0031-3998/06/5906-0840
PEDIATRIC RESEARCH Vol. 59, No. 6, 2006
Copyright © 2006 International Pediatric Research Foundation, Inc. Printed in U.S.A.

Natural History, Outcome, and Treatment Efficacy in Children
and Adults with Glutaryl-CoA Dehydrogenase Deficiency

STEFAN KOLKER, SVEN F. GARBADE, CHERYL R. GREENBERG, JAMES V. LEONARD, JEAN-MARIE SAUDUBRAY,
ANTONIA RIBES, H. SERAP KALKANOGLU, ALLAN M. LUND, BEGONA MERINERO, MOACIR WAJNER,
MONICA TRONCOSO, MONIQUE WILLIAMS, JOHN H. WALTER, JAUME CAMPISTOL, MILAGROS MARTI-HERRERO,
MELISSA CASWILL, ALBERTO B. BURLINA, FLORIAN LAGLER, ESTHER M. MAIER, BERND SCHWAHN,
AYSEGUL TOKATLI, ALI DURSUN, TURGAY COSKUN, RONALD A. CHALMERS, DAVID M. KOELLER,
JOHANNES ZSCHOCKE, ERNST CHRISTENSEN, PETER BURGARD, AND GEORG F. HOFFMANN

Department of General Pediatrics [S.K., S.F.G., P.B., G.F.H.], University Children’s Hospital Heidelberg, D-69120 Heidelberg, Germany;
Department of Biochemistry and Medical Genetics [C.R.G., M.C.], Winnipeg Children’s Hospital, University of Manitoba, Winnipeg,
Manitoba, R3A IR9, Canada; Institute of Child Health [J.V.L.], London WCIN 1EH, United Kingdom; Departement de pediatrie et
maladies metaboliques [J.M.S., M.W.], Hopital Necker-Enfants des Malades, F-75743 Paris, France; Institut de Bioquimica Clinica

[A.R.], Hospital Clinic, E-08028 Barcelona, Spain; Department of Pediatrics [H.S.K., A.T., A.D., T.C.], Hacettepe University, TU-06100
Hacettepe, Ankara, Turkey, Department of Clinical Genetics [A.M.L., E.C.], University Hospital, DK-2100 Copenhagen, Denmark;
Department of Molecular Biology [B.M.], Universidad Autonoma, E-28049 Madrid, Spain; Medical Genetics Service [M.W.], Hospital de
Clinicas de Porto Alegre, CEP 90.035-003 Porto Alegre RS, Brazil; Servicio Neurologico Infantil, Hospital Clinico San Borja Arriaran
[M.T.], Santa Rosa 1234, Santiago, Chile; Willink Biochemical Genetics Unit [J.H.W.], Royal Manchester Children’s Hospital,
Manchester M27 4HA, United Kingdom; Neuropediatrics Service [J.C.], Hospital Sant Joan de Deu, E-08034 Barcelona, Spain;
Department of Pediatric Neurology [M.M.-H.], Hospital Universitario Materno-Infantil, E-35001 Las Palmas de Gran Canaria, Spain;
Department of Pediatrics [A.B.B.], University Children’s Hospital, 1-35128 Padova, Italy; Department of Biochemical Genetics and
Molecular Biology [F.L., EM.M.], Dr. von Hauner Children’s Hospital, Ludwig-Maximilians-University, D-80337 Munich, Germany;
Department of General Pediatrics [B.S.], University Children’s Hospital, Heinrich-Heine University, D-40225 Diisseldorf, Germany;
Paediatric Metabolism Unit [R.A.C.], St. George’s Hospital Medical School, London NW1 OTU, United Kingdom; Departments of
Pediatrics, Molecular and Medical Genetics [D.M.K.], Doernbecher Children’s Hospital, Oregon Health and Science University, Portland,
Oregon, 97201, Institute of Human Genetics [J.Z.], University of Heidelberg, D-69120 Heidelberg, Germany

ABSTRACT: Glutaryl-CoA dehydrogenase (GCDH) deficiency is a neurologic disease developed without a reported crisis. Differences in
rare inborn disorder of r-lysine, L-hydroxylysine, and L-tryptophan the diagnostic criteria and therapeutic protocols for patients with

metabolism complicated by striatal damage during acute encephalo- GCDH deficiency resulted in a huge variability in the outcome
pathic crises. Three decades after its description, the natural history worldwide. Recursive partitioning demonstrated that timely diagno-
and how to treat this disorder are still incompletely understood. To sis in neurologically asymptomatic patients followed by treatment
study which variables influenced the outcome, we conducted an with L-carnitine and a lysine-restricted diet was the best predictor of
international cross-sectional study in 35 metabolic centers. Our main good outcome, whereas treatment efficacy was low in patients diag-

outcome measures were onset and neurologic sequelae of acute nosed after the onset of neurologic disease. Notably, the biochemical
encephalopathic crises. A total of 279 patients (160 male, 119 phenotype did not predict the clinical phenotype. Our study proves
female) were included who were diagnosed clinically after clinical GCDH deficiency to be a treatable disorder and a good candidate for
presentation (n = 218) or presymptomatically by neonatal screening neonatal screening. (Pediatr Res 59: 840-847, 2006)

(n = 23), high-risk screening (n = 24), or macrocephaly (n = 14).

Most symptomatic patients (n = 185) had encephalopathic crises,

characteristically resulting in bilateral striatal damage and dystonia, CDH deficiencywas first described in 1975 (1). The
secondary complications, and reduced life expectancy. First crises estimated prevalence is 1:100,000 newborns (2), but it
usually occurred during infancy (95% by age 2 y); the oldest age at  is considerably higher in some genetic isolates (3,4). More
which a repeat crisis was reported was 70 mo. In a few patients, than 150 disease-causing GCDH gene mutations have been

identified (5-7). GCDH is a key enzyme in the degradative
pathways of L-lysine, L-hydroxylysine, and r-tryptophan (8—
10). The biochemical hallmark is an accumulation of GA and
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by gas chromatography/mass spectrometry in body fluids (14),
or MS/MS in dried blood spots (15,16). MS/MS-based deter-
mination of glutaryl carnitine has already been implemented
into neonatal screening programmes in some countries (15—
17).

Strikingly, acute encephalopathic crises, which are precip-
itated by intercurrent febrile illnesses and primarily affect the
striatum (18-20), usually manifest during infancy (3,19,21).
However, late-onset neurologic disease has recently been
described (22,23). Before the onset of an encephalopathic
crisis, the presentation of affected children is nonspecific, with
macrocephaly being the most characteristic clinical feature
(3,19,21). If diagnosed in a timely manner and treated with a
special diet and L-carnitine supplementation as well as an
intensified emergency therapy during intercurrent illness (24),
the development of acute encephalopathic crises and striatal
damage has been prevented in 65-95% of children (3,19,25).
However, the neuroprotective effect of different protocols has
not been studied systematically and the level of evidence in
the majority of clinical studies has been low. As a result of
variations in the natural history, and differences in the diag-
nostic criteria and therapeutic protocols, the outcome world-
wide has been varied. This has hampered our understanding to
such a degree that it is not certain whether the disorder is
really treatable (4,6).

PATIENTS AND METHODS

Study population. We studied 279 patients (119 female, 160 male) with
GCDH deficiency diagnosed through 1) neonatal screening (n = 23),
2) screening of high-risk families (n = 18) or communities (n = 6), or
3) selective screening due to encephalopathic crises (n = 218) or macroceph-
aly (n = 14). Diagnosis was confirmed by mutation (5-7) and/or enzyme
analyses (8,9).

Questionnaire-based survey. Forty international metabolic centers were
contacted, and 35 of them responded (response rate, 87.5%), identifying a
total of 314 patients. Subsequently, from March 2003 to February 2004 a
standardized questionnaire (available online at www.metabnet.de) was sent,
asking questions on personal data, family history, socioeconomic status,
pregnancy and delivery, diagnostic procedure, clinical presentation, neurora-
diology, treatment protocol, biochemical monitoring, and outcome. Question-
naires were filled in by responsible physicians and were returned to the study
office (University Children’s Hospital, Heidelberg, Germany). Patients were
made anonymous by initials, birth date, and gender, and double entries were
excluded by these parameters. Data were only included if written informed
consent was obtained from patients and/or parents. The study was approved
by the institutional ethics committee of the University of Heidelberg
(#314/2002). Patients with unconfirmed diagnosis of GCDH deficiency and
with glutaric aciduria types II or III were excluded. We received 279
completed questionnaires (response rate, 88.9%); the remaining 35 patients
were excluded because the information was incomplete or the diagnosis
remained doubtful.

Definition of acute encephalopathic crisis, striatal lesion, and outcome
scores. Acute encephalopathic crisis was defined as acute onset of neurologic
disease (e.g., dystonia) after an episode that was likely to precipitate a
catabolic state (e.g., febrile illness) during infancy or childhood in the absence
of any alternative cause (e.g., meningitis). Striatal lesions (e.g., atrophy or
persistent abnormal signals of putamen and/or caudate) were determined by
cranial magnetic resonance imaging or computer tomography.

For an evaluation of the neurologic outcome, we used a handicap score,
referring to the overall estimation given by the caring physicians on the
questionnaire (0 point = unaffected; 1 point = mild; 2 points = moderate;
3 points = severe; 4 points = very severe handicap) and a morbidity score
summarizing four items (1 point = yes and 0 point = no for each item), i.e.,
loss of mobility, feeding problems, respiratory problems, and seizures, rang-
ing from 0 points (asymptomatic) to 4 points (multiple morbidity). Both
outcome variables were defined in advance of sending out the questionnaires,

and each case was evaluated and scored in the study office using a defined
scoring algorithm.

Statistical analysis. Nonparametric tests (x* test, Mann-Whitney U test)
were used to compare the outcome variables of patients with and without
encephalopathic crises, clinically (classic versus insidious onset) and bio-
chemically (high versus low excretors) defined subgroups, and deceased and
surviving patients. We used Kaplan-Maier analysis to calculate the survival in
symptomatic children up to age 25 y. Recursive partitioning as previously
described by Breiman et al. (26) was used to determine predictors for the
categorical outcome variables acute encephalopathic crisis, handicap score,
and death. The analysis included independent variables, such as diagnostic
procedure, dietary treatment, L-carnitine supplementation, riboflavin, gender,
macrocephaly, perinatal complications, socioeconomic status of parents, bio-
chemical phenotype, biochemical response to treatment, frequency of bio-
chemical monitoring, and membership in parent groups. We chose this
statistical procedure to identify relevant predictors that are useful to make
clinical decisions in GCDH deficiency because recursive partitioning can
handle numerical data that are highly skewed or multimodal, as well as
categorical predictors with either ordinal or nonordinal structure.

RESULTS

Study population. Overall, 279 patients from 37 nations on
four continents [Europe (n = 184), America (n = 64), Asia (n
= 26), and Africa (n = 5)] were identified. At time point of
diagnosis, 61 of them were neurologically asymptomatic and
218 symptomatic. All symptomatic patients were identified by
selective screening and received no specific therapy before
diagnosis was made. The median age was 48 mo (range,
6—197 mo) in asymptomatic and 118 mo (range, 5—813 mo) in
symptomatic patients. Most patients were born after the de-
scription of the two index cases in 1975 (Fig. 1A). Age at
diagnosis differed markedly between asymptomatic (median,
0.5 mo; range, 0.25-87 mo) and symptomatic patients (me-
dian, 15 mo; range, 1-785 mo), and decreased sharply from
the 1970s to the birth cohorts in the 2000s (Fig. 1B). The
median follow-up after diagnosis was 75 mo (range, 2-331
mo).

Genotype, biochemical and clinical phenotype. Diagnosis
was confirmed by mutation (n = 150) and/or enzyme analyses
(n = 181), showing a sensitivity of 98.7% (mutation analysis)
or 100% (enzyme analysis). Seventy-nine different mutations
were identified, with R402W, the most frequent Caucasian
mutation, accounting for 16% of mutant alleles. Despite the
large number of GCDH gene mutations, homozygosity was
found in 79 patients, reflecting a high frequency of known
consanguinity (37%). Enzyme analysis revealed complete loss
of GCDH activity (i.e., <1% residual activity) in the majority
of patients (57.5%). Maximal GCDH residual activity of 30%
was found in two symptomatic patients with compound het-
erozygosity for V400M and R227P.
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Figure 1. Birth cohorts (A) and age at diagnosis (B) of included study
patients. O, single patient; B, mean age at diagnosis of five consecutive birth
cohorts.



842 KOLKER ET AL.

Analysis of homozygous patients showed that the genotype
consistently predicted the residual GCDH enzyme activity.
A293T (median residual GCDH activity: 0% of control),
A421V (0%), R88C (0%), R402W (0%), and E365 K (1%)
accounted for a complete loss of GCDH activity, whereas
P248L (2%), V1481 (3%), IVS1 + 5g>t (4%), and V400M
(10%) predicted minor to moderate residual activity. In anal-
ogy, GCDH gene mutations also predicted the amount of
organic acids excreted in urine, in particular GA. In compound
heterozygous patients, the biochemical phenotype was usually
determined by the less severe mutation (data not shown).
Thus, the genotype predicted the biochemical phenotype.

Next, we divided all patients into two biochemically defined
subgroups called high excretors (=100 mmol GA/mol creat-
inine; 67% of study patients) and low excretors (<100 mmol
GA/mol creatinine; 33%) according to Baric et al. (14), and
determined the clinical presentation and outcome in both
subgroups. Statistical analysis (x* or Mann Whitney U test)
revealed that the frequency of encephalopathic crises (high
excretors: 73% of symptomatic patients; low excretors: 85%;
X° (1) = 2.99; p = 0.084), the age at first crisis (mean age;
high excretors: 11.2 mo; low excretors: 10.1 mo; W = 2232,
p = 0.593), the handicap score (mean; high excretors: 2.3 pts;
low excretors: 2.6 pts; W = 4211; p = 0.194), or the mor-
bidity score (mean; high excretors: 1.7 pts; low excretors:
1.9 pts; W = 4071; p = 0.333) was not different in the
biochemical subgroups. These results clearly showed that the
biochemical phenotype did not predict the clinical phenotype.

Natural history and clinically defined subgroups. Macro-
cephaly was found in 74% of patients and was already present
at birth in these patients, whereas no other characteristic signs
or symptoms were evident before the manifestation of en-
cephalopathic crises (Fig. 2A). Overall, 265 crises were re-
ported in 185 patients. Most patients (70%) suffered only a
single crisis, whereas repeat crises were less frequently (two
crises: 22.5% of patients; three crises: 6.5%; four crises: 1%;
five or more crises: none). The first encephalopathic crisis
occurred at a median age of 9 mo (range, 1-37 mo; 95% of
first crises by age 2 y). The oldest age at which a repeat crisis
was found was 70 mo (Fig. 2B). A comparison of high and
low excretors showed no difference in the age distribution of
encephalopathic crises (Fig. 2C). Encephalopathic crises were
frequently precipitated by nonspecified intercurrent febrile
illness, gastrointestinal infections, and pneumonia (Fig. 2D).
In most cases, the retrospective data analysis did not allow a
precise calculation of the time period between the start of
intercurrent febrile illness and the onset of an acute encepha-
lopathic crisis, however, this time interval was usually sug-
gested to be 2472 h. In general, encephalopathic crises were
accompanied by striatal lesions (Table 1) and a movement
disorder (Fig. 2E), in particular dystonia (Fig. 2F). Only 6% of
affected patients had no significant neurologic abnormalities
after such crises.

In 169 symptomatic patients, encephalopathic crisis was the
predominant manifestation (78%, classic onset) and it was
likely that, in an additional 5 patients, the onset was neonatal,
which is not usually considered in GCDH deficiency. The five
patients in our study presented with irritability and transient
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Figure 2. Acute encephalopathic crises. (A) Neurologic presentation and
psychomotor retardation before onset of encephalopathic crises; (B) age at
onset of encephalopathic crises [[], all crises (n = 265); O, lst crisis (n =
185); A, 2nd crisis (n = 60); V, 3rd crisis (n = 17], ¥, 4th crisis (n = 3)];
(C) age at first encephalopathic crisis in high (@) and low excretors (A); (D)
precipitation of encephalopathic crises; (E) frequency of movement disorders
(MD) after 1st crisis (filled bars) or 2nd to 4th crises (open bars); and (F)
types of movement disorders in patients with (filled bars) or without reported
crises (open bars).

lactic acidosis during the first week of life. Alternative causes,
such as asphyxia, sepsis, and respiratory distress, were ex-
cluded. All affected neonates recovered and did not manifest a
movement disorder, however, they showed a delayed motor
development. In the other symptomatic patients, no acute
encephalopathic crises were reported. Thirty-four of them
were classified as insidious onset (6,19) and five as late onset
(22,23); five patients remained unclassified. Patients with late
onset type were not treated specifically before diagnosis, and
were diagnosed only after symptoms supervened. Patients
with classic onset had striatal lesions more frequently and
more severe motor handicap than patients with insidious-onset
type (Table 2). By contrast, more than half the patients (n =
61) diagnosed before they had symptoms mostly remained
well (n = 38), although some patients showed a transient
neurologic symptomatology (n = 7) or had an encephalo-
pathic crisis (n = 16).

Morbidity and mortality. Forty-nine children died (median
age, 79 mo; range, 5-490 mo), and Kaplan-Maier analysis of
the survival rate in symptomatically diagnosed patients (n =
218) showed that an estimated 50% of cases died by age of
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Table 1. Comparison of patients with and without an acute encephalopathic crisis

Acute encephalopathic crisis

Yes No
(n = 185) (n =94) Significance Test
Gender F:M = 81:104 F:M = 38:56 X* (1) = 0.167; p = 0.683 X
GCDH activity (mean, % activity) 3.0 2.5 W = 3899; p = 0.2913 U
Diagnosis group (% patients) Asympt.: 9 Asympt.: 48 X (1) = 53.86; p < 0.001 X
Sympt.: 91 Sympt.: 52
Macrocephaly (% patients) 72 79 x> (1) = 1.04; p = 0.308 X
Lesion of:
Putamen (% patients) 78 13 X (1) = 69.98; p < 0.001 X
Caudate (% patients) 67 9 X (1) = 56.01; p < 0.001 X
Globus pallidus (% patients) 35 18 x> (1) = 547; p = 0.019
White matter disease (% patients) 73 58 X (1) = 3.68; p = 0.055 X
Start of treatment (median mo) 12 10 W = 9793; p = 0.085 U
Dietary treatment (% patients) 83 91 xX° (1) = 2.87; p = 0.09 X
Carnitine (% patients) 84 93 X (1) = 4.41; p = 0.036 X
Riboflavin (% patients) 65 60 X° (1) = 0.51; p = 0477 X
Handicap score (mean pts) 2.7 1.0 W = 14982; p < 0.001 U
Morbidity score (mean pts) 2.0 0.6 W = 14298; p < 0.001 U
Dystonia (% patients) 84 36 X° (1) = 63.81; p < 0.001 X

Asympt., neurologically asymptomatic at diagnosis; Sympt., neurologically symptomatic at diagnosis; U, Mann-Whitney U test.

Table 2. Comparison of classic-onset and insidious-onset type

Classic onset

Insidious onset

(n = 185) (n = 34) Significance Test
Gender F:M = 81:104 F:M = 15:19 XM =0p=1 e
GCDH activity (mean, % activity) 3.0 2.5 W = 1460; p = 0.139 U
Diagnosis group (% patients) Asympt.: 9 Asympt.: 21 X (1) = 3.57: p = 0.059 X
Sympt.: 91 Sympt.: 79
Macrocephaly (% patients) 72 74 ) =0p=1 X
Lesion of:
Putamen (% patients) 78 17 x> (1) = 30.47; p < 0.001 e
Caudate (% patients) 67 13 X (1) = 21.12; p < 0.001 X
Globus pallidus (% patients) 35 22 X () =1.15;:p = 0.283 X
White matter disease (% patients) 73 76 x> (1) = 0.004; p = 0.953 e
Start of treatment (median months) 12 31 W =2693; p = 0.214 U
Dietary treatment (% patients) 83 79 X (1) = 0.072; p = 0.789 X
Carnitine (% patients) 84 88 x> (1) = 0.202; p = 0.653 e
Riboflavin (% patients) 65 65 Y =0p=1 X
Handicap score (mean pts) 2.7 1.6 W = 4876; p < 0.001 U
Morbidity score (mean pts) 2.0 0.9 W = 4692; p < 0.001 U
Dystonia (% patients) 84 56 X (1) = 13.29; p < 0.001 X

Asympt., neurologically asymptomatic at diagnosis; Sympt., neurologically symptomatic at diagnosis; U, Mann-Whitney U test.

25 y (Fig. 3A). Although aspiration pneumonia was the most
frequent cause of death, it remained unclear in the majority of
patients (Fig. 3B). All deceased children had a history of
encephalopathic crises, except for one who had a fulminant
sepsis. Those who died had more severe striatal lesions
(Table 3) and a more severe disability (Fig. 3C), and received
dietary treatment and r-carnitine supplementation less fre-
quently than surviving children (Table 3). Interestingly, the
age at first crisis influenced the outcome (21). Regression
analysis revealed that the severity of neurologic sequelae,
which was evaluated by handicap score (estimate: —0.034
pts/mo; p < 0.01) and morbidity score (estimate: —0.035
pts/mo; p < 0.01), decreased with increasing age at first crisis.
In addition, the age at first crisis was lower in deceased than
in surviving children (Table 3).

Age at diagnosis and mode of therapy predict the outcome.
Differences in the age at diagnosis and in treatment protocols

among metabolic centers and countries have varied the out-
come worldwide (Fig. 4). A comparison of patients from
countries using protein (e.g., United Kingdom, Canada) or
lysine (e.g., Germany, Spain) restriction (Fig. 4) showed that
the frequency of encephalopathic crises and the degree of
disability particularly varied in presymptomatically diagnosed
patients (Fig. 4, A and C), whereas it was similar in symp-
tomatic patients (Fig. 4, B and D). To unravel which single
variables have a major influence on the outcome, we used
recursive partitioning. With acute encephalopathic crisis
(Fig. 5A), degree of disability (handicap score; Fig. 5B) or
death (Fig. 5C) as dependent variables, this analysis showed
that timely diagnosis in asymptomatic children, r-carnitine
supplementation and lysine-restricted diet predicted a pos-
itive outcome. In contrast, the analysis showed no beneficial
effect for protein-restricted diet and riboflavin although widely
used. In symptomatic patients, L-carnitine supplementation
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Figure 3. Death and multi-morbidity. (A) Kaplan-Maier analysis of symptomatic patients (n = 218) with GCDH deficiency; (B) cause of death; and (C) degree
of morbidity in deceased (filled bars, n = 49) and surviving patients (open bars, n = 230).

Table 3. Comparison of deceased and surviving patients

Dead Alive
(n=49) (n = 230) Significance Test
Gender F:M = 18:31 F:M = 101:129 x> (1) = 0.58; p = 0.445 X
GCDH activity (mean, % activity) 24 2.9 W = 9521; p = 0.523 U
Diagnosis group (% patients) Asympt.: 16 Asympt.: 23 X (1) = 0.71; p = 0.400 X
Sympt.: 84 Sympt.: 77
Macrocephaly (% patients) 69 76 X (1) =0.67;: p = 0415 X
Encephalopathic crisis (% patients) 96 60 X (1) = 21.75; p < 0.001 X
Encephalopathic crisis (mean n/patient) 1.8 0.8 W = 8912; p < 0.001 U
Age at first crisis (median months) 8 11 W = 2476; p < 0.015 U
Lesion of:
Putamen (% patients) 81 51 X (1) = 7.71; p = 0.006 X
Caudate (% patients) 78 41 X (1) = 11.15; p < 0.001 X
Globus pallidus (% patients) 31 29 X =0p=1 X
White matter disease (% patients) 63 63 X () =0;p=1 X
Start of treatment (median months) 12 12 W = 5631; p = 0.994 U
Dietary treatment (% patients) 71 89 X (1) =9.11; p = 0.003 X
Carnitine (% patients) 62 92 X° (1) = 29.04; p < 0.001 X
Riboflavin (% patients) 57 65 X (1) = 0.64; p = 0422 X
Handicap score (mean pts) 3.9 1.7 W = 11162; p < 0.001 U
Morbidity score (mean pts) 29 1.2 W = 9521; p < 0.001 U
Dystonia (% patients) 89 64 X (1) = 9.25; p = 0.002 X

Asympt., neurologically asymptomatic at diagnosis; Sympt., neurologically symptomatic at diagnosis; U, Mann-Whitney U test.

was found to be beneficial (Fig. 5, B and C), whereas dietary
treatment was less effective, if at all. Many other variables,
including gender, macrocephaly, perinatal complications,
socioeconomic status of parents, biochemical phenotype,
biochemical response to treatment, frequency of monitoring,
and membership in parent groups, did not relevantly influ-
ence the outcome. The benefit of emergency treatment could
not be assessed because delay in starting the emergency
treatment could not be determined precisely in the majority of
patients, yet it appears to be crucial in determining the out-
come.

DISCUSSION

In the present study, we described the variability of the
natural history and outcome in GCDH deficiency. The key
results of the present study were that 1) the outcome was
dependent on the age at onset, and severity of acute encepha-
lopathic crises during a vulnerable period of brain develop-

ment; 2) the genotype predicted the biochemical phenotype
but not the clinical phenotype; and 3) lysine restriction and
L-carnitine supplementation in those diagnosed presymptom-
atically was neuroprotective.

A single crisis during infancy or childhood determines the
outcome. We confirmed previous studies demonstrating that
the encephalopathic crises critically determine the extent of
striatal damage and therefore the prognosis as this is respon-
sible for the movement disorder, secondary complications,
and reduced life expectancy. Encephalopathic crises occurred
during a narrow time span, indicating an age-dependent vul-
nerability (21,27). Most patients had only a single crisis.
Furthermore, the age at first crisis reciprocally influenced the
morbidity and mortality of affected children confirming a
previous study (21). We showed that simple functional items,
such as mobility and feeding skills, are important prognostic
factors. The value of these items giving an indication of the
likely survival in children has previously been described for
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Figure 4. Worldwide variability of neurologic outcome. Frequency of en-
cephalopathic crises in presymptomatically diagnosed (A) or symptomatic
patients (B). Degree of disability (handicap score) in presymptomatically
diagnosed (C) and symptomatic patients (D) from different countries. Results
from all study patients (asymptomatic/symptomatic: 61/218) and countries
with the largest number of study patients, i.e., Germany (24/38), Spain (5/34),
United Kingdom (6/33), and Canada (9/20), were demonstrated, and were
compared with results from three recent studies (3,20,25). *Ireland (asymp-
tomatic/symptomatic patients: 10/11); **the Amish Community (20/17); and
*##%Scandinavia (3/25). Note that treatment protocols differed between coun-
tries and metabolic centers: i) lysine-restricted diet plus L-carnitine supple-
mentation was common in Ireland, Germany, and Spain); ii) protein-restricted
diet plus L-carnitine and riboflavin were used in the Amish population, United
Kingdom, and Canada); and iii) a combination of these protocols was used for
Scandinavian patients.

infantile cerebral palsy and will be helpful for counseling
families (28). Although neurologic disease usually manifests
acutely, we found evidence for chronic neurologic changes in
two clinically defined subgroups, i.e., insidious- and late-onset
type. In both subgroups, patients developed (progressive)
neurologic disease in the absence of any reported acute crisis
(6,19,23). Despite obvious clinical and neuroradiological dif-
ferences, we cannot exclude the possibility that these sub-
groups represent no more than a variation of the natural
disease course or the sequelae of a mild encephalopathic
crisis. Furthermore, we found evidence for a neonatal onset of
symptoms in a few patients but neurologic sequelae of these
neonatal episodes were much milder than those observed
following acute crises in infants or children.

Carnitine supplementation and lysine restriction are neu-
roprotective. The organic acids that accumulate are potential
neuronal and mitochondrial toxins (29,30). Post mortem stud-
ies (11-13) and one brain biopsy (23) demonstrated that GA
and 3-OH-GA concentrations are 10- to 1000-fold higher in
brain tissue than in plasma and are found in a similar concen-
tration range in high and low excretors. These results suggest
there is de novo synthesis of GA and 3-OH-GA in the brain
and because transport of dicarboxylic acids across the blood
brain barrier is strongly limited these acids are trapped. This
notion is supported by the observation that lysine-restricted

A Dependent vanable: Acute encephalopathic crisis

All study patients
(n=279)

Asymptomatic Sxmglomatlc
(n=61) (n=218) ¢

Lysine ‘F‘mtmn restriction Age at dmgnosls

Age at diagnosis
__<64 months

(n=176)

restriction or no diet 264 mnmhs

[(n=38) ry__'; {n=42)

!
| . ,

B Dependent variable: Degree of disability

All sludy paliems

No enceph.crisis Enceph. crisis
(n=94) (n= 85\1

C=rnll\ne

No carnitine

' v ) —‘1'

C Dependent variable: Death

All study patients
(n=279)

’ No carnitine

Carnitine
(n=243) (n=36)
v
- B
No enceph. // Y Enceph
crisis ‘ | crisis Diet No diet
l‘ B8) \ ‘.“ (m=155) l.mg.n (n=12)
d /

N B hA

Figure 5. Recursive partitioning. Recursive partitioning of the dependent
variables “encephalopathic crisis” (A), “degree of disability” (as determined
by the handicap score; B), and “death” (C) demonstrated that early diagnosis
of neurologically asymptomatic infants (“asymptomatic”) and subsequent
prevention of encephalopathic crises (“enceph. crisis”) by treatment with
lysine-restricted diet (“lysine restriction”) and carnitine supplementation
(“carnitine”) were the strongest predictors of a positive outcome in GCDH
deficiency. The dark gray areas of each pie chart represent the percentage of
patients in that subgroup who have suffered an encephalopathic crises (A) or
deceased (C), or represent the degree of disability (B; white pie = no handicap
[minimum]; dark gray pie = severe handicap [maximum]). The overall area
of the pie chart indicates the size of each subgroup relative to the total
population. To minimize the risk of overfitting information, the trees were cut
after the second node.

and tryptophan-reduced diet that reduces the flux of precursor
amino acids to the brain resulted in near normalization of
cerebral GA and 3-OH-GA concentrations in two patients
(31,32). The implications of these studies are that 1) the
cerebral concentrations of GA and 3-OH-GA are similar in
high and low excretors and account for a similar risk for
neurologic disease in both subgroups and that 2) treatment
should be aimed at reduced production or increased removal
of potentially toxic organic acids and CoA esters. We found
that the frequency of encephalopathic crises was independent
from the biochemical phenotype, confirming previous studies
(6,8). In addition, the age at first crisis and severity of the
clinical presentation was also not significantly influenced by
the biochemical phenotype. In contrast to this, the outcome
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was influenced by the mode of treatment. We hypothesized
that lysine intake and r-carnitine supplementation were the
most relevant key variables, inasmuch as lysine is the quan-
titatively most important precursor amino acid for GA and
3-OH-GA, and vr-carnitine supplementation increases the
physiologic detoxification of acyl-CoA esters and prevents
secondary L-carnitine depletion (19,33,34). In fact, we dem-
onstrated that dietary treatment and r-carnitine supplemen-
tation were neuroprotective in presymptomatically diagnosed
patients. In particular, it is the lysine-restricted diet using
natural protein with a low lysine content and appropriate
amino acid supplements (lysine-free, tryptophan-reduced) that
has been shown to be effective. Although this effect might be
best explained by effective restriction of cerebral lysine up-
take, we cannot fully exclude a confounder bias, such as
differences in the compliance of patients and parents, or in the
personal experience of metabolic specialists. However, many
other variables that might influence the outcome have been
considered in the statistical analysis, but none of those had a
significant influence on the outcome variables. This analysis
also revealed no beneficial effect for riboflavin, although it is
widely used. Of course, these results require confirmation
from prospective studies.

In contrast to presymptomatically diagnosed patients, only
L-carnitine supplementation was protective in symptomatic
patients, whereas the efficacy of dietary treatment remained
unclear. Furthermore, it remains to be elucidated whether
treatment efficacy varies among specific subgroups of patients,
such as insidious- or late-onset type. We could not estimate
the neuroprotective value of emergency treatment, which is
considered an important treatment strategy in GCDH defi-
ciency (3,19,25) because the exact timing of the start of
treatment could not be ascertained in the retrospective analysis
of the episodes of acute illness.

Timely diagnosis is crucial for a good outcome. Dictary
treatment and L-carnitine supplementation prevented compli-
cations if started before encephalopathic crises occurred,
whereas dietary treatment had only a limited effect in patients
who already had symptoms. Therefore, early diagnosis is a
conditio sine qua non to prevent neurologic disease in GCDH
deficiency. Because the clinical presentation is not specific
before the onset of encephalopathic crises, neonatal screening
for GCDH deficiency is the only reliable method for the
detection of presymptomatic patients. In this light, inclusion
of GCDH deficiency into MS/MS-based neonatal screening
programs is crucial to improve the outcome. Alternative strat-
egies, such as DNA-based screening, should be considered for
the screening for known low excretor cohorts with private
mutations (4).

Management of patients with orphan diseases. At present,
the evidence base is usually low for the management of
patients with orphan diseases, notably inherited metabolic
diseases. Treatment is frequently based on experience with
very small numbers of patients. This results in poor clinical
understanding and highly variable experience in diagnosis,
treatment, and counseling of rare and often very serious
disorders. Our study has implications beyond one rare disease

as it demonstrates the feasibility and power of a cross-
sectional international study to delineate and answer funda-
mental questions in orphan diseases and, finally, to assist the
development of guidelines. It is undisputed that randomized
controlled studies would be preferable, however, in diseases
like GCDH deficiency they would be extremely difficult, very
time-consuming, and expensive because of the rarity of the
condition and the large variation of the natural disease course.
In conclusion, this study proved GCDH deficiency to be a
treatable disorder and a good candidate for neonatal screening
programs.
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