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Clinical and electroencephalogram GEE

characteristics of methylmalonic acidemia
with MMACHC and MUT gene mutations
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Abstract

Objective This study investigated the clinical, imaging, and electroencephalogram (EEG) characteristics of methyl-
malonic acidemia (MMA) with nervous system damage as the primary manifestation.

Methods From January 2017 to November 2022, patients with nervous system injury as the main clinical manifesta-
tion, diagnosed with methylmalonic acidemia by metabolic and genetic testing, were enrolled and analyzed. Their
clinical, imaging, and electroencephalogram data were analyzed.

Results A total of 18 patients were enrolled, including 15 males and 3 females. The clinical symptoms were convul-
sions, poor feeding, growth retardation, disorder of consciousness, developmental delay, hypotonia, and blood sys-
tem changes. There were 6 cases (33%) of hydrocephalus, 9 (50%) of extracerebral space widened, 5 (27%) of corpus
callosum thinning, 3 (17%) of ventricular dilation, 3 (17%) of abnormal signals in the brain parenchyma (frontal lobe,
basal ganglia region, and brain stem), and 3 (17%) of abnormal signals in the lateral paraventricular. In addition, there
were 3 cases (17%) of cerebral white matter atrophy and 1 (5%) of cytotoxic edema in the basal ganglia and cerebral
peduncle. EEG data displayed 2 cases (11%) of hypsarrhythmia, 3 (17%) of voltage reduction, 12(67%) of abnormal
discharge, 13 (72%) of abnormal sleep physiological waves or abnormal sleep structure, 1 (5%) of immature (delayed)
EEG development, and 8 (44%) of slow background. There were 2 cases (11%) of spasms, 1 (5%) of atonic seizures,
and 1 (5%) of myoclonic seizures. There were 16 patients (89%) with hyperhomocysteinemia. During follow-up, 1
patient was lost to follow-up, and 1 died. In total, 87.5% (14/16) of the children had varying developmental delays.
EEG was re-examined in 11 cases, of which 8 were normal, and 3 were abnormal. Treatments included intramuscular
injections of vitamin B12, L-carnitine, betaine, folic acid, and oral antiepileptic therapy. Acute treatment included anti-
infective, blood transfusion, fluid replacement, and correcting acidosis. The other treatments included low-protein
diets and special formula milk powder.

Conclusion Methylmalonic acidemia can affect the central nervous system, leading to structural changes or abnor-
mal signals on brain MRI. Metabolic screening and genetic testing help clarify the diagnosis. EEG can reflect changes
in brain waves during the acute phase.
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Introduction

Methylmalonic acidemia is an autosomal recessive
metabolic disorder caused by a deficiency in the meth-
ylmalonic acid CoA mutant enzyme or the enzyme
metabolizing cobalamin (vitamin B12). In the body, four
amino acids (isoleucine, methionine, threonine, and
valine), odd-chain fatty acids, and cholesterol can pro-
duce propionyl CoA, which is then converted into methyl
malonyl CoA and then transported into the mitochondria
for the tricarboxylic acid cycle via an enzymatic reaction.
The conversion of propionyl CoA to methyl malonyl CoA
requires the participation of enzymes, the most impor-
tant of which is methyl malonyl CoA mutase and its
coenzyme 5’-deoxyadenosine cobalamin (AdoCbl, which
is derived from vitamin B12 through a series of enzy-
matic reactions). Accordingly, either an innate genetic
abnormality in the methyl malonyl CoA mutase or a dis-
order in any part of the evolution of vitamin B12 into an
AdoCbl can lead to the accumulation of methyl malonyl
CoA and lead to methylmalonic acidemia. In addition,
another coenzyme of methylcobalamin (MeCblI) which is
derived from vitamin B12 is necessary to convert homo-
cysteine to methionine, a process that can lead to hyper-
homocysteinemia if impaired [1, 2].

Depending on the presence of homocysteinemia, MMA
can be divided into isolated MMA or methylmalonic aci-
demia with homocystinuria [3]. Isolated MMA includes
mut and mut’ types caused by mutations in the mut
gene, cblA type caused by mutations in the MMAA
gene, cblB type caused by mutations in the MMAB gene,
and Tcblr type caused by mutations in the CD320 gene.
Homocysteinemia associated with MMA includes cblC,
cblD, cblF, cbl], and cblX types. Among them, cblC (also
known as cobalamin C disease or c¢blC disease) is the
most common inherited disorder of cobalamin (vitamin
B12) metabolism, caused by the MMACHC mutation
located on chromosome 1p34.1. cblD, cblF, cblX, and cbl]
are caused by mutations in the MMADHC gene located
on chromosome 2q23, LMBRD1 gene located on chro-
mosome 6q13, HCFC1 gene located on chromosome
Xq28, and ABCD4 gene located on chromosome 14q24,
respectively [4, 5].

The onset period of MMA includes anorexia, lethargy,
hypotonia, progressive renal failure, functional immune
impairment, hematological abnormalities, and other
multisystem injuries [4]. Among them, the damage to
the nervous system is the most severe and has a high dis-
ability rate [6]. Central nervous system manifestations of
methylmalonic acidemia in the early stage include micro-
cephaly, seizures, psychomotor delay, lethargy, feeding
difficulties, hypotonia, etc. [7]. According to the age of
onset, cb1C can be divided into early onset (onset within
one year) and late-onset (after four years), with different
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clinical manifestations according to the type and loca-
tion of gene mutations [8]. Early onset is associated with
a higher mortality risk [9]. Later onset patients or adults
may display cognitive abnormalities such as progres-
sive encephalopathy, speech disorders, learning difficul-
ties, psychoneurotic symptoms, dementia, and executive
dysfunction and movement disorders. It can also mani-
fest as spinal cord degeneration and thrombosis [9, 10].
In addition, it can affect the optic nerve [11], resulting in
impaired vision.

Common brain MRI signs of MMA include dysmy-
elination, brain atrophy, lateral ventricle dilatation, and
bilateral symmetric pallidum signal abnormalities [6].
EEG can reflect changes during the acute and convales-
cent periods. The first or main symptoms of MMA can
be mainly concentrated in the nervous system; there-
fore, brain MRI and EEG can reflect the brain struc-
tural changes and electrophysiological changes of MMA
patients, respectively.

Methods and materials

Patients

MMA patients with nervous system damage symptoms
who were admitted to the Department of Pediatric Neu-
rology, Shengjing Hospital of China Medical University,
from January 2017 to November 2022 were reviewed.
In addition, general information, clinical manifesta-
tions, genetic testing (Table 1), laboratory examination
(Table 2), brain MRI and EEG (Table 3), and prognosis
data of the patients (Table 3) were collected.

Inclusion criteria

(1) Clinical symptoms of nervous system damage as the
primary manifestation, such as consciousness disor-
ders, poor feeding, developmental delay, convulsions,
and intellectual disability. (2) The diagnostic criteria for
MMA included serum propionylcarnitine (C3) and pro-
pionylcarnitine/acetylcarnitine (C2) (C3/C2) detected by
tandem mass spectrometry. In addition, urine gas mass
spectrometry detected elevated urine methylmalonic
acid levels. Genetic testing confirmed the presence of
the mutation. The secondary MMA of vitamin B12 defi-
ciency was excluded [5].

Auxiliary inspection

Blood routine, blood ammonia, blood lactic acid, blood
homocysteine, liver and kidney function, brain MRI, and
electroencephalogram (routine EEG, video EEG, and
24 h ambulatory electroencephalogram) were performed.

Treatment and follow up
In the acute phase, all patients were intravenously
administered levocarnitine (50-100 mg/kg, 1-2 times
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a day). After the symptoms were relieved, levocarni-
tine was given orally 100-300 mg/ (kg-d) (according
to the clinical response and carnitine levels). Vitamin
B12 1 mg intramuscular injection 2-3 times a week
(depending on biochemical results) was administered
to patients with a vitamin B12 responsive type (Rotex-
medica, Germany). In our case, there was only one
isolated MMA patient with an MUT gene mutation
who did not respond to vitamin B12. This patient was
administered a special formula (without isoleucine,
methionine, threonine, and valine) and levocarnitine
orally. During acute decompensation, patients may be
intolerant to an enteral diet and may require intrave-
nous infusion of glucose and electrolyte solutions to
maintain water, electrolytes, acid—base balance, and
energy support. Fluid replacement is typically per-
formed using 10% glucose and electrolytes. Insulin was
used to promote anabolism while maintaining normal
glycemia [0.01~0.02 U/(kg-h)]. The rate and amount
of fluid replacement were adjusted according to the
patient’s cardiac and renal functions. The amount of
fluid was approximately 150 mL/kg/24 h and the dura-
tion did not exceed 2448 h. One of the patients devel-
oped anemia with a red blood cell count of 1.8*10'%/L,
hemoglobin level of 61 g/L, and was infused with eryth-
rocyte after filtering leukocyte (10-15 mL/kg/time,
3-5 mL/kg/h). One patient with mycoplasma infection
and two with bacterial infection confirmed by blood
bacterial culture were administered appropriate anti-
biotics. One patient with deep venous thrombosis of
the lower extremity was administered a low-molecu-
lar-weight heparin sodium 0.3 mL subcutaneous injec-
tion. Simultaneously, it is necessary to control protein
intake and blood ammonia levels during the acute
phase. In addition, we administered betaine (200 mg/
day, oral administration) and folinic acid (5-15 mg/day,
oral administration) for long-term treatment. In all our
cases, the blood ammonia level of all patients did not
exceed 100 pmol/L, and it can be reduced to normal or
close to normal levels through the treatment.

Results

General information and clinical features

In total, 18 patients were enrolled, including 15 males
(83%) and 3 females (17%). Among them, 12 (67%) had
an early onset and 4 (22%) had a late onset. There were 8
cases (44%) of convulsive symptoms, 16 (89%) of devel-
opmental delay, 6 (33%) of poor feeding, 8 (44%) of con-
sciousness disturbance, 1 (5%) of dystonia, 3 (17%) of
blood system changes (anemia and reduction of the three
systems), 1 (5%) of deep venous thrombosis of the lower
extremity, and 1 (5%) of acidosis (Table 1 and 2).
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Imaging data

Mainly brain MRI. Examinations included T1, T2, Flair,
and DWI, which included 6 cases (33%) of hydrocepha-
lus, 9 (50%) of extracerebral space widened, 5 (27%) of
corpus callosum thinning, 3 (17%) of ventricular dila-
tion, 3 (17%) of abnormal signals in the brain paren-
chyma (frontal lobe, basal ganglia region, and brain
stem), and 3 (17%) of abnormal signals in the lateral
paraventricular. In addition, there were 3 cases (17%) of
cerebral white matter atrophy and 1 case (5%) of cyto-
toxic edema in the basal ganglia and cerebral peduncle
(Table 3, Fig. 1).

EEG data

EEG data showed 2 cases (11%) of hypsarrhythmia, 3
(17%) of voltage reduction, 12 (67%) of abnormal dis-
charge, 13 (72%) of abnormal sleep physiological waves or
abnormal sleep structure, 1 (5%) of immature (delayed)
EEG development, and 8 (44%) of slow background.
There were 2 cases (11%) of spasms, 1 (5%) of atonic sei-
zures, and 1 (5%) of myoclonic seizures (Table 3, Fig. 2).

Genetic testing

All 18 patients underwent genetic testing. MMACHC
mutations accounted for 89% (16/18), all showing the
cblC type MMA. MUT gene mutation accounted for
11% (2/18). The major mutation was c.609(exon4)
G > A, accounting for 62.5% (10/16) (Table 1).

Follow-up and prognosis

One patient was lost to follow-up, and one died. The
remaining 16 patients were followed up at a mean age
of 51.4 months (12-120 months). Blood homocysteine
levels decreased in MMA patients after treatment, and
there were no adverse drug reactions. In total, 87.5%
(14/16) of children had varying developmental delays
(intellectual disability, developmental language delay, and
motor developmental abnormality). Development status
temporarily nearly completely normal in two patients.
EEG was re-examined in 11 cases, of which 8 were nor-
mal, and 3 were abnormal. In addition, 2 patients contin-
ued to take oral antiepileptic drugs at follow-up.

Discussion

Methylmalonic acidemia is an autosomal recessive meta-
bolic disease, and the most common genetic metabolic
disease [12]. This is mainly due to metabolic defects
caused by methyl malonyl coA mutase (MCM) or aden-
osylcobalamin (AdoCbl). The abnormal MCM leads to
abnormal accumulation of metabolites such as methyl-
malonic acid, 3-hydroxybutyric acid, and methyl citrate,
which damage the nervous system, liver, kidney, etc. [12].
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Fig. 1 A Hydrocephalus, bilateral paraventricular interstitial edema (patient 2). B Corpus callosum thinning (patient 15). C Bilateral frontoparietal
cerebral parenchymal atrophy, increased adjacent extracranial fluid (patient 16). D Bilateral putamen and globus pallidus involvement (patient 17). E
Bilateral centrum semiovale dysmyelination (patient15). F Abnormal signals were observed in the nucleus caudatus and putamen (patient 13)

The clinical manifestations of MMA are not specific
but often occur with multiple organ involvement. Nev-
ertheless, a few patterns of clinical presentations can
be identified. Most patients exhibit developmental and
cognitive impairment, feeding problems, neurological
symptoms (seizures, movement disorders, abnormal
muscle tone, ataxia, decreased consciousness, behavio-
ral disorders, and mental disorders), visual impairment,
hematological abnormalities, diseases of renal, cardio-
pulmonary, and gastrointestinal systems [13]. Using
data from the E-HOD (homocystinuria and methyla-
tion defects) registry, Huemer et al. found that 89% of
patients with cblC disease presented with early onset
and 11% with late onset [14].

MMA can cause multisystem impairment and can
occur over a wide age range, from newborns to adults.
There are many subtypes of MMA, according to differ-
ent gene mutation sites and biochemical tests. The pat-
tern of clinical manifestations of cblC changes with age.
For example, in the neonatal period, patients often expe-
rience neurological deterioration, manifested by lethargy,

hypotonia, poor eating, epilepsy, and coma. Affected
infants often present with stunted growth, anemia, and/
or pancytopenia, as well as multisystem pathology,
including renal and liver dysfunction and cardiomyopa-
thy [15]. Older infants and young children often dem-
onstrate acute encephalopathy and visual and cognitive
impairment. Older children, adolescents, and adults
may present with behavioral or mental disorders, cogni-
tive impairment, peripheral neuropathy, and ataxia [16—
18]. Ocular manifestations are rare in late-onset cblC,
except for optic pallor [13]. In our study, most patients
had central nervous system injuries. Approximately 44%
of the patients had convulsions, 89% had developmental
delays, 33% had poor feeding, 44% had disturbance of
consciousness, 5% had dystonia, 17% had hematological
abnormalities, 5% had acidosis, and 5% had deep venous
thrombosis of the lower extremity. These symptoms
gradually change with time; in childhood or adolescence,
patients develop varying degrees of neurological symp-
toms such as developmental language delay, motor devel-
opmental abnormality, and intellectual disabilities.
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Fig. 2 A Hypsarrhythmia (patient 8). B Spasm seizures (patient 10).
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Myoclonic seizures (patient 9). D Diffuse 0.5-1.5 Hz high amplitude slow

wave activity was observed in both hemispheres (patient 9). E Low-medium amplitude 4-6 Hz activity was observed in the bi-occipital region,
generalized low voltage in both hemispheres (patient 17). F Sharp and slow waves were distributed in bilateral frontal region. (patient 7). G Focal
seizure originated in the right occipital and posterior temporal region (patient 5)

Isolated MMA is associated with enzymatic sub-
types mut’, mut™, cblA, cblB, and cbID-MMA [19]. The
clinical manifestations of isolated MMA patients com-
monly present during the first weeks and months after
birth are poor feeding, recurrent vomiting, and severe
metabolic acidosis [20]. Moreover, infantile/non-B,,-re-
sponsive isolated MMA patients always have infantile-
onset lethargy, tachypnea, hypothermia, vomiting, and
dehydration upon initiation of protein-containing feeds,
which can rapidly progress to coma due to hyperam-
monemic encephalopathy when treatment is unavail-
able [19]. A study from Tsinghua University in China
displayed a statistically significant difference in neuro-
logical findings between early- and late-onset isolated
MMA, especially in developmental delay and movement
disorders. Developmental delay was more common in
early-onset patients, and movement disorders were more
common in late-onset patients [12]. Of our two MUT

patients, one was vitamin B12 non-responsive; however,
surprisingly, his prognosis was relatively good, with good
speech and movement, and he could attend school nor-
mally. We speculate that the reason for the good prog-
nosis of this patient was that the brain parenchyma and
electrophysiology of this child were not significantly
affected, and this child received treatment early ( patient
18) [21]. Another 6-year-old MUT patient who was
responsive to vitamin B12 had a poor prognosis and seri-
ous neurological sequelae. Currently, the child has grade
III muscle strength in both lower limbs, grade III+ mus-
cle strength in both upper limbs, a positive Babinski
sign, and dysarthria. Although the patient had late-onset
MMA responsive to vitamin B12, the child initially had
severe brain damage and EEG changes that were predic-
tors of irreversible sequelae (patient 17).

MMA can affect brain development and lead to struc-
tural brain abnormalities. MRI can show white matter
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swelling and abnormal signals, corpus callosum thinning,
hydrocephalus, and abnormal signals in the basal gan-
glia [22]. Myelin abnormalities, periventricular abnor-
malities, ventricular dilatation, brain atrophy, which can
be significantly associated with developmental delay in
children [23]. The pathogenesis of MMA combined with
hydrocephalus remains unclear and may be linked to the
direct neurotoxicity of toxic metabolites and oxidative
stress response. For example, homocysteine can damage
the vascular endothelium, stiffen arterial walls, decrease
compliance, and affect the absorption of cerebrospinal
fluid, leading to increased intracranial pressure and ven-
tricular dilatation [24, 25]. It has been proposed that the
correlation between central nervous system damage and
neuropsychological developmental status in children
with MMA can be evaluated based on MRI results to
objectively evaluate the efficacy of standard treatment.
They suggested that ventricular dilation is an important
imaging feature in neuropsychological developmental
disorders. In our study, the most common was extracer-
ebral space widened, hydrocephalus, followed by corpus
callosum thinning [23].

Electroencephalogram (EEG) examination is used to
evaluate brain function, diagnose epilepsy, and iden-
tify episodic events. Moreover, EEG results may pre-
dict the outcomes of comatose patients; for example,
non-reactive EEG, burst suppression mode, low voltage,
and periodic epileptiform discharges indicate poor out-
comes [26-29]. In our experiment, approximately half
of the patients’ EEG demonstrated background slowing,
approximately 17% of the patients revealed low voltage,
and approximately 72% showed changes in sleep struc-
ture, indicating changes in brain function and a decrease
in normal physiological waves. In our study, two chil-
dren had hypsarrhythmia and epileptic spasms, both of
which were treated with ACTH and antiepileptic drugs;
one died at approximately one year of age, and the other
returned to normal EEG at approximately two years and
three months. In the mechanism of central nervous sys-
tem injury caused by MMA, mitochondrial injury, meta-
bolic disorder, oxidative stress, and excitatory toxicity
increase epilepsy occurrence [30]. Studies have revealed
that nitric oxide (NO) has a protective effect on MMA,
and the injection of L-arginine in the striatum can
increase NO content in the striatum and reduce seizures
induced by MMA [31]. The first symptom in 44% (8/18)
of the patients in our study was convulsions, which was
similar to that reported by Xiuwei Ma et al. [32]. During
the follow-up, we found that 2 patients were still taking
antiepileptic drugs. The electroencephalogram (EEG)
of the 11 patients was reviewed, of which 8 had nor-
mal EEG and 3 had abnormal EEG. However, regardless
of whether the EEG was normal, 87.5% of patients had
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developmental delays. It can be hypothesized that EEG
can reveal whether MMA affects the brain physiology,
disrupts neuronal functions and causes seizure activity in
early period of the disease. However, long-term effects of
MMA could not be anticipated with EEG.

The gene mutations involved in this study were mainly
MMACHC and MUT. 89% of the cases were MMA
with homocystinuria (cblC) type caused by MMACHC
gene mutation, and 11% of cases were isolated MMA
caused by MUT mutation. Consistent with most litera-
ture reports, the cblC type is the most common meth-
ylmalonic acid associated with homocysteinemia [33].
Studies on MMACHC gene mutations indicate a geno-
typic-phenotype correlation; for example, patients with
¢609G > A and 394 C>T tend to develop the late-onset
disease, while those with ¢.331 C>T and c.271 dupA
tend to appear in infancy [8, 34]. MUT gene mutation
is the most common genotype of isolated MMA. In our
case, the two isolated MMA were both MUT gene muta-
tions, and there have been many reports about these two
genetic variants [35—41].

Detailed guidelines for treating and managing MMA
were developed by Baumgartner [1], Forny [1, 42], and
Huemer et al. [13, 14, 43]. Among these, vitamin B12
therapy is one of the main drug treatments, but MMA
patients have different responses to vitamin B12, which
may be linked to different gene mutation types and sites.
Patients with vitamin B12 response have a better prog-
nosis. Those who did not respond to vitamin B12 had an
early onset, and the first symptoms included lethargy,
coma, and seizures [44]. However, despite aggressive
treatment and improved metabolic levels, serious com-
plications such as developmental delay can still occur
[23]. Among these, nervous system injuries were the
most significant. In this study, 87.5% of patients displayed
mild or severe developmental delay during the follow-up
process. Unfortunately, no objective developmental score
test was conducted on the patients in our study because
their families could not bear the economic and time costs
of such examinations. In addition, the reference val-
ues and scoring items of the developmental score scales
used by different hospitals differed, implying the absence
of a uniform standard. Consequently, our study mainly
obtained patient development from physical examina-
tions and parent descriptions during follow-up. As for
developmental language delay, some patients only speak
simple words, overlapping words, and cannot understand
complex sentences. Motor developmental abnormalities
manifest as unstable walking, uncoordinated movement,
and an inability to perform complex movements. Ani-
mal experiments have revealed that injection of methyl-
malonic acid into the lateral ventricle of mice can change
the redox state, activate microglial cells, increase neural
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immunity, promote apoptosis, and alter several energy
metabolic reactions in the brain (glucose, ATP, and oxi-
dative metabolism), resulting in an insufficient energy
supply to the brain. This proves that children with meth-
ylmalonic acid have brain dysfunction and cognitive
changes [45, 46] and present with cognitive regression,
mental confusion, and poor reaction ability [47]. Recent
clinical data have demonstrated that peripheral blood
inflammatory factors and oxidative stress products of
patients with MMA have corresponding changes; these
inflammatory factors destroy the blood-brain barrier,
thus affecting cognition [48]. It has also been suggested
that some patients with organic acidemia may present
with bilateral basal ganglia necrosis due to excitatory tox-
icity caused by metabolic disorders [49]. Recent studies
have demonstrated that post-translational modifications
of some enzymes or proteins can cause metabolic disor-
ders, thereby affecting brain function [50].

Conclusion

The clinical manifestations of MMA vary, and its diag-
nosis based on the clinical symptoms is difficult. The
possibility of an inherited metabolic disease should be
considered when unexplained neurological or other sys-
temic abnormalities are present. Biochemical exami-
nation, plasma acylcarnitine, urine organic acids, and
genetic tests confirmed the diagnosis. MMA has a high
mortality rate and a poor prognosis. Therefore, early
diagnosis and treatment are required to reduce irrevers-
ible complications.
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