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Abstract Long-chain 3-hydroxyacyl-CoA dehydrogenase
(LCHAD) deficiency is an inborn error of fatty acid
metabolism that affects the degradation of long chain
fatty acids and causes insufficient energy production and
accumulation of toxic intermediates. The treatment
consists of a diet low in fat, with supplementation of
medium-chain triglycerides that bypass the metabolic
block. In addition, frequent feeds and extra carbohydrates
are given during febrile illnesses to reduce lipolysis.
Hence, this diet differs from the general dietary recom-
mendations for growing children. Furthermore, the Swed-
ish dietary instructions for fat intake in LCHAD
deficiency are given in grams, which differ from most
guidelines that recommend fat intake as percentage shares
of total caloric intake.

Aims: To assess growth in patients with LCHAD
deficiency, in relation to dietary treatment and to evaluate
if overweight/obesity is more common than in the normal
population.

Results: The growth velocity showed acceleration after
diagnosis and the start of treatment, followed by a period of
stable or decelerated growth. The majority of the patients
developed overweight to a greater extent than children without
LCHAD deficiency. Several patients also went through a
phase of obesity. Data on final height (FH) showed that three
out of five patients had grown according to their genetic
potential.

Conclusions: Regular and frequent follow-up and careful
monitoring of weight are essential to avoid the development
of overweight and obesity. The Swedish dietary instructions
defining fat intake in total grams per day may be an alternative
approach to achieve a moderate total caloric intake.
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Abbreviations
BW Birth Weight
E% Energy percentage
EFA Essential fatty Acid
FH Final Height
FH SDS Final Height Standard Deviation Score
IUGR Intra Uterine Growth Restriction
LCF Long Chain Fatty Acid
LCHAD Long-chain 3-hydroxyacyl-CoA dehydrogenase
MTP Mitochondrial trifunctional protein
SGA Small for gestational age
TH Target Height
TH SDS Target Height Standard Deviation Score

Introduction

LCHAD deficiency (OMIM 609016) was first described
in 1989 (Wanders et al. 1989 ; Wanders et al. 1990a;
Hagenfeldt et al. 1990) in children who presented with
lethargy and hypoketotic hypoglycemia after a short
period of fasting often in association with gastroenteritis
or other febrile infections. The diagnosis is usually
established within the first year of life, often when nightly
feedings are weaned (Saudubray et al. 1999; Tyni et al.
1997; Spiekerkoetter et al. 2009a). Some patients present
with acute symptoms such as coma, cardiac arrest, and
hypoketotic hypoglycemia, while others present with
unspecific symptoms such as failure to thrive, poor weight
gain, and vomiting. Common clinical findings are liver
enlargement, muscular hypotonia, and hypertrophic car-
diomyopathy. The mortality rate is high before diagnosis
and treatment (den Boer et al. 2002). Measurements of
acylcarnitines in plasma or nonesterified dicarboxylic and
3-hydroxy fatty acids in plasma and organic acids in urine
and mutation analysis (Hagenfeldt et al. 1995; IJlst et al.
1994) are part of the diagnostic procedure. The most
common mutation is G1428C in the a-subunit of the
trifunctional protein (IJlst et al. 1996; IJlst et al. 1994;
Sims et al. 1995).

Obstetric complications such as acute fatty liver of
pregnancy, HELLP syndrome, preeclampsia and growth
retardation are common when the fetus is affected with
LCHAD deficiency, possibly as a result of placental
insufficiency (Tyni et al. 1998a; Wilcken et al. 1993; Yang
et al. 2002). The long-term outcome is variable, but a
constant feature is retinal pigmentations progressing to
impaired retinal function (Fahnehjelm et al. 2007; Tyni
et al. 1998b). Peripheral neuropathy and psychomotor delay
have been described in some patients (Bennett et al. 2000;
den Boer et al. 2002; Saudubray et al. 1999; Spiekerkoetter
et al. 2009a, b; Tyni et al. 1997; Wanders et al. 1990b).

The aim of the treatment is to minimize the necessity of
energy production from long-chain fatty acids of both
exogenous and endogenous origin, and thereby avoid
accumulation of toxic intermediates of the defective
b-oxidation. The diet, low in fat content and hence long-
chain fatty acids from normal food, is supplemented with
medium-chain triglycerides (MCT fat) and thereby
bypasses the enzymatic defect. Supplementation with
essential fatty acids is necessary to avoid deficiency
(Gillingham et al. 1999; Gillingham et al. 2003; Spieker-
koetter et al. 2009a); however, management may vary
considerably (Potter et al. 2012). To inhibit lipolysis,
frequent feeds are necessary. During catabolic events such
as febrile infections, anabolic treatment with an intravenous
glucose infusion may be necessary. Even after the diagnosis
has been established and treatment started, the patients may
have episodes of metabolic decompensation, especially
during infections or fasting, with muscle pain, muscular
hypotonia, and elevated serum CK and aminotransferases.

The Swedish dietary instructions for children with an
LCHAD deficiency differs from most international guide-
lines as they are given in grams of long-chain fatty acid
intake (Shaw and Lawson 2001) instead of as a percentage
of the total energy intake (Gillingham et al. 1999;
Gillingham et al. 2003; Spiekerkoetter et al. 2009b, 2010).

The diet in LCHAD is extreme and in disagreement with
general nutritional recommendations for growing children.
Height may be negatively affected by the low-fat diet or the
disease itself, and there is a risk for weight gain with high
carbohydrate intake, short fasting periods and continuous
night feeds. In addition, a rapid weight gain may result in
acceleration in height. This study was designed to examine
how the Swedish dietary treatment affects growth, height,
and weight development in children with LCHAD deficiency,
with particular emphasis on growth patterns, final height,
and development of overweight and/or obesity over time.

Materials and Methods

Study Population

Data were retrospectively collected from 10 patients. The
age at diagnosis varied between 2 days and 13 months
(mean 6.1 months). One patient was diagnosed in the
neonatal period before any symptoms had developed
because of a family history. The oldest patient has been
treated for more than 20 years. The diagnosis was based on
increased levels of 3-OH dicarboxylic acids in urine and
3-OH fatty acids in plasma and was confirmed by mutation
analysis. Seven patients were homozygous for the common
LCHAD deficiency mutation G1528C; the other three were
compound heterozygous for G1528C.
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The study protocol was approved by the Ethics Commit-
tee, and informed consent was given by the patients and
families.

Clinical Follow-Up

The patients were followed regularly at our centers.
Information on height, weight, and biochemical parameters
(plasma 3-OH fatty acids, plasma carnitine, liver enzymes,
creatine kinase, and fatty acid profile) was collected and
analyzed. Information on clinical presentation and follow-
up was collected from the medical records. The number of
episodes when the child had fever or muscular pain and had
been treated with extra carbohydrate intake, either orally at
home or as glucose infusions at home, were noted (Table 1).

Dietary Treatment

Dietary treatment with a low intake of LCT fat was
commenced at the time of the diagnosis in all children.
The amount of LCT fat in grams was adjusted according to
Swedish nutritional minimum requirement recommen-
dations in correlation with age (Shaw and Lawson 2001).
Parents were taught how to calculate their child’s LCT
intake in grams, to ensure that it did not exceed the
maximum prescribed quantity. The carbohydrate and
protein intake was not adjusted in detail. Changes in weight
or height curves were followed to assess the caloric intake.
Observed stagnation or acceleration in weight was compen-
sated for by a moderate increase or reduction of the
carbohydrate and protein intake. In addition, the parents
were asked to complete food diaries at least once yearly
with records of everything their child ate, specified in
grams, during 3 consecutive days.

Sufficient amounts of essential fatty acids were given
according to Swedish recommendations, predominantly as
walnut oil containing a minimum of nonessential fats. The
majority of the children (8 out of 10) received docosahex-
aenoic acid (DHA) supplementation to maintain DHA
plasma levels just above or within the upper reference
range. In addition, the diet was enriched with vitamins and
minerals. All but one of the children had a percutaneous
gastrostomy (PEG) with continuous night feeds, predomi-
nantly given as a low-fat formula containing whey protein,
carbohydrates, MCT fat, vitamins, minerals, and trace
elements. The fasting periods were limited to 3–4 h,
depending on age. In order to reduce lipolysis, two children
were given uncooked corn starch. During febrile infections,
a carbohydrate-rich supplement or intravenous glucose
infusion was administered. Only patients with a carnitine
deficiency were given supplements of 25–50 mg/kg/day,
which were omitted during acute decompensations.

Growth

Height and weight were measured and compared to
Swedish reference data (Wikland et al. 2002) and plotted
as height SDS and BMI SDS. For children born preterm,
height and weight SDS were corrected for gestational age
up to age 2 years. Overweight was defined as iso-
BMI � 25 kg/m2 and obesity as iso-BMI � 30 kg/m2

(Cole et al. 2000; Han et al. 2010; Lindgren et al. 1995).
Parental heights were recorded and the target heights (TH)
(Tanner et al. 1970) were calculated. In order to assess
whether the children achieved the final height (FH)
according to their genetic potential, TH SDS was compared
to FH SDS. The age at menarche for the girls and their
mothers was recorded. The onset of puberty for the boys
was assessed by observing start and duration of the pubertal
growth spurt in the charts. For patients who had reached
FH, the height of the pubertal spurt was calculated and
compared with the Tanner reference (28 � 8 cm for the
boys, 25 � 8 cm for the girls) (Tanner et al. 1976). Birth
weight SDS were obtained from the growth charts while the
exact SDS of height, weight, BMI, and target height were
calculated by the NordiNet® IOS pediatric database and the
results used to generate the SDS growth curves.

Results

Clinical Follow-Up

After the confirmed diagnosis and dietary intervention was
started, no patients died. Data of birth weight, pregnancy
complications, symptoms at diagnosis, and number of
episodes with increased carbohydrate intake are listed in
Table 1.

Dietary Treatment

The food diaries showed that the reported fat intake adhered
quite well to the recommended diet. Table 2 illustrates a
characteristic day for a 5-year-old girl with LCHAD
deficiency, following the Swedish recommendations.
Regrettably we were unable to calculate the dietary intake
for the patient group over time, since not enough data was
obtained due to noncompliance and/or missing food diaries.

In order to compare the fat intake in grams to other
recommendations emphasizing fat restriction as E%, the
results from the food diaries of two patients of different age,
gender, weight, physical activity levels, and body composi-
tion were converted to E%. Calculations were done over
several years in the same patients and showed that the
reported intake in grams for the two patients was equivalent
to 13–24 E% of fat, distributed as 8–19 E% MCT and
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4–5 E% LCT. As expected, the children with LCHAD
deficiency had a lower total fat intake than recommended
for growing children.

Growth

The growth trajectories illustrated that the majority of
patients had an initial height and BMI acceleration after the
diagnosis, followed by a stabilization or deceleration in
height SDS after a couple of years (Figs. 1 and 2). Eight
patients (7 girls, 1 boy; patients 1 and 4–10) developed
overweight before 6 years of age. Six patients (5 girls,
1 boy; patients 1, 4–6, 8, and 10) had an iso- BMI of
slightly more than 30 kg/m2 for a 1–5-year period. Seven
patients (5 girls, 2 boys; patients 1, 2, 5, 6, and 8–10) had
an iso-BMI � 25 kg/m2, and one of these patients (patient
10) had an iso BMI � 30 kg/m2 at the latest assessment.
The other three patients (2 girls, 1 boy; patients 3, 4, and 7)
had normal weight for age at the most recent examination

(Figure 2). No patients were underweight at any time, apart
from patient 2 who showed a different growth pattern than
the other patients (Fig. 2), with a fall in BMI below –
2 SDS at 3 years of age, after which the patient showed a
markedly increased weight gain. He had poor appetite and
was physically very active throughout his younger years,
followed by recurrent episodes of muscular pain and
elevated CK levels treated with increased energy intake.
In addition, this patient had a combination of complex
treatment resistant seizures. Following gastrostomy at
5 years of age and commencement with vigabatrin, his
weight increased, a side effect known to be associated with
vigabatrin therapy (Chadwick 1999). Patient 1 had a rapid
weight gain for a short period (+ 4 SDS between 3 and
6 years) when she had recurrent infections.

Five patients had reached FH (patients 1–5). FH was
within � 1.0 SDS of TH in three patients (patients 2, 4,
and 5) and slightly below target in two patients (patients 1
and 3). Patient 3 had critical hypoglycemia at the time of
diagnosis and developed neurological sequele, contractures,
and epilepsy with poor seizure control.

Four out of ten patients (1,4,5,9) (40 %) had a BW
between �1.8 and �2.3 SDS when correcting for gesta-
tional age (Table 1). Three patients had had menarche
(patients 1, 4, 5). One girl (patient 1) had an early puberty,
treated with a GnRH agonist between 8 and 10 years of
age. Her pubertal growth spurt was normal (24 cm) (Tanner
et al. 1976) but she did not reach TH. Patient 4 had
menarche at the same age as her mother (at 14 years) while
patient 5 had menarche 2 years earlier than her mother (at
11 years). The onset of puberty for the boys was within the
normal age. One out of five patients (patient 3) had a
subnormal height gain during adolescence, compared to the
Tanner reference (Tanner et al. 1976). Mean female FH was
164 cm, constituting – 0.6 SDS, and mean male FH
183 cm, equal to 0.4 SDS. Mean TH SDS for all patients
was 0.6 SDS, indicating that this patient population was
comparable to the normal population.

Discussion

In this Swedish cohort of ten children with LCHAD
deficiency, growth trajectories showed increased growth
during a period of months to years after the diagnosis,
followed by a period of stable or decelerated growth. The
majority of the patients developed overweight and, in
addition, obesity during various periods. The growth
trajectories were comparable to those of normal children
with overweight or obesity (He and Karlberg 2001). Three
out of five patients reached FH within their TH; conse-
quently, it seems that neither the disorder itself nor the
dietary treatment affected FH negatively.

Table 2 Dietary intake in grams from a standard day for a 5-year-old
girl with an LCHAD deficiency

Time Food Amount (g)

8 am Skim milk (<0.015 fat) 175

Polenta 30

Jam 20

Liquigen 10

11 am Potatoes 120

Chicken filet 70

Carrot 30

Onion 10

Bouillon (fat-free) 100

Cornstarch 5

Liquigen 10

2 pm Fruit yogurt (0.05% fat) 200

Corn flakes 15

Liquigen 10

5 pm Lentils 50

Potatoes 50

Tomatoes 60

Onion 20

Paprika 30

Bouillon (fat-free) 100

Skim milk (<0.01%) 175

Liquigen 10

7 pm Banana 110

9 pm to 6 am Monogen (blended) 300

Walnut oil 2.5

Fish oila 1.5

a Providing 330 mg DHA
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The Swedish dietary instructions (Shaw and Lawson
2001) for LCT intake were given in grams, in an attempt to
achieve metabolic control but avoid overfeeding and
obesity. This differs from recent dietary guidelines
(Spiekerkoetter et al. 2009b, 2010; Gillingham et al.
1999) that recommend indicating LCT intake as E%. Hence
calculating grams of fat instead of recommending fat intake
as E% may be an alternative approach to decrease LCT
intake since E% will allow a larger amount of LCT the
higher the total calorie intake is. In order to compare the
intake of LCT fat in patients adhering to the Swedish
recommendations with the generally more common instruc-
tions in E%, we recalculated the food diaries from two
patients. These two examples illustrate that the reported
LCT intake is somewhat lower than that recommended by
Spiekerkoetter et al. (25–30 E% from fat with 20–25 % as
MCT and 5–10 % as LCT) (Spiekerkoetter et al. 2009b) as
well as Gillingham (10–20 E% as MCT and 10 E% from
LCT) (Gillingham et al. 2003). In this retrospective study,
there was no method to really know what the child actually
ingested over time. The nutritional diaries give a subjective
3-day snapshot of the patients’ life, often recorded during

a period when the child was well (Lichtman et al. 1992). In
addition, the available data was not sufficient to allow for
more detailed calculations, but the data retrieved indicated
good compliance with given dietary recommendations.
Previous results indicate that patients with an LCHAD
deficiency may have increased lipolysis as soon as after
3–4 hours of fasting (Halldin et al. 2007) underscoring the
importance of minimizing the fasting periods and recom-
mending night feeds. This differs from the recommenda-
tions by Spiekerkoetter et al., who suggest maximum
fasting periods of 10–12 hours at night from 4 years of
age (Spiekerkoetter et al. 2009b).

In our cohort, six out of ten patients (60 %) were
overweight and one out of ten (10 %) obese at the most
recent assessments. However, six patients had a transient
period of obesity that regressed to overweight as they
became older. In comparison, a Swedish study of healthy
schoolchildren aged 8–9 showed that 11 % of the girls and
15 % of boys were overweight, and 3 % of the girls and
4 % of the boys were obese (Rasmussen et al. 2004). This
indicates that overweight/obesity was overrepresented in
our cohort. Analogous to our findings, Gillingham et al.
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Fig. 1 Height SDS in 10 patients with an LCHAD deficiency. The
dotted vertical line illustrates the time at which all patients were
diagnosed and dietary treatment was started (13 months). The growth

trajectories for height SDS show an initial accelerated growth in
childhood after the time of diagnosis
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show an obesity rate of 30 % in nine children with LCHAD
deficiency (Gillingham et al. 2007), while Lund et al. do
not report the weight development of their patients (Lund
et al. 2010).

It is noteworthy that the severe lipid restriction results in
a relatively high carbohydrate content which is interesting
from an overweight/obesity perspective. There is emerging
evidence that the rate of carbohydrate absorption after a
meal, the glycaemic index, may affect weight gain (Brand-
Miller et al. 2009). Foods with high glycaemic index that
result in an initial period of high blood glucose and insulin
levels, followed by a rapid fall in blood glucose is often
associated with reduced satiety and excessive caloric intake
(Ludwig 2002, 2007). On the other hand, low GI foods
produce a more consistent blood glucose and insulin release
and consequently increased satiety, but may in addition
promote fat oxidation and decrease lipogenesis (Brand-
Miller and Buyken 2012; Kong et al. 2011; Thomas et al.
2007). This subject warrants future studies since it is not
obvious how the glycaemic index could be used to improve
the situation for LCHAD patients.

Overweight/obesity in childhood is associated with
accelerated linear growth, earlier pubertal maturity, and a
subnormal height gain in adolescence, and in the end not
affecting FH (Dunger et al. 2005; Garn and Haskell 1959;
He and Karlberg 2001; Shalitin and Phillip 2003). Two out
of three girls in our study had an early puberty, possibly
caused by the increased weight gain in childhood. A rapid
weight gain in infancy may also cause insulin resistance
(Dunger et al. 2005). To the best of our knowledge, insulin
sensitivity has not been studied in LCHAD-deficient
patients, although one study suggests that children with
LCHAD/MTP-deficiency and adiposity have normal insulin
sensitivity based on normal insulin secretion (Gillingham
et al. 2007). Three out of five patients reached FH within
1 SDS of TH and mean FH was – 0.6 SDS (girls)/0.4 SDS
(boys), which indicated adequate growth in the majority of
patients. Two patients did not reach TH, likely due to
complicating factors other than the fatty acid disorder itself,
as one patient developed early puberty and the other had
contractures affecting the height measurements.
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Earlier reports have demonstrated increased frequencies of
IUGR of 47 % (Tyni et al. 1998a) and 43 % (Yang et al.
2002) in patients with LCHAD/MTP defects, not only
explained by preeclampsia-related conditions. In this cohort,
four out of ten patients (40 %) had some degree of IUGR.
Preeclampsia developed in three out of ten pregnancies
(30 %) (Table 1), which is consistent with several previous
reports (den Boer et al. 2002; Tyni et al. 1998a; Yang et al.
2002). Birth weight is significantly associated with child-
hood growth (Li et al. 2004). However, this could not be
studied in this small patient population.

The causes of obesity and overweight are certainly
multifactorial, although the primary determinants of weight
gain are excessive caloric intake or insufficient physical
activity (Prentice and Jebb 1995) (Han et al. 2010). In
LCHAD-deficient patients, there is an obvious risk for
overfeeding prompted by the dietary treatment per se, the
frequency of meals during the day, the continuous night
feeds and short fasting periods as well as altered resting
energy expenditure due to the inborn error of metabolism.
Parents learning that their child has a disorder with risk for
hypoglycemic episodes, treated with frequent feeds, may
initially feel insecure and overcompensate resulting in
increased weight gain following diagnosis. Children with
LCHAD deficiency may be less physically active due to
muscular weakness or pain and/or neurological deficits. The
increase in BMI seen throughout early childhood may also
reflect the increased caloric intake during infections. In the
general population, children with parents that have an
elevated BMI are at risk of developing obesity (Danielzik
et al. 2002; Xu et al. 2011). The children with LCHAD
deficiency differ in that they have a specific diet, different
from the rest of the family. However, it is likely that
hereditary and/or social factors such as attitude to food and
physical activity may influence weight development in the
patient when other family members have an increased BMI.

Childhood obesity is associated with a higher risk of
morbidity in childhood and adolescence (Daniels 2009)
with serious disability and premature death in adulthood
(Bjorge et al. 2008; Reilly and Kelly 2010). Planned weight
reduction is difficult in patients with an LCHAD deficiency,
since this is associated with a risk of metabolic decompen-
sation (Gillingham et al. 1999; Hagenfeldt et al. 1990;
Halldin et al. 2007; Houten and Wanders 2010). Hence, it is
challenging but crucial for the clinician to prevent the
development of overweight and obesity. It is necessary to
adjust the diet and energy intake and encourage physical
activity to achieve normal weight without the development
of complications. In conformity with the care of patients
with other inborn errors of metabolism, it is essential to
evaluate whether the therapeutic effects on the derange-
ments of the disorder justify a strict dietary regimen or

whether the patients would have a better quality of life with
more liberal dietary recommendations.

Conclusions

Dietary treatment in LCHAD deficiency presents a chal-
lenge. The necessity of frequent feeds, high contents of
carbohydrates, and periods of high energy intake to
maintain good metabolic control increases the risk of
overweight and obesity. In this cohort of LCHAD-deficient
patients, an accelerated growth during the first years after
the diagnosis and start of treatment followed by a period of
stable or decelerated growth was seen. The patients
developed overweight more often than in the general
population, but few were obese despite overnight feeds.
To improve metabolic control and weight development, we
recommend frequent regular clinical follow-ups and extra
vigilance concerning diet and weight. It is possible that
giving recommendations for LCT fat intake in grams
instead of E% may facilitate weight control and it is
important to evaluate the appropriate length of fasting
periods to avoid overcompensation.
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