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Abstract

Background Maple syrup urine disease (MSUD) is a rare
disease that requires a protein-restricted diet for successful
management. Little is known, however, about the psycho-
social outcome of MSUD patients. This study investigates
the relationship between metabolic and clinical parameters
and psychosocial outcomes in a cohort of patients with
neonatal-onset MSUD.

Methods Data on academic achievement, psychological
care, family involvement, and biochemical parameters
were collected from the medical records of neonatal
MSUD patients treated at Necker Hospital (Paris) between
1964 and 2013.
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Results Thirty-five MSUD patients with a mean age of
16.3 (2.1-49.0) years participated. Metabolic decompensa-
tions (plasma leucine >380 pwmol/L) were more frequent
during the first year of life and after 15 years, mainly due
to infection and dietary noncompliance, respectively.
Leucine levels increased significantly in adulthood:
61.5% of adults were independent and achieved adequate
social and professional integration; 56% needed occasional
or sustained psychological or psychiatric care (8/19, with
externalizing, mood, emotional, and anxiety disorders be-
ing the most common). Patients needing psychiatric care
were significantly older [mean and standard deviation (SD)
22.6 (7.7) years] than patients needing only psychological
follow-up [mean (SD) 14.3 (8.9) years]. Patients with psy-
chological follow-up experienced the highest lifetime
number of decompensations; 45% of families had difficul-
ty coping with the chronic disease. Parental involvement
was negatively associated with the number of lifetime
decompensations.

Conclusion Adults had increased levels of plasma leucine,
consistent with greater chronic toxicity. Psychological care
was associated with age and number of decompensations. In
addition, parental involvement appeared to be crucial in the
management of MSUD patients.

Keywords Decompensation - Maple syrup urine disease -
MSUD - Psychosocial outcome - Leucine

Introduction

Maple syrup urine disease (MSUD) is due to a defect in the
branched-chain alpha ketoacid dehydrogenase enzyme
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complex (EC 1.2.4.4) with accumulation of branched-chain
amino acids (BCAAs) and the corresponding branched-
chain keto acids (Clow et al. 1981). Delayed treatment is as-
sociated with irreversible neurological impairment (Hilliges
et al. 1993). Hemofiltration is often required at diagnosis,
together with glucose and lipids IV and a BCA A-free medical
diet (Clow etal. 1981; Morton et al. 2002; Strauss and Morton
2003; Hoffmann et al. 2006). Management associates a
leucine-restricted diet and a mixture of amino acid supple-
ments and caloric support.

Early diagnosis and treatment significantly improved prog-
nosis, resulting in patients reaching adulthood (Aoki and
Wada 1988; Hilliges et al. 1993; Hoffmann et al. 2006;
Walterfang et al. 2013; Herber et al. 2015; Couce et al.
2015). This study investigates the long-term follow-up of pa-
tients with neonatal-onset MSUD, with particular focus on the
relationship between metabolic and clinical parameters and
psychosocial outcomes.

Patients and methods
Patients

Between 1964 and 2013, 41 MSUD patients were diagnosed
at Necker Hospital (Paris). Inclusion criteria were biochemical
diagnosis within the first month of life and follow-up in the
same clinical department. Exclusion criteria were late-onset
MSUD (n = 4) and <1.5 years old at the time of chart review
(n = 2). In most patients, the diagnosis was confirmed by
molecular genetic analysis. All patients were treated with a
leucine-restricted diet combined with adjusted doses of a
BCAA-free MSUD mixture (0.5-2 g/kg day). Valine and iso-
leucine (200600 mg/day) were given on a case-by-case basis
according to plasma levels. No patient was responsive to thi-
amine when given.

Methods
Data collection

Charts were retrospectively reviewed, including physical ex-
aminations, psychological tests, nutritional and biochemical
parameters, decompensations, and medical treatments.

Biochemical parameters and decompensations

Plasma amino acids were measured by a Jeol aminotac
analyzer; measurements on dried blood were done by
tandem mass spectrometry (MS/MS) from 2012 onward.
Since May 2007, all plasma leucine levels were stored
in a database. In MSUD patients, the recommended goal
for amino acid levels are leucine 76-205 pmol/L,
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isoleucine 40-90 pmol/L, and valine 200-425 umol/L
(Morton et al. 2002; Hoffmann et al. 2006; Servais
et al. 2013). In practice, leucine values between 76
and 380 pumol/L were considered acceptable. Leucine
levels were followed up every week during the first
year of life then every other week until 15 years of
age and monthly thereafter. Emergency metabolic anal-
ysis was performed when a patient had any unusual
symptom (e.g., fatigue or signs of infection). Details
on emergency metabolic crises were also collected. A
metabolic decompensation was defined by a plasma leu-
cine level > 380 pumol/L, usually due to a catabolic
state (e.g., infection) or excess leucine in the diet.
Decompensation was treated by a leucine-free and
high-caloric diet (principally including carbohydrates
and lipids) combined with an a mixture of BCAA-free
amino acid supplements orally or IV. Metabolic decom-
pensation events were managed as follows:

— At home, with treatment orally when leucine levels were
between 380 and 760 pmol/L in the absence of gastroin-
testinal or neurological symptoms.

— In the hospital, with continuous enteral feeding and/
or infusion IV when leucine levels were
>760 pmol/L and/or when patients presented with
gastric intolerance.

— In the intensive care unit, if leucine levels were
>1140 umol/L; hemodialysis was considered based on
neurological signs, kinetics of leucine levels, and clinical
context (i.e., whether the patient was in a catabolic state,
such as resulting from gastroenteritis).

Treatment options: amino acid mixture orally versus IV

Since 2010, we have used a mixture of BCAA-free amino
acid supplement delivered IV for MSUD patients (called
hereafter IVAA, Agence Générale des Equipements et
Produits de Santé or AGEPS, France) when enteral feed-
ing was impossible (e.g., vomiting, refusal). IVAA is com-
posed of all amino acids except valine, leucine, and iso-
leucine and is a critical part of the treatment. AGEPS
synthesized an formula for IV delivery at our request for
specific use in MSUD patients with gastroenteritis.
Fourteen patients have been treated with IVAA since
2011. We compared the orally prepared mixture of amino
acids (OAA) from 2008 until 2010 and IVAA for visits
from 2011 through 2013.

Psychomotor and neurological assessments

a. Psychomotor and development tests
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The psychomotor evaluation was performed using stan-
dardized psychometrics tests:

—  Developmental quotient (DQ) by the Brunet-Lézine test,
630 months. The DQ measures a developmental age and
ratio for children and includes four main features: postur-
al development, hand—eye coordination, language, and
socialization.

— Intellectual quotient (IQ) by Wechsler Preschool and
Primary Scale of Intelligence (WPPSI-R or WPPSI-
III) 30 months to 6 years and by Wechsler
Intelligence Scale for Children (WISC-III or
WISC-1V) 6-16 years. These tests measure intellec-
tual ability (verbal and intelligence performance)
compared with healthy children of the same age.
The total IQ is calculated from four principal index-
es: verbal comprehension, perceptive reasoning,
working memory, and processing speed.

Both IQ and DQ in the general population follow a normal
distribution (normal scores: 80—120).

b. Academic achievement

Patients were classified according to their schooling level,
as follows:

— Normal academic achievement;

— Delayed academic achievement (learning difficulties need-
ing scholarly support and/or repeating an academic year);

— Specialized schooling (special classes in classical schools
dedicated to the education of children with mild develop-
mental delay);

— Medico-educational institute (specialized institutes
for the education of children with severe develop-
mental delay).

c. Psychological follow-up and psychiatric care

Patients were also classified by whether a psychological
follow-up was thought to be necessary. Any suspicion of a
psychiatric pathology by our psychologist (the same for
20 years) led to intervention of a psychiatrist.

— No psychological or psychiatric follow-up;
— Occasional psychological or psychiatric follow-up;
— Continuous psychological and/or psychiatric care.

d. Autonomy in adulthood
Professional integration and autonomy were investigated

by reviewing social and medical files. Patients were classified
as follows:

— Independent living with adequate socioprofessional inte-
gration: patient normally integrated into society, living and
working independently, having a normal emotional and
social life;

— Partial dependence (usually familial support);

— Living in an institution.

e. Family involvement

A multidisciplinary evaluation by social workers, psychol-
ogists, and dieticians was performed to define families in-
volvement in the treatment and their understanding of the
chronic disease (respect for particularities of diet and medical
treatment, management of catabolic crises, difficulties coping
with the chronic disease, patient education):

— Adapted involvement and compliance;

— Negligence or overprotection;

— Complete lack of involvement or denial requiring inter-
vention of social workers.

Data analysis

We determined the number of metabolic decompensations in
each age range (<1 year, 1-5 years, 6-9 years, 10-14 years,
1519 years, and >20 years). As a parameter for leucine tox-
icity severity, the area under the curve (AUC) for leucine
values >380 pmol/L was calculated. Linear trapezoidal meth-
od was used, and all AUCs were summed for each patient.
Maximum leucine values were defined as the highest plasma
leucine values during a decompensation. We calculated hos-
pital stay and recovery speed by dividing the difference be-
tween maximal leucine level and the first level < 380 wmol/L
by the number of days associated with this decrease.

Descriptive statistics such as percentages, range (min-
max), median with 25th and 75th percentiles (P25-P75), and
arithmetic mean with standard deviation (SD) were used to
summarize patient characteristics. Comparisons were based
on nonparametric tests. Fisher’s, Mann—Whitney, Kruskal—
Wallis, and Wilcoxon tests were used to investigate relation-
ships between clinical and biochemical parameters. Post hoc
Bonferroni—-Dunn tests were performed when appropriate.
Associations between decompensations and psychosocial out-
come were assessed using logistic regression models with
adjustment for plasma leucine levels. Results were expressed
as odds ratios (OR) with 95% confidence intervals (95% CI).

Since available follow-up amino acid data was complete
only for patients born after May 2007, calculations were also
stratified by date of birth (i.e., before versus after May 2007).
Statistical analyses were performed with STATA statistical
software (release 13.0; Stata Corporation, College Station,
TX, USA).
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Results

Our study involved 35 patients (32 families, 21 females, 14
males) who were, on average, 16.3 years old (median 14;
P25-P75 8.0-24.0; min—max 2.1-49.0 years). Six patients
were <6 years, six between 7 and 10 years, eight between 11
and 16 years, six between 16 and 20 years, and nine >20 years
(Table 1).

Consanguinity was found in 23% of cases. Pregnancies
were uneventful, with normal birth parameters at delivery.
Survival rate was 97% (34/35). One patient died at age 22
while in a coma due to inappropriate voluntary intake of
proteins consecutive to suicidal ideation and dangerous
behavior.

Diagnosis

Failure to thrive and vomiting were the most common
clinical presentations, with lethargy leading to coma in
26 of 32 neonates for whom the data was available. The
diagnosis was made on average (SD) at 10.3 (4.5) days,
with median plasma leucine levels of 3378.2 umol/L
(P25-P75: 2926-3800 umol/L). Siblings were treated
prophylactically after birth. Two presymptomatic neo-
nates were diagnosed based on familial history. No dif-
ference in plasma leucine levels was detected between

Table 1  Characteristics of the study population: 35 patients with
neonatal maple syrup urine disease

Characteristic No.* (%) or mean
(SD)
Sex, n (%)
Male 14 (40.0)
Female 21 (60.0)
Consanguinity, 1 (%) 8(22.9)
Patients born after May 2007, n (%) 6(17.1)
Age in 2013 (in years), mean (SD) 16.3 (11.3)
Diagnostic parameters
Prenatal diagnosis, n (%) 2(5.7)
Age at diagnosis (days), mean (SD) 10.3 4.5)
Leucine levels (umol/L) at diagnosis, mean
(SD)
All patients 3302.7 (939.6)
Born before May 2007 3327.1(723.2)
Born after May 2007 3123.5(1599.5)
Hemodialysis, n (%) 25 (78.1)
Exchange transfusion, n (%) 2 (6.3)
Coma, n (%) 26 (81.3)

SD standard deviation

*Number of patients may vary because of missing information
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patients born before and after May 2007 (median levels:
3378.2 umol/L versus 3389.6 umol/L, Kruskal-Wallis
test, p = 0.911); 78.1% of patients (25/32) required he-
modialysis; one required additional exchange transfu-
sion. Plasma leucine levels normalized in the neonatal
period for all patients.

Long-term dietary management

Mean (SD) leucine tolerance evolved as follows: 359.5 (58.2)
mg/day before age 1, 492.2 (93.3) mg/day between 1 and
6 years, 587.8 (123.0) mg/day between 6 and 10 years,
725.0 (209.0) mg/day between 10 and 15 years, and 1134.6
(1170.0) mg/day after 15 years. Apart from episodes of de-
compensation, nasogastric or gastrostomy tube feeding was
used daily in patients with feeding difficulties (10/34), anorex-
ia (7/10), or brain damage (3/10).

Acute metabolic events

Table 2 summarizes the metabolic events by age. Patients
<1 year had the highest number of yearly decompensations,
followed by those between 15 and 19 years. Mean leucine
levels were similar across all age groups.

Triggers for decompensation were mainly infectious, espe-
cially in infants; lack of diet compliance in adolescents; and
onset of menstruation in girls. Clinical presentations during
decompensations were variable: asymptomatic (diagnosed
solely by plasma leucine level), reports of fatigue or digestive
symptoms, and alterations in consciousness or hallucinations.
One patient described transient visual problems, along with a
failure to recognize his mother’s face (he reported seeing a
ghost). His maximal plasma leucine level during this acute
episode was 1649.2 umol/L. Two other patients described
distorted vision or visual hallucinations (max. leucine levels
934.8 umol/L and 744.8 wmol/L).

Plasma leucine levels

Medians of plasma leucine levels averaged over the period
2007-2013 differed by age groups (Kruskal-Wallis test,
p =0.002), (Fig. 1). In all age groups except >20 years, me-
dian plasma leucine levels were <380 pmol/L, whereas in
patients >20 years, the median was 522.3 umol/L (P25-P75:
370.5-586.6 umol/L; p value of post hoc Bonferroni—Dunn
test <0.05). The difference was still significant when compar-
ing patients from the 15- to 20-year group with those aged
>20 years, although both groups had similar follow-up with
regular leucine level evaluations (post hoc Bonferroni—Dunn
test, p < 0.05).
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Fig. 1 Median values of plasma 700
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leucine levels (in pmol/L)
averaged between 2007 and 2013
by age group. Each bar represents
the median value with
interquartile ranges over the
corresponding age interval. P
values are from posthoc
Bonferroni-Dunn test (p value
from Kruskal-Wallis test =
0.002). *P < 0.05, **p < 0.01
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Family involvement

Eighteen families (18/33, 55%) proved to be compliant with diet
and treatment. Six families (18%) had difficulties coping with the
chronic disease, either neglecting or overprotecting their children,
and needed educational advice by a psychosocial team. For nine
patients (27%), families were described as completely reckless
and negligent, denying the patient’s chronic condition, leading
to risky behavior; these families needed intervention by social
workers and sustained follow-up.

Outcomes in relation to clinical and biochemical
parameters

Table 3 summarizes the relation between each type of outcome
(academic, psychological, independence), parental involvement
in the disease, age, plasma leucine levels at diagnosis, hemodial-
ysis, lifetime and yearly number of decompensations, and leucine
AUC. Academic achievement did not differ with age or plasma
leucine levels at diagnosis, whether or not hemodialysis was
performed, or with the number of decompensations. This
remained true after stratification for year of birth (before/after
2007). Leucine AUC tended to be higher in patients who re-
quired specialized schooling or in those who went to a
medicoeducational institute (Kruskal-Wallis test, p = 0.127).
Need for psychological follow-up did not differ with age,
plasma leucine level, and treatment at diagnosis. Conversely,
the need for psychological follow-up was significantly asso-
ciated with the number of lifetime metabolic decompensations
(treated at home and at hospital). Some associations with leu-
cine AUC were found (Kruskal-Wallis test, p = 0.061). For
each increase in maximum leucine levels (+1 pmol/L), a 20%
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increase in psychological referral or care was estimated, with
borderline significance [OR (95% CI) 1.20 (1.00-1.44),
p = 0.053]. This relationship attained statistical significance
for children born before 2007 [1.58 (1.10-2.25), p = 0.012].
Independence was not associated with age at diagnosis, initial
plasma leucine level, hemodialysis, decompensation, or leu-
cine AUC.

The number of lifetime decompensations was associated
with parental involvement (Kruskal-Wallis test, p = 0.035).
Appropriate parental involvement in the treatment tended to
lower leucine AUC (Kruskal-Wallis test, p = 0.056). This
association was significant in patients born before 2007
(Kruskal-Wallis test, p = 0.021). Family involvement was also
positively associated with higher initial leucine levels
(Kruskal-Wallis test, p = 0.031).

Treatment options

Hospital stay and time needed for normalization of leucine
levels differed according to treatment. On average, patients
with OAA spent 4.1 (1.4) days [median (P25-P75) = 4.2
(3.0-4.9) days] at the hospital, whereas IVAA patients spent
3.6 (1.3) days [median (P25-P75) = 3.0 (2.6-4.5) days,
Wilcoxon test, p = 0.030]. Leucine level normalization was
faster when patients were treated IV rather than orally
(Wilcoxon test, p = 0.015).

Discussion

This study investigated the outcomes of 35 patients with
neonatal-onset MSUD. Patients who needed psychological—
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and in particular, psychiatric—follow-up were the oldest. Adult
patients had significantly higher median plasma leucine levels
compared with children, suggesting that patients become less
compliant with diet as they enter adulthood. Adult patients also
had a higher number of lifetime metabolic decompensations.
Leucine levels tended to be associated with psychological out-
come. This may suggest that a long period of leucine toxicity, as
well as recurrent acute decompensations, exposes patients to
psychological comorbidity. It is noteworthy that acute decom-
pensations during psychiatric episodes and the metabolic disor-
der per se are interdependent, causing mutual instability and
making patient rehabilitation more complicated. Among the
eight patients with psychiatric follow-up, bipolar disorder was
diagnosed in one patient without acute metabolic decompensa-
tion. These neuropsychiatric comorbidities have rarely been
described in MSUD, and the frequency of such symptoms is
not well known. In addition to a long period of leucine toxicity,
the diagnosis of MSUD itself seems to be a trigger for the
development of psychiatric symptoms, as the risk of decom-
pensation and burden of strict diet is an important stress factor
in vulnerable patients. Muelly et al. reported that 83% of pa-
tients (mean age 36 years) suffer from depression and anxiety,
especially when they presented with neonatal coma. On another
hand, patients were prone to hyperactivity and had less favor-
able cognitive outcome when lifetime metabolic control was
poor (Muelly et al. 2013). Moreover, dietary treatment per se
and the risk of life-threatening decompensation may play a role
in psychological morbidity, as these issues are also associated
with higher perceived burden for the family (Packman et al.
2007; Weber et al. 2012; Fabre et al. 2013; Gramer et al.
2014). The importance of long-term endogenous or exogenous
leucine excess, but also the importance of specialized manage-
ment to avoid nutritional deficiencies that can influence mood
and behavioral disorders appearing later in life, was emphasized
(Flores et al. 2016).

In our study, familial adaptation to treatment led to a better
metabolic equilibrium over time, emphasizing the importance
of parental involvement in the treatment of chronic pediatric
diseases. Although patients can continue to live a normal life
into adulthood without any serious complications (le Roux
et al. 2006), long-term compliance to such a strict diet is dif-
ficult (Kowalik et al. 2007) and requires intensive therapeutic
education, sometimes complicated by cultural peculiarities
and language difficulties (Simon et al. 2007). A holistic ap-
proach that incorporates the family’s social context is essential
(Weber et al. 2012). Moreover, educating teenagers about their
diet and lifestyle requirements represents a challenge to
balancing achievement of independence and limiting decom-
pensations that will impact employment and social life
(Packman et al. 2012).

We found that plasma leucine levels at diagnosis (similar in
patients born before and after 2007) were not associated with
either psychological outcome or academic achievement.

@ Springer

Normal academic achievement was observed in 54.3% of pa-
tients, with IQ and ID between borderline values of 80 and 90.
Whatever their academic levels, 57.1% needed speech therapy
or psychomotor/occupational therapy at school age, suggest-
ing specific learning disorders, as recently reported in a na-
tional cohort of primary schoolchildren (Bouchereau et al.
2017). All adults in our study who attended a mainstream
school (5/13) were independent; 60% who needed assistance
at school (n = 3/5) became independent; the remaining 40%
(2/5) became partially independent. The impact of early diag-
nosis on cognitive outcome was previously reported: notably,
time after birth with plasma leucine levels >1000 pumol/L
(Hilliges et al. 1993; Morton et al. 2002; Ibarra-Gonzalez
etal. 2007) or long-term metabolic control assessed by plasma
leucine levels (Clow et al. 1981; Simon et al. 2005; Hoffmann
et al. 2006; Couce et al. 2015). Even if the relation was con-
troversial (Yoshino et al. 1999; le Roux et al. 2006), the qual-
ity of long-term metabolic control may affect IQ (Hilliges
et al. 1993), as shown in 37 classic MSUD patients aged 5—
35 years (Muelly et al. 2013). It was suggested that plasma
leucine should not exceed 200 pmol/L in infants and pre-
school children to obtain the best intellectual outcome
(Hoffmann et al. 2006). Independent of baseline leucine
levels, the risk of metabolic decompensation at any time and
any age, especially during common childhood infections
(Clow et al. 1981), may impair neurologic function (Morton
et al. 2002).

The possible mechanisms involved in brain deterioration
may include the monoaminergic neurotransmitter system
(Walterfang et al. 2013), particularly glutamate (Yudkoff
etal. 2005; Haroon et al. 2016), cerebral depletion of essential
amino acids (Yudkoff et al. 2005), toxicity of branched-chain
keto acids on astrocytes and glial cells (Funchal et al. 2004,
2007; Sitta et al. 2014), resulting in brain energy depletion
(Sgaravatti et al. 2003; Ribeiro et al. 2008; Strand et al.
2014) and oxidative stress.

Liver transplantation was reported as an interesting alter-
native to dietary treatment (Barshop and Khanna 2005;
Strauss et al. 2006; Yasui et al. 2016), although neurological
sequelae are not corrected by transplantation (Mazariegos
et al. 2012) because neurostructural changes are relatively
irreversible (Muelly et al. 2013). However, liver transplanta-
tion reduces the risk of further neurological damage and might
maintain neurological functionning at the pretransplantation
level (Soltys et al. 2015).

MSUD patients can develop normally. However, the med-
ical diet is strict, young adults are less compliant, and decom-
pensations from catabolic crises can be frequent. Increased
leucine levels during follow-up and the burden of chronic
disease may account for the observed unsatisfactorily high
psychological/psychiatric comorbidity. Studies focusing on
this topic could reveal new strategies of care for the metabolic
specialist and psychiatrists alike. Psychological follow-up



J Inherit Metab Dis (2017) 40:783-792

791

over the years has remained the same in our metabolic unit,
and there is a crucial need for identifying and evaluating psy-
chological problems early. There is also an emerging need for
a holistic approach, since psychosocial support for patients
and families should be initiated early and focus on familial
adaptation to the disease.
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