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Energy loss and adults with congenital heart disease: a novel
marker of cardiac workload beyond right ventricular size
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Abstract: Right ventricular (RV) dysfunction after biventricular repair is critical in most adults with
congenital heart disease (ACHD). Conventional 2D magnetic resonance imaging (MRI) measurement
is considered as a ‘gold standard’ for RV evaluation; however, addition information on ACHD after
biventricular repair is sometimes required. The reasons why adjunctive information is required is as follows: (I)
to evaluate the severity of cardiac burden in symptomatic patients with normal RV size and ejection fraction
(EF), (II) to determine the optimal timing of invasive treatments in asymptomatic ones, and (III) to detect
proactively a potential cardiac burden leading to ventricular deterioration, from a fluid dynamics perspective.
Energy loss (EL) using 4D flow MRI is a novel non-invasive flow visualisation method, and EL using 4D
flow MRI can be a potential marker of cardiac burden. EL is the energy dissipated by blood viscosity, and
evaluates the cardiac workload related to the prognosis of heart failure. The advantages are as follows: EL
can detect cardiac overload which integrates both afterload and preload. EL is an independent parameter
of current heart failure or cardiac remodeling state, such as chamber size or ventricular wall motion. This
parameter is based on intuitive and clear physiological concepts, suitable for in vivo flow measurements
using inner velocity profiles without a pressure-volume loop. The possible clinical applications of EL are
as follows: (I) to follow the temporal changes in each patient and (II) to calculate the percentage of cardiac
burden by combining pressure data from catheterisation. Although EL appears to be an ideal marker
of haemodynamics from a fluid dynamics perspective, EL measurement using 4D flow MRI has some
limitations. Flow dynamics software is still being developed, both technically and methodologically, and its

clinical impact on long-term outcomes remains unknown. Therefore, further studies are warranted.
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Introduction remains asymptomatic even after reaching the criteria for

surgery. If a good chance of invasive treatment is missed,
Right ventricular (RV) dysfunction is critical in most adults ventricular aggravation is unavoidable. In particular, the RV
with congenital heart disease (ACHD) after biventricular easily gets affected from volume and/or pressure overload;

repair; however, the condition in many young adolescents therefore, proactive detection and treatment of fragile
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ventricles are essential. In tetralogy of Fallot (TOF), there
is an expert consensus on the optimal timing of pulmonary
valve replacement (PVR) for significant pulmonary
regurgitation (PR) based on RV size (1-5). Magnetic
resonance imaging (MRI) measurement is considered as
a ‘gold standard’; however, the evaluation of RV size and
function is more challenging than expected, as the following
reasons.

First, the reproducibility of the MRI RV measurements is
not always perfect. It is sometimes challenging for different
imaging specialists in clinical practice to detect temporal
changes in serial images. Secondly, RV deterioration in so-
called restrictive physiology is challenging to be assessed,
because RV size and ejection fraction (EF) do not reach
the cut-off values for surgery. We are still contemplating
whether restrictive physiology affects positively or negatively
on RV deterioration. Previous reports have suggested a
favourable influence on RV dilatation and exercise capacity
in adolescence (6-8); however, restrictive physiology in a
broad sense causes various cardiac events and symptoms
(6-8). To proactively treat this condition, borderline cases
of restrictive physiology should be identified. Combined
valvular diseases, such as PR, pulmonary stenosis (PS), and
tricuspid regurgitation (TR), also exist in this condition,
which is challenging evaluated using conventional
modalities. Moreover, RV systolic function tends to be
overestimated owing to the Frank-Starling law of the heart.
Therefore, a novel parameter beyond RV size and EF is
required to detect potential cardiac burden. Finally, some
ACHDs have a relatively hypoplastic RV at birth, such as
pulmonary atresia with intact ventricular septum (PAIVS),
which sometime shows significant RV diastolic dysfunction
in adulthood. After reaching adulthood, RV myocardium
is chronically stretched, and RV size and function pretend
to be ‘normal’ due to the volume overload of PR and TR,
leading to significant RV diastolic dysfunction. In such
CHDs, it is difficult to determine a clear cut-off value of RV
size and function for invasive treatments.

Overall, additional information on ACHD after
biventricular repair is required. The reason why adjunctive
information is required is as follows: (I) to evaluate the
severity of cardiac burden in symptomatic patients with
normal RV size and EF, (II) to determine the optimal
timing of invasive treatments in asymptomatic ones, and (III)
to detect proactively a potential cardiac burden leading to
ventricular deterioration, from a fluid dynamics perspective.

© AME Publishing Company.

1203

What is energy loss (EL) by using 4D flow MRI?

EL using 4D flow MRI is a novel non-invasive
flow visualization method. No contrast medium is
needed. Currently, several clinical applications for the
comprehensive assessment of haemodynamics are available,
including echocardiography vector flow mapping (VEM),
4D flow MRI, and simulation medicine in computational
fluid dynamics (CFD) (9-11). A 4D flow MRI can detect a
flow condition in real time. EL is the energy dissipated by
blood viscosity, and evaluates the cardiac workload related
to the prognosis of heart failure (9-13). The advantage is
that EL is an independent parameter of the current heart
failure or cardiac remodeling state, such as the chamber
size or ventricular wall motion. This parameter is based on
intuitive and clear physiological concepts, which are suitable
for in vivo flow measurements using inner velocity profiles.

In 2011, Itatani et a/. derived a novel method of
calculating EL without pressure information (9,10). Because
this parameter is mathematically derived as shown in the
following equations, the accuracy of EL as an energy level
drop should be conceptually proven, and this conceptual
proof has already been performed with numerical
experiments.

EL is defined as the drop in energy level from the inlets
to the outlets (9,10).

EL:ZGp|ﬁ|+PjQ—ZGp|ﬁ|2+PJQ [1]
Inlet Outlet
where p is the density of the blood and P is the pressure.

At the stenotic site, the kinetic pressure increased with
flow acceleration, the static pressure decreased, and the
total pressure remained constant. However, with flow
deceleration distal to the stenosis site, the kinetic pressure
decreased substantially, and the static pressure recovered to
some extent. This phenomenon is called pressure recovery,
and the total pressure decreases according to the amount
of EL by the inefficient jet flow or vortex flow distal to the
stenotic site (Figure 1A4,1B).

Finally, Itatani uses this equation (9,10):

2
1 [du Oy
EL:jdtZ‘-IJE“(gj+a_)(jJ dv [2]

This requires only the flow velocity distribution and
does not include a pressure term; thus, it is applicable
to noninvasive flow visualisation methods using
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Figure 1 Original concept of energy loss in a stenotic site. The total pressure decreases according to the amount of EL by the inefficient

jet flow or vortex flow distal to the stenotic site. (A) With flow deceleration distal to the stenosis site, the kinetic pressure decreased

substantially, and the static pressure recovered to some extent, which is called pressure recovery. (B) Flow speed difference causes great

vorticity and energy loss in a stenotic site (arrows). EL, energy loss.

echocardiography and MRI. Cardiac catheterization for
a pressure-volume (PV) loop is not needed. EL has been
reported as a useful parameter of cardiac workload that
predicts ventricular deterioration in myocardium, valvular
disease, and CHD (13-17). In aortic stenosis (AS), EL is
an important predictor of cardiac events (12,14). In aortic
regurgitation (AR), symptomatic patients with AR and a
small left ventricle (LV) showed elevated EL, suggesting
that unfavourable turbulent flow in a small LV leads to
inefficient haemodynamics (18,19). EL is considered a
marker of potential cardiac workload, even when cardiac

© AME Publishing Company.

function and volume are preserved. This single parameter
is clinically useful and conceptually includes both preload
and afterload caused by the diseased turbulent flow and is
amenable to systolic and diastolic analyses separately.
Various types of unique flows, including vorticity and
helicity, occur inside the ventricle and large vessels in CHD,
and it is challenging to distinguish between physiologically
normal and abnormal flows. A comprehensive quantitative
parameter to estimate the unfavourable flow structure is
required when physicians consider the pathophysiology of
diseases and their long-term negative effects on CHDs.
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EL in ACHD after biventricular repair

Even with very good TOEF, EL is known to be higher than
that in normal controls (20,21); therefore, it is inappropriate
to compare absolute values to healthy controls. It is better
to follow the temporal changes and assess postoperative
improvement in each patient.

In our previous study on mid-term outcomes in TOF
with PR, 4D flow MRI-derived EL and RV workloads were
reported (15,20,21). Our conclusions were as follows: (I)
high EL, particularly high diastolic EL, was a powerful
predictor of cardiac events in adult TOF with PR, and (II)
higher diastolic EL was also related to lower RVEF and
deteriorated RV function in adult TOF with PS and PR.
TOF with significant PR cases (transannular patch repair)
showed a biphasic EL/CO curve and a markedly elevated
diastolic EL as well as systolic EL (Figure 24,2B). Several
previous studies have also reported that diastolic EL was
obviously elevated in TOF compared with other simple
CHDs, such as atrial septal defects (21), particularly, in
the right ventricular outflow tract (RVOT) region, but not
the RV inflow area (21). In a swine with PS and PR study,
intraventricular pressure was maintained at a relatively
low level owing to the compensation by RV dilatation in
young pigs with PR; however, there was early diastolic
intraventricular kinetic energy (KE) elevation due to PR,
and the atrial contraction was unfortunately not efficient
because of the same timing (late diastolic). Old swine with PS
and PR showed poor ventricular compliance, continuously
high intraventricular pressure, and low KE, suggesting
inefficient energy consumption within one heartbeat,
suggesting significant EL. (22). A similar phenomenon can
occur in adults with TOF.

Here, we introduce a typical case of TOF in an
adult patient. A 43-year-old man with TOF presented
with breathlessness and general fatigue. He had
undergone pulmonary valvuloplasty at 4 years of age.
Echocardiography revealed a severe PR, mild-moderate PS
and moderate TR. The RV had increased in size [indexed
RV end-diastolic volume (RVEDV) of 138 mL/m’ and
indexed RV end-systolic volume (RVESV) of 68 mL/m’
on MRI] with normal systolic function. His 4D flow MRI
showed a markedly elevated EL. His exercise capacity was
reduced and peak VO, was 62% of the predicted value
on cardiopulmonary testing. Brain natriuretic peptide
(BNP) was mildly elevated. We considered his condition
to be restrictive physiology in a broad band; therefore,
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he underwent percutaneous PVR with Harmony valve of
25 mm. After 3 months, he showed improvement in New
York Heart Association (NYHA) class 1, and EL was
significantly reduced (Figure 3).

Other factors associated with EL elevation, such as
intraventricular flow collisions, should also be considered.
Symptomatic patients with AR show a smaller LV volume
and higher EL (18,19); the vortex interaction between the
transmitral inflow and the AR jet results in an undesirable
EL (18,19). The same phenomenon can occur in right-
heart fluid dynamics. In cases with a small and stiffened
RV, such as PAIVS, the PR and tricuspid inflow may easily
cause vortex interactions, resulting in energy inefficiency in
the right heart. Herein, we describe a typical case of adult
PAIVS. A 41-year-old man with PAIVS presented with
breathlessness and mild peripheral oedema. The patients
underwent Brock procedure at 1 month of age and RVOT
reconstruction at 1 year of age. Echocardiography revealed
moderate PR, mild PS and moderate TR, which did not
meet the PVR criteria. However, 4D flow MRI showed
markedly elevated EL in the RV with diastolic collisions of
the PR and TR (Figure 4). The patient was administered

diuretics.

Clinical application and limitation of EL
measurement by using 4D flow MRI

Possible clinical application of EL is (I) to follow the
temporal changes in each patient and (II) to calculate the
cardiac burden using pressure data from catheterisation.
Although EL appears to be an ideal marker of
haemodynamics from a fluid dynamics perspective, EL
measurement using 4D flow MRI has some limitations.
EL is dependent on stroke volume (SV) and heart rate
(9,10), and EL divided by cardiac output (CO), EL/
CO, is recommended. Some previous studies have also
recommended dividing EL. by KE, EL/KE. Currently,
no official guidelines are available. When considering
the workload, a PV loop is necessary to determine the
percentage of the total EL. Now, the simple estimation is
as follows: we assumed 4 L/min of CO, 100/10 mmHg of
LV pressure, and a rectangular workload from the PV loop
in an adult with TOF. Total ventricular workload (mW)
(1 mmHg = 133.322 Pa) = 4/1,000/60x(100-10)x133.322
=799.8 mW. Other studies have reported approximately
400-900 mW of total ventricular workload (23). From this
calculation, we assume that over 50-100 mW (more than
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Figure 2 EL in TOF after intracardiac repair. (A) TOF after transannular patch repair with significant PR cases showed a biphasic EL/
CO curve and a markedly elevated diastolic EL (arrows) as well as systolic EL. (B) TOF after Rastelli procedure with significant PR cases
showed a systolic dominant EL/CO curve and a marked vortical and helical flow in both systole and diastole (arrows). EL, energy loss; TOEF,

tetralogy of Fallot; PR, pulmonary regurgitation; CO, cardiac output.
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Figure 3 Streamline and EL of the pulmonary artery in a 43-year-old TOF male before and after PVR. There was a significant

improvement in EL (average EL from 5.9 to 1.5 mW). EL, energy loss; TOF, tetralogy of Fallot; PVR, pulmonary valve replacement.

Increased EL loss in RV

Increased EL loss in RV

Figure 4 Collision of PR and tricuspid inflow in PAIVS. In cases
with a small and stiffened RV, the PR and tricuspid inflow may
easily cause vortex interactions (arrows in A), resulting in energy
inefficiency in the right heart (arrows in B). PR, pulmonary
regurgitation; PAIVS, pulmonary atresia with intact ventricular

septum; EL, energy loss; RV, right ventricular.
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approximately 5-10%) of EL cannot be ignored (23). If
EL is less than 10 mW (approximately 1-2%), there is a
small possibility of long-term negative effects on ventricular
function. Colorado group reported that right heart EL in
relatively good TOF against total input RV mechanical
power was 4.7% (24). They considered that <5% of the
EL was within the normal range in adult TOEF, which is
compatible with our previous results. Using this method, we
can assess the severity of the cardiac burden in adults with
CHD, which can be compared with other patients.

Now the normal value of EL is still chaotic, because
the assessed values are different depending on modalities
(transthoracic echocardiography, transesophageal
echocardiography, 4D flow MRI, and CFD), vendors,
timings of assessments (systolic EL, diastolic EL, average
EL), the unit of assessments (mW, mW/m, mW/m’),
method of correction (EL/CO, EL/SV, indexed EL,
EL/KE), and anatomical features (biventricular repair,
and Fontan circulation, systemic/pulmonary ventricle).
No studies have reported EL and long-term outcomes;
therefore, the clinical importance of this novel marker is still
unknown. However, further studies are required to confirm
this novel technique from a fluid dynamics perspective.
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Conclusions

The advantage of EL measurement is to detect cardiac
overload which integrates both afterload and preload
beyond ventricular size and function in ACHD from a fluid
dynamic perspective, even though it is still compensated.
EL may shed light on cardiac burden assessment beyond
RV size in ACHD; however, flow dynamics software is still
being developed, both technically and methodologically,
and its clinical impact on long-term outcomes remains
unknown. Therefore, further studies are warranted.
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