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Abstract

Background: Most patients with isolated methylmalonic acidemia (MMA) /propionic acidemia (PA) presenting
during the neonatal period with acute metabolic distress are at risk for death and significant neurodevelopmental
disability. The nationwide newborn screening for MMA/PA has been in place in Taiwan from January, 2000 and
data was collected until December, 2016.

Results: During the study period, 3,155,263 newborns were screened. The overall incidence of MMA mutase type
cases was 1/121,356 (n = 26), 1 cobalamin B was detected and that for PA cases (n = 4) was 1/788,816. The time of
referral is 8.8 days for MMA patients, and 7.5 days for PA patients. The MMA mutase type patients have higher AST,
ALT, and NH3 values as well as a lower pH value (p < 0.05). The mean age for liver transplantation (LT) is 402 days
(range from 0.6–6.7 yr) with 16 out of 20 cases (80.0%) using living donors. The mean admission length shortened
from 90.6 days/year (pre-LT) to 5.3 days/year (at 3rd year post-LT) (p < 0.0005). Similarly, the tube feeding ratio
decreased from 67.8 to 0.50% (p < 0.00005). The anxiety level of the caregiver was reduced from 33.4 to 27.2 after
LT (p = 0.001) and the DQ/IQ performance of the patients was improved after LT from 50 to 60.1 (p = 0.07).

Conclusion: MMA/PA patients with LT do survive and have reduced admission time, reduced tube feeding and the
caregiver is less anxious.
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Background
Methylmalonic acidemia (MMA, MIM#251000) and
propionic acidemia (PA, MIM#606054) are autosomal
recessive organic acidemias that are characterized by the
accumulation of methylmalonate or propionate due to a
defect in either methylmalonyl-CoA mutase (MUT) or
propionyl-CoA carboxylase (PCC). MMA is able to be

further divided into a MUT deficiency or a defect in co-
balamin (cbl) metabolism (the coenzyme of MUT) that
can include uptake (cblF), transport (cblC,D) or synthe-
sis (cblA,B) of functional 5′-deoxyadenosylcobalamin
(AdoCbl). Defects in cblC, cblD and cblF induce a
combination of methylmalonic aciduria and homocysti-
nuria owing to a concurrent impairment of the synthesis
of methylcobalamin (MeCbl). (Fig. 1).
These mut mutations are classified into two

subgroups: mut0, where there is complete loss of enzyme
activity (deficiency) and mut−, where there is residual
but insufficient enzyme activity. The majority of mut
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mutations are associated with the mut0 phenotype [1],
and these mutations result in significantly higher levels
of mortality and morbidity.
Many classical MMA/PA patients deteriorated rapidly

while suffering from early poor feeding, lethargy, vomiting,
and metabolic acidosis that extent to encephalopathic
coma; they then succumb early in infancy. For these clas-
sical patients, dietary restriction (a low-protein, high-energy
diet) together with oral medication have remained the core
therapies for decades [2]. However, despite intensive
medical efforts, frequent decompensation still occurs and
complications seem to be inevitable. The implement of liver
transplantation (LT) for MMA mut0 and PA patients since
1990s has seemed to offer a chance to reduce the number
of life-threatening decompensation events [3] as well as
other long-term complications and moreover, less dietary
restrictions [4–6].
In Taiwan, MMA was officially incorporated into the

nationwide newborn screen (NBS) from March, 2000 on-
wards. Since 2006, it has been a mandatory screening test.

There are three national newborn screening centers in
Taiwan; these are National Taiwan University Hospital
(NTUH), the Taipei Institute of Pathology (TIP) and the
Chinese Foundation of Health (CFOH). A previous study
of 1,495,132 neonates covering the period March 2000 to
June 2009 identified thirteen MMA patients (incidence: 1/
101,625) and two PA cases (incidence: 1/660,562) [7]. This
early study did not, however, evaluated the management
and prognosis of this group of patients to any degree. In
this article, our aim was to extend the screening period to
December 2016 and to analyze a range of parameters
related to the diagnosed children, particularly whether
they had or did not have liver transplantation.

Materials and methods
Referral criteria
From January, 2000 to December, 2016, neonates with
elevated propionylcarnitine (C3) and with an elevated
C3/acetylcarnitine (C2) ratio, who were identified at
NTUH, TIP and CFOH, were included in this study.

Fig. 1 Metabolic pathway of propionyl-CoA and methylmalonyl-CoA. Methylmalonic acidemia (MMA, MIM#251000) is caused either by a defect in
methylmalonyl coenzyme A mutase (MUT, encoded by the mut gene, on chromosome 6p12.3) or by a defect in the uptake, transport or synthesis of
5’-deoxyadenosylcobalamin (AdoCbl). A disruption of the synthesis of AdoCbl is attributable either to a defect in cblA (251100), which is caused by a
mutation in the MMAA gene located on chromosome 4q31, or to a defect in cblB (251110), which is caused by a mutation in the MMAB gene located
on chromosome 12q24. Combined methylmalonic acidemia and homocystinuria occurs in individuals with mutations in cblC (277,400, MMACHC gene,
located on chromosome 1p34), cblD (277,410, MMADHC gene, located on chromosome 2q23), and cblF (277380). Propionic acidemia (PA MIM#606054,
is caused by deficiency in propionyl-CoA carboxylase (PCC), a biotin-dependent carboxylase that is present in the mitochondrial matrix. This enzyme is
composed by two subunits, which are encoded by pccA, located on chromosome 3q22. 3 and pccB, located on chromosome 13q32.3
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The referral criteria of the three units are presented in
Table 1. The “borderline” cutoff values were modified
during the pilot studies (2000–2006) of our NBS centers
at approximately 4 standard deviations above the mean,
whereas the “positive” cutoff values were established at
about twice the borderline cutoff values [7]. At CFOH
and TIP, the borderline cutoff value for C3 was 6μM,
while that at NTUH the value was 4.74. The positive
cutoff value for the ratio of C3/C2 at TIP/CFOH was
either a value greater than or equal to 0.3 or 0.35 or a
C3 > =12 or 14, respectively. The infant would be
referred immediately to confirmatory medical centers:
Taipei Veterans General Hospital... Furthermore,
screened newborns with a C3/C2 between 0.25 and 0.3
or 0.35, respectively, or an intermediate C3 level would
be requested for a repeat blood sampling sent to TIP/
CFOH. Based on the data submitted from TIP and
CFOH, from 2004 to 2011, the overall screen-positive
rate yielded 77.78%; from 2012 and onward, after
methylmalonic acid (mma) used at a second tier, the rate
increased to 83.3%. At NTUH, the reference value for
resampling is C3/C2 ratio 0.26. Cases with C3 > =8.8
and C3/C2 > =0.26 will be referred immediately to
NTUH. Cases with abnormal C3 or C3/C2 will then be
determined by mma level to see if he/ she is likely to
have MMA (mma > =1μM) or PA (<1μM).

Biochemical analysis
The information on all the MMA/PA patients was
recorded in detail and this included demographic data,
biochemical markers and initial presentation. In
addition, to aid early differentiation, we also recruited
fourteen false positive cases for better analysis. These
were neonates who were referred to our center yet later
their tandem mass and urine organic acid turned out to
be free of MMA/PA. They were classified as “transient
MMA/PA” without verifiable reason (except one case
was diagnosed of primary hyperoxaluria from the or-
ganic urine analysis result) or can be traced to maternal
deficiency of cobalamin. Our aim was, to compare their
initial laboratory data with true MMA/PA newborns.

To compare the prognosis of the LT and non-LT
groups, we have traced the data from another 5 mutase
MMA cases born before the introduction of NBS. De-
scriptive statistics were calculated for the demographic
and clinical characteristics. Because cblA patients are
mild, B12 responsive and cblC carries a different patho-
physiology with remethylation dominating the patho-
physiology and management, these 2 types of patients
were removed from our study cases. The data were clas-
sified to mut (MUT), cblB, and PA patients.

The parameters for evaluation
The parameters studied included survival rate, DQ/IQ
performance, admission length and tube feeding time.
These were compared using the unpaired 2-sample t
test. The quality of life scale from evaluation of patients
is shown in Table 2 and values were classified into
“good”, “mildly impaired”, “moderately impaired” and
“severely impaired” according to the “unscheduled ad-
missions per year”, the “tube feeding ratio” and the “use
of metabolism-correcting/immunosuppressive agents”.
This approach was modified from a previous report of
Morioka et al. [8]. Patients were categorized into the
worst group if any of the features matched. The tube
feeding ratio is defined as the days of tube feeding (ei-
ther from nasogastric, orogastric tube or from gastro-
stromy), collected from the chart records and/or the
recall of the main caregiver, then divided by 365*100%.
The larger the tube feeding ratio, the less capable the pa-
tients could feed by mouth to provide sufficiency energy
in avoidance of aggravation of catabolism. Beck Anxiety
Inventory (BAI) Chinese Version was utilized to assess
the anxiety level of the main caregiver and the question-
naire was distributed in 2015. We request the parent re-
call the status before LT and at 1 year after LT. The sum
of the scores from the questionnaire could range from
21 to 84. Scores between 21~28 were considered “a

Table 1 Referral criteria of three NBS centers in Taiwan

CFOH borderline/
positive

TIP borderline/
positive

NTUH borderline/
positive

C3 (μM) 6/14 6/12 4.74/8.8 (1st tier)

C3/C2 0.25/0.35 0.25/0.3 0.26

mma (μM) 4.2 (2nd tier) Pos/Neg 1 (2nd tier)

The first number indicates the cutoff point for resampling, whereas the
second number stands for value of immediate referral to confirmatory
medical center: NTUH/Taipei Veterans General Hospital. Note in CFOH and
in NTUH, a second tier of mma level would be conducted in case of high
C3 and/ or C3/C2 value.In TIP, a quantitative test of mma would be
performed after detection of elevated C3 or C3/C2

Table 2 Classification of quality of life

Unscheduled
admissions/yr

Tube
feeding

Metabolism-correcting/
immunosuppressive
agents

Good ≦ 2 times (−) 1

Mildly impaired
(if any)

3–5 < 25% 2–3

Moderately impaired
(if any)

6–8 25–50% 4–5

Severely impaired
(if any)

≧9 > 50% ≧6

We revised from Morioka et al. on the classification of quality of life.
Unscheduled admission is defined as any admission due to unexpected acute
decompensation, infection…and etc., which was collected from hospital
records. The tube feeding ratio counts the days of length of nasogastric,
orogastric tube or from gastrostomy within 1 year, then divided by 365*100%,
indicating the severity of feeding quality, based on the nursing records and/or
the recell of the main caregiver
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minimal level of anxiety”, while those that were 29~36
were scored as “mild anxiety”, those that were 37~46
were scored as: “moderate anxiety” and those > 47 were
identified as having “severe anxiety” [9].This 21-item
scale show high internal consistency (Cronbach’s alpha,
α = 0.92) and test-retest reliability (r = 0.75) over 1 week
[10].. Cognitive function was assessed using the
cognitive subtest of the Bayley-III (0–36months old),
the Wechsler Preschool (36mo-72mo) and the Wechsler
IQ IV (>72mo) according to the chronological age of the
subject or the functional performance of the subject.
Mild cognitive developmental impairment was defined
by a score between 55 and 70, while moderate impair-
ment had a range from 40 to 55, severe impairment had
a range from 25 to 50 and profound impairment had a
score less than 25. The mean follow-up period after LT
was 68 months. The perioperative mortality is defined as
death occurring within 30 days after LT regardless if in
or out of the hospital.

Results
During the study period, 27 MMA cases were identified:
26 mut type, 1 cblB and 4 PA cases. This was out of a
total screened population of 3,155,263 newborns. Hence
the updated incidence in Taiwan for each of the organic
acidopathy are 1/121,356 (mut), 1/631,053 (cbl) and 1/
788,816 (PA).
Gene mutation analysis was carried out on the MUT pa-

tients and in total 56 alleles were analyzed. In Taiwan,
G427D (mut0) was found to be the most prevalent MMA
mut mutation (41.1%) and this was followed by L328F
(mut0, 10.7%), c. 1677-1G > A (mut0, 7.1%), R152X (mut0,
5.4%), R228X (mut0, 5.4%), and R108H (mut−, 5.4%).
Before the era of NBS, it required on average a total of

37.4 days from birth to reach a confirmed diagnosis for
MMA mut0 neonates and this has now been dramatic-
ally decreased to only 8.8 days for MMA patients, and
7.5 days for PA patients (p < 0.05). This strongly supports
and affirms the need for NBS, which allow the quick and
early detection of both of these diseases.
In order to explore the acylcarnitine profile of these

individuals, each group of patients was compared with
each other group that formed the study (Table 3). The

false positive patients (9.05 ± 2.74, 4.65~13.70μM) were
found to have overlapping C3 values with the mut
patients (11.21 ± 3.05, 6.30~17.52 μM). However, surpris-
ingly, the false positive group can even show a higher C3
level than the cblB patients (6μM). The PA patients tend
to have the highest mean C3 level (11.11 ± 2.72,
9.07~15.1μM) and there was a significant gap when they
were compared with the cbl group. (false>cbl; PA > cbl).
When the C3:C2 ratios were examined, the mut (0.80

± 0.50, 0.36~2.36) and PA (1.54 ± 1.02, 0.60~2.97)
patients were found to have significantly higher values
than the false positive (0.49 ± 0.42, 0.10~1.24) and cbl
patients (0.43). (mut/PA > false/cbl). With such cases it
was not possible to separate well the false positive indi-
viduals and the cobalamin deficient patients. The mut
subjects (271.16 ± 145.59, 125.8~634) showed the highest
initial MMA level compared to the false positive group
(45.25 ± 45.20), the cbl group (14.8) and the PA group
(0.97). Thus the C3:C2 ratio appears to provide better
discrimination when identifying classical MMA/PA
patients. One of the false positive patients presented
with a C3 of 12.2, a C3:C2 ratio of 1.24 and a MMA
level of 122.3μM; it later turned out that this abnormal
propionylcarnitine profile was due to a severe maternal
B12 deficiency secondary to autoimmune gastritis.
Hence, according to our study, a C3:C2 value greater
than 1.25 was only observed in the mut/PA patients.
Furthermore, neonates who possess a MMA level higher
than 123 μM have a high risk of MUT deficiency.
The patients’ initial biochemical information upon ad-

mission is presented in Table 4. The mut patients can be
seen to have the worst biochemical manifestation of the
disease. They have the highest aspartate transaminase
(AST), alanine transaminase (ALT), serum creatinine
(Cre), ammonia (NH3) and serum glycine levels as well
as the lowest pH values (p < 0.05). The cbl/PA patients
presented with intermediate values. An elevated ALT (>
40 IU) or Cre (> 0.7 mg/dl) was only observed in the mut
patients. Only the mut/PA patients seem to show an
elevated AST (> 45 IU) and/or Bun (> 19mg/dl) upon
initial blood sampling. Notably, the NH3 and pH values
were within the normal range for the false positive group
even though some MMA/PA individuals also showed

Table 3 Initial acylcarnitine profile among MMA mutase, MMA cblB, PA and false positive patients

False Positive (n = 14) MMA PA (n = 4)

mut (n = 18) cbl (n = 1)

C3 9.05 ± 2.74 (4.65~13.70) 11.21 ± 3.05 (6.30~17.52) 6 11.11 ± 2.72 (9.07~15.1)

C3:C2 0.38 ± 0.39
(0.10~1.24)

0.80 ± 0.50* (0.36~2.36) 0.43 1.54 ± 1.02* (0.60~2.97)

Average methylmalonic acid 45.25 ± 45.20 (11.69~122.30) 271.16 ± 145.59* (125.8~634) 14.8 0.97$

This table showed there is overlapping data among each group. * indicates significant difference (p < 0.05) compared to false positive group; $ indicates
significant lower compared to mutase type patients. It reveals in terms of initial C3 level, PA/ mut > false; regarding to initial C3: C2, mut/PA > false/cbl;
and MMA level: mut > false/cbl > PA
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normal values initially. In the case of hyperammonemia
(NH3 > 150μg/dl), attention is needed immediately as
such a referred case is at high risk. Severe metabolic
acidosis (bicarbonate < 13.5 mmol/L) only occurred in
the mut patients.
According to our institutional policy, MMA/PA pa-

tients are eligible for LT once they reach 8 kg, regardless
of their actual age. None of the MMA cbl type patients
received LT, but, by way of contrast, eighteen patients
with MMA mut patients along with 2 PA cases received
LT. The mean age for liver transplantation (LT) is 402
days. Most of these transplants (16/20, 80.0%) received a
living donor transplant from a matched relative. The rest
received a cadaveric liver. After LT, an abrupt decline in
the C3/C2 ratio was obvious (− 32.41% in the LT group
versus + 34.80% in the non LT group: p = 0.04). Their
serum MMA levels also dropped by 79.99% (from
373.20 ± 1004.09μM to 97.63 ± 63.19μM). Among the
patients in the non LT group, the MMA levels also
dropped, specifically from 146.93 ± 433.87 to 109.39 ±
116.76; this decrease of 17.68% being attributable
entirely to medical control of the condition (as shown in
Table. 5). Interestingly, both groups revealed an eleva-
tion for unknown reasons in C3 levels among the
affected children as they grew older, and interestingly
the LT-group showing a greater increase (+ 371.07%
compared to + 241.55% for the non-LT group). The
increase of C3 may reflect the liberation of diet control
and gradual deterioration of kidney function. We
followed up 9 MMA patients postoperatively and
discovered 3/9 (30%) entered CKD stage III at mean age
of 6.2 (5.1–6.8).
The annual admission length (days per year) for all LT

patients decreased from 90.6 ± 52.8 days (1 year before
LT) to 28.2 ± 20.4 days (1st year post-LT) and then to
18.4 ± 14.4 days (2nd year post-LT), 5.3 ± 14.3 days (3rd
year post-LT), 7.7 ± 9.2days (4th year post-LT) and 6.2 ±
4.7 days (5th year post LT). Thus there was a significant
reduction in admission days between before and after LT

(p < 0.0005) (Fig. 2) and it was noticeable that admission
length remained relatively stable after 2 years
post-transplant. The tube feeding ratio also decreased
dramatically from 67.8% before LT to 0.50% (nine mut
patients and one PA patients, p < 0.0002) in the 2nd year
after LT among the MMA mut/PA patients (Fig. 3).
Many parents reported that the patient was almost
always fed by mouth within 6 months of transplantation.
Patients with a gastrostomy all underwent a gastrostomy
closure operation within 252 to 881 postoperative days.
The caregivers of MMA and PA patients also were

found to be less anxious after LT. The Beck Anxiety
Inventory Chinese Version scores of these individuals
dropped from 33.4 to 27.2 (p = 0.001, n = 10), which
implies a move from “mild anxiety” to “a minimal level
of anxiety”. For the one PA patient, the score declined
from 44 to 35 (n = 1), as shown in Table 6.
In terms of functional assessment, which includes the

development quotient and the intelligence quotient,
MMA mut patients with LT were found to have a better
prognosis (mean = 60.13) than those without LT (50),
although this was not statistically significant (p = 0.07).
Here we have excluded one late-onset mut−case. This
female patient developed her first episode of metabolic
acidosis at the age of 4 years [11]. Her DQ/IQ was
assessed to be 113. Another case had undergone a pro-
found neonatal intraventricular hemorrhage that had
severe neurological sequelae and this case was also ex-
cluded. The cblB patients had values of 100. Both
post-LT PA patients were scored to be 64. The overall
analysis of isolated MMA and PA cases are illustrated as
in Table 7 and as in scattered plot in Fig. 4.
The perioperative mortality of the MMA mut patients

with LT stands at 5.6% (1/18), and the 5-year mortality
rate of LT in Taiwan for MMA patients is 16.7%, which
contrasts with the situation for patients without LT,
where the mortality stands at 25% (2/8). One MMA case
s/p LT expired on postoperative day 9 due to a
pulmonary hemorrhage. A second case expired at 3.5

Table 4 Initial biochemical data of among MMA mutase, MMA cblB, PA and false positive patients upon their admission

False positive (n = 10) MMA PA (n = 4)

mut (n = 18) cbl (n = 1)

ALT(IU) (0–40) 15.00 ± 4.83 (6–21) 43.64 ± 48.34* (11-166) 14 18.00 ± 9.83a (6–30)

AST(IU) (5–45) 30.5 ± 21.89 (19–92) 98.64 ± 115.96* (19-451) 34 44.50 ± 20.94a (21–69)

Bun(mg/dl) (7–20) 10.67 ± 4.37 (6–18) 13.18 ± 8.88 (2–35) 8 13.08 ± 10.65 (7–29)

Cre(mg/dl) (0.5–1.5) 0.23 ± 0.14 (0.1–0.39) 0.62 ± 0.47* (0.1-2.0) 0.42 0.50 ± 0.16* (0.3-0.69)

NH3(μg/dl) (5–150, newborn) 70.58 ± 27.25 (35.8–132) 388.89 ± 299.07* (92-1244) 253 341.00 ± 227.28* (84-637)

pH value (7.40 ± 0.08) 7.43 ± 0.08 (7.305–7.54) 7.28 ± 0.14* (6.94-7.47) 7.55 7.37 ± 0.11 (7.229–7.476)

HCO3 (20 ± 4) 20.54 ± 3.19 (14.5–26.3) 13.97 ± 6.38 (2.0–25.3) 8.7 18.10 ± 4.07 (13.5–22)

Glycine (μM) (110–240) 227.7 ± 52.61 (190.5–264.9) 533.49 ± 221.21* (238-1163.5) 148.9 592 ± 106.06 (84–667)
*indicated significant difference (p < 0.05) compared to false positive group
aindicated significant difference compared to mutase type patients
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months due to a post-LT infection and one case died ac-
cidentally at 3 years and 3 months after LT due to suffo-
cation during sleep. Two mut cases without LT died due
to acute exacerbation of the disease. Both post-LT PA
cases have survived to date, while one PA case without
LT died due to acute exacerbation of the disease.
Brain MRI was also performed on the patients. The

findings included focal or diffuse hypomyelination and
T2 hyperintensity. One 7-years old MMA mut0 boy who
had undergone LT at the age of 8 months developed an
infarct in the bilateral globi pallidi. No optic neuropathy
was detected among the MMA/PA patients with or with
LT born after the introduction of NBS.

Discussion
Although LT cannot cure classical genetic MMA/PA,
many experts are now convinced that transplantation
should be performed for the sake of providing an
improved quality of life for the patient [8], as well as
better growth and improved metabolic control [12].
However, in order to obtain a better prognosis, some
centers have suggested that LT be performed within the

first year of life [13]. Even though the mortality of mu-
tase type patients has decreased from 60% in the 1980s;
to 40% in the 2000s [14, 15] and recent studies have in-
dicated that the survival rate at the end of first year can
be as high as 85 to 92% in the United States [16], even
though the management of these diseases remains very
difficult. LT should be considered to be only a partially
curative treatment. In Japan, MMA and PA rank number
5 and 6 in the list of metabolic disorders requiring
pediatric LT [15]. In the United States, out of 5672
pediatric LT cases that were carried out from 2002 to
2012, there were twenty seven MMA cases, of which ten
underwent LT and 17 underwent a combined liver-kid-
ney transplant when the patients were renal insufficient
[17]. As collective experience with LT has accumulated,
the boundary between LT as a standard life-saving pro-
cedure and LT as a rather aggressive life-improving ther-
apy has becoming reduced [15]. Biochemically,
according to a previous study, post-LT serum MMA
levels are decreased to 13.8% ± 9.2% (range 1.25–26.1%)
of their preoperative levels by LT [3]and the results

Table 5 Acylcarnitine profile of LT group: pre-LT and post-LT and of non-LT group

LT(+) Pre-LT Post-LT % p

C3 14.41 ± 14.55 22.17 ± 8.71 + 371.07% 0.05

C3:C2 2.046 ± 1.5673 0.9335 ± 0.3807 −32.41% 0.01*

MMA 373.20 ± 1004.09 97.63 ± 63.19 −79.99% 0.15

LT(−) Initial Latest % p compared with LT group

C3 11.18 ± 4.27 51.23 ± 51.07 + 241.55% 0.12

C3:C2 0.8148 ± 0.27 1.1 ± 0.3920 + 34.80% *0.04

MMA 146.93 ± 433.87 109.39 ± 116.76 −17.68% 0.20

*indicated significant difference compared to false positive group (p < 0.05)
In LT(+) group: Pre-LT acylcarnitine level was collected 1 month before LT. Post-LT level was recruited at 4.1 ± 0.5 year after LT. In LT(−) group: Initial level
indicates value at 1 month and latest values indicates at 3.9 ± 0.7 year

Fig. 2 Admission length times of MMA and PA patients before and
after LT

Fig. 3 Tube feeding time of MMA mut patients, displayed in
percentage, before and in the 2nd year after LT
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obtained by our team are consistent with this (20.01%).
Furthermore, plasma MMA have been found to be re-
duced to 3% of their pre-dialysis level in cases where
there has been a combined liver-kidney transplantation
[18]. In spite of the decreased C3/C2 ratio, we still
noticed that there was a noticeable increase in C3 con-
centration after LTThis could be explained by gradual
loosening of protein restriction, persistent chronic
deterioration of renal function and increased skeletal
muscle mass since the skeletal muscle is recognized to
produce a large amount of metabolite in mma [19].
In 2016, a Japanese group carried out a similar survey

of MMA patients and it was concluded LT benefits
MMA patients in terms of cognitive performance [20]
and we have found a similar trend with our patients.
In conjunction with prophylaxis to treat the acute

decompensation episodes, the improved quality of life
among our MMA and PA patients after LT was con-
firmed as resulting in less anxiety among their parents.
Financially, Li et al. simulated the costs and outcomes of
LT among MMA/PA patients and the results indicated
that the LT group was remarkably more cost-effective
compared to the simple nutrition support group [16].
This was associated with an improvement in the
patient’s quality of life due to a dramatic decrease in the
hospitalization time needed to recover from metabolic
decompensation and the relaxation in dietary restriction.
In addition to the above, for PA patients, LT has been
found to reverse dilated cardiomyopathy and long QT
syndrome of 4 cases after more than 10 years of
follow-up [21, 22].
In the literature it has been suggested that several

other factors may affect the long-term prognosis of
MMA and PA patients and these include cobalamin re-
sponsiveness, the duration of coma and peak level of
NH3. MMA mut− individuals seem to have a better

outcome than mut0 individuals [23]. In addition, we have
included in our study cblB and mut patients born before
the year 2000 and these individuals may have received
suboptimal treatment initially. Therefore, we speculate
that the IQ outcome for our patients may not be entirely
correlated with their cobalamin defect type.
The genotypes of Taiwanese patients appear to differ

from the People’s Republic of China, where the most
common defect (12 out of 78 mutant alleles, 15%) is
c.729_730insTT (p.D244Lfs*39) [24], which only occurred
once out of 56 mutants alleles (1.8%) from our data in
Taiwan. On the contrary, the genotypes in Taiwan appear
similar to Southern part of China, where the leading
mutant allele is G427D, followed by c.1630_1631GG>TA
(p.G544X) [25] Our findings also differ from those of Japan,
where the most frequent mutations are p.E117X, c.385 +
5G >A, p.R369H, p.L494X, and p.R727X [26]. We also
found that 17 (81%) patients were classified as mut0. This
percentage exceeds the European frequency of 58% [1].
Peri-operative and post-operative care are crucial for

MMA and PA patients who undergo LT. Patients should
be monitored meticulously in intensive care units
regarding bleeding control, acid-base/electrolyte balance,
infection and compromised respiration. In out center,
moreover, they are also scheduled to annual bile drain-
age revision and liver biopsy to detect any signs of
occlusion or rejection. They may become relatively
immunocompromised after discharge and opportunistic
infection is always a risk. It has been suggested that the
chronic use of immunosuppressants is likely to increase
the risk of hypertension, anemia, malignancy, bone dis-
ease, cardiovascular diseases, renal dysfunction and
psychiatric disorders [16]. Our institute showed 5 MMA
and 1 PA patients with metabolic disease after LT were
eventually weaned off tacrolimus, and fiveremained
tacrolimus-free for more than 2 years.. Pediatric patients
are immunologically naïve thus render tacrolimus
withdrawal likely in selected recipients (histologically
stable graft function > 1 year if transplant at < 1 year of
age, or stable up to 2 years if transplant at > 1 year of
age) [27]. Two mut patients are prescribed sodium bicar-
bonate due to renal tubular acidosis that is secondary to
their MMA, and three mut patients are prescribed an
antihyperuricemic agent to control elevated uric acid

Table 6 Beck Anxiety Inventory (Chinese Version) as an objective
evaluation of anxiety from the main caregiver, before and at
1 year after LT

Pre-LT Post-LT P

MMA (10 cases) 33.4 27.2 0.001

PA (1 case) 44 35 NA

Table 7 Functional assessment (DQ/IQ) of isolated MMA and PA patients, according to diagnosis before/after the initiation of NBS;
and whether or not received LT

Before era of NBS After era of NBS Overall

LT (+) 59.7 ± 15.3 (43–73, n = 3) 59.9 ± 17.9 (33–90, n = 11) 59.9 ± 16.8 (n = 14)

LT(−) 26 50 (50,50) 42 (n = 3)

Seventeen patients had at least 1 DQ/IQ assessment. In this table, isolated MMA (12 patients) and 2 PA patients were analyzed as a whole. Before era of NBS, 3
MMA cases underwent LT and they were assessed at age 11 ± 3.6 (yr). In contrast, 9 MMA and 2 PA patients underwent LT after the introduction of NBS. They
were assessed at age 5.9 ± 3.6 (yr). Only 3 MMA (including 1 before NBS) did not receive LT. Two of them received DQ/IQ assessment at 9.5 and 10.2 (yr). The only
one MMA LT(−) case born before NBS received DQ/IQ test at 3.6 yr. and expired 1 month afterwards. The DQ/IQ difference of LT(+)/LT(−) does not reach
significance (p = 0.11)
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that might be induced by the immunosuppressant [28]
or secondary to methylmalonate deposition as an injury
to renal tubule cells [29] The study in Lucile Packard
Children’s Hospital at Stanford reported 6 from 14
patients MMA underwent LT and 8 patients received a
combined liver-kidney transplantation (CLKT) with
100% survival rate at a mean follow-up of 3.25 ± 4.2
years [30]. All of them underwent a deceased donor
transplantation. To compare the patients’ demographic
data with ours, the age to receive transplantation appar-
ently much older (mean age 8.2 years, range 0.8–20.7)
than our patient group (0.6–6.7). There was only one pa-
tient among Stanford group under age of 1 year to
whom LT was performed. For infant of inborn error of
metabolic disease, we have gained plentiful experience
from the management. Since 2004, we have conducted
in our center more than 30 LTs. Besides MMA/PA, we
also did LT for patients with urea cycle disorders, maple
syrup urine disease, Wilson disease, homozygous familial
hypercholesterolemia and homocysteinuria. Due to scar-
city of renal transplant, it is less feasible to carry out
CLKT in Taiwan.
Several reports have shown that there is likelihood that

the functioning of other organs of both MMA mut and
PA patients may deteriorate, including the central
nervous system (especially the presence of basal ganglia
lesions, with more than 56% of PA patients and 36% of
MMA patients having such lesions in one survey [31]),
the heart (predominantly in PA patients), the presence
of optic neuropathy (MMA > PA), the pancreas and the
kidneys (MMA). Some patients may still eventually
require dialysis and kidney transplantation independent
of LT to alleviate MMA-related end-stage renal disease.
Patients with mut− or cblB deficiency may not present
milder symptoms [2].
Before LT, many patients did not have a chance of sur-

viving beyond infancy; nevertheless, after the LT, they
still do face a life that involves struggle. In such

circumstance care should always be taken to avoid
long-term extrahepatic complications and any such
complications should be treated in a timely manner. For
MMA and PA patients, decades of follow-up and the es-
tablishment of a registry of associative parameters are
necessary. The joint participation of multi-specialists is
indispensable to further investigations of MMA and PA
patients and these need to include metabolism physi-
cians, pediatric hepatologists, the pediatric transplant-
ation team, metabolic nutritionists and the nursing staff.
We intend to continue to detect new MMA and PA
cases at the earliest possible opportunity and we will
provide them with our au-courant care of quality.
In the future, gene therapy may shed some light on

the cure of these inborn errors. Chandler et al. have
previously developed in 2008 murine models with lim-
ited effective treatment by direct hepatic injection of an
adenovirus that expressed the MUT gene. Later in 2010,
recombinant adeno-associated viruses with were proved
by the same team to successfully treat 26/27 Mut−/−

neonatal mice via one-time hepatic administration, while
prolonging their survival beyond 1 year (except 1 demise
following a blood collecting procedure) [32] Besides, it is
also reported that messenger RNA (mRNA) encoding
mutase encapsulated into lipid nanoparticles for single
intravenous injection resulted in 75–80% reduction of
plasma mma in mice. Direct mRNA treatment other
than gene delivery could allegedly avoid immune re-
sponse and mutagenesis risks because it does not transit
to the nucleus [33].
The limitations of this study contain relatively smaller

patients sample size and sustain to non-randomized
clinical trial. Whether or not to receive LT depends on
joint discussion with informed consent from the family.

Conclusion
NBS using acylcarnitine profile including C3, C3:C2 and
serum methylmalonate concentration drastically short-
ened the time to diagnosis. MMA/PA patients with LT
possess improved biochemical data, survival and quality
of life: less admissions, reduced tube feeding and less
anxiety to the caregiver. Further follow-up for long-term
complication is still indicated.

Abbreviations
AdoCbl: 5’-deoxyadenosylcobalamin; ALT: Alanine transaminase;
AST: Aspartate transaminase; BAI: Beck Anxiety Inventory; C2: Acetylcarnitine;
C3: Propionylcarnitine; cbl: Cobalamin; CFOH: Chinese Foundation of Health;
CLKT: Combined Liver-Kidney Transplantation; Cre: Serum creatinine; DQ/
IQ: Developmental quotient/intelligence quotient; LT: Liver transplantation;
MeCbl: Methylcobalamin; mma: Methylmalonic acid; MMA: Methylmalonic
acidemia; MUT/mut: Methylmalonyl-CoA mutase; NBS: Newborn screen;
NH3: Ammonia; NTUH: National Taiwan University Hospital; PA: Propionic
acidemia; TIP: Taipei Institute of Pathology

Acknowledgments
We acknowledge all patients and their family for participating in this study.

Fig. 4 Functional assessment (DQ/IQ) of isolated MMA and PA
patients, categorized in LT(+) and LT(−) group

Chu et al. Orphanet Journal of Rare Diseases           (2019) 14:73 Page 8 of 10



Funding
This research received no specific grant from any funding agency in the
public, commercial or not-for-profit sectors’.

Availability of data and materials
Not applicable, as this study is a retrospective chart review over a long
period and the data are scattered in several files.

Authors’ contributions
All the authors made substantial contributions to the caring of the patients,
conception and design, the acquisition of data, and the analysis and
interpretation of data. TC is mainly responsible for the article formulation
and data analysis. TH, YC, HL, CY, WH, NL, SL and DN were in charge of the
patients after referral to each center and further diagnosis along with
medical treatment. They also submit the data of the patients. HL, HH and CC
were in charge of newborn screening. CL took charge of patients’ intelligence
assessment. NL, CL, RH and MH made contribution to the liver transplantation
and associated surgical assessment for the patients. Speacial thanks to
Dr. Hsiang-Chi Chang for Fig. 1 illustration. All authors read and approved the
final manuscript.

Ethics approval and consent to participate
The diagnosis, management, and further follow-up of the patients was regis-
tered with the Taiwan Association of Institutional Review Boards (TAIRB, IRB
number: 2017–05-004AC). Written informed consent or assent was obtained
and documented for each patient before study participation, and the ethical
conduct of the study complied with the principles of Taiwanese legislation.

Consent for publication
In our study, we did not contain any identifiable data from individual
patient.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Division of Genetics and Metabolism, Department of Pediatrics, Taipei
Veterans General Hospital, Taipei, Taiwan. 2Department of Medical Genetics,
National Taiwan University Hospital, Taipei, Taiwan. 3Department of
Pediatrics, MacKay Memorial Hospital, Taipei, Taiwan. 4Mackay Junior College
of Medicine, Nursing and Management, Taipei, Taiwan. 5Newborn Screening
Center, The Chinese Foundation of Health, Taipei, Taiwan. 6Section of
Newborn screening, Taipei Institute of Pathology, Taipei, Taiwan. 7Division of
Rehabilitation, Department of Medical Affairs, Taipei Municipal Gan-Dau
Hospital (Managed by Taipei Veterans General Hospital), Taipei, Taiwan.
8Division of Pediatric Surgery, Department of Surgery, Taipei Veterans
General, Taipei, Taiwan. 9Institute of Environmental And Occupational Health
Sciences, Taipei, Taiwan. 10Department of Surgery, National Taiwan University
Hospital, Taipei, Taiwan. 11Institute of Clinical Medicine, National Yang-Ming
University, Taipei, Taiwan. 12The Medical Science & Techonology Building,
(Room 8055) No. 201, Sec.2, Shih-Pai Road, Taipei, Taiwan, Republic of China.
13Taiwan Medican Mission in Eswatini, Taipei, Taiwan, Republic of China.

Received: 2 January 2018 Accepted: 12 March 2019

References
1. Lempp TJ, Suormala T, Siegenthaler R, Baumgartner ER, Fowler B, Steinmann

B, et al. Mutation and biochemical analysis of 19 probands with mut0 and
13 with Mut- methylmalonic aciduria: identification of seven novel
mutations. Mol Genet Metab [Internet]. 2007;90:284–90 Available from:
http://www.sciencedirect.com/science/article/pii/S1096719206003234.

2. Fraser JL, Venditti CP. Methylmalonic and propionic acidemias: clinical
management update. CE Swati. 2016;28:682–93.

3. Kasahara M, Horikawa R, Tagawa M, Uemoto S, Yokoyama S, Shibata Y, et al.
Current role of liver transplantation for methylmalonic acidemia: a review of
the literature. Pediatr Transplant. 2006;10:943–7.

4. Kayler LK, Merion RM, Lee S, Sung RS, Punch JD, Rudich SM, et al. Long-
term survival after liver transplantation in children with metabolic disorders.
Pediatr Transplant [Internet]. 2002;6:295–300 Available from: http://www.
ncbi.nlm.nih.gov/pubmed/12234269.

5. Mazariegos G, Shneider B, Burton B, FoxI J, Hadzic N, Kishnani P, et al. Liver
transplantation for pediatric metabolic disease. Mol Genet Metab. 2014;111:
418–27 Available from: http://dx.doi.org/10.1016/j.ymgme.2014.01.006.

6. Fagiuoli S, Daina E, D’Antiga L, Colledan M, Remuzzi G. Monogenic diseases
that can be cured by liver transplantation. J Hepatol. 2013;59:595–612.

7. Niu DM, Chien YH, Chiang CC, Ho HC, Hwu WL, Kao SM, et al. Nationwide
survey of extended newborn screening by tandem mass spectrometry in
Taiwan. J Inherit Metab Dis. 2010;33:1–11.

8. Morioka D, Kasahara M, Horikawa R, Yokoyama S, Fukuda A, Nakagawa A.
Efficacy of living donor liver transplantation for patients with Methylmalonic
Acidemia. Am J Transplant. 2007;7:2782.

9. Enns MW, Cox BJ, Parker JD, Guertin JE. Confirmatory factor analysis of the
Beck anxiety and depression inventories in patients with major depression. J
Affect Disord. 1998;47:195–200.

10. Beck AT, Brown G, Epstein N, Steer RA. An inventory for measuring clinical
anxiety: psychometrical properties. J Consult ans Clincal Psychol. 1988;56:
893–7 Available from: http://citeseerx.ist.psu.edu/viewdoc/download?doi=
10.1.1.471.4319&rep=rep1&type=pdf.

11. Tseng MH, Wang CC, Yuh YS, Lai CC, Lin SH. Coma caused by
methylmalonic acidemia in a Taiwanese girl. J Med Sci. 2010;30:055–9.

12. Stevenson T, Millan MT, Wayman K, Berquist WE, Sarwal M, Johnston EE,
et al. Long-term outcome following pediatric liver transplantation for
metabolic disorders. Pediatr Transplant. 2010;14:268–75.

13. Spada M, Calvo PL, Brunati A, Peruzzi L, Dell’Olio D, Romagnoli R, et al. Liver
transplantation in severe methylmalonic acidemia: the sooner, the better. J Pediatr
Elsevier Inc. 2015:1173 Available from: https://doi.org/10.1016/j.jpeds.2015.08.022.

14. Sloan JL, Manoli I, Venditti CP. Liver or combined liver-kidney
transplantation for patients with isolated methylmalonic acidemia: who and
when? J Pediatr. 2015;166:1346–50 Available from: http://www.sciencedirect.
com/science/article/pii/S0022347615002826.

15. Kasahara M, Sakamoto S, Horikawa R, Koji U, Mizuta K, Shinkai M, et al.
Living donor liver transplantation for pediatric patients with metabolic
disorders: the Japanese multicenter registry. Pediatr Transplant. 2014;18:6–15
Available from: http://www.ncbi.nlm.nih.gov/pubmed/24283623.

16. Li M, Dick A, Montenovo M, Horslen S, Hansen R. Cost-effectiveness of liver
transplantation in methylmalonic and propionic acidemias. Liver Transpl. 2015;
21:1208–18 Available from: http://www.ncbi.nlm.nih.gov/pubmed/25990417.

17. Perito ER, Rhee S, Roberts JP, Rosenthal P. Pediatric liver transplantation for
urea cycle disorders and organic acidemias: united network for organ
sharing data for 2002-2012. Liver Transplant. 2014;20:89–99.

18. Vernon HJ, Sperati CJ, King JD, Poretti A, Miller NR, Sloan JL, et al. A detailed
analysis of methylmalonic acid kinetics during hemodialysis and after
combined liver/kidney transplantation in a patient with mut0methylmalonic
acidemia. J Inherit Metab Dis. 2014;37:899–907.

19. Chandler RJ, Sloan J, Fu H, Tsai M, Stabler S, Allen R, et al. Metabolic
phenotype of methylmalonic acidemia in mice and humans: the role of
skeletal muscle. BMC Med Genet. 2007;8:1–11.

20. Sakamoto R, Nakamura K, Kido J, Matsumoto S, Mitsubuchi H, Inomata Y,
et al. Improvement in the prognosis and development of patients with
methylmalonic acidemia after living donor liver transplant. Pediatr
Transplant. 2016;20:1081–6.

21. Arrizza C, DeGottardi A, Foglia E, Baumgartner M, Gautschi M, Nuoffer J-M.
Reversal of cardiomyopathy in propionic acidemia after liver transplantation:
a 10-year follow-up. Transpl Int. 2015;28:1447–50 Available from: http://doi.
wiley.com/10.1111/tri.12677.

22. Romano S, Valayannopoulos V, Touati G, Jais JP, Rabier D, deKeyzer Y, et al.
Cardiomyopathies in propionic aciduria are reversible after liver
transplantation. J Pediatr. 2010;156:128–34.

23. Baumgartner MR, Hörster F, Dionisi-Vici C, Haliloglu G, Karall D, Chapman
KA, et al. Proposed guidelines for the diagnosis and management of
methylmalonic and propionic acidemia. Orphanet J Rare Dis. 2014;9:130
Available from: http://www.scopus.com/inward/record.url?eid=2-s2.0-
84908138847&partnerID=tZOtx3y1.

24. Han L-S, Huang Z, Han F, Ye J, Qiu W-J, Zhang H-W, et al. Clinical features
and MUT gene mutation spectrum in Chinese patients with isolated
methylmalonic acidemia: identification of ten novel allelic variants. World J
Pediatr. 2015;11:358–65.

Chu et al. Orphanet Journal of Rare Diseases           (2019) 14:73 Page 9 of 10

http://www.sciencedirect.com/science/article/pii/S1096719206003234
http://www.ncbi.nlm.nih.gov/pubmed/12234269
http://www.ncbi.nlm.nih.gov/pubmed/12234269
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.471.4319&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.471.4319&rep=rep1&type=pdf
https://doi.org/10.1016/j.jpeds.2015.08.022
http://www.sciencedirect.com/science/article/pii/S0022347615002826
http://www.sciencedirect.com/science/article/pii/S0022347615002826
http://www.ncbi.nlm.nih.gov/pubmed/24283623
http://www.ncbi.nlm.nih.gov/pubmed/25990417
http://doi.wiley.com/10.1111/tri.12677
http://doi.wiley.com/10.1111/tri.12677
http://www.scopus.com/inward/record.url?eid=2-s2.0-84908138847&partnerID=tZOtx3y1
http://www.scopus.com/inward/record.url?eid=2-s2.0-84908138847&partnerID=tZOtx3y1


25. Liu MY, Liu TT, Yang YL, Chang YC, Fan YL, Lee SF, Teng YT, Chiang SH, Niu
DM, Lin SJ, Chao MC, Lin SP, Han LS, Qi YHK. Mutation profile of the MUT
gene in Chinese Methylmalonic aciduria patients. JIMD Rep. 2012;6:55–64.

26. Sakamoto O, Ohura T, Matsubara Y, Takayanagi M, Tsuchiya S. Mutation and
haplotype analyses of the MUT gene in Japanese patients with
methylmalonic acidemia. J Hum Genet. 2007;52:48–55.

27. Lin NC, Wang HK, Yeh YC, Liu CP, Loong CC, Tsai HL, et al. Minimization or
withdrawal of immunosuppressants in pediatric liver transplant recipients. J
Pediatr Surg. 2015;50:2128–33 Available from: http://dx.doi.org/10.1016/j.
jpedsurg.2015.08.043.

28. Gerster JC, Dudler M, Halkic M, Gillet M. Gout in liver transplant patients
receiving tacrolimus. Ann Rheum Dis. 2004;63:894–5.

29. Charuvanij S, Pattaragarn A, Wisuthsarewong W, Vatanavicharn N. Juvenile
gout in methylmalonic acidemia. Pediatr Int. 2016;58:501–3.

30. Niemi A-K, Kim IK, Krueger CE, Cowan TM, Baugh N, Farrell R, et al.
Treatment of methylmalonic acidemia by liver or combined liver-kidney
transplantation. J Pediatr. 2015;166:1455–61 e1. Available from: http://www.
sciencedirect.com/science/article/pii/S0022347615000980.

31. Nizon M, Ottolenghi C, Valayannopoulos V, Arnoux J-B, Barbier V, Habarou F,
et al. Long-term neurological outcome of a cohort of 80 patients with
classical organic acidurias. Orphanet J Rare Dis. 2013;8.

32. Chandler RJ, Venditti CP. Long-term rescue of a lethal murine model of
methylmalonic acidemia using adeno associated viral gene therapy. Mol
Ther. 2010;18:11–6 Available from: http://dx.doi.org/10.1038/mt.2009.247.

33. An D, Schneller JL, Frassetto A, Liang S, Zhu X, Park JS, et al. Systemic
Messenger RNA Therapy as a Treatment for Methylmalonic Acidemia.
Cell Rep. 2017;21:3548–58 Available from: https://doi.org/10.1016/j.celrep.
2017.11.081.

Chu et al. Orphanet Journal of Rare Diseases           (2019) 14:73 Page 10 of 10

http://www.sciencedirect.com/science/article/pii/S0022347615000980
http://www.sciencedirect.com/science/article/pii/S0022347615000980

	Abstract
	Background
	Results
	Conclusion

	Background
	Materials and methods
	Referral criteria
	Biochemical analysis
	The parameters for evaluation

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

