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Abstract

Cardiomyopathy can be a severe complication in patients with long-chain fatty

acid β-oxidation disorders (LCFAOD), particularly during episodes of meta-

bolic derangement. It is unknown whether latent cardiac abnormalities exist in

adult patients. To investigate cardiac involvement in LCFAOD, we used proton

magnetic resonance imaging (MRI) and spectroscopy (1H-MRS) to quantify

heart function, myocardial tissue characteristics, and myocardial lipid content

in 14 adult patients (two with long-chain 3-hydroxyacyl-CoA dehydrogenase

deficiency (LCHADD); four with carnitine palmitoyltransferase II deficiency

(CPT2D); and eight with very long-chain acyl-CoA dehydrogenase deficiency

(VLCADD)) and 14 gender-, age-, and BMI-matched control subjects. Exami-

nations included cine MRI, MR tagging, native myocardial T1 and T2 mapping,

Abbreviations: 1H-MRS, proton magnetic resonance spectroscopy; ATP, adenosine triphosphate; BSA, body surface area; CPT2D, carnitine
palmitoyltransferase II deficiency; DCM, dilated cardiomyopathy; ECG, electrocardiography; EDV, end-diastolic volume; EF, ejection fraction; ESV,
end-systolic volume; GLS, global longitudinal strain; HCM, hypertrophic cardiomyopathy; LCFAOD, long-chain fatty acid β-oxidation disorder;
LCHADD, long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency; LCT, long-chain triglyceride; LV, left ventricular/left ventricle; MCT, medium-
chain triglyceride; MOLLI, modified Look-Locker inversion recovery; MRI, magnetic resonance imaging; PRESS, point-resolved spectroscopy; RV,
right ventricular/right ventricle; SV, stroke volume; TE, echo time; TR, repetition time; TSR, torsion-to-shortening ratio; VLCADD, very long-chain
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and localized 1H-MRS at 3 Tesla. Left ventricular (LV) myocardial mass

(P = .011) and the LV myocardial mass-to-volume ratio (P = .008) were higher

in patients, while ejection fraction (EF) was normal (P = .397). LV torsion was

higher in patients (P = .026), whereas circumferential shortening was similar

compared with controls (P = .875). LV hypertrophy was accompanied by high

myocardial T1 values (indicative of diffuse fibrosis) in two patients, and addi-

tionally a low EF in one case. Myocardial lipid content was similar in patients

and controls. We identified subclinical morphological and functional differ-

ences between the hearts of LCFAOD patients and matched control subjects

using state-of-the-art MR methods. Our results suggest a chronic cardiac dis-

ease phenotype and hypertrophic LV remodeling of the heart in LCFAOD,

potentially triggered by a mild, but chronic, energy deficiency, rather than by

lipotoxic effects of accumulating lipid metabolites.
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1 | BACKGROUND

Long-chain fatty acid β-oxidation disorders (LCFAODs) are
inborn errors of metabolism causing defects in one of the
enzymes involved in transport or oxidation of long-chain
fatty acids. These enzymes are essential for mitochondrial
adenosine triphosphate (ATP) production from fatty acids,
and LCFAODs are commonly characterized by an
impaired energy homeostasis and accumulation of lipid
metabolites.1,2 The most common LCFAODs are carnitine
palmitoyltransferase II deficiency (CPT2D; OMIM 600650),
very long-chain acyl-CoA dehydrogenase deficiency
(VLCADD; OMIM 609575), and long-chain 3-hydroxyacyl-
CoA dehydrogenase deficiency (LCHADD; OMIM 609016).
Many newborn screening programs worldwide currently
include these LCFAODs.3 Clinical symptoms typically arise
or are exacerbated in catabolic conditions and include
hypoketotic hypoglycemia, rhabdomyolysis, and hypertro-
phic cardiomyopathy (HCM) as well as dilated cardiomy-
opathy (DCM).4 To date, little is known about the
pathophysiology of cardiac complications in LCFAODs.

Similar to lipotoxicity in diabetic cardiomyopathy,5 an
excessive accumulation of lipid metabolites may have det-
rimental effects on the myocardium in LCFAODs. So far,
myocardial lipid accumulation in LCFAOD patients has
only been observed in autopsy of CPT2D and VLCADD
patients.6-8 Furthermore, histological analyses of LCFAOD
mouse models revealed myocardial microvesicular lipid
accumulation,9-11 left ventricular (LV) hypertrophy, and
myocardial fibrosis.9 Taken together, those results point to
a role for lipotoxicity as a pathologic mediator of

cardiomyopathy in LCFAOD. This was corroborated by
proton magnetic resonance imaging (MRI) and spectros-
copy (1H-MRS) measurements of in vivo myocardial lipid
accumulation in a long-chain acyl-CoA dehydrogenase
knock-out mouse model with LV hypertrophy and
impaired cardiac performance.12,13 In light of those stud-
ies, it is conceivable that accumulation of lipid metabolites
in inborn errors of fatty acid β-oxidation may contribute to
the development of cardiac complications.

The heart derives the majority of its energy from
mitochondrial fatty acid β-oxidation, which implies that
insufficient ATP synthesis by an impaired fatty acid
β-oxidation capacity may disturb the myocardial energy
homeostasis, particularly during catabolic stress. Even in
the absence of catabolic stress, myocardial energy defi-
ciency has been reported for LCFAOD mouse
models,11,14 which was associated with cardiac dysfunc-
tion progressing with age.14 Those observations, and pre-
clinical findings of LV hypertrophy15 and myocardial

Synopsis
A comprehensive noninvasive cardiac magnetic
resonance imaging protocol identified subclinical
morphological and functional differences
between the hearts of patients with long-chain
fatty acid β-oxidation disorders and their gender-,
age-, and BMI-matched controls.
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fibrosis,9 reflect the compromised metabolic flexibility in
inborn errors of long-chain fatty acid β-oxidation.16 In a
clinical trial, subclinical reductions in myocardial mass
and improvements in LV function upon supplementation
with triheptanoin were reported for LCFAOD patients in
absence of baseline cardiac complications.17 Combined,
those reports suggest that morphological and functional
changes of the LCFAOD heart can develop under nor-
mal, well-fed conditions.

Case reports of cardiac manifestations in LCFAOD
patients predominantly describe rapid-onset symptoms
during metabolic crises.18,19 In current practice, echocar-
diography and electrocardiography (ECG) are used for
cardiac follow-up of LCFAOD patients. The frequency of
and clinical indication for these investigations are based
on expert opinion, which is not evidence-based.20 As
such, it is unclear if subclinical morphological and/or
functional abnormalities of the heart exist in LCFAOD
patients. This knowledge may be essential to guide treat-
ment for preventing severe complications. In this work,
we used state-of-the-art MRI and 1H-MRS to obtain
quantitative measures of heart morphology and contrac-
tile function, fibrosis, and myocardial lipid content in
adult LCFAOD patients. Results were compared with
matched control subjects to determine if there are any
abnormalities in the LCFAOD heart.

2 | METHODS

2.1 | Study population

We performed an observational case-control study in
adult LCFAOD patients and gender-, age-, and BMI-
matched control subjects. Patients (n = 14; 2 LCHADD,
4 CPT2D, and 8 VLCADD) were recruited via their
treating metabolic physician between December 2015
and August 2018, with data on the clinical history avail-
able for all patients. All patients were diagnosed before
inclusion of LCFAODs in the Dutch newborn screening
program in 2007, of whom 11 were diagnosed after pre-
senting with clinical symptoms and 3 after establishing
diagnosis in a sibling. A comprehensive description of
the Dutch VLCADD patient population has recently been
published,3 and an up-to-date national overview of diag-
nosed LCFAOD cases is available at www.ddrmd.nl. Mat-
ched control subjects (n = 14) were recruited via flyers.
All participants underwent the MR protocol as described
below. The study was approved by the local institutional
review board (NL41971.018.12; Academic Medical Cen-
ter, University of Amsterdam, Amsterdam, The Nether-
lands) and participants provided written informed
consent in accordance with the Declaration of Helsinki.

2.2 | Enzyme activity and long-chain
fatty acid β-oxidation flux

All patients included in the present study were fully char-
acterized at the enzyme and molecular level. This
included the quantitative assessment of VLCAD, CPT2,
and LCHAD activity in lymphocytes as described
previously,21 determination of the rate of oleate
β-oxidation in intact skin fibroblasts22 and Sanger
sequencing of the ACADVL, CPT2, and HADHA genes.

2.3 | MR protocol

Subjects were examined using a comprehensive noninva-
sive cardiac MR protocol that included functional cine
MRI, 1H-MRS, MR tagging, and native T1 and T2 rel-
axometry. All examinations were conducted on an
Ingenia 3 Tesla MR system (Philips, Best, The Nether-
lands). A detailed description of the MR protocol and
data analyses is provided in Supporting Information.

First, cine MRI of the heart was performed to obtain
two- and four-chamber long-axis views of the LV. A stack
of 12 to 15 contiguous short-axis slices covering the LV
was acquired for the quantification of LV and right ven-
tricular (RV) volumes and myocardial mass.

Next, 1H-MRS of the interventricular septum
(Figure 4) was performed as described previously,23 using
a single-voxel point-resolved spectroscopy (PRESS)
sequence. Water-suppressed spectra (8 × 8 acquisitions)
were acquired at an echo time (TE) of 40 ms and a long
repetition time (TR) of >6 seconds to minimize partial
saturation effects for signal quantification, interleaved
with acquisitions of 8 unsuppressed water spectra at a TR
of >9 seconds (water at 4.7 ppm on-resonance) for metab-
olite quantification reference.

Then, MR tagging was performed to allow for a
detailed assessment of LV myocardial contractile function.
An orthogonal grid (grid spacing, 7 mm) was applied prior
to the acquisition of five parallel short-axis slices.

Subsequently, T2 and T1 relaxometry was used for
myocardial tissue characterization with a multi-echo gra-
dient spin-echo sequence (8 echoes; TE, 18 + 7 × 9 ms)
and a modified Look-Locker inversion recovery (MOLLI)
sequence, respectively.

2.4 | MR data analyses

2.4.1 | Cine MRI

We quantified LV and RV cavity volumes and myocardial
mass via segmentation of the LV and RV walls in the cine
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MR images by manually delineating the ventricular endo-
cardial and epicardial contours using QMass 8.1 (Medis
medical imaging systems BV, Leiden, The Netherlands).24

Measured parameters included the LV and RV end-
diastolic volumes (EDV), end-systolic volumes (ESV),
stroke volumes (SV), ejection fractions (EF), global longi-
tudinal strain (GLS), mid-cavity LV wall thickness, and
LV and RV myocardial masses. Volume and mass param-
eters were indexed to body surface area (BSA).25

2.4.2 | 1H-MRS

Spectral fitting was performed in the time-domain using
AMARES in jMRUI.26 Myocardial lipid content was
quantified as the percentage of the sum of the triglyceride
signal amplitudes over the unsuppressed water signal
amplitude. Creatine content in the myocardium was esti-
mated by expressing the creatine-methyl signal ampli-
tude as a percentage of the unsuppressed water signal
amplitude.

2.4.3 | MR tagging

Myocardial contractile mechanics were assessed by an
analysis of tagged short-axis MR images as described
previously,27 yielding quantifications of LV torsion and
endocardial circumferential strain. Torsion during con-
traction follows from the larger radius for epicardial
cardiomyocytes compared to endocardial cardiomyocytes,
and the myofiber architecture of opposing helical orienta-
tions going from the subendocardial to the subepicardial
LV wall.28 In the normal heart, a fixed degree of torsion
per amount of ejection is required to achieve a homoge-
neous distribution of cardiomyocyte contraction across
the myocardial wall. This notion can be captured by cal-
culating the ratio of LV torsion and circumferential strain
(ie, shortening) during the ejection phase. This torsion-
to-shortening ratio (TSR) was found to be consistent
across experiments in dogs29 and humans.27 Torsion and
shortening time curves were used to derive peak torsion,
peak shortening, and the TSR during myocardial
contraction.

2.4.4 | Tissue T2 and T1 relaxometry

Quantification of myocardial T2 and T1 relaxation time
constants was done with QMap 2.2 (Medis medical imag-
ing systems BV) for a region of interest drawn in the
interventricular septum.

2.5 | Statistical analyses

Results of individual patients were compared with their
matched controls. Data for patient and control groups are
presented as median (range). Differences between
patients and matched controls were tested with the
Wilcoxon signed-rank test, with the level of significance
set at P < .05. Analyses were performed using SPSS 24.0
(SPSS, Inc., Chicago, Illinois).

3 | RESULTS

3.1 | Subject characteristics

Clinical data for the patients are summarized in Table 1.
VLCADD#1 and VLCADD#3 as well as VLCADD#6 and
VLCADD#8 were siblings. VLCADD#2 was matched
with her sister as a control subject. Evaluation of the car-
diac history revealed that one patient (VLCADD#1) had
reversible HCM at the time VLCADD was diagnosed at
infancy and an episode of cardiac decompensation with
low EF at age 15 years. One patient (VLCADD#5) had
hypertension and mild subvalvular aortic stenosis.

3.2 | LV and RV morphology and
function

We quantified LV and RV morphology and function with
volumetric analyses of cine MRI series, and made paired
comparisons of the patient cohort with the group of mat-
ched control subjects (Table 2). In LCFAOD patients, LV
myocardial mass/BSA was higher than in controls
(P = .011; Figure 1). Three patients had abnormally high
LV myocardial mass/BSA values30: CPT2D#4 (78.4 g/
m2), LCHADD#2 (85.4 g/m2), and VLCADD#1 (101.7 g/
m2). RV myocardial mass/BSA was not different between
patients and control subjects, nor were any of the other
RV parameters. LV EDV, ESV, and SV were similar for
patients and controls. The LV mass-to-volume ratio was
higher for LCFAOD patients (P = .008; Figure 1), which
was most pronounced in the CPT2D patients. LV EF was
similar for patients and control subjects (64 [41-76] vs
64 [54-76] %, P = 0.397; Table 2), although LV EF was
low for VLCADD#1 (41%). This was mirrored by similar
GLS for patients and control subjects (−21.8 [−31.6 to
−15.0] vs −20.8 [−25.3 to −15.0] %, P = .463; Table 2),
with the most depressed GLS found in VLCADD#1
(−15.0%). Combined, these data indicate some hypertro-
phic LV remodeling without a systematic global impair-
ment of LV systolic performance in LCFAOD patients.
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3.3 | High LV torsion in LCFAOD
patients

Figure 2 illustrates that absolute LV torsion was typically
higher in the LCFAOD patients compared to control sub-
jects (−0.18 [−0.25 to −0.11] vs -0.14 [−0.21 to −0.11] rad,
P = .026). In only two (LCHADD#2 and VLCADD#1)
out of 14 patients was LV torsion lower than in their con-
trol subjects. Particularly, VLCADD#1, who has a history
of cardiomyopathy (Table 1), had the lowest LV torsion
of all subjects. Consistent with the normal LV EF we
observed in all but one patient (VLCADD#1), circumfer-
ential shortening was similar in patients and controls
(P = .875; Figure 2). Combined with a higher LV torsion,
this translated into a higher TSR in patients compared to
control subjects (P = .006), suggesting a transmural
imbalance in cardiomyocyte contractility in LCFAOD
patients.

3.4 | Myocardial T1 and T2 relaxometry

Native myocardial T1 values were similar in LCFAOD
patients and controls (1174 [1145-1310] vs 1190
[1059-1232] ms, P = .875; Figure 3). Concomitant to our
findings for LV myocardial mass and LV torsion, patients
LCHADD#2 and VLCADD#1 were most deviant, with
the highest myocardial T1 values of all subjects (1306 ms
and 1310 ms, respectively), which may point to myocar-
dial fibrosis in these patients. Myocardial T2 values were
similar for patients and control subjects (41 [36-54] vs
43 [37-49] ms, P = .944).

3.5 | Myocardial metabolite levels

We used localized 1H-MRS to quantify myocardial lipid
levels and total creatine content relative to the total water
signal. Metabolite content could not be quantified for two
patients (CPT2D#2 and VLCADD#5) due to low spectral
quality. We did not find a difference in myocardial lipid
content between LCFAOD patients and matched controls
(0.73 [0.20-2.22] vs 0.71 [0.25-2.39] %, P = 1.0; Figure 4).
Myocardial total creatine content was similar for patients
and control subjects (0.12 (0.06-0.15) vs 0.11 (0.11-0.14)
%, P = .308; Table 2).

4 | DISCUSSION

Cardiomyopathy can be a life-threatening complication
in patients with LCFAOD. Until now, little is known
about the effects of LCFAOD on the adult human heart,T
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and regular follow-up of the heart is generally not
implemented.31 Our detailed quantitative assessment of
the myocardium and its contractile performance with
MR methods revealed subclinical differences in the
hearts of 14 adult LCFAOD patients compared to the
hearts of matched control subjects. LV myocardial mass
was higher, albeit moderately, in most patients compared
to their controls, with three patients showing LV hyper-
trophy. Moreover, LV torsion during ejection was higher
in patients than in control subjects, whereas circumferen-
tial shortening was similar. Myocardial T1 was high in
two patients with LV hypertrophy, which may be indica-
tive of diffuse myocardial fibrosis. Furthermore, our mea-
surements of myocardial lipid levels with 1H-MRS did
not reveal evidence of in vivo myocardial lipid
accumulation.

LCFAOD patients can present with severe HCM or
DCM during metabolic derangements, which may
reverse upon treatment.32 Here, we found a higher LV
myocardial mass and a higher LV myocardial mass-to-
volume ratio compared to their matched controls for
essentially all patients. Because we focused on adult
patients in this study, our cohort may be skewed toward
cases with a relatively mild phenotype, particularly for
the CPT2D patients. Our data show that, even in mild
and/or stable LCFAOD patients, hypertrophic remo-
deling of the myocardium can occur while systolic func-
tion in terms of LV EF and GLS remains normal.

The normal circumferential shortening in combina-
tion with the higher LV torsion that we observed in
LCFAOD patients is indicative of a transmural imbalance
of myofiber contractility, which may be caused by a

TABLE 2 Characteristics and MR results for long-chain fatty acid β-oxidation deficient patients and matched control subjects

LCFAOD patients (n = 14) Matched control subjects (n = 14) P-value

Female (n) 3 3

Age (y) 41 (18-57) 38 (18-60) .706

BMI (kg/m2) 25 (20-35) 25 (19-34) .975

BSA (m2) 2.00 (1.66-2.21) 2.04 (1.64-2.51) .198

LV mass/BSA (g/m2) 68.1 (48.9-101.7) 57.0 (42.9-73.5) .011

LV EDV/BSA (mL/m2) 69.4 (57.1-111.2) 65.9 (54.1-79.9) .363

LV ESV/BSA (mL/m2) 29.6 (21.0-66.4) 27.8 (22.6-40.3) .331

LV SV/BSA (mL/m2) 39.7 (28.7-54.5) 37.0 (27.3-51.0) .510

LV EF (%) 64 (41-76) 64 (54-76) .397

LV mass-to-volume ratio (g/mL) 0.94 (0.79-1.14) 0.83 (0.70-1.05) .008

LV wall thickness (mm) 9.3 (7.5-11.6) 8.2 (7.0-9.9) .004

LV GLS (%) −21.8 (−31.6 to −15.0) −20.8 (−25.3 to −15.0) .463

Torsion (rad) −0.18 (−0.25 to −0.11) −0.14 (−0.21 to −0.11) .026

Circumferential shortening (−) −0.30 (−0.46 to −0.16) −0.31 (−0.35 to −0.24) .875

TSR (rad) 0.50 (0.53-0.80) 0.42 (0.27-0.67) .006

RV mass/BSA (g/m2) 22.9 (16.7-27.8) 20.7 (16.4-27.8) .268

RV EDV/BSA (mL/m2) 60.1 (48.8-88.6) 66.2 (44.7-93.0) .761

RV ESV/BSA (mL/m2) 22.8 (15.0-46.3) 30.6 (16.5-45.6) .268

RV SV/BSA (mL/m2) 37.8 (26.1-52.7) 35.2 (26.7-51.7) .670

RV EF (%) 61 (45-74) 55 (50-70) .091

LV mass/RV mass (−) 3.2 (2.1-3.7) 2.8 (1.9-3.7) .049

T2 (ms) 41 (36-54) 43 (37-49) .944

Native T1 (ms) 1175 (1145-1310) 1190 (1059-1232) .875

Myocardial lipid content (% of water signal) 0.73 (0.20-2.22) 0.71 (0.25-2.39) 1.000

Myocardial creatine content (% of water signal) 0.12 (0.06-0.15) 0.11 (0.11-0.14) .308

Note: Values indicate median (range), with P-values reported for Wilcoxon signed-rank tests.
The level of significance was set at P < .05, represented in bold values.
Abbreviations: BMI, body mass index; BSA, body surface area; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume;
GLS, global longitudinal strain; LV, left ventricle; RV, right ventricle; TSR, torsion-to-shortening ratio.
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compromised energy homeostasis. It is known that the
subendocardium is more vulnerable to subtle pathologic
processes such as impairments of myocardial perfusion
and the development of fibrosis.33 As a consequence, the
transmural contractile homogeneity of a healthy heart is
lost, increasing LV torsion. Such loss of myofiber contrac-
tile function in the subendocardium relative to the
subepicardium is reflected by an increase in TSR. Previ-
ously, Hollingsworth et al34 found a moderate correlation
of TSR increasing with age. We carefully matched our
control subjects with the patients, precluding any age-,
gender-, or BMI-related causes of the differences we
observed. Myocardial T1, as a measure of diffuse tissue
fibrosis, was similar to the matched controls for all
patients in which high peak torsion was found,
suggesting that fibrosis is not the cause of any contractile

(A)

(B)

FIGURE 1 LV morphology. Left ventricular (LV) myocardial

mass/BSA. A, and LV mass-to-volume ratios. B, measured with cine

MRI in long-chain fatty acid β-oxidation deficient (LCFAOD)

patients (n = 14) and gender-, age-, and BMI-matched control

subjects (n = 14). Individual values are presented. BSA, body

surface area; CPT2D, carnitine palmitoyltransferase II deficiency;

LCHADD, long-chain 3-hydroxyacyl-CoA dehydrogenase

deficiency; VLCADD, very long-chain acyl-CoA dehydrogenase

deficiency

(A)

(B)

(C)

FIGURE 2 MR tagging. Left ventricular (LV) circumferential
strain (ie, shortening) plotted against LV torsion throughout the
cardiac cycle, A, The direction of time is indicated with the arrow,
showing a linear trajectory during systole reflecting the torsion-to-
shortening ratio (TSR). Absolute torsion was higher (P = .026) in long-
chain fatty acid β-oxidation deficient (LCFAOD) patients than in
matched controls, B, whereas LV circumferential shortening was
similar (P = .875). C, Negative LV torsion indicates a counterclockwise
rotation of the apex relative to the base, when viewed from the apex.27

CPT2D, carnitine palmitoyltransferase II deficiency; LCHADD, long-
chain 3-hydroxyacyl-CoA dehydrogenase deficiency; VLCADD, very
long-chain acyl-CoA dehydrogenase deficiency
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dysfunction. Instead, we propose that an inadequate met-
abolic flexibility and a chronically compromised myocar-
dial energy homeostasis14,16 may therefore be the
governing factors for the transmural difference in myo-
cardial contractile function in LCFAOD, rather than
fibrosis or reduced myocardial perfusion that occurs in
normal aging or type 2 diabetes.27,35 Whereas
phosphorus-31 MRS (31P-MRS) has been used to identify
a disturbed energy homeostasis in skeletal muscle of
VLCADD patients,36 the current state of cardiac 31P-MRS
may not yet be sensitive enough to confirm a myocardial
energy deficiency in a relatively small cohort of LCFAOD
patients with direct measurements of in vivo myocardial
phosphocreatine and ATP levels.37

Notably, in two LCFAOD patients, LV hypertrophy
was accompanied by high native T1 values. Native T1 cor-
relates well with the collagen volume fraction,38 and is a
surrogate marker for diffuse myocardial fibrosis.

Although we did not administer a gadolinium-based con-
trast agent in this study, a quantitative evaluation of the
extracellular volume fraction via contrast-enhanced T1

mapping may be considered for specific cases such as the
patients with high native myocardial T1 values we identi-
fied here. Moreover, in both of these patients LV torsion

(A)

(C)

(B)

FIGURE 3 Myocardial T1. Native T1 maps of patient

VLCADD#1, A, and her matched control, B, Myocardial T1 was

1310 ms vs 1235 ms for VLCADD#1 and control, respectively.

Myocardial T1 for most other patients was similar to control values

(P = .875). C, except for LCHADD#2 (1306 ms). CPT2D, carnitine

palmitoyltransferase II deficiency; LCHADD, long-chain 3-

hydroxyacyl-CoA dehydrogenase deficiency; VLCADD, very long-

chain acyl-CoA dehydrogenase deficiency

(A)

(C)

(D)

(B)

FIGURE 4 Localized proton magnetic resonance spectroscopy

(1H-MRS) of the myocardium. A voxel (ocher box) with the

chemical shift-displaced voxel for creatine (white box) was

positioned in the septum, A,B, enclosed by the shim volume (green

box). Using water-suppressed single-voxel point-resolved

spectroscopy (PRESS), a 1H-MR spectrum, C, was acquired to

estimate myocardial lipid content, D, and total creatine content.

CPT2D, carnitine palmitoyltransferase II deficiency; LCHADD,

long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency;

VLCADD, very long-chain acyl-CoA dehydrogenase deficiency
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was low compared to their controls, which was opposite
to the findings in the other patients. The combination of
a high myocardial T1 and low LV torsion could point to a
fibrotic tissue structure in these patients39 and may indi-
cate a more progressed state of disease. Indeed, one of
these patients (VLCADD#1) had developed LV systolic
functional impairments evidenced by a low EF (41%),
depressed GLS (−15.0%), and low circumferential short-
ening (−0.16).

We found no evidence for overt in vivo myocardial
lipid accumulation in the present study. These findings
are in apparent contrast to reported findings in a
LCFAOD mouse model12 and in pediatric autopsies.7,8

Here, we found a rather broad range of myocardial lipid
levels in patients and control subjects. Caloric restriction
is known to influence myocardial lipid content.40 We did
not restrict nutritional intake in this study, because a pro-
longed fasting period is undesirable for LCFAOD
patients. All patients remained on their individual diet
that varied from normal fat intake to restricted long-
chain triglyceride (LCT) intake and/or medium-chain tri-
glyceride (MCT) supplementation (Table 1).20,41 In
LCFAOD mouse models, myocardial lipid accumulation
accompanied by cardiac dysfunction was found under
stressed conditions.12,14 Tucci et al showed that long-term
MCT supplementation in a VLCADD mouse model led to
a severely disturbed whole-body lipid homeostasis and a
near doubling of myocardial triglyceride concentrations
associated with decreased EF and DCM.14,42 Importantly,
in well fed conditions, EF still progressively declined in
the absence of myocardial lipid accumulation, suggesting
that lipotoxicity is not the main contributor to the devel-
opment of cardiac disease in those LCFAOD mice.14 Our
observations in adult LCFAOD patients are consistent
with those animal studies.

The clinical relevance of the observed subtle abnor-
malities in these adult LCFAOD hearts is unknown and
remains to be established in longitudinal studies. Partic-
ularly, the noninvasive and quantitative nature of our
MR methods would allow for such comprehensive
follow-up investigations. Apart from symptom monitor-
ing, low-frequency (eg, once every 5 years) MRI exami-
nations to evaluate heart function and myocardial
fibrosis formation can be considered for adult VLCADD
and LCHADD patients. Echocardiography may suffice
in CPT2D patients, because native T1 values were not
abnormal for CPT2D patients in the current cohort.
Moreover, no cardiac complications in adult CPT2D
patients have been reported to date. This screening
interval can be shortened in case of complaints and/or
signs that are compatible with reduced heart function.
There should be increased awareness of signs of cardiac
decompensation or arrhythmia at times of metabolic

crises, also in patients with previously normal heart
morphology and function.

5 | CONCLUSIONS

In conclusion, we identified subclinical morphological
and functional differences between the hearts of
LCFAOD patients and their gender-, age-, and BMI-
matched controls using state-of-the-art MR methods. Our
results suggest a chronic cardiac disease phenotype and
adaptive hypertrophic remodeling of the heart in
LCFAOD, potentially triggered by a mild, but chronic,
energy deficiency. MR data may provide sensitive quanti-
tative outcome measures for longitudinal investigations
of LCFAOD, even in asymptomatic patients with a sub-
clinical phenotype.
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