are typically present in aor-
topathies such as those observed in this study. Consequently, our
energy loss calculations most likely underestimate the true energy
loss to the system. Second, all patients with TOF underwent at least
1 cardiac operation and many experienced cyanotic states from
birth until complete repair was undertaken. These factors could po-
tentially contribute to the observed minor decrease in LV function
in the TOF group, and the impact of these differences compared
with controls is impossible to determine. Third, we were not well
equipped to perform the flow haemodynamic comparison be-
tween different TOF lesions and initial surgical approach. Our future
studies will focus on investigating the aortic flow haemodynamic
outcomes with regard to the surgical strategy, aortic root geometry
and late clinical outcomes.

CONCLUSION

In conclusion, patients with repaired TOF have abnormal flow
conduction through the proximal thoracic aorta that is associated
with significantly increased E0L loss compared with normal age-
matched controls. These findings are marked, but the long-term
ramifications on LV function and clinical outcome are unknown
because no cohort of patients undergoing early complete repair
of TOF has reached more advanced age. The potential negative
impact of wasted LV energy expenditure during the propagation
of aortic blood flow in patients with TOF repaired early in life
warrants further investigation.
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