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Summary

The cbIC defect is the most common inborn erroritaimin B12 metabolisnDespite therapeutic
measures, the long-term outcome is often unsatsfacrhis retrospective multicentre study evaluates
clinical, biochemical and genetic findings in 88CIpatients. The questionnaire designed for theystu
evaluates clinical and biochemical features at otlal presentation and during follow up. Alseth
development of severity scores allows investigatibmdividual disease load, statistical evaluatifn
parameters between the different age of presentgtimups, as well as a search for correlations domtw
clinical endpoints and potential modifying factors.

Results: No major differences were found betweamatal and early onset patients so that these group
were combined as an infantile-onset group represe88% of all cases. Hypotonia, lethargy, feeding
problems and developmental delay were predomimetfiis group, while late-onset patients frequently
presented with psychiatric/behaviour problems agdlapathy. Plasma total homocysteine was higher and
methionine lower in infantile-onset patients. Plagmethionine levels correlated with “overall imsies”
as judged by treating physicians. Physician’s iregien of patient’s well-being correlated with asses
disease load.

We confirmed the association between homozygosityhie c.271dupA mutation and infantile-onset but
not between homozygosity for ¢.394C>T and late-bnse

Patients were treated with parenteral hydroxocohisabetaine, folate/folinic acid and carnitineukisg

in improvement of biochemical abnormalities, nontmdogical signs and mortality. However the longite
neurological and ophthalmological outcome is nghiicantly influenced.

In summary the survey points to the need for probge studies in a large cohort using agreed treatm
modalities and monitoring criteria.

Key words: cblC defect; methionine; homocysteine; hydroxocalyh; betaine; methylmalonic aciduria;

homocystinuria.
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I ntroduction

The cbIC defect is the most common inborn erroritaimin B12 (cobalamin, Cbl) metabolism and is
caused by mutations of thMMACHC gene as described in over three hundred patieetsét-Elliset al.,
2006, Nogueirat al,.2008, Lerner-Ellist al.,2009).

Cobalamin must be obtained from animal dietary pot&lsuch as milk and meat (Fowétal., 1998).
Absorption of Cbl requires binding to specific miots in saliva, proteolytic release and bindingtansic
factor in the intestine and uptake into the entgwia a specific receptor. After release frontisplex
with intrinsic factor, Cbl enters the circulatioound to transcobalamin and is taken up into lys@som
through endocytosis. After release into the cyt@uallis converted to its two active co-enzymes,
methylcobalamin in the cytosol and adenosylcobalamthe mitochondrion. Adenosylcobalamin is the co
enzyme for methylmalonyl-CoA mutase, deficiencyvbiich results in methylmalonic aciduria, one of the
biomarkers of the cbIC defect. Methylcobalamin afactor for N5-methyltetrahydrofolate: homocysee
methyltransferase, deficiency of which resultsnrirecrease of homocysteine with low levels of
methionine, other biochemical hallmarks of the ciffect (Fowleget al., 1998).

Clinical presentation and severity of the cbIC def@an vary considerably ranging from severe buxfen
disease and even death at an early age to latenpires disabilities (Bodamet al., 2001). In particular,
patients with early onset of symptoms (<1 yeaifej lere reported to show an unfavourable outcuritie
average survival of less than 10 months and mtytakceeding 25%, whereas patients with late onset
(defined by the authors as >4 years of life) swgdiwith a better prognosis following treatment (&ddatt
etal., 1997).

So far, only one study reports the frequency ofggms within a large series of 50 cbIC patients
(Rosenblattt al., 1997) and several smaller studies and individaak reports have focused on particular
features (Table 1). In late onset or adult cadescal features include predominantly neurological
disturbances, dementia, myelopathy, and thrombokonbmmplications (Shinnaat al., 1984; Thauvin-
Robinetet al., 2008). A limitation of many of these studies @ade reports is the lack of a clear indication
of whether or not symptoms were initially presetdiagnosis or if they developed during the subsatju

course of the disease while patients were treated.
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Treatment with intramuscular hydroxy-Cbl (OH-Chidgtaine and carnitine is reported to improve

biochemical abnormalities including restoratiorptsisma methionine values to normal (Ribeal., 1990;
Bellini et al., 1992; Bartholomewet al., 1998; Andersomt al., 1999). Plasma homocyst(e)ine levels or
methionine levels were not improved by the cyammfof Cbl (Anderssomt al., 1998) given
intramuscularly and/or folinic acid (Bartholometval., 1998). The long term outcome of the cblC defect
remains poor in most cases, even when these thaiapgeasures were introduced soon after initial
presentation and in some cases even prenatallynfeiet al., 2005). Further, there is no consensus on the
optimal treatment for this severely debilitatingatider (Martinelliet al., 2011b).

This questionnaire based study evaluates cliniodirfgs at initial presentation and during the
disease course whilst treated in 88 cblC defigiatients with the following aims: i) to evaluatdipats
according to age of presentation and to assesghfgpsognostic indicators; ii) to document theurat
history of the cblC defect over time with partiautaference to clinical signs both at diagnosis dmgng
the course of the disease; iii) to investigate oggre-phenotype correlations; and iv) to evalulaégapeutic

measures.

Patients and methods

Sudy population and recruitment of patients

The study was approved by the ethics committebefniversity of Basel (Ref.Nr.EK:267/04). A totl
88 patients were included in the study. Patient®wecruited in three ways. First those from whaih ¢
lines were sent to the University Children's HaapiBasel for confirmation of diagnosis betweenuzan
1987 and May 2005; second, additional patientsrtefgat a workshop held at the"™36MG Meeting in
Rimini 2004, third, further confirmed cases of t#C defect known to the contacted physicians. Disgs
was based on the finding of increased homocysteitieer free or total, and methylmalonic acid iagrha
and/or urine shown not to be due to nutritionadwiin B12 deficiency. In 75 cases the diagnosis was
confirmed by studies of methionine and serine s3sit) propionate incorporation into cell proteind &bl

uptake and coenzyme synthesis and somatic comptatieenanalysis in fibroblasts performed at the
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University Children’s Hospital Basel (Fowler anatdbs, 1998). Following discovery of the gene fdCcb

the molecular defect was confirmed by mutation ysisl

Questionnaire based survey

A questionnaire was sent to 49 international mdialsentres with full returns received from 26 cest

The questionnaire items were developed on the basispecialist meeting and a review of the lit@mon
cbIC. Items covering clinical presentations anduess as reported in the literature and open questn

yet unreported organ involvement at diagnosis amihg the course were selected. In addition, inftion
was requested on personal data, family histongmaecy and birth complications, age at first sympsto
and at diagnosis, biochemical parameters at diagaos during the course, and treatment modalities.
The presence or absence of each specific sympttmabthe time of diagnosis and during the coufdbe
disease was recorded. Prenatal symptoms were sgtartl different symptoms were grouped according to
affected organ systems (supplementary table 1)

We developed a severity score in order to estirtegelisease load in the individual both at pregemtand
during the course. Thus nutritional symptoms, gelndevelopment, neurological symptoms, eye problems
renal, cardiac and haematological involvement dsageabnormalities in brain MRI scans were
numerically assessed and summed to giseverity score ranging from 0 (no symptoms) to 25 (all
symptoms present). In addition the physiciaverall impression on the disease outcome and the present
state in each patient was determined by scoringahstatus, visual impairment, motor developmert an
quality of life. Zero, one and two points were adted for normal, moderately impaired and severely
impaired, respectively. Deceased patients wereatkal a score of 2 points for each category to gitatal
possible score of 8 (see supplementary table 1§st@annaires were completed by the physicians gdon
the patient and returned to the University Chiltetospital Basel. Following evaluation of initiaturns
the submitted information was incorporated intodagabase and returned to the responsible phydimian
checking and to reply to additional questions.

In those cases where only free homocysteine digléplalues were available, an estimate of the total
plasma homocysteine was made. This was based abseevation in 2 studies (Moettal., 1999; B.

Fowler, unpublished data) which showed that fremdwystine is only found in samples in which total
6
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homocysteine exceeds 70pmol/l. Therefore an estiwfabtal homocysteine was calculated by adding 70

to double the free homocystine concentration. &pjsroach seems to be justified by the observahian t
there was no significant difference of mean values standard deviation between the groups of only

measured total homocysteine versus measured plosaésd values (2 tailed t-test).

Satistical analysis
Both severity score and physician’s overall impi@ssvere compared with various other parameters by
statistical analysis. The various statistical mdthosed for comparisons of data are indicatedemehults.

For all statistical analysis significance was assdjto p values below 0.05.

Results

Age distribution and demographic data

The age of presentation in all patients ranged f@eb%2 months with a median value of 0.91 montlss. A
shown in Figure 1, 43 patients presented belownometh (neonatal onset), 33 between 1 month anad ye
of age (early onset) and 10 above 1 year of a¢e ¢laset). Two patients were detected by neoratailf
screening. There was evidence of consanguinitytated of 26 patients.

The ethnic origin was reported as European in Specified Caucasian in 17, Asian in 4 with no
information in 13. Among the European patients Zrexfrom Southern countries including Italy, Posiug
and Spain. The male to female distribution of 58Qdratio 1.93) was uneven. A total of 10 subjdetd
died. (supplementary figure 1) Seven (6 male, lalejnpatients died before 3 months of age, 3 female
patients died at 20 months, 4 years and 16 yespgctvely. In surviving patients, age at final lexadion
ranged from 9 months to 47 years and 7 months (rh2a months; S.D. 93.5, median 88.5 months).
Clinical symptoms at onset and during disease course according to subgroups

Figure 2 summarises clinical signs showing the alVérequency of the different findings both attiali

clinical presentation and at the last evaluationnguthe course of the diseasgmptoms such as personality
changes and mental retardation were only evalwtedthe third month of age.

Comparison of the clinical, biochemical and molecular features between the age groups
7
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Initially all quantitative parameters and individligéinical severity scores listed in supplementztyle 2

were compared for patients with neonatal, earlylatelonset according to the classification suggeby
Rosenblatt et al. (1997). Statistical analysis persormed using the Mann-Whitney U test for non-
parametric variables. Evaluation of data in thena¢al onset and early onset group revealed few
statistically significant differences. These wdre higher prevalence of microcephaly in the eanlged
patients both at diagnosis (p = 0.0085) and dutegcourse (p = 0.049), and a higher severity sioore
general development at diagnosis in early-onsefpaned with neonatal-onset patients (p = 0.02). Due
the close clinical similarity and overall lack aésstical differences between neonatal and earbeb
patients, these two groups were combined and teeméuhfantile onset” for further comparisons widte
onset patients.

Infantile onset patients showed significantly higeeores for nutritional signs and microcephaly (al
p<0.015) both at diagnosis and during the diseasesepwhen compared with late onset patients. At
follow-up alone, significant differences were foumetween the two groups for total severity scoesegal
development, overall impression and eye-relatetllpros (all p<0.026). Considering the biochemical
parameters, the infantile onset group showed loaathionine levels at diagnosis (median\&014.0
pumol/l; p=0.017) and higher homocysteine valudsl&aw-up (55.5vs. 35.0 umol/l; p=0.013).
Statistical correlations were analysed using thea8pan Rank test between various parameters and the
severity score at diagnosis; the severity scorengduhe course and the overall impression for allgmts
together and for the different age groups. Thisshewed a number of correlations. First, age agriisis
and delay in diagnosis correlates with severityesad diagnosis (p <0.002). Second, total sevedtye at
diagnosis correlates with both severity score aratall impression at follow up (p<0.0001). Third,
microcephaly and eye-related signs at diagnosigdandg the course correlate with severity score at
follow-up (p<0.001). In the late onset patientsspia homocysteine and urine MMA levels correlatdawit
the severity score and with overall impression (pS0) whereas in infantile onset patients plasma
homocysteine alone at diagnosis correlates witlséverity score during the course. Regardlesseohtje

at presentation, plasma methionine negatively igs with overall impression at follow-up (p = 49).
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Plasma homocysteine levels during the course shewsitive correlation with all clinical parametén

late onset patients.

Brain MRI

Brain MRI findings were available from 64 patie(M® infantile and 7 late onset cases). Normal figdi
were present in only 19% of patients. Brain atrophg white matter abnormality were seen in both
infantile (14/49 and 16/49 respectively) and latseai (4/7 and 1/7 respectively) cases. The makirsgr
differences between the age groups were the finofitnydrocephalus (15/49 patients) and of basafjlign
lesions (6/49 patients) only in infantile onsetesas

Treatment modalities and correlations with clinical outcome

Different treatment modalities were used. Sixtyengi 76 infantile and 9 of 12 late onset patientsen
treated with parenteral OH-Cbl. Patients not gi@hCbl were mainly ones who died from the disease.
Betaine (oral dose ranged from 200 — 10.000 pgjkgéd used in 67 infantile and 6 late onset pagjent
folate or folinic acid were applied in 57 infantded 4 late onset cases (oral dose ranged fron® DA
png/kg/d. Carnitine was given to 37 infantile anidt2 onset patients. Supplemental methionine wed us
only in one patient. No patients were treated ithtein restricted diet.

Contingency tables showed no correlation betweemse of carnitine, betaine or folate and the total
severity score during the course of the disease $tded Exact Fisher test). Furthermore, the Spaarm
rank test revealed no correlation between the dbbetaine and either median methionine level®ta t
homocysteine levels during the course of the deseas

Genetic analyses

Molecular genetic analysis MMACHC was performed by either the group of D.S. RosehblaB. Fowler
(personal communication) in 74 patients (suppleargriable 3). The most common mutations identified
were the c.271dupA and ¢.394C>T mutations. Of @ wft148 mutant alleles 73 were ¢.271dupA (49%)
and 30 were ¢.394C>T (20%). Homozygosity for ti# tdupA mutation was present in 23 patients (22
with infantile onset) and the ¢.394C>T mutatiorithpatients (6 with infantile onset). Two infantiaset
patients were homozygous for ¢.331C>T and a futttherwere homozygous for ¢.217C>T. In addition, 15

private mutations were identified.
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Discussion

This questionnaire based retrospective survey addsea comprehensive range of features in thestarge
number of patients with the cblC defect so far ®ddextending the report on 50 patients by Rosedil
al. (1997). We are aware of a selection bias in theurement of either patients from whom cell linesrey
sent for confirmation of diagnosis to a single rhetec laboratory or patients who were known to the
involved metabolic specialists. Nevertheless urdil, as in most inborn of errors of metabolism egistry
or any other unbiased patient reporting systenbkas implemented for cblC patients. Study patients
stemmed mainly from Europe with only 4 non-Cauaasiad a predominance of cases from southern
Europe reflecting our catchment area rather thamibrld-wide ethnicity reported in whom mutation
analysis was undertaken (Lerner-Eéisal., 2009).

The degree of consanguinity was high being repanéb cases.

Regarding gender of the patients there was a ttdzlance towards males, with a male to femal® rati
close to 2, which constitutes new information. Wieetthis is because of lack of detection or inczdas
intra-uterine mortality for females can only be gdated on. Ten patients (9 with infantile onsé¢ddn
total, representing 11.4% of cases compared with @bpatients in the previous cohort (Rosenlsad .
1997) possibly reflecting earlier diagnosis andedént or improved treatment modalities.

In contrast to the study by Rosenbkital. (1997) we differentiate between clinical and betical
features present at diagnosis and those at folwWhis allows a better understanding of the ratur
history of the disease and of the response tontesatt Evaluation of variables in the different gmetng
age groups was backed up by statistical analylsiwialg a search for significant correlations betwee

clinical end points and possible modifying factors.

In addition to assessment of individual featuresalge created organ specific and overall sevecityes to
obtain a quantitative index for comparison withgbke modifying factors. We are aware of the
shortcomings of the approach of using overall, stamdardized scores but it has been shown in otb#i-

systemic diseases that severity or disease actiwdyes are extremely helpful in clinical practcel

10
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evaluation of treatment and may add to the infoionadleduced from laboratory parameters. Nevertkeles

the weighting of symptoms and organ damage angrting of validity and reliability of severity scarés a
challenging task which may only be achieved ovaryeand by analysis of larger cohorts (Gladman et a
2002). Therefore the severity score developed dioistudy constitutes a first attempt to establsh t
general idea of assessment of patients’ symptorasnore systematic manner. Physician’s overall
assessment of disease severity is an establishach@ter for assessing disease severity in othdi-mul
systemic diseases (Gutierrez-Suarez 2007; Seid26t8) but has until now only rarely been usethm

field of metabolic diseases.

The previous survey by Rosenblettal.(1997) reported patients below one year of ageadyg enset (44
patients) and above 4 years of age as late ongeitights). As stated in the results section welioed the
neonatal and early onset patients as infantiletofieis the infantile onset group contained 88% of
patients, half presenting by one month of age &% Between 1 month and 1 year of age. The
remaining12% of patients presented after the choseoff of one year of age and were assignedddate
presentation group. The overall median age of ptasen observed in our series is close to themooeth
reported in the previous cohort.

The study of the natural course of the CbIC defeckerlines that the cblC defect needs to be coreside
the differential diagnosis of a wide range of cdiodis. At initial presentation there are several rather non-
specific symptoms occurring in more than half digrats such as hypotonia/weakness, lethargy, fgedin
difficulties and developmental delay. More specdigns, related to diffuse microangiopathic damage
(Martinelli et al., 2011), include hydrocephalus, detected in abpattbird of infantile onset patients, and
haemolytic uraemic syndrome. Other symptoms weeerelated signs and cardiomyopathy, present in less
than 10% of patients, psychiatric disorders, spagtand myelopathy. Since these complicationssakere
and have only been reported anecdotally in thisrdes, our study confirms their importance.

Clinical features were significantly different betan the infantile and late onset patients.
Hypotonia/weakness, lethargy, feeding difficultiizslure to thrive, nystagmus, dysmorphic featiaed

optic atrophy at diagnosis were all clearly morenpinent in infantile onset patients. Developmedtday

11
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and seizures were of similar incidence. In latesbpsatients, psychiatric changes (personality ceang

confusion/disorientation) and spasticity were fagdbmmon features. Myelopathy was almost exclusive
the late onset patients. Apart from the differernndbe selection parameters there was a statigtica
significant better general condition at presentatind lack of microcephaly and cardiomyopathy ta la
onset patients.

Evaluation of findingsluring the cour se of the disease, following treatment reveals that the non-
neurological signs resolve after treatment. Thuearna, acidosis and macrocytosis all disappeated af
treatment. Also hypotonia/weakness, lethargy, fegdifficulties, hydrocephalus, HUS and
cardiomyopathy became less frequent. Since sortteesé complications are potentially fatal (e.g. lUS
treatment not only improves some clinical outcotmeaisreduces mortality.

In contrast, neurological and ophthalmological peats such as developmental delay, seizures, faiture
thrive, microcephaly, dysmorphic features, spasgt&nd optic atrophy remained at about the same
frequency. Also there was an increase of prevalehaiystagmus, strabismus, pigmentary retinopathy,
visual impairment despite treatment in infantils@inpatients. Therefore the treatment modalitieseatly
employed here appear not to have completely altiiedisease course, confirming previous assungtion
of a poor long-term neurological prognosis regasslief treatment and biochemical amelioration (Nheiti
et al.,2011, Weisfeld-Adams et al 2013). On-going decimk) over time has been reported by Beauchamp
et al (2009) in two patients despite therapy

We found no correlation between the dose of eiderCbl or betaine administered and score parameters
during the disease course. A wide variety of trestimodalities have been applied especially comugrn
the dose and interval of medication (e.g.OH-Cétame), pointing to the need to understand whether
optimization of known and/or the development of nesatment strategies might positively change the
disease course (Dionisi-Viet al., 2013). A recent retrospective literature reviewarting on both early
and late onset patients suggested that daily texdtmith parenteral OH-Cbl combined with betainguits

in a better outcome (Carillo-Carrasco et al 2012a,b

In this regard only one patient in our survey wasated with supplemental methionine, which has been

claimed to be successful in individual cases oépthsorders of defective remethylation (Kvittingetral .,
12
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1997; Abelinget al., 1999).The recent observation bathvitro andin vivo of increased oxidative stress and

of abnormal glutathione status in cbIC defect (8efgnniganet al., 2010; Pastoret al., 2013; Richarakt
al., 2009), may suggests the use of antioxidant tlyei@porrect redox state abnormalities and its
potentially related clinical signs.

Of the biochemical features, plasma methionine higiser at diagnosis and plasma homocysteine was
lower during the disease course in late onsetatid he finding that only plasma methionine leweése
correlated with overall impression is supportedh® correlation of methionine levels and assessfent
adaptive behaviour skills by parents / caregivéysiéfeld-Adams et al 2013), suggesting a potential
contribution of reduced methionine availabilitytire pathogenesis of some of the clinical signfief t
disease (Martinellet al., 2011). Nevertheless, severity scores showedgmifisiant correlation with
methionine.

The only correlation observed with factors affedgdreatment, was the aforementioned relationship
total homocysteine measured during the courseeoflitease and overall impression.

Regarding possible genotype-phenotype correlatr@ssilts of mutation analysis showed that the
homozygosity for the ¢.271dupA mutation correlatés infantile presentation. These findings suppbet
previous suggested idea that c.271dupA is assdorth infantile onset. Homozygosity for the ¢.394IC
mutation was seen in six infantile presenting pasie@nd in 4 late presenting patients This apparent
contradiction with the previously reported corriglatbetween late onset and this mutation (Merel.,
2006; Nogueirat al., 2008) may be related to differences in the digssion of patients.

Recently, the cblC defect has been included in soonatries in the panel of diseases screened for
by expanded newborn screening (Carrillo-Carrasab., 2012a). However, neither the management nor the
outcome of asymptomatic patients with cblC detetiedewborn screening has been extensively studied.
At present there is only anecdotal data suggestiagearlier diagnosis of affected subjects through
expanded newborn screening improves overall outdmmeot neurological and ocular symptoms
(Weisfeld-Adams 2013; C. Dionisi-Vici personal ohg#ion). The report of a family showing a non-
neurological phenotype with fatal isolated pulmgniaypertension at the age of two years in onergibli

and with haemolytic uremic syndrome at the agéniede years in the eldest one (lodétal., 2013),
13
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highlights the possibility that if expanded newbeomeening would have been performed, these two

brothers might have experienced a different clinocicome. Early intervention preceding the appecea
of severe signs related to micro-angiopathy migtit be expected to also avoid the occurrence of
hydrocephalus, one of the more severe abnormatitiesrring in the cblC defect.
Taken together, these findings confirm that an egamprehensive understanding of the pathophysjolog
of cbIC defect has still not been achieved. Lacgadd developmental and neurological outcome may
reflect possible irreversibility of pathogeneticechanisms in this multifactorial defect. Additionallt is
likely that the synergistic effect of different niamisms, which include the accumulation of putdyivexic
metabolites and the deficiency of products dowastref the enzymatic defect(s), is responsibleHer t
multisystem organ involvement (Martinedtial., 2011).

In summary, this survey points to the need forfthgospective multi-centre studies as recently
started with the European Network and RegistryHomocystinurias and Methylation Defects (E-HOD)
using agreed treatment modalities and monitoringrpaters since present treatment regimes do ript ful

improve the disease course.
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Legend tofigures

Figure 1.Age of presentation in patients with the cbIC defec

Figure 2.General signs, neurological signs and ocular sitpserved in patients with the cblC defect at
onset (light bars) and during course (dark barsh SGmall for gestational age, HUS = haemolyticnoie
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Table 1: Signs and symptoms in patients with Cl#€@&ck as reported in the literature

Frequent signs and symptoms

References

* Feeding difficulties
» Haematologic abnormalities

* Hypotonia
» Developmental delay
* Seizures

*  Failure to thrive

* Microcephaly

* Pigmentary retinopathy
» Decreased visual acuity
* Nystagmus

Rosenblatt et al. 1997; Robb et al., 1984, Rital.e
2005; Weisfeld-Adams et al. 2013

Less frequently reported signs and symptoms

Eye symptoms
* retinal hypopigmentation
e strabismus
» optic atrophy
* maculopathy

Mitchell et al., 1986;Tsina et al., 2005;
Patton et al, 2000; Weisfeld-Adams et al. 2013

renal involvement including haemolytic uraem
syndrome

Gerarthy et al., 1992; Sharma et al., 2007

Dysmor phic features
* macrocephaly
» facial dysmorphism
» marfanoid features

Cerone et al., 1999; Heil et al., 2007; Rosenleta#.
1997

Cardiopulmonary signs
e congenital heart disease
» cardiomyopathy and left ventricular non-
compaction
e cor pulmonale
* pulmonary hypertension

Andersson et al. 1999; Brandstetter et al.1990BReet
al., 2009; Heinemann et al. 2001; lodice et al.3201
Longo et al. 2005; Ogier de Baulny et al., 199&fiich
et al., 2009; Tomaske et al., 2001

Neurological signs
* neuropsychiatric disturbances
* abnormal brain stem auditory and visual
evoked potentials
* white matter changes / atrophy
* hydrocephalus
* basal ganglia lesions
» sensory peripheral neuropathy

Bianchieri et al., 2001; Bianchieri et al. 2002 nigo et
al. 2005; Mamlock et al. 1986; Rosenblatt et aB7t9
Roze et al.2000; Smith et al., 2006; Weintraul.et a
1991; Weisfeld-Adams et al. 2013

Other presentations:
» haemophagocytic lymphohistiocytosis
» protein-losing enteropathy
* neonatal hyperammonemia
* acidosis
e microthrombi
* Thinned corpus callosum

Ellaway et al., 1998; Martinelli et al., 2011a; Roblatt
et al. 1997; Weisfeld-Adams et al. 2013, Wu et2005
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