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ABSTRACT

Patients with Glutaric aciduria type 1 (GA-1) can be identified by newborn screening using
tandem mass spectrometry. The clinical evolution of screened patients seems to be more
favourable compared with those diagnosed later, although long-term evolution is still
doubtful. We have evaluated the outcome in nine GA-1 patients diagnosed in our region
during 12 years. Six were detected by newborn screening and 3 clinically. The birth prev-
alence was 1:35,027. High blood C5DC concentration, in 8/9 patients, was found, whereas
all patients exhibited high concentration of this metabolite in urine. Therefore, urine C5DC
was a good marker for the detection of this disease. Eight different mutations in the GCDH
gene were identified, four of them were novel (p.R88H, p.Y398C, p.R372K, p.D220N); being
p-R227P the mostcommon. Macrocephaly with enlarged frontotemporal subarachnoid
space was present in 4/6 patients diagnosed by newborn screening, all these patients
required high energy intake, and in two cases, enteral feeding during the first year of life
was needed. One child had an intercurrent episode of feeding refuse with hypoglycemia at
two years of age. The mean follow-up time of screened patients was 56 months, and
patients still remain asymptomatic. However, after a mean follow-up of 97 months treat-
ment efficacy was poor in unscreened patients, two of them showing a severe spastic
tetraparesis. Plasma levels of lysine, tryptophan and carnitine, were the most useful bio-
markers for the follow-up.

Our data support that, early diagnosis and treatment strategies are essential measures

for the good clinical evolution of GA-1 patients.
© 2013 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights
reserved.
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1. Introduction

Glutaric aciduria type I (GA-1, OMIM 231669) is a rare meta-
bolic disorder of autosomal recessive inheritance caused by
deficient or nonfunctional glutaryl-CoA dehydrogenase
(GCDH, EC 1.3.99.7) which acts in the metabolic pathway of
lysine, hydroxylysine and tryptophan.'™ An estimated prev-
alence of 1 in 100,000 newborns has been found.® However, in
certain communities there is an over-expression of this entity,
such as the Amish Community,*” the Canadian Oji-Cree
natives*® and the Lumbee in North Carolina.* In Galicia
(North-East of Spain), the reported incidence was 1 in 35,027
newborns.’

The human GCDH geneis localized on chromosome 19p13.2;
and more than 200 disease-causing mutations are known.*~*3
The metabolic block leads to an accumulation of gluta-
rylcarnitine (C5DC), glutaric (GA) acid and 3-hydroxyglutaric
acid (3-OH-GA) in body fluids. The diagnosis is usually estab-
lished by measuring these metabolites in urine. However, some
GA-1 patients are low excretors, they only show moderately
abnormal excretion of 3-OH-GA with normal or a slight
increase GA.>'? In these cases, molecular study or measure-
ment of the enzymatic activity are necessary to establish the
diagnosis.

Clinical onset of the disease usually occurs in early child-
hood (between 3 and 24 months of age) as an acute ence-
phalopathic crisis which produces necrosis of the basal
ganglia leading to an important neurological dysfunction
resembling an episode of encephalitis with movement dis-
orders such as dystonia and/or dyskinesia.>**'*

Measurement of C5DC together with the ratios C5SDC/C16,
C5DC/C50H, C5DC/C8 by tandem mass spectrometry (MS/MS)
in dried blood spots allows the pre-symptomatic detection of
GA1 in newborns and consequently, early treatment can be
administered.’* "7 In some newborn screening (NBS) centres
the parallel measurement of C5DC, GA and 3-OH-GA in dried
urine spots is a helpful tool to increase the specificity of the
screening procedure.®*®® The clinical evolution of patients
detected by NBS seems to be favourable in most cases,
although long-term evolution is still doubtful.?*~2* We present
the follow up data of the children with GA-1 diagnosed in
Galicia in the last 12 years, either by NBS or by clinical
symptoms.

2. Patients and methods

Children with GA-1 detected between June 1999 and May 2011
in Galicia were studied in the Metabolic Disease and Neurol-
ogy Units of our Hospital. All the children diagnosed both,
symptomatically and by NBS were included in the present
study.

2.1. Evaluation of patients at diagnosis

At diagnosis the following parameters were evaluated: age,
sex, anthropometric parameters, diagnostic method (NBS or
late-diagnosis), presence or absence of clinical symptoms,
imaging (cerebral US and/or cerebral MR), blood acylcarnitines,

urinary C5DC and organic acid profile by MS/MS or GC-MS. The
diagnosis was confirmed in all cases by mutation analysis of
the GCDH gene.

In late-diagnosed cases, the neonatal screening samples
were recovered and analyzed retrospectively (samples were
keep frozen at —20 °C).

2.2. Patients’ follow-up

Once established the diagnosis, all patients received a dietary
restriction of lysine and tryptophan, patients older than 6
years of age received a less restrictive diet. To avoid potential
nutritional deficiencies we used a computer programme of
dietary calculation developed by ourselves that monitors
natural and total proteins, lysine, tryptophan and energy
intake (www.odimet.es).

Patients also received an initial oral dosage of 100 mg/kg
per day of L-carnitine divided in 3—4 doses, later on adjusted
to maintain the concentration of L-carnitine within the nor-
mal range. Riboflavin (100 mg per day) was also administered.
Unscreened patients also required other drugs such us: GABA
agonist, benzodiazepines, antiepileptic drugs and botulinum
toxin.

Aggressive treatment of the intercurrent infections was
done by cessation or reduction of protein intake to 50% for 24 h
or less, depending on the severity of the illness, whilst pro-
viding a high energy intake with an extra 20% of caloric
requirements through carbohydrates, lipids and double dose
of carnitine.

Biochemical follow-up included periodic monitoring of
blood free carnitine and acylcarnitines, as well as plasma
aminoacids including lysine and tryptophan.

Anthropometric evaluation was done by measuring body
weight, body length and head circumference, expressed as
percentiles with respect to the reference population.

Neurological assessment was based on the scoring system
of Kyllerman et al.* Cognitive function was assessed by Psy-
chomotor Development Index (PDI) or Intellectual Quotient
(IQ) using the Brunet Lézine Scale in infants, the McCarthy
Scales of Psychomotor Skills (MSCA) in preschool children and
Wechsler Intelligence Scale for Children Revised (WISC-R) in
children older than 6 years. The overall index score of PDI or IQ
is considered in the normal range when it is above 85.

2.3. Analytical methods

The NBS laboratory simultaneously receives blood and urine
samples impregnated on Whatman 903 paper from every
newborn. Acylcarnitines, including C5DC, were analyzed as
butyl ester derivatives by MS/MS in dried blood spots taken on
the third day of life. When blood C5DC concentration was
elevated (cut off < 0.13 pM since 2007 until now; <0.15 pM
since 2000—2006), a dried urine spot was analyzed selectively
to determine C5DC, 3-OH-GA and GA by MS/MS.%

The percentile of each blood metabolite obtained by MS/MS
in healthy neonatal population, as well as those pathologies
detected through the NBS programme, are periodically
reported to Region 4 Genetics collaborative Project,?® achiev-
ing clinical validation of our cutoff values. On the other hand,
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control values for the different metabolites in dried urine
spots in the neonatal population were obtained in a sample of
3000 neonates and percentile was also used to express the
results. Monitoring of plasma amino acids was carried out by
ion exchange chromatography (Biochrom 30 analyzer). Urine
organic acids were analyzed by MS/MS when using dried spots
and by gas chromatography/mass spectrometry in case of
liquid samples.

Mutation analysis of the GCDH gene were done by Sanger
sequencing of all exons and flanking intronic regions.

Informed consent of the patients’ parents was obtained.
The study was approved by our Hospital’s Ethics Committee.

3. Results

During the 12-year study period 248,415 newborns were
screened, 6 patients were positive by NBS, 1 patient was a false
negative and 1 patient, born during this period, was not sub-
jected to NBS. Therefore, the incidence of GA1 in our region is
8 in 248,415 or 1 in 31,052. Consanguinity was denied by all
families and all of them were Caucasian.

Patients (p1 to p6) detected by NBS (Table 1), presented a
high concentration of C5DC in blood spots (mean: 1.65 uM;
range: 0.27—4.23; cutoff < 0.13 uM). Urine C5DC resulted clearly
increased in all them (mean: 49.7 mmol/mol creatinine; range:
14.5—132; control values: <1.9), 3-OH-GA was also increased in
all the patients, while glutaric acid was only elevated in 4/6
patients (Table 1). All of them were asymptomatic at diagnosis
although 4 (patients 2, 4, 5, 6) presented macrocephaly, birth
head circumference was 37.6 cm (36.7—38.1 cm) (>90th per-
centile); weight and length was in normal percentiles; and
enlarged frontotemporal subarachnoid spaces in the imaging
(MRI and/or cerebral US). Treatment consisted of carnitine
supplementation, riboflavin (during the first two years of life)
and moderate dietetic restriction of lysine. During infectious
processes or situations of catabolic stress a strict treatment
was set up in all patients diagnosed by NBS (Table 2). Inter-
estingly, during the first year of life all of them frequently
needed high energy intake. To maintain an adequate nutrition
and weight percentile in a proper range for their age, two
patients (p5 and p6) also required partial enteral feeding dur-
ing 5 and 4 months, respectively. Both presented with the
highest values of potentially toxic metabolites (Table 1). Dur-
ing the follow-up plasma levels of tryptophan and lysine were
maintained in the appropriate range, with lysine sometimes
even low. Free carnitine levels remained over 30 uM in all
cases; high blood C5DC levels persisted in all cases except in
p3. Urinary concentrations of C5DC was persistently elevated
in all cases; GA and 3-OH-GA were increased in 4 of them (p2,
p3, P5, p6), (data not shown). One of the children (p2) pre-
sented with a severe intercurrent episode of refusal to feed
with hypoglycemia at two years of age. The mean follow up
time was of 56 months (from 16 months to 9 years and 9
months) and all patients still remain asymptomatic, with a
normal motor, spoken and cognitive level; the initial macro-
cephaly persists and one patient (p2) was diagnosed of
attention deficit at six years of age (Table 2).

Three patients (p7—p9) were diagnosed clinically. Two of
them (p7 and p8) showed an acute encephalopathy (Table 1).

Brain MRI and clinical symptoms both were consistent with
GA-1. One of these patients (p7) was a false negative of the NBS
programme because blood glutarylcarnitine concentration
was 0.13 uM (99.9 percentile of healthy neonatal population:
0.18 pM, cut off 0.15 M at that date) but retrospective analysis
of glutarylcarnitine in the patient’'s neonatal urine spot
was high: 18.2 mmol/mol creatinine (cutoff: <1.9), as well as
the concentration of 3-OH-GA: 204 mmol/mol creatinine
(cutoff < 47) and of GA: 127 mmol/mol creatinine (cutoff < 109).
Clinical symptoms in this patient started at 8 months of age,
after an acute encephalopathy. The third patient (p9) had
two previous episodes of decompensation (at 13 months of
age, when symptoms started, and at 4 years of age)that were
labeled as probable viral encephalopathy. At diagnosis he
showed a severe dystonic spastic tetraparesis and seizures
(Table 1). The mean follow up time of these three patients was
97 months. Despite dietetic treatment and pharmacological
supplements of riboflavin, L-carnitine, GABA agonist and
benzodiazepines (as well as antiepileptic therapy and botu-
linum toxin in p9) clinical evolution was very poor in p7 and p9
(Table 2) and they were considered as PDI/IQ <60. However,
patient p8 that presented an episode of encephalitis at 14
months of age, showed a good recovery with normal spoken
and cognitive levels at 11 years of age. He only shows isolated
upper extremity dystonias. The parameters of developmental
control are maintained at a normal range.

All mutations are summarized in Table 1. Among 18 alleles
(9 cases) eight different mutations were found, p.R227P being
the most frequently identified (28%of the alleles). Four muta-
tions were novel: mutation p.R88H (c.263G > A) was present in
homozygosity in 2 cases diagnosed by screening; mutation
P.Y398C (c.1229A > G) was detected in homozygosity in one
case and in heterozygosity in another one; mutations p.R372K
(c.1151G > A) and p.D220N (c.694G > A), both were identified in
heterozygosity in one patient. All the new mutation were
predicted as probably damaging by PolyPhen data base (http://
coot.embl.de/PolyPhen), and were not found in more than 200
control alleles. Homozygosity was detected in 4/9 cases.
However, there was no demonstrated parents’ consanguinity.

4, Discussion

The prevalence of GA-1 in our region is far superior to that
found in the medical literature, independently if it was found
through NBS or deduced through other sources.®?*?>% Pre-
dictably, as alreadyshown in other studies®?°** and as
already published by us,?® early detection and treatment of
this condition before the classical onset of encephalitis, leads
to a major positive change in the natural history of GA-1.
However, diagnosis through NBS is not always evident. If
patients are low excretors blood C5DC could be within the
reference range,'® as it was the case in our patient with a false
negative result in 2006 and as described before by other
authors.?**° Urine C5DC or urine 3-OH-GA had been described
as excellent biomarkers for this disease.’®! In our hands,
urine C5DC was a good biomarker, as all patients showed high
levels of this metabolite at least 3.7 times over the control
range. Since 2004 we have screened for C5DC in urine as a
second tier test. However, in order to avoid false negative
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Table 1 — Clinical and biochemical data of patients affected with glutaric aciduria type 1 at diagnosis.

Patient 1 2 3 4 5 6 7 8 9
Sex M F M F F F M M M
Age at diagnosis 11 days 19 days 15 days 20 days 11 days 18 days 8 months 14 months 13y 10 m
Type of diagnosis NBS NBS NBS NBS NBS NBS Cs CS Cs
CS at diagnosis None Macrocephaly None Macrocephaly Macrocephaly  Macrocephaly  Encephalopathy Encephalopathy  Spastic
tetraparesis.
Seizures.
C5DC in blood spots 0.48 0.58 0.53 0.27 3.86 4.23 0.20 0.25 1.66
(cutoff < 0.13 pM)
C5DC in urine 43.1 17.5 15.9 14.5 132.0 68.0 7.2 13.8 ND
(cutoff < 1.9 mmol/mol
creatinine)
3-Hydroxyglutaric acid in 238 1267 70.0% 176.3% 368* 574% 18 70 Increased
urine’
Glutaric acid in urine? 412 86 82.0° 40P 5160° 3509° 17 23 177
Molecular studies:
Nucleotide change c.716G > C c.298C > T €.694G > A c.716G > C €.299G > A €.299G > A c.716G > C C.1229A > G c.1151G > A
c.950C > T c.1229A > G c.1240C > T c.716G > C c.299G > A c.299G > A c.716G > C c.1229A > G c.1240C > T
Effect on protein p-R227P/p.S305L  p. R88C/p.Y398C p.D220N/p.R402W p.R227P/p.R227P p.R88H/p.R88H p.R88H/p.R88H p.R227P/p.R227P p.Y398C/p.Y398C p.R372K/p.R402W
Imaging at diagnosis N A N A A A A,B,C AB A,C,D

M: male; F: female; NBS: newborn screening; CS: clinical symptoms; C5DC: glutarylcarnitine; CV: control values; ND: no done.

fControl values: 2—15 mmol/mol creatinine; urine spots, cutoff < 46.7 mmol/mol creatinine.
iControl values: 2—10 mmol/mol creatinine; Purine spots, cutoff < 109.3 mmol/mol creatinine.

N: normal, A: enlarged subarachnoid frontotemporal spaces with sylvian fissures opening in relation to selective atrophy in the region; B: hyperintensity of basal ganglia in T2-weighted images; C:

bilateral cerebral demyelination; D: diffuse cerebral atrophy.
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Table 2 — Follow-up data of patients diagnosed of GA-1.

1 2 3 4 5 6 7 8 9

Actual age
Type of diagnosis
Symptoms

Treatment

Dietary
treatment

Lysine in plasma:
Mean (range)

RV: 77-181 uM

Tryptophan in
plasma: Mean
(range)

RV: 5-57 uM

Free carnitine in
blood spots:
Mean (range)

RV: 6—55 uM

C5DC in blood
spots: Mean
(range)

Cutoff < 0.13 uM

Motor disability®

Cognitive function

Speech and language

9y9m

NBS
Asymptomatic
(head circ.
55.5 cm)
L-carnitine

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

72.8 (37—102)

41.9 (35.7—49.3)

41.4 (34.0-59.0)

0.20 (0.14—0.29)

A
105
Fluent

9y7m
NBS
Attention deficit

L-carnitine

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

85.6 (34.8—173)

485 (33.1-86.6)

50.4 (41.7—60.0)

0.80 (0.56—0.92)

A
85
Fluent

3yém
NBS
Asymptomatic

L-carnitine

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

40 (23.8—68.1)

46.7 (23.1-70.7)

66.1 (49.3—93.2)

0.10 (0.03—0.28)

A
95
Fluent

2y2m

NBS
Asymptomatic
Macrocephaly

L-carnitine

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

81.6 (44.4—120)

49.2 (38.9-60.8)

60.6 (35.9—122)

0.20 (0-0.44)

A
100
Fluent

23 m
NBS
Asymptomatic
Macrocephaly

L-carnitine, B2

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

89.1 (61.1—139)

415 (31.8—48.8)

65.2 (43.5—82.2)

5.5 (3.60—8.09)

A
110
Fluent

16 m
NBS
Asymptomatic
Macrocephaly

L-carnitine, B2

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

58.9 (19.9-92)

454 (28.1-59.8)

74.8 (51.3—93.0)

3.5 (1.84-7.18)

A
100
Fluent

4y9m

Cs

Dystonic spastic
tetraparesis.

Choreoathetosis.

L-carnitine, B2,
GABA agonist

Lys—Try
restricted +
emergency
treatment of
intercurrent
illness

79.1 (18.6-129)

28.6 (5.7—51.5)

52.4 (31.2-71.8)

0.10 (0.04—0.19)

B
<60
No speech

11y11lm

CS

Isolated dystonic
movements.
L-carnitine,

GABA agonist

Moderate Lys—Try
restriction

76.4 (37.8—124)

41.9 (21.3-58.3)

43.0 (40.3-50.5)

0.40 (0.23—0.56)

A
99
Nearly fluent

23y4m

Cs

Severe spastic
tetraparesis.
Seizures.
L-carnitine,
GABA agonist,
antiepileptic,
Botulinum toxin
Slightly Lys—Try
restriction

107.3 (79.9-179)

41.7 (21.2-73)

61.1 (39.0—81.0)

2.3 (1.2-3.33)

B
<60
No speech

NBS: newborn screening. CS: clinical symptoms. C5DC: glutarylcarnitine. RV: reference values. Lys: lysine. Try: tryptophan.
a A: without or only slight motor dysfunction with no disability in daily life; B: wheelchair dependency and severe disability in daily life.
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results it will be appropriate to analyze C5DC in all newborn
urine spots sent to our NBS program.

The frequency of macrocephaly (66.6%) in presymptomatic
patients is similar to other reports (65—75%).2°** We have not
found any significant correlation between macrocephaly and
the clinical outcome but, interestingly, it correlates with the
feeding difficulties in the first year of life. Patients detected by
NBS presenting macrocephaly at the time of diagnosis, needed
higher energy intake, and two of them even needed enteral
feeding for a few months to reach an age-appropriate weight.
Toxic metabolites probably start accumulating in utero®' and
for a still unknown reason some patients might be more vul-
nerable than others.

Carnitine status and plasma amino acid concentrations
are the major biochemical parameters monitored in these
patients.>??3233 Ag it has been reported previously'*3* urine
C5DC, GA and 3-OH-GA did not show any correlation with the
clinical evolution. Therefore, measurements of these param-
eters were discontinued.

Initiation of treatment after the onset of symptoms was not
effective in preventing permanent neurological injuries.
However, treatment may be beneficial for the prevention of the
progressive neurological deterioration***?*3! and even more,
in some cases it might be a factor contributing to the clinical
improvement, as it happened in our patient p8 who showed a
complete recovery of the motor function including speech, and
at present he only shows mild extrapyramidal symptoms.
Despite striatal injury occurs acutely or insidiously until age 6
years; and despite there is evidence for ongoing extra-striatal
neuroradiological changes after age 6 years® of doubtful clin-
ical relevance it may be advisable to continue dietary treat-
ment using a less stringent protocol than that used prior to age
6 years,” as it was done in our patients. As there is no firm
evidence that riboflavin improves the neurological outcome of
this disease’ and it didn’t seem to influence the outcome of
our patients, this therapy was withdrawn in our diagnosed
screening patients at two years of life.

It has been described that the high-excretor phenotype
was associated with mutations that resulted in very low or
null enzymatic activity, while the low-excretor phenotype
was associated with residual activity, but a correlation with
the clinical phenotype could not be established.’*'*3* Like
these authors, we could not establish any correlation geno-
type—clinical phenotype. In our study, we found that low-
excretors have the same risk of developing striatal injury as
high excretors; in fact, one of the low-excretors, diagnosed at 8
months of age, developed a very unfavorable disease with
spastic tetraparesis.

It has been reported that R402W is the most common
mutation in Caucasians,’**3%3¢ but in our study it was only
found in 2 alleles, while R227P was found in 8 alleles, being the
most prevalent mutation in our population (28% of the alleles).
Interestingly, the prevalence of this mutation was similar to
that found in a large study of Spanish®® and other European®*
patients, but it has never been found in homozygosity, while
two homozygous patients were found in the present study. As
expected, homozygous patients for mutation p.R227P follow
thelow-excretor pattern, butit was not expected that patient 1,
compound heterozygous for this and for mutation p.S305L,
follows the high-excretor pattern. Mutation p.Y398C described

here for the first time, should be added the list of mutations
causing low excretion, both when found in homozygosity (p8)
or in compound heterozygosity (p2). It is interesting to note
that mutation p.R88H, also described here for the first time,
causes the same biochemical phenotype than the previously
described mutation, p.R88C, in the same protein position.** In
conclusion, GA-1 is relatively frequent in our region. The
number of high and low excretors is very similar, therefore
measurement of C5DC in urine spots seems very promising to
avoid false negative results in NBS. Early treatment gives rise to
a normal neurological outcome. Nevertheless, in patients that
have already developed macrocephaly at the time of diagnosis,
a higher than usual energy intake is required to achieve suffi-
cient growth in the first year of life.
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