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Abstract

Methylmalonic acidemia (MMA) is a typical type of organic acidemia caused by defects in methylmalonyl-CoA mutase or
adenosyl-cobalamin synthesis. Hydrocephalus (HC), results from an imbalance between production and absorption of cerebro-
spinal fluid (CSF), causeing enlarged cerebral ventricles and increased intracranial pressure, is a condition that requires urgent
clinical decision-making. MMA without treatment could result in brain damage. However, HC in MMA was rarely reported. In
this study, 147 MMA were identified from 9117 high risk children by gas chromatography mass spectrometry (GC/MS) for
organic acidurias screening in urine samples and liquid chromatography-tandem mass spectrometry (LC-MS/MS) for amino
acids detection in blood samples. Totally 10 cases with MMA and HC were determined by brain MRI/CT, as well as gene
mutation testing either by high throughput sequencing or Sanger sequencing. Besides, homocysteine was also analyzed for the 10
MMA with HC. Out of them, 9 cases carry out compound heterozygous mutations or homozygous mutation in MMACHC gene,
and 1 case has MUTmutation. The mutation ¢.609G > A in MMACHC was the most common in the cbl type patients. Although
MMA has a high incidence in Shandong province of China, especially cblC type. All of the 10 patients were not correctly
diagnosed before developing HC. As a result, when a child develops progressive and refractory HC, the screening for inherited
metabolic diseases should be immediately conducted.
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Introduction

Hydrocephalus (HC) is a condition in which an accumulation
of cerebrospinal fluid (CSF) is within the brain, and it results
from an imbalance betweenproduction and absorption of CSF
mostly caused by craniocerebral disease. HC typically causes
enlarged cerebral ventricles and increased intracranial
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pressure, which requires urgent clinical decision-making.
Untreated or undertreated HC could result in significantly
neurological manifestations, developmental disability, and
even death(Gmeiner et al. 2018). Particularly, children with
HC are unable to express their discomfort which was mostly
used for clinical neurological assessment of HC. Besides, HC
in children is usually caused by underlying diseases, such as
cerebrovascular shunt malfunction, inherited metabolic dis-
ease, and so on (Ma et al. 2018).

Inherited metabolic diseases (IMDs), also named as inborn
errors of metabolism (IEM), are genetic disorders that disrupt
enzyme activity, cellular transport, or energy production
(Villoria et al. 2016). Methylmalonic acidemia (MMA) is a
classical type of organic acidemia usually caused by a
deficiency of methylmalonyl-CoA mutase (MUT, EC 5.4.99.
2). Defects can be in the metabolic pathway where
methylmalonyl-CoA is converted into succinyl-CoA by MUT.
MUT is a mitochondrial enzyme encoded by MUT gene, with
an important cofactor, adenosyl-cobalamin from which the ac-
tivity of MUT is influenced by a defect in transport or synthesis
(Han et al. 2017). Heretofore there are six subtypes, cblA, cblB,
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cblC, cblF, cblD and cblX, associated with disturbance of
adenosyl-cobalamin metabolism (Keyfi et al. 2016). The defi-
ciency of enzymes, involved in the propionyl-CoA to succinyl-
CoA conversion pathway, and methylmalonyl-CoA epimerase,
as well as ADP-forming succinyl-CoA synthetase are also found
in patients with MMA. So far, 13 genes are associated with
MMA, such as MUT, MMACHC, MMADHC, MMAA,
MMAB, MCEE, ACSF3, LMBRDI1, HCFCI, ABCD4, and
SUCLA?2 (Pupavac et al. 2016).

Methylmalonic acid derived from the degradation of iso-
leucine, valine, methionine, threonine, odd-chain fatty acids,
and cholesterol side chains, is ranked poisonous to the body,
which could be accumulated in the tissues of patients with
MMA. The clinical characteristics of MMA vary, including
acidosis, ketosis, hyperammonemia, hypoglycemia or hyper-
glycemia, and neutropenia. Moreover, the neurological dys-
function caused by degeneration of striatal neurons and cere-
bral cortical atrophy is the most significant and common, man-
ifesting coma, drowsiness, convulsions, encephalopathy, and
so on (Han et al. 2017; Carrillo-Carrasco et al. 2012). HC in
patients with MMA has been rarely reported so far, andcan be
used as an early indication of timely treatment, such as prompt
surgery. In this study, we present clinical characteristics and
mutational analyses of 10 Han Chinese patients with MMA
identified by gas chromatography mass spectrometry (GC/
MS) for organic acidurias screening in urine samples and lig-
uid chromatography-tandem mass spectrometry (LC-MS/MS)
for amino acids detection in blood samples as well as High
throughput sequencing for gene mutation testing. The rela-
tionship between HC and genotype of MMA is analyzed
and summarized.

Material and methods
Compliance with ethical standards

The work was approved by Medical Ethics Committee of Qilu
Children’s Hospital of Shandong University. The parents of
the patients gave their written informed consent before clinical
and laboratory examinations. All the relevant regulations and
institutional polices were followed strictly with the
Declaration of Helsinki. The patients’ information was
anonymized prior to submission.

Patients

Totally 10 children (6 males and 4 females) from 9 unrelated
Chinese families were diagnosed as MMA with HC at pediat-
ric intensive care unit and neurosurgery department of the
Qilu Children’s Hospital of Shandong University screened
from 147 MMA by LC/MS-MS and GC/MS between
May 2011 and Jun 2018. The parents of the patients were all
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healthy and non-consanguineous. Blood samples were obtain-
ed from the patients and their parents in accordance with in-
formed consent in the study.

Routine tests and metabolic analysis

Routine physical examination was conducted for height,
weight, and head circumference, muscular tension, mental
condition and so on. Biochemical lab tests were also per-
formed for hepatic and renal function, glucose, ammonia, lac-
tic acid and blood gas analysis, and so on by using blood,
urine and cerebrospinal fluid. MRI/CT was conducted to all
index patients.

The levels of organic acidurias were measured by gas chro-
matography mass spectrometry (GC/MS) using a GCMS-
QP2010 analyzer (Shimadzu, Tokyo, Japan) and the Inborn
Errors of Metabolism Screening System software (Shimadzu,
Tokyo, Japan). Meanwhile, the levels of blood carnitine and
amino acids including propionylcarnitine (C3),
propinonylcarnitine/free-carnitine (C3/C0), propionylcarnitine/
acetylcarnitine (C3/C2), and methionine (Met) in dried blood
spots were measured by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) using an Applied Biosystems API
3200 analyzer (ABSCIEX, Foster City, USA) and the
ChemoView software(ABSCIEX, Foster City, USA).

Targeted captured sequencing and bioinformatics
analysis

Peripheral blood samples were collected from the patients and
their parents for DNA extraction using a DNA extraction kit
(TIANamp Blood Genomic DNA Purification Kit; Tiangen
Biotech, Beijing, China).

Whole exome targeted capture sequencing were used for
the mutation screening of the patients. A total of 712 genes
associated with inherited metabolic diseases were selected and
their coding regions were captured using a custom exome
enrichment kit (Agilent, Santa Clara, USA). Fifteen micro-
gram of DNA from the proband was used to generate index
libraries (average size 350-450 bp, including adapter se-
quences) for HiSeq2000 sequencer (Illumina, San diego,
USA). Totally 90 sequencing cycles per read were carried
out. The obtained mean exome coverage was more than
98%, with more than 99% of variants accuracy. Potential ef-
fects of the mutations on function were assessed using the
following databases: UCSC Genome Bioinformatics (http://
genome.ucsc.edu/) (comparing with the reference sequence
of MUT gene and MMACHC gene); Human Gene Mutation
Database (http://www.hgmd.cf.ac.uk/ac/index.php)
(comparing with an integrated set of variants); 1000
Genomes Project (www.1000genomes.org) and ExAC
(http://exac.broadinstitute.org/about), and so on.
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Verification and detection of mutations

Sanger sequencing was applied to verify and detect the poten-
tial MMA mutations in the patients. The gene-specific primers
were designed according to the sequences of the MMACHC
gene (NM_015506), MUT gene (NM_000255) from the
UCSC Genome browser database. The primers used for
MMACHC and MUT gene are shown in Table 1. The total
volume used for PCR reactions was 25 pl and the reaction
conditions were 94 °C for 3 min, followed by 30 cycles of
denaturation at 94 °C for 45 s, annealing at 55-65 °C for 30s,
extension at 72 °C for 45 s, and final extension at 72 °C for
5 min. The PCR amplification products were purified and
sequenced using an ABI Prism 3700 automated sequencer
(Applied Biosystems, Foster City, CA).

Result
Clinical characteristics and laboratory tests

Totally 147 MMA were carried out the gene mutation detec-
tions, in which 30 patients have been tested by NGS, and
others were gene-screening of MUT gene and MMACHC gene
by Sanger sequencing. Out of them, 123 patients carrythe
compound heterozygous mutations or homozygous mutations
in MUT gene or MMACHC gene inherited from their parents.
Three patients were found to have one mutation in MMACHC
gene, and 6 patients had one mutation in MUT gene. While no
mutations were detected in 15 cases including 7 cases tested
by whole exome targeted capture sequencing (Table 2).

Ten cases with MMA accompanied by HC were identified
among 147 MMA, and the incidence of HC to cbIC type is
8.82% (9/102). All the 10 cases had increased methylmalonate
in their urine and propionyl carnitine (C3) in their dried blood

spots. Four of the patients (case 4, 6, 9 and 10) had lower level
of methionine (Met) (Table 3).

Clinical data of 10 cases were collected and showed in
Table 2. All patients were less than six months at the time of
first onset, and most of them showed the symptoms at about
one month old, including poor feeding, failure to thrive, pneu-
monia, and so on, but no vomiting and the head circumference
of 10 cases was normal. There is no significant difference
between HC group and those that did not develop it in the
age distribution to early onset type of cblC.

The homocysteine was higher in 9 patients (cases 2—10).
Case 1, 9 and 10 had elevated blood ammonia, but other
indicators were normal. All patients had low hemoglobin,
cases 2, 3,4, 7, 8,9 and 10 showing moderate anemia, cases
7 and 8 with severe anemia. Cases 2, 4, 5, 6, 9 and 10 pre-
sented low neutrophils. Increasing lactic acid was found in
cases | and 2.

Cranial MRI/CT showed severe ventriculomegaly and ex-
tensive cerebral parenchyma atrophy in cases 2—8. Case 1 had
mild ventriculomegaly, but had severe subdural effusion and
cerebral atrophy (Fig. 1).

Genetic analysis

Nine patients were identified to carry mutations in MMACHC
with compound heterozygous mutation or homozygous muta-
tion, and one patient had the MUT mutations. The most com-
mon mutation was ¢.609G > A in MMACHC. Moreover, the
high-frequent mutations, including c¢.567dupT,
€.658 660delAAG in MMACHC, and ¢.729 730insTT in
MUT, which have been reported before (Wu et al. 2017;
Worgan et al. 2006) were also found in these patients with
HC (Table 4). Out of them, the six mutations were reported
to be pathogenic in HGMD (The Human Gene Mutation
Database) (Lerner-Ellis et al. 2009).

Table 1 The primers of PCR for exons of MMACHC and MUT

Gene Forward Reverse Products(bp)
MMACHC-1 GGGATACCGTGATGATACGC GAACCCAGGAGGATCAGAGG 680
MMACHC-2 TGCATCACATAGCGTCAGTG AGCCTGGCTTTAGGGTATCA 467
MMACHC-3 TCATGTTTTCCCTTCTGAGGA CAAAGCTAATTTGTTCTGGGTTG 395
MMACHC-4 ATGATGGCAGTTGACTTGGT CCTAACTTCCTTGAGCCTTGT 634
MUT-1 CAGACCTACACTCACAGTTGACATC CTTAAGGCTCAGAAGTTCTCAGTC 1182
MUT-2 TGGCATCTTCATCATGAAGTC ACTGGTTTGCAAGGAGGTAGTTC 549
MUT-3 GTCAGTGGCTACATACCAGTTAC AATACAAGTAAACAAATTAGGTGC 404
MUT-4 AAGGAAATTAAGCTCCCAGTAG CAGCAACCTTCAGGTACTTGTC 503
MUT-5 CCTGGTGATATACTTGAGAGTCC TCAGCACTATTATTGCCCTTC 684
MUT-6 CTGGTTGTCTATTTATCCTGAG AAGCTACTGGGTATTCATTCTC 649
MUT-7 TGGTTAGACATCCACACACACT CACTGTCTGTTTTCTGCCTTC 788
MUT-8 GTATCTTACTCCAGGAAGCAGG TACTGCAATAGAAGCAATGGC 550
MUT-9 TAATGAAGGGCATAGGAAG TAACCACCAGAGGGAGACA 657
MUT-10 GCTGGAGACAAGATATTCCTC GTAGGTACAGTCCTGATGATGG 600
MUT-11 ATGTAAGTAGAAGACCTCCCTGA CACAAGGGAAACAACTGACTC 831
MUT-12 GGGCATCATCTAAACTATCTTC TGAGTAGCTCCTATTTCCCAC 833
MUT-13 AACCTAAGGAGAAGGCAGAGAG GCTATCCTCAAATGCAAACTG 623
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Table 2  the summary for mutation genotype of 147 patients and age of onset

Number Positive metabolic cbIC type mut type One mutation One mutation Undetermined
screening in MMACHC gene in MUT gene type

Patients 147 102 21 3 6 15

Early onset (<1 year) 128 92 17 3 6 12

Late onset(>1 year) 19 10 4 0 0 3

Diagnosis, treatment and follow up Discussion

The clinical diagnosis was made timely for 7 of the patients
(cases 1-6 and 10) based on their symptoms, physical exam-
ination, laboratory test, MRI/CT and genetic analysis. A ven-
tricular peritoneal shunt surgery was performed immediately
on 7 patients (cases 3—8 and 10) after their diagnosis of HC.

Unfortunately, three cases of 4, 7 and 8 died after operation
due to delayed MMA diagnosis, and more sadly, cases 7 and 8
were siblings from a healthy couple. Case 4 and 8 died of
severe pneumonia and respiratory failure, while case 7 died
of severe respiratory acidosis with metabolic acidosis and re-
spiratory failure. Case 3, 5, 6 and 10 showed improvement of
symptoms after surgery and subsequent medical treatment. At
one year follow-up, case 3 could sit and climb. His symptoms
of anemia, severe pneumonia, and malnutrition disappeared.
Brain MRI/CT revealed that the volume of the brain tissue had
significantly improved. Other two patients (cases 5 and 6),
however, died from severe infection and metabolic crisis sev-
eral months after their parents abandoned treatment.

The operation was not performed for case 1, 2 and 9 as their
HC was neither very severe, nor had their parents consent.
Case 1, who carried the mutations in MUT gene that is vitamin
B12-non-responsive type with the protein-restricted diet, was
dead from severe infection due to the metabolic disregulation
two months later. Case 2 was treated with the non-surgical
medication including hydroxocobalamin (OH-Cbl), betaine,
folate, L-carnitines, and protein-restricted diet. The patient
was followed up regularly in his local clinic. At one-year
follow-up by telephone, his father narrated that his brain
MRI showed a gradual improvement in his brain tissue and
HC volume, but the child showed mild developmental delay
with low body weight, and he could not walk and speak at that
time. Case 9 was admitted to the hospital due to moderate
anemia, and her parents gave up the surgery and medication.
Laterwhen she was followed-up by phone, her father narrated
the patient died when she was sleeping at 4-month-10-day old.

The drug treatment strategy for the cohort was that L-
carnitine (300 mg/(kg.d)), and OH-Cbl (1 mg/d) were provid-
ed in the acute period and after operation, and L-carnitine
(100 mg/(kg.d)), OH-Cbl (0.1 mg/(kg.d)), betaine (200 mg/
(kg.d)) and folate (10 mg/d) were used in the long-term main-
tenance therapy. Arginine (250 mg/(kg.d)) was prescribed for
Case 1, 9 and 10.
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There are two active types of cobalamin (Cbl, also named
vitamin B12) in cells, methyl-cobalamin in the cytosol and
adenosyl-cobalamin in the mitochondrion, both of which are
transformed through hydroxylcobalamin (Rossi A et al.).
Adenosyl-cobalamin is the co-enzyme for MUT, and the de-
ficiency of which influences the catalytic effect of MUT and
results in the MMA. Meanwhile, methyl-cobalamin is the co-
factor for N5-methyltetrahydrofolate-homocysteine methyl-
transferase which could transfer homocysteine to methionine,
and the deficiency could cause the increase of homocysteine
and the decrease of methionine. Thus, the deficiency of Cbl
upstream metabolic pathway in the cytosol, including cblC,
cblD and cblF, has two biochemical hallmarks, methylmalonic
aciduria and homocystinuria. CblC type is the most common
subtype of Cbl metabolic deficiency. There are two distinct
clinical phenotypes of methylmalonic aciduria and
homocystinuria (MMA-HC), which are different with age of
onset, type of neurologic and systemic impairment and out-
come (Fischer et al. 2014; Rossi et al. 2001a, b). Rosenblatt
et al. (Rosenblatt et al. 1997) has reported the patients present
within 12 months of age, including neonate onset, as early
onset and above 4 years of age as late onset. All of the 10
patients in our study are early onset, even under six months of
age. Moreover, the patients with early-onset MMA-HC could
present a host of severe neurologic, hematologic, and gastro-
intestinal abnormalities with a significant percentage of deaths
and residual moderate to severe neurologic deficit in survivors
(Rossi et al. 2001a, b; Rosenblatt et al. 1997; Fischer et al.
2014). Furthermore, there is non- specificity in radiological
findings of MMA (Radmanesh et al. 2008) such as ventricular
dilation, cortical atrophy, periventricular white matter abnor-
mality, thinning of the corpus callosum, subcortical white mat-
ter abnormality, cerebellar atrophy, basal ganglionic calcifica-
tion, and myelination delay, and so on.

The pathophysiologic mechanism of hydrocephalus in pa-
tients with MMA-HC remains obscures, about which Rossi A
et al. (Rossi et al. 2001a, b) proposed a new theory that in-
creased arterial stiffness can cause pulse pressure to be prop-
agated downstream undamped, elevating the intracerebral
pressure and leading to ventricular dilatation and higher intra-
ventricular pulse pressure, thereby producing hydrocephalus.
Besides, hydrocephalus was also reported in other metabolic
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Fig. 1 Magnetic resonance/CT imaging of brain in case 1, 2, 3, 5, 6, 7,
9, 10. A1-4: case 1; B1-4: case 2; C1-4: case 3; E1-4: case 5; F1-4:
case 6; G1—4: case 7; H1—4: case 9; J1-4: case10. All of them are accord
with the manifestation of infant Hydrocephalus. Cranial MRI/CT showed
severe ventriculomegaly and widespread cerebral parenchyma atrophy in

diseases with homocysteine. It is noteworthy that the high
level of homocysteine in the blood could cause cardiovascular
and cerebrovascular diseases, of which mainly pathophysio-
logical mechanism is endothelial cell injury further leading to

case 2, 3, 5,6, 7,9 and 10. Case 1 have mild entriculomegaly, but with
severe subdural effusion and cerebral atrophy. Red Arrows show the
position of the catheter postoperatively. Hydrocephalus in Case 3 and 6
were detected by CT, and in other cases were by MRI

inflammation in the blood vessels (Bacthmann et al. 2000;
Sosvorova et al. 2014). Thus, homocysteine with a toxic effect
to the arterial wall reduces the compliance of extracerebral
intracranial arteries. Interestingly, hydrocephalus internus also

Table 4  Genotype profile of eight patients with MMA
Patient ~ Gene Nucleotide substitution ~ Amino acid substitution  Parental origin ~ NOVEL/ Pathogenicity**  Sequencing
Reported method

Case 1 MUT ¢.729 _730insTT p-Asp244Leufs Father Reported pathogenic Sanger
c.322C>T p. Argl08Cys Mother Reported pathogenic

Case 2 MMACHC  c¢.C217>T p. Arg73Ter Father reported pathogenic Sanger
c.609G>A p. Trp203Ter Mother reported pathogenic

Case 3 MMACHC  ¢.609G>A p. Trp203Ter Father reported pathogenic Sanger
¢.658 660del AAG p- Lys220del Mother Reported pathogenic

Case4  MMACHC  ¢.567dupT p.Ile190Tyrfs Father Reported pathogenic Sanger
c.609G>A p. Trp203Ter Mother reported pathogenic

Case 5 MMACHC  ¢.609G>A p. Trp203Ter Father reported pathogenic Sanger
¢.658_660del AAG p- Lys220del Mother reported pathogenic

Case 6 MMACHC  ¢.609G > A p. Trp203Ter Father reported pathogenic Sanger
c.609G > A p. Trp203Ter Mother reported pathogenic

Case 7 MMACHC  ¢.567dupT p-lle190Tyrfs Father reported pathogenic exome
c.609G>A p. Trp203Ter Mother reported pathogenic

Case 8 MMACHC  ¢.567dupT p-lle190Tyrfs Father reported pathogenic Sanger
c.609G>A p. Trp203Ter Mother reported pathogenic

Case 9 MMACHC  ¢.609G > A p. Trp203Ter Father reported pathogenic exome
c.609G>A p. Trp203Ter Mother reported pathogenic

Case 10  MMACHC  ¢.567dupT p-lle190Tyrfs Father reported pathogenic exome
c.609G>A p. Trp203Ter Mother reported pathogenic

**Pathogenicity analysis was done according to ACMG standards
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happened in patients with 5, 10-methylenetetrahydrofolate re-
ductase deficiency, of which the biochemical hallmarks are
hyperhomocystinemia, homocystinuria and low levels of plas-
ma methionine (Baethmann et al. 2000; Huemer et al. 2016).

Herein, we described clinical and genetic characteristics of
10 cases of MMA with HC. In the acute phase, patients with
MMA often present lethargy, coma, vomiting, failure to
thrive, muscular hypotonia, progressive neurological deterio-
ration and kidney failure. To the best of our knowledge, MMA
patients with obvious HC are very rare. Not only is HC caused
by MMA hard to diagnose early, but also the primary disease
of MMA is easily overlooked as most surgeons are unfamiliar
with MMA, which would lead to surgical failure (Gmeiner
et al. 2018; Ma et al. 2018).

Shandong province in China, where all the 10 cases are
from, is a high incidence area for MMA, and the estimated
local incidence of MMA is as high as 1:3000, which the sim-
ilar situations also occurred in the neighboring provinces of
Hebei and Henan (Han et al. 2016). There have been so far 13
genes associated with MMA. Thereinto, MMACHC gene is
the cause of cblC type which is also the most common subtype
(Carrillo-Carrasco et al. 2012) and is Cobalamin-responsive
(Fraser and Venditti 2016). Therefore, early diagnosis and
treatment for MMA 1is vital. The MMACHC mutation,
c.609G> A (p.W203X) (Lerner-Ellis et al. 2006), has been
reported to be the most common in Chinese patients, especial-
ly in Shandong province (Liu et al. 2010). In this research,
nine index cases with cbIC type all had the ¢.609G > A muta-
tion, in which the probands 6 and 9 had the homozygous
mutations. Founder effect could explain the high frequency
mutations.

This is the first report about the patient with MUT mutation
developing hydrocephalus though the symptom of HC is not
serious. Moreover, the patient showed severe subdural effu-
sion and brain atrophy, despite the patient receiving special
diet and medications. From our data, the complication of HC
occurred mainly in ¢blC type (8.82%), of which 102 children
with two MMACHC gene mutations type were diagnosed.
Meanwhile, only 21 patients with mut type caused by MUT
gene mutation were found. The important reason was that the
frequency of mut type is very low. In addition, the patient with
MUT gene mutation had the more severe condition so that
there was no time to develop the complication of HC.

Ma et al. (Ma et al. 2018) reviewed eight patients of
MMA with severe HC in previous literature. Definitely,
three patients benefitted from the surgical shunting. As it
is known, timely surgical shunting is vital for severe hy-
drocephalus and severe ventriculomegaly with progressive
intracracial hypertention. Moreover, infants with HC often
present the typical characteristics of intracranial hyperten-
sion, including increased head circumference and bulging
anterior fontanelle. However, the typical features of HC
(Yaeger and Marin 2017), especially intracranial

hypertension, were not observed in our cases, which is
consistent with the previous reports (Ma et al. 2018).
The possible explanation is that ventriculomegaly gradu-
ally develops in MMA patients, and brain atrophy could
take on much pressure from HC. In our study, seven pa-
tients underwent the ventricular peritoneal shunt, of which
three (cases 4, 7 and 8) died of multiple organ failure after
operation due to delayed MMA diagnosis.

Case 2 was not as severe as case 3, while he only received
medicine treatment due to his parents’ refusal to surgery. His
development was delayed when he was followed up after one-
year. MMA patients with severe hydrocephalus could benefit
from timely surgery for the recovery of brain atrophy is faster
and more effective (Ma et al. 2018; Kraemer et al. 2017).
Unfortunately, cases 5 and 6, who had improvement after
shunting surgery and timely medical treatment, died from se-
vere infection and metabolic crisis several months after their
parents withdrew treatment without permission.

High-throughput sequencing has been increasingly acces-
sible in the clinical diagnosis (Ye et al. 2018). Target region
capture sequencing is developed mainly to enrich and se-
quence specific regions of particular interest, such as specific
exons or entire exomes on the basis of high-throughput se-
quencing. We used a panel of target region capture sequencing
containing 712 genes associated with inherited metabolic dis-
eases in which 13 genes necessary for high-risk MMA were
included, such as MUT, MMACHC, MMADHC, MMAA,
MMAB, MCEE, ACSF3, LMBRDI, HCFCI, ABCD4,
SUCLA2, SUCLGI and TCN2 (Devi and Naushad 2017).
Nine patients were identified to have compound heterozygous
mutations or homozygous mutations in MMACHC gene, and
1 were MUT mutations respectively. The mutation of
c.609G > A in MMACHC was the most common mutation
found in the cblC type patients.

In conclusion, we presented 10 cases of MMA with hydro-
cephalus. The cblC type with HC is more common and has
bigger ventriculomegaly than MMA caused by mut type. It
seemed that mut type with HC involved whole brain range,
especially, severe subdural effusion. It still needs to accumu-
late more cases to differentiate the HC between cblC type and
mut type. Surgery is a good choice for MMA with severe HC,
but it is necessary to evaluate appropriately the overall condi-
tion of the patients before surgery.
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