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Abstract

Methylmalonic and propionic acidemia (MMAJ/PA) are inborn errors of metabolism
characterized by accumulation of propionic acid and/or methylmalonic acid due to deficiency
of methylmalonyl-CoA mutase (MUT) or propionyl-CoA carboxylase (PCC). MMA has an
estimated incidence of ~ 1: 50,000 and PA of ~ 1:100°000 -150,000. Patients present either
shortly after birth with acute deterioration, metabolic acidosis and hyperammonemia or later
at any age with a more heterogeneous clinical picture, leading to early death or to severe
neurological handicap in many survivors. Mental outcome tends to be worse in PA and late
complications include chronic kidney disease almost exclusively in MMA and
cardiomyopathy mainly in PA. Except for vitamin B, responsive forms of MMA the
outcome remains poor despite the existence of apparently effective therapy with a low protein
diet and carnitine. This may be related to under recognition and delayed diagnosis due to
nonspecific clinical presentation and insufficient awareness of health care professionals
because of disease rarity.

These guidelines aim to provide a trans-European consensus to guide practitioners, set
standards of care and to help to raise awareness. To achieve these goals, the guidelines were
developed using the SIGN methodology by having professionals on MMA/PA across twelve
European countries and the U.S. gather all the existing evidence, score it according to the
SIGN evidence level system and make a series of conclusive statements supported by an
associated level of evidence. Although the degree of evidence rarely exceeds level C
(evidence from non-analytical studies like case reports and series), the guideline should
provide a firm and critical basis to guide practice on both acute and chronic presentations,
and to address diagnosis, management, monitoring, outcomes, and psychosocial and ethical
issues. Furthermore, these guidelines highlight gaps in knowledge that must be filled by
future research. We consider that these guidelines will help to harmonize practice, set
common standards and spread good practices, with a positive impact on the outcomes of
MMA/PA patients.
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Introduction

Methylmalonic and propionic acidemia (MMAJ/PA) are autosomal recessive disorders of
propionate catabolism caused by defects in the enzymes methylmalonyl-CoA mutase (MUT)
or propionyl-CoA carboxylase (PCC) characterized by accumulation of metabolites of
branched-chain amino acid catabolism such as 3-hydroxypropionic acid, methylcitric acid
and/or methylmalonic acid in plasma, urine and other body fluids.




Mitochondrial propionyl-CoA carboxylase (PCC, EC 6.4.1.3) is an 66 dodecamer
composed of PCCA and PCCB subunits catalyzing the reversible biotin-dependent
conversion of propionyl-CoA to D-methylmalonyl-CoA. This is racemised to its L-
enantiomer, L-methylmalonyl-CoA which is reversibly isomerised to succinyl-CoA,
catalyzed by L-methylmalonyl-CoA mutase (MUT, EC 5.4.99.2) which requires vitamin B,
(cobalamin) in the form of adenosylcobalamin (AdoChl) as cofactor (Figure 1). These
reactions represent crucial steps in propionate catabolism, funneling metabolites from the
breakdown of the amino acids valine, isoleucine, methionine and threonine, odd-chain fatty
acids and the side chain of cholesterol into the tricarboxylic acid cycle. While mutations in
either the PCCA or PCCB gene cause propionic acidemia (MIM# 606054), isolated
methylmalonic acidemia is caused either by a genetic defect in the MUT enzyme itself
(MIM# 251000, MMA mut type), or in one of the proteins (MMAA, MMAB, MMADHC)
involved in the synthesis of its active cofactor, adenosylobalamin (MMA cblA type, MIM#
251100; MMA cbIB type, MIM# 251110; MMA cbID-variant 2 MIM# 277410) [1]. The
MUT apoenzyme deficiencies are subdivided into two subgroups, the mut® defect with
virtually undetectable MUT activity and the mut  defect with low to moderate residual MUT
activity in the presence of high concentrations of AdoCbl. Defects in cobalamin metabolism
may also manifest as combined methylmalonic aciduria and homocystinuria (cbIC, cbID,
cblF and cblJ defects) [2,3].

Figure 1 Metabolic interrelationship of MMA and PA.

MMA and PA are rare disorders and the true incidence in Europe is unknown [4]. Estimates
of incidence in Western populations range from 1:48,000 to 1:61,000 births for MMA [5] and
from 1:50,000 to 1:500,000 births for PA. Overall incidence is believed to be ~ 1: 50,000 for
isolated MMA and ~ 1:100°000 to 150,000 for PA [6]. In some populations across the world,
the incidence is much higher. For example, PA incidence in Saudi Arabia is reported to be
much higher at 1 in 2,000 to 5,000 live births [7].

Patients with a complete enzyme deficiency present in the first days to weeks of life with
acute deterioration of their general clinical condition, metabolic acidosis and
hyperammonemia, progressing to coma and death, if untreated. Late-onset cases of MMA
and PA may present at any age, i.e. in infancy, childhood or even later with a more
heterogeneous clinical picture. Mental outcome tends to be worse in PA and late
complications include chronic kidney disease almost exclusively in MMA and
cardiomyopathy mainly in PA. The overall outcome remains poor despite the existence of
apparently effective therapy with a low protein diet and carnitine except for vitamin Bi,-
responsive forms of MMA (mainly cblA type MMA), which have a better outcome if
diagnosed timely and treated adequately. Since prognosis is strongly influenced by the
duration of coma and peak blood ammonia concentrations, especially in neonates [8-10],
patients must be identified and adequately treated as soon as possible. In view of the
complexity of the resources required for rapid diagnosis, efficient timely management and
intense monitoring of treatment, sufficient experience in the diagnosis and treatment
(including extracorporeal detoxification) of inborn errors of metabolism (IEM) with
supporting laboratory resources available 24h/7d is essential. However, the rarity of
MMAJ/PA prevents single centers or even countries from having all the expertise for
evidence-based management.

Currently, different guidelines for the diagnosis and treatment of MMA and PA are in place
in some European institutions/countries, but there is no consensus on how to diagnose and



treat patients with suspected or confirmed MMA/PA [11]. Therefore the aim of this
consensus guideline is to standardize, systematize and harmonize the diagnosis, therapy and
long-term management of MMAJ/PA in Europe based on the highest level of evidence, by
pooling all the published evidence and experience of leading centers from several European
countries and the U.S. These guidelines, developed using the SIGN methodology (Scottish
Intercollegiate Guideline Network, http://www.sign.ac.uk), are intended for metabolic
specialists, pediatricians, dietitians, neonatologists, intensive care specialists, adult
physicians, obstetricians, nurses and psychologists involved in the care of MMAJ/PA patients.

Methodology and objectives

Guideline development

The process leading to this guideline was started at the annual symposium of the “Society for
the Study of Inborn Errors of Metabolism” (SSIEM) held in Geneva in August 2011. Three
further meetings were held in Zurich (March 2012), Birmingham (September 2012), and
again in Zurich (January 2013). In the Geneva meeting the guideline development group
(GDG) was trained on methodology to ensure standardized literature evaluation and working
groups were established, focusing on specific guideline topics. Thereafter GDG members
performed a systematic literature review, drafted the guideline, discussed it with all other
GDG members in subsequent meetings, and also discussed the revisions of the guideline draft
made by external consultants specialized on neonatology/intensive care (Jochen Meyburg,
Heidelberg, child neurology (B. Plecko-Startinig, Zurich), nephrology (C.P. Schmitt,
Heidelberg), and a patient group representative (S. Hannigan, London). Furthermore,
revisions of the guideline were made by the GDG based on the judgments of two highly
renowned external reviewers (M. Duran, Amsterdam, biochemist with specific expertise in
organic acidurias; J. Walter, Manchester, experienced metabolic pediatrician, editor of the
standard text book Inborn Metabolic Diseases — Diagnosis and Treatment (5th ed. 2012),
Springer, Berlin).

The GDG consisted of pediatric metabolic specialists (D. Ballhausen, M. R. Baumgartner
[chairman], A. B. Burlina, A. Chakrapani [co-chairman], K. Chapman [representing PA
guideline group from USA], C. Dionisi-Vici, S. C. Grunert, S. Grinewald, F. Horster
[secretary], T. Honzik, D. Karall, S. Scholl-Burgi, F. Skovby, V. Valayannopoulos, F.
Wijburg), biochemical geneticists/ clinical biochemists (B. Fowler, B. Merinero, C. Pérez-
Cerda, J. O. Sass), specialist metabolic dieticians (A. MacDonald, M. Assoun, S. Dubois
[Paris], E. Muller, Heidelberg), pediatric neurologists (G. Haliloglu, D. Martinelli), a
psychologist/metabolic pediatrician (M. Huemer), and an adult metabolic specialist (M.
Hochuli). The guideline group meetings were supervised by a moderator (M. Summar,
Washington) whose role was to oversee the discussion without directly contributing to the
content of the guideline. The practical applicability of this guideline has been pilot-tested and
supported by 3 pediatricians in training (P. Forny, A. Ldmmle, A. Schumann) who were
asked to read it and to provide comments. The final guideline will be sent to all European
societies for inborn errors of metabolism for endorsement.

Systematic literature review and evidence grading

The methodology used for collecting the evidence base for this guideline is essentially that
used by the Scottish Intercollegiate Guideline Network (SIGN, http://www.sign.ac.uk). A



systematic literature review on MMA/PA from the time of description of each disease until
December 2011 was carried out using mainly Medline, Embase, the Cochrane Library,
MedLink, and Orphanet. A few papers which were published later and were considered by
the group as important were included after that time point. Searches also included websites of
international and national societies and parent groups for inborn errors. Relevant papers were
evaluated by a minimum of two members of the GDG before conclusions were considered as
evidence.

Evidence levels were classified in accordance with the SIGN methodology (Table 1) and
recommendations given in the guideline were graded depending on their level of evidence
(Table 2).

Table 1 Evidence levels were classified in accordance with the SIGN methodology
Evidence level Criteria

1" High quality meta-analyses, systematic reviews of randomized control trials (RCTSs),
or RCTs with a very low risk of bias.

1* Well conducted meta-analyses, systematic reviews of RCTs, or RCTs with a low risk
of bias.

1 Meta-analyses, systematic reviews or RCTs, or RCTs with a high risk of bias.

2" High quality systematic reviews of case-control or cohort studies or high quality case-

control or cohort studies with a very low risk of confounding bias, or chance and a
high probability that the relationship is causal.

2" Well conducted case-control or cohort studies with a low risk of confounding, bias, or
chance and a moderate probability that the relationship is causal.

2" Case-control or cohort studies with a high risk of confounding, bias, or chance and a
significant risk that the relationship is not causal.

3 Non-analytic studies, e.g. case reports, case series.

4 Expert opinion.

Table 2 Grading of recommendations depending on their level of evidence

Grade of Criteria

recommendation

A If level 1 evidence was found (not the case in this study).

B If level 2 evidence was found.

C If level 3 evidence was found (mainly non-analytical studies such as case reports and
case series).

D If level 4 evidence was found (mainly expert opinion).

Disclaimer

These guidelines are intended to help decision making in MMA/PA patient care. Although
based on the best available evidence, the consensus recommendations often only represent
expert opinion and are meant to be followed flexibly applying own experience and
considering the individual patient. Guidelines cannot guarantee satisfactory diagnosis and
outcome in every patient. Furthermore, although as exhaustive as possible, these guidelines
cannot include all possible methods of diagnostic work-up and care and may inadvertently
omit some acceptable and established procedures. Although they should help to optimize the
care of individual patients and assist decision making by basing clinical practice on scientific
and medical knowledge the guidelines should not substitute well-informed, prudent clinical
practice.



Diagnosis (and differential diagnosis)
Clinical signs and symptoms - conditions raising the suspicion of MMA/PA

Clinical signs and symptoms of MMA/PA are nonspecific. Patients may present with acute or
chronic symptoms at any age (Table 3). Some of the signs and symptoms are common, others
are uncommon and a few are only described in single cases.

Table 3 Acute and chronic presentations of MMA / PA

Acute presentation Chronic presentation

Neonatal sepsis-like picture, temperature instability, respiratory Often episodic characteristic signs and

distress, hyperventilation symptoms

Nervous system Nervous system

* Altered level of consciousness (from lethargy and somnolence to * hypotonia

coma) mimicking encephalitis or drug intoxication + developmental delay (learning
disabilities, intellectual disability)

« Acute encephalopathy * movement disorders / dystonia

« Seizures (in general not isolated but in the context of altered level ¢ seizures

of consciousness)

« Movement disorders (more frequent in PA)
« Stroke-like episodes (more frequent in MMA)

Gastrointestinal system
* Vomiting and feeding difficulties

Hematologic findings
* neutropenia, pancytopenia

Heart
» acute cardiac failure (mostly on basis of cardiomyopathy)
« arrhythmias

« optic atrophy

« psychiatric symptoms (hallucinations,
psychotic attacks)

Gastrointestinal system

e recurrent vomiting with ketoacidosis
« abnormal feeding behavior (anorexia)
e failure to thrive

« constipation

« pancreatitis

Hematologic findings

* neutropenia, pancytopenia

« secondary hemophagocytosis (rare)
Heart (more frequent in PA)

« cardiomyopathy

« prolonged QTc interval in ECG
Kidney (more frequent in MMA)

e chronic renal failure in MMA
Other

 Dermatitis

« Hearing loss

bold: typical signs and symptoms.
standard: uncommon signs and symptoms.

italics: signs and symptoms only reported in single patients.

Grade of recommendation: D.

In the classical, neonatal onset form of MMA/PA, symptoms start as early as the second day
of life with acute deterioration of the general clinical condition, vomiting, dehydration,
weight loss, temperature instability, neurological involvement with muscular hypo- or
hypertonia, irritability, lethargy progressing to coma and seizures (Table 3). At presentation,
laboratory findings include severe and persistent metabolic acidosis and ketosis, elevated
anion gap and hyperammonemia. As in any sick newborn, sepsis and other more common
conditions such as birth trauma, gastrointestinal obstruction, and cardiorespiratory difficulties
should be excluded [7,12,13].



Statement #1: Grade of recommendation C

In newborns with clinical distress and/or suspicion of sepsis organic acidemias must be
considered in the differential diagnosis from the outset (see Tables 3 and 4 and section on
laboratory diagnosis).

Table 4 Bedside differential diagnostics of inborn errors of metabolism presenting with
acute encephalopathy (modified from Haeberle et al. [14])
Parameter Condition

UCD MMA / B-Keto- MSUD g- HMG CoA HIHA Mitochondrial/  PDH
PA thiolase oxidation lyase PC deficiency ® deficiency
deficiency defects  deficiency

1 NH; ++ + — — +/— + + +/— —
Acidosis +- + ++ - +/— + _ + +
Ketonuria® — [ A+ H++ - _ _ i+ _
Hypoglycemia®—~  +- - - + + ++ H _

1 Lactic acid® —  + + - +/— + _ ++ ot

T AST & ALT (+) +/- - - ++ +/— - +/— -

1 CPK - - - - ++ — _ +/— _

1 Uric acid - + + + + + — +/— +/—
l — + — — — — — +/— —
WBC/RBC/PIt

Weight loss - +¢ + - - _ _ + _

Non-standard abbreviations include: MSUD, maple syrup urine disease; HMG-CoA lyase, 3-hydroxy-3-
methlyglutaryl-CoA lyase; HIHA, Hyperinsulinism-hyperammonemia syndrome; PC, pyruvate carboxylase;
PDH, pyruvate dehydrogenase.

Ketonuria (++ - +++) suggests OA in neonates.

Hypoglycemia and hyperammonemia (“pseudo-Reye”) are predominant in 3-HMG-CoA-lyase deficiency
(more than in PC deficiency).

‘Lactic acid elevation refers to a plasma lactate > 6 mmol/l; lower levels of 2-6 mM may be due to violent
crying or extensive muscle activity.

9 only in neonates.

¢ Only type B associated with hyperammonemia but not types A and C.

Grade of recommendation: D.

After the neonatal period, symptoms of MMA/PA may vary considerably and affect different
organ systems such as the nervous system, gastrointestinal tract, immune system, heart
(mainly in PA) and kidney (mainly in MMA). Importantly, metabolic crises are frequently
triggered by catabolic events, protein overload or certain drugs. Symptoms may also mimic
other more common conditions such as diabetic ketoacidosis with hyperglycemia [15-19] or
Reye syndrome [20]. Common nonspecific symptoms/conditions include encephalopathy or
unexplained coma [21-23], failure to thrive [21-33], muscular hypotonia [21-23,27,30,34],
epilepsy [13,23-28,35], neuropsychiatric symptoms [36,37], cardiomyopathy and prolonged
QTc interval (the latter only in PA) [21,38-45], and progressive renal insufficiency
[25,26,46-54].

Statement #2: Grade of recommendation C

After the neonatal period, the clinical presentation of MMA/PA may mimic other more
common conditions. Affected systems are (see Table 3):



» Gastrointestinal tract: recurrent vomiting with ketoacidosis, abnormal feeding
behavior, failure to thrive, constipation, pancreatitis
» Nervous system: acute encephalopathy, hypotonia, seizures, developmental delay,

movement disorders / stroke-like events, psychiatric symptoms

» Hematologic findings: neutropenia, involvement of bone marrow

» Heart: cardiomyopathy, prolonged QTc interval (mainly in PA)

» Kidney: chronic renal failure in MMA

Published reports on the natural history of MMA/PA do not usually differentiate between
clinical presentation leading to the diagnosis and symptoms appearing during the course of
the disease. The frequency of different signs and symptoms are listed in Table 5. It must be
noted that some rare symptoms may be over represented and some common symptoms under-
represented in the literature implying a significant publication bias.

Table 5 Frequencies of signs & symptoms reported in MMA/PA

Sign/symptom Frequency References
MMA PA MMA PA
Developmental delay 25-65% 59- [25,26,29] [21-24,27,30,32,33,55]
100%
Encephalopathy Frequent during metabolic  21- [26] [7,21-23,56,57]
crises, but no specific data  30%
Hypotonia no data 56- [21-23,27,30]
100%
Seizures/epilepsy 16-53% 25- [25,26,58] [7,13,23,24,27,35,55,59]
53%
Movement disorder 30-45% 40% [25,29,58] [33]
Metabolic stroke like events & up to 35% >10 [26,29,48,58][7,20-22,35,55,59-65]
basal ganglia lesions cases
Optic atrophy single cases >10 [66-68] [22,68,69]
cases
Neuropsychiatric symptoms rare rare  [25] [36,37]
Chronic renal failure 28-47% 4 cases [25,26,48] [27,55,70]
Cardiomyopathy few cases 9-23% [26,71] [32,44,55]

Prolonged QTc interval

Pancreatitis
Immunodeficiency

not reported

22 cases
rare

37
cases

[21,22,31,38,40,41,55,56]

7 cases [25,26,72,73] [21,22,72,74-76]

rare  [77]

[7,77-79]

Statement #3: Grade of recommendation C

Rare(r) clinical symptoms or manifestations of MMA and PA as a single (presenting)
symptom or in combination with other symptoms have been described. They should be
considered in the diagnosis of MMA/PA and must be considered in the follow-up and
monitoring of previously diagnosed patients.

A careful medical and family history is mandatory and should include questions about
unexplained neonatal deaths or neurological disorders in the family, consanguinity, evidence
of protein avoidance in the patient and siblings, and drug intake by the patient.



Laboratory findings

Baseline laboratory tests raising suspicion of MMA or PA

MMA and PA should be considered in any newborn / child (whether critically ill or not) with
unexplained

— metabolic acidosis (with elevated anion gap)

— elevated lactate

— hyperammonemia

— leukopenia, thrombocytopenia, anemia [27] and/or
— urine ketone bodies (acetoacetate, dipstick) [80]

Statement #4: Grade of recommendation C

Metabolic acidosis (with elevated anion gap), elevated lactate, hyperammonemia, elevated
urinary ketone bodies (in particular in newborns) are laboratory hallmarks of MMA and PA
and therefore should be investigated in any critically ill patient or unexplained condition.

If hyperammonemia is present, determination of plasma amino acids, blood or plasma
acylcarnitines and urinary organic acids and orotic acid should be urgently requested together
with basic laboratory investigations. Treatment must be commenced immediately on
presentation without waiting for these results, which must be available within 24 hours.
When samples are taken after recovery from an acute episode, urinary organic acids may be
especially helpful for diagnosis. In patients with a fatal outcome, a skin biopsy is
recommended for the establishment of cultured fibroblasts, along with anticoagulated blood
for DNA isolation/immortalization of lymphocytes and stored frozen aliquots of plasma,
serum and urine [81].

Statement #5: Grade of recommendation D

If ammonia is increased, further metabolic investigations should be performed immediately
but specific treatment must not be delayed.

Differential diagnosis

The most common misdiagnosis of neonatal onset MMA/PA is sepsis. Standard clinical and
analytical procedures generally differentiate between hyperammonemia due to inborn errors
and that due to other conditions such as liver failure. Table 4 lists inborn errors of metabolism
leading to acute deterioration with encephalopathy and hyperammonemia guiding bedside
differential diagnosis (for further reading see also [14]). Metabolic acidosis, elevation of
lactate and anion gap, and disturbances of glucose metabolism may help to differentiate
MMA/PA from other disorders presenting with acute deterioration and encephalopathy. Lack
of megaloblastic anemia with increased MCV and elevated plasma homocysteine
differentiates from vitamin B, deficiency and disorders of intracellular cobalamin
metabolism.



Specialized biochemical investigations

Subsequent investigations include determination of organic acids in urine, amino acids in
blood (plasma, drawn ideally after 3-4 hours fasting), urine and CSF, acylcarnitine profile in
blood (dried blood or plasma) and total plasma homocysteine which is essential in order to
differentiate the various types of MMA [1]. Methylmalonic acid is not elevated in PA and
thus allows distinction between MMA and PA [1] using urinary organic acid analysis. While
methylcitrate and 3-hydroxypropionic acid are present in both disorders, N-propionylglycine,
N-tiglylglycine, 2-methyl-3-oxovaleric acid, 3-hydroxy-2-methylbutyric acid, 2-methyl-3-
oxobutyric acid, 3-hydroxy-n-valeric acid, 3-oxo-n-valeric acid, are detectable in PA only
[18,27]. In the acylcarnitine profile propionylcarnitine (C3) is elevated [34,82], but this is not
specific and does not help to differentiate between MMA and PA [34]; elevated
methylmalonylcarnitine (an isomer of C4DC) can be found in MMA [83,84]. Amino acid
analysis usually shows elevated glycine and lysine concentrations in blood, urine [27] and
CSF, but normal glycine CSF/plasma ratio [35]. Determination of odd numbered long-chain
fatty acids (OLCFA) in erythrocyte membranes [85,86] or plasma [87,88] is an additional
diagnostic aid but is not routinely used and only performed in few laboratories.

Statement #6: Grade of recommendation B-C

Determination of organic acids in urine and the acylcarnitine profile in blood are the most
commonly used investigations to detect MMA and PA. Determination of amino acid
concentrations may help in diagnosis and treatment. In addition total plasma homocysteine
allows differentiation between the various types of MMA.

Confirmation of diagnosis by enzyme and molecular genetic investigations

The complexity of inherited isolated MMAJ/PA usually requires characterization of the
underlying defect in cultured skin fibroblasts and/or lymphocytes and/or molecular genetic
analysis. A favored approach is initial measurement of the overall conversion of propionate to
succinate by the incorporation of label from [**C] propionate into cell proteins in normal and
vitamin B;, supplemented medium [89]. For MMA the ratio of activity in Bi,-supplemented
versus unsupplemented medium can allow distinction of mut® and some cases of cbIB (ratio
below 1.5) from mut ™ and cblA (ratio higher than 1.5) [90]. Measurement of specific activity
of MMCoA mutase in the presence and absence of Ado-Cbl [91] is needed in cases that
remain unclear. This approach allows selection of the appropriate gene for mutation analysis.
In some cases such as a known mutation in a family member or common mutation in a
particular population this approach may be rationalized by early or direct performance of
mutation analysis.

For PA, assay of PCC in lymphocytes and/or cultured fibroblasts is the more reliable and
rapid (in lymphocytes) method to confirm the disease. Either complementation or mutation
analysis confirms the genetic defect which is essential to offer prenatal diagnosis to the
families.

Statement #7: Grade of recommendation B/D

Enzymatic studies and/or molecular genetic analyses should be performed to confirm
diagnosis (B). This is ideally done in specialized laboratories (D).



For MMA, knowledge of the underlying enzymatic defect [25,92] and the underlying
genotype (mut®, mut”, cblA, cblB or cblD-variant 2) [1,87,90,93-95] is of great importance
since residual enzyme activity and vitamin Bi,-reponsiveness influences the clinical course
and can be associated with a better long term outcome.

The spectrum of genetic defects and the range of causative mutations are different in different
populations of MMA [90,95-97] and PA patients [32,94,97-102]. A few common mutations
are found in each defect; however, most mutations are private. The identification of disease-
causing mutations facilitates accurate prenatal diagnosis, determination of carrier status for
family members, genetic counseling and in some cases genotype-phenotype correlations
[48,90,94,95,103].

Statement #8: Grade of recommendation C-D

Defects in different genes can cause isolated methylmalonic aciduria. The clinical phenotype
is influenced by the underlying enzymatic defect (mut®, mut”, cbIB, cblA and cblD-variant 2)
and genotype (mut, MMAA, MMAB, MMADHC).

Statement #9: Grade of recommendation B
No clear-cut genotype-phenotype correlations have been found in PA.

Prenatal testing

Prenatal testing in both diseases is feasible. Prior to testing, it is desirable that the index case
has been confirmed biochemically and/or genetically, and the carrier status of the parents has
been confirmed by mutation analysis [104,105]. Mutation analysis in fetal DNA is the
method of choice. To improve reliability or if mutation analysis of the index case is not
available additional tests may be carried out including determination of metabolites in
amniotic  fluid (methylcitrate and/or propionylcarnitine in PA; methylmalonic
acid/methylcitrate in amniotic fluid or amniotic fluid dried on filter paper in MMA) [106] or
activity assay in amniocytes or intact native or cultured chorion villi. Preimplantation genetic
diagnosis (PGD) has been reported as a reproductive option for couples affected with PA
[107].

Statement #10: Grade of recommendation D

Prenatal testing in both diseases is feasible. Prior to testing, it is desirable that the index case
has been confirmed biochemically and/or genetically, and the carrier status of the parents has
been confirmed by mutation analysis.

Newborn screening (NBS)

Newborn screening for MMA and PA is technically feasible using propionylcarnitine and
methionine and has been implemented in some countries (e.g. Austria, U.S, Spain, Italy), but
not in others (e.g., Germany, France, U.K, Netherlands). Because both markers lack disease
specificity, several attempts using analyte ratios and 2™ tier testing have been undertaken to
differentiate between false and true positives [34,108-110] but so far yielded conflicting
results in patient studies [111,112]. Promising results regarding false-positive rate and



positive predictive value were obtained in a study using a 2™ tier method for the detection of
total homocysteine, methylmalonic acid and methylcitrate [113].

The most comprehensive study investigated 55 PA patients 20 of which were diagnosed via
newborn screening [21]. 63% of the newborn screening patients were already symptomatic at
the time of diagnosis. The authors conclude that early diagnosis of PA through newborn
screening seems to be associated with a lower mortality rate. However, no significant benefit
could be shown for surviving patients with regard to their clinical course, including the
number of metabolic crises, physical and neurocognitive development, and long-term
complications [21,22].

Statement #11: Grade of recommendation C-D

Newborn screening for MMA and PA is technically feasible. So far available data about
outcome has not answered the question as to whether newborn screening in MMAJ/PA is of
long-term clinical benefit.

Acute management

Initial management

Since the long-term neurodevelopmental outcome is strongly influenced by the duration of
coma and peak blood ammonia concentrations [114-116], therapy must not be delayed and
therefore the diagnostic workup and the initial medical treatment should proceed
simultaneously:

1) Stabilize the patient

2) Stop protein intake

3) Start intravenous glucose

4) Seek expert metabolic advice

5) Initiate first-line treatment as outlined in Table 6

6) Collect samples (blood spot, plasma and urine) for diagnostic purposes



Table 6 Management of symptomatic hyperammonemia in undiagnosed patients and known patients with MMA/PA

Ammonia level
(nmol/l)

Action in undiagnosed patient

Action in known MMA/PA patient

Comments

Increased > upper e Stop protein intake

limit of normal

100-250*

250-500

500-1000

>1000

* Give iv glucose at appropriate dosage (see Table 7) to stop

catabolism + insulin®

» Monitor ammonia blood levels every 3 hours

* As above

» Start drug treatment with i.v. arginine, sodium benzoate and

sodium phenylbutyrate (see Table 7)

« Start carbamylglutamate, carnitine, vitamin By, (preferably

hydroxo-Cbl), and biotin (see Table 7)

* As above

* Prepare extracorporeal detoxification if significant
encephalopathy and/or early high blood ammonia level or very

early onset of disease (day 1 or 2)

« Begin extracorporeal detoxification if no rapid drop of

ammonia within 3-6 hours

* As above
« Start extracorporeal detoxification immediately

« Evaluate whether to continue specific treatment or to start

palliative care

« Stop protein intake

* Give iv glucose at appropriate dosage
(see Table 7) to stop catabolism £
insulin

« Increase carnitine dosage to
200mg/kg/d

* Monitor ammonia blood levels every
3 hours

¢ As above

« Start drug treatment with sodium
benzoate (see Table 7)

 Consider carbamylglutamate (see
Table 7)

* As above

« Stop protein for maximal 24 (-48) hours

 Avoid exchange transfusions as cause of
catabolism/protein load

« Hyperglycemia can be extremely dangerous
(hyperosmolarity)

« If major hyperglycemia occurs with increasing
lactate reduce glucose infusion rather than
increasing insulin

« Avoid hypotonic solutions

« Add sodium and potassium according to the

« Consider extracorporeal detoxification electrolyte results (cave hypokalemia when

dependent on patient’s age and history

* As above

* As above

acidosis is corrected)

« Take into account the sodium intake if sodium
benzoate or phenylbutyrate is used®

* Avoid repetitive drug boluses

 Monitor phosphate levels and supplement early
esp. during hemodialysis

“This limit of action applies for patients outside the neonatal period; for neonates use >150 and <250.
“Monitor blood glucose after 30 min and subsequently every hour, because some neonates are very sensitive to insulin.
%19 sodium benzoate and sodium phenyl butyrate contain 7 mmol Na and 5.4 mmol Na, respectively.
Grade of recommendation: C-D.



While waiting for the laboratory diagnosis, treatment should be started without delay with
medications as outlined in Table 7.

Table 7 Dosage of drugs in acute hyperammonemia

Glucose L-carnitine Hydroxo- Biotin Sodium ° Sodium S L-arginine- N-
v v cobalamin 1V/PO benzoate * (to phenylbutyrate * HCI * (to be carbamyl-
#1VIIM be given IV in (to be given IV in given IVin  glutamate
glucose 10%) glucose 10%) glucose 10%) PO
age 100mg/kgas 1 mg/day 10-40 250mg/kgas 250mg/kg as bolus 250mg/kg as  100mg/kg
dependent bolus, then mg/day bolus in 90-120 in 90-120 min, bolus in 90-120 bolus, then
(see Table maintenance min, then then maintenance min, then 25-62 mg/kg
8) 100mg/kg/d maintenance  dose 250mg/kg/d maintenance  every 6 h
dose dose
250mg/kg/d 250mg/kg/d

# Vitamin B, is preferably given in the form of hydroxocobalamin; cyanocobalamin is less efficient but may be
used temporarily.

* Maximal daily drug dosages: sodium benzoate 5,5g/m?or 12 g/d, sodium PBA 5,5g/m?or 12 g/d, L-arginine 12
g/day.

° Sodium phenylbutyrate should only be used in urea cycle defects or when the cause of hyperammonemia is
unknown. In severe acute decompensation both sodium benzoate and sodium PBA/phenylacetate should be
given in parallel as “ultima ratio”. In less severe cases, a stepwise approach with initial sodium benzoate and if
hyperammonemia persists or worsens, the addition of sodium PBA/phenylacetate can be chosen.

¥ Arginine should only be used when the cause of hyperammonemia is unknown or when plasma arginine is
low.

Grade of recommendation: D.

Statement #12: Grade of recommendation C-D

One of the most severe life threatening events in MMA and PA is hyperammonemia. The
acute management differs depending on whether the cause of hyperammonemia is known or
not. The differential diagnosis should include urea cycle defects and some other inherited
disorders (see Table 4). The start of ammonia detoxification and measures to reverse
catabolism must not be delayed.

Medications and rationale in acute hyperammonemia

Table 7 gives an overview of drugs to be administered in a patient with acute
hyperammonemia. It reflects the consensus of this guideline working group and is supported
by several publications (see Haberle et al. (2012) for review [14]).

L-carnitine is given to compensate for secondary carnitine deficiency caused by urinary loss
of carnitine-bound to organic acids. L-carnitine therapy is considered safe.

Ammonia scavengers are drugs that allow bypassing of the urea cycle, by conjugation of
benzoate with glycine to generate hippurate, and of phenylacetate (phenylbutyrate is the
precursor of phenylacetate) with glutamine to generate phenylacetylglutamine. The use of
ammonia scavengers, which represents the mainstay of therapy for detoxification of ammonia
in urea cycle defects, is still debated in MMA and PA as there is the theoretical risk of
increasing intramitochondrial accumulation of CoA esters and of further depleting free CoA
availability [4,117-119]. However, sodium benzoate has been reported to be safe and
efficacious to treat hyperammonemia [120] and many metabolic centers regularly use this
drug in organic acidurias. The use of sodium phenylbutyrate in MMA and PA raises further
concern because in these diseases hyperammonemia is usually associated with decreased



levels of glutamine, because the mechanism producing hyperammonemia differs from urea
cycle defects. Due to the risk of further depletion of the glutamine/glutamate pool, the routine
use of sodium phenylbutyrate or phenylacetate to treat hyperammonemia should be
considered with extreme caution in MMA and PA [117-119]. Once the diagnosis of organic
acidemia is established, phenylbutyrate/acetate should be discontinued [9].

Arginine administration aims at maximizing ammonia excretion through the urea cycle. After
the diagnosis of MMA or PA is confirmed L-arginine treatment can be discontinued but
arginine levels should still be monitored.

Vitamin B12 responsiveness should be systematically tested but is more likely in late-onset
MMA forms than in patients presenting in the newborn period. Vitamin B12, the cofactor
precursor of methylmalonyl-CoA mutase, should be tried in all suspected cases by giving
1mg hydroxocobalamin i.m. (for more details see [1]; cyanocobalamin is less efficient but
may be used temporarily until OHCblI is available). Biotin is the treatment of choice in both
holocarboxylase synthetase (HCS) and biotinidase deficiency while there are doubts whether
biotin-responsive forms of PA truly exist.

N-Carbamylglutamate is an analogue of N-acetylglutamate that allosterically activates
carbamylphosphate synthetase | in the urea cycle. This drug has been utilized in MMA and
PA for its ability to antagonize propionyl-CoA induced hyperammonemia. The dose selection
of N-carbamylglutamate, which is so far only available as an oral medication, differs in the
literature [4,9,10,16,121-128]; we recommend to use the doses as suggested by Haberle et al.
(2012) [14].

Statement #13: Grade of recommendation C-D

Initial management includes stopping protein intake and starting intravenous glucose.
Combined treatment including parenteral L-carnitine, hydroxocobalamin, sodium benzoate,
L-arginine, and oral biotin and N-carbamylglutamate should be given while waiting for the
laboratory diagnosis. In diagnosed PA patients the continuation of biotin treatment is
questionable because there are doubts whether biotin-responsive forms of PA truly exist.

Promotion of anabolism

The aim is to prevent endogenous catabolism, in particular protein catabolism, whilst
providing enough energy to meet metabolic demands [129]. Intravenous fluids containing
10% glucose or higher concentration should be infused according to the patient’s age (Table
8). Insulin can be carefully used to promote anabolism while maintaining normoglycemia
[4,9,130]. Patients on insulin and high glucose infusion should be monitored for increases of
lactic acid due to a potential interference with Krebs cycle entry and inhibition of pyruvate
dehydrogenase by toxic metabolites [127].The dose of insulin, starting from 0.01-0.02
units/kg/h, must be adjusted frequently in order to control glycemia. Sustained normalization
of blood glucose levels, which is an indirect marker of effective anabolism, allows insulin
withdrawal. Caution in the use of insulin is recommended when lactic acidosis is present
(plasma lactate >5 mmol/L). Lipid emulsion should be commenced early to provide
additional calories at a dose of up to 2 g/kg/day. Platelets and triglycerides should be
monitored during lipid treatment.



Table 8 Age-dependent glucose requirement (mg/kg/min)
0-12 months 1-3 years 4-6 years 7-12 years adolescent adults
8-10 7-8 6-7 5-6 4-5 3-4

Following improvement of metabolic and clinical abnormalities, natural protein preferably,
should be reintroduced rapidly with the aim of meeting safe levels of protein intake
(FAO/WHO/UNU 2007) and not withheld more than 24(-48) hours. Enteral feeding should
be started as soon as the clinical condition allows.

Statement #14: Grade of recommendation C-D

To reverse endogenous catabolism, in particular protein catabolism, it is necessary to provide
enough energy to meet the metabolic demands. Intravenous fluids containing glucose should
be infused and insulin may be used to promote anabolism; after exclusion of a fatty acid
oxidation disorder lipid emulsion should be commenced early to provide additional calories.
Following improvement of metabolic and clinical abnormalities, protein should be rapidly
reintroduced. Enteral feeding should be started as soon as possible.

Parenteral nutrition

Total parenteral nutrition (TPN) is the method of choice in infants with severe illness. An
amino acid free parenteral solution is suitable for the first 24-48h but protein must then be
added using commercially available standard amino acid-solutions (containing essential and
non-esential amino acids) [117]. NaCl and KCI should be progressively decreased to 2 g/l
and 1.5 g/l, respectively [117]. Initially, amino acids are introduced in an amount sufficient to
meet the age dependent safe levels of protein intake (FAO/WHO/UNU 2007), and then
titrated according to biochemical monitoring of amino acids (see section on metabolic follow-
up and monitoring). The minimal isoleucine requirement in neonates is at least equal to that
of valine, but many i.v. amino acid solutions provide less of the former than the latter.
Consequently, when the TPN solution only provides the minimal requirement for L-valine,
additional oral supplementation of L-isoleucine (25-100 mg/day) is often necessary.
Vitamins, minerals and micronutrients must always be provided to prevent selective
deficiencies.

Statement #15: Grade of recommendation D

Parenteral nutrition is indicated, when enteral feeding cannot be established within 24-48h.
Amino acids are gradually introduced to meet safe levels of protein intake (see section on
dietary treatment). An additional oral supplementation of L-isoleucine is often necessary.
Vitamins, minerals and micronutrients must always be provided to prevent selective
deficiencies.

Extracorporeal detoxification

Extracorporeal detoxification should be started in neonates and children who have blood
ammonia levels >400-500 pumol/l, or if there is an inadequate response to medical therapy
after 3-6 hours (this is the estimated time needed for preparing dialysis, including vascular
access [8-10]). In late childhood or in adults, given the high susceptibility to developing



severe brain edema, dialysis should be started earlier, i.e. if ammonia exceeds 200 pmol/l
[14].

Statement #16: Grade of recommendation C-D

Extracorporeal detoxification is commonly used in severely decompensated patients.
Persistent hyperammonemia, metabolic acidosis and severe electrolyte imbalances are
indications for extracorporeal detoxification. Extracorporeal detoxification should be
considered and preparation started in neonates and children who have blood ammonia levels
>400-500 umol/l. In late childhood or in adults dialysis should be considered even at lower
ammonia levels.

The method of choice for extracorporeal detoxification in neonates and infants is continuous
veno-venous hemodiafiltration (CVVHDF) [8,10]. In adults, either CVVHDF or
hemodialysis (HD) are recommended. CVVHDF is a continuous procedure with excellent
ammonia clearance and is usually well tolerated in infants. HD is an intermittent technique
and provides the highest ammonia extraction, but its use in infants can cause severe technical
and hemodynamic complications. In centers with less experience in extracorporeal
detoxification, peritoneal dialysis can be utilized as first line intervention. However, its use is
less effective in the acute setting compared with CVVHDF and HD [8].

The start of extracorporeal detoxification must not be delayed unless a decision for
withdrawal of treatment and for palliative care is made.

Statement #17: Grade of recommendation C-D

The method of choice for extracorporeal detoxification in neonates and infants is continuous
veno-venous hemodiafiltration (CVVHDEF). In adults, both CVVHDF and hemodialysis (HD)
are recommended. The mode of dialysis should be adjusted to the local experience and
facilities. Whenever possible patients should be transferred to qualified centers.

General critical care management

The severity of metabolic decompensation does not depend on hyperammonemia alone but
also other factors have to be taken into account, monitored and treated accordingly. Neonates
and infants with organic acidurias and severe ketoacidosis present with intracellular
dehydration that is often underestimated. In this situation, aggressive rehydration with
hypotonic fluids and alkalization may cause or exacerbate pre-existing cerebral edema.
Therefore, rehydration should be planned over a 48-h period, with a fluid infusion of about
150 ml/kg/24h [117]. Acidosis can be cautiously corrected with i.v. bicarbonate, especially if
it does not improve with the first measures of toxin removal. However, aggressive therapy
with repeated boluses of i.v. bicarbonate may induce hypernatremia, cerebral edema, and
even cerebral hemorrhage. Proposal of a precise dosage and timing of bicarbonate therapy is
inappropriate since patients in metabolic crisis often present with severe blood electrolyte and
osmolar abnormalities whose correction is managed by intensive care physicians.
Furthermore, there are no criteria which define the degree of decompensation by clinical and
laboratory parameters as severe, moderate, or mild in an organic aciduria. The severity of
acidosis (pH < 7.1) and level of ammonia (>400/500 umol/L) have been considered as the
main discriminating variables, but other laboratory values (e.g. blood glucose, electrolyte and
trace element levels, blood osmolarity, liver and kidney function, etc.) or clinical findings



(e.g. degree of dehydration, cardiac and hemodynamic status, presence of pancreatitis,
severity of the neurological picture) may contribute to an overall assessment of the level of
severity. The supportive measures are applied in parallel to the procedure for toxin removal
that, in addition to the dialysis of the toxic organic acids, can compensate for some of the
fluid and electrolyte imbalance and allow for nutritional support.

Statement #18: Grade of recommendation D

Neonates and infants with organic acidurias and severe ketoacidosis present with intracellular
dehydration that is often underestimated. Therefore adequate rehydration is essential.
However, over aggressive hydration and alkalinisation may cause or exacerbate cerebral
edema.

Additional treatments (under metabolic expert guidance)

In MMA, forced diuresis and alkalinisation of urine with sodium bicarbonate may help to
eliminate methylmalonic acid due to its high renal clearance.

Glutathione deficiency and oxoprolinuria have been reported in a decompensated patient with
MMA [131] and in another case high-dose ascorbate therapy (120 mg/kg/day) was effective
in reducing lactic acidosis and oxoprolinuria [132].

Metabolic decompensation may be complicated by severe lactic acidosis due to thiamine
deficiency, requiring vitamin supplementation.

No data exist in literature about neuroprotection in acute management in MMA/PA patients.
Hypothermia, anti-inflammatory agents and NMDA receptor blockers are now routinely used
as a neuroprotective strategy in several emergency conditions and their use in MMA and PA
needs exploration [133].

Statement #19: Grade of recommendation C-D

In MMA, forced diuresis and alkalinisation of urine with sodium bicarbonate may help to
eliminate methylmalonic acid. No data exist in the literature about neuroprotection in acute
management in MMA/PA patients.

Acute decompensation in known patients with MMA/PA

In MMA and PA, the aim is to stabilize patients on a diet that maintains metabolic
homeostasis whilst allowing normal growth and development. Episodes of catabolic stress are
associated with rapid production and accumulation of toxic metabolites which can cause
decompensation, and lead to life threatening complications. Table 9 shows the triggers,
clinical signs & symptoms and common biochemical signs of acute decompensation in
MMAVJ/PA. Triggers of acute decompensation include any circumstances inducing catabolism.
It is important to recognize the signs and symptoms that indicate the need for intensification
of therapy in order to prevent serious complications. The presence of any one or more of such
clinical signs and symptoms compared to the individual patient’s base line should trigger
further evaluation and potential adjustment of therapy and monitoring in order to prevent
complications.



Table 9 Triggers, clinical signs & symptoms and biochemical signs of acute
decompensation in MMA/PA*

Triggers clinical signs and biochemical signs

symptoms

Infection poor feeding metabolic acidosis (pH <7.3, anion gap >20

Fever vomiting mmol/l, low pCO2 or base excess greater
than -5 mmol/l)

Prolonged fasting lethargy elevated blood lactate (>3mmol/l)

Medication (e.g. chemotherapy, high dose  hypotonia hyperammonemia

glucocorticoids)

Prolonged or intense physical exercise, irritability ketonuria (greater than trace in infants or

surgery and/or general anesthesia greater than + in children)

Acute trauma, significant hemorrhage respiratory distress uric acid and/or elevated urinary urea
(urea/creatinine > 20) as signs of
catabolism

Psychological stress hypothermia neutropenia

excessive protein intake dehydration and thrombocytopenia

weight loss

* Please note that columns are independent from each other. Thus a given line in a column does not refer to the
line in the neighboring column.
Grade of recommendation: D.

Statement #20: Grade of recommendation D

The presence of any one or more of the clinical or biochemical signs listed in Table 9
compared to the individual patient’s baseline should trigger further evaluation and potential
adjustment of therapy and monitoring in order to prevent complications.

It must also be noted that there are a few well-documented cases of complications (such as
basal ganglia damage) following acute illnesses without biochemical disturbances. Therefore,

any intercurrent illness in MMA and PA must be treated as a potential trigger for serious and
potentially fatal complications regardless of additional signs and symptoms.

Statement #21: Grade of recommendation D
Any acute intercurrent illness must prompt closer monitoring and evaluation.

For emergency management in the hospital see Tables 6, 7 and 8 above.

Indications and courses for intravenous fluid therapy

The purpose of IV fluid therapy is to provide sufficient calories to reverse or prevent
catabolism as well as fluids and electrolytes when enteral feeding is not possible.

Initial 1V therapy with 10% glucose with added electrolytes does not contain protein and the
caloric intake provided is insufficient to maintain homeostasis in the long term. Therefore, 1V
fluids therapy with glucose and electrolytes should not be used for more than 24-48 hours. If
enteral protein-containing feeds cannot be reintroduced within this time, parenteral nutrition
should be commenced.

Indications for IV fluid therapy in the acute setting may include:



— Any acute presentation with vomiting

— Intolerance of emergency diet given enterally

— Refusal of feeds if nasogastric feeds or gastrostomy are not available/possible
— Suspected pancreatitis or gut pathology

— Prospective management of surgery

— Post operatively during reintroduction of feeds

Some patients require a central line to maintain adequate access during illness; this needs to
be carefully weighed against the risk of infection. In the only report available on individuals
with central lines, all three required removal for infection [134].

Statement #22: Grade of recommendation D

Because of the risk of infection, determination of the need for central lines should be
approached with caution and on a patient to patient basis.

Nutritional composition of home emergency feeds

During mild illness and without gastrointestinal symptoms, energy intake is often suboptimal
and resting energy expenditure may be increased by 30% to 40% during acute
decompensation [135]. To prevent acute decompensation home enteral emergency feeding is
appropriate. The aim is to provide adequate energy to meet increased metabolic demands and
to prevent endogenous protein catabolism. Table 10 gives the nutrient composition of an
emergency feed regimen based on a glucose polymer (xlong chain fat; note that fat tolerance
may be poor during illness) for patients with MMA and PA. It may be necessary to
administer suitable enteral feeds continuously via a gastrostomy or nasogastric feeding tube
to ensure feed tolerance. Caregivers require appropriate training to conduct this [136]. The
minimum amount of energy required to reverse catabolism varies between individual patients
and according to the severity of the illness. Pre-measured sachets of emergency glucose
polymer have been shown to improve reliability of emergency feed preparation [137]. It is
commonly advocated to temporarily stop or reduce natural protein intake but this should be
for minimal duration only, and reintroduced within 24(-48) hours to prevent potential
catabolism from protein deficiency. The role of MMA/PA precursor-free amino acids during
acute management is controversial; it is thought that they may help to minimize catabolism.
However, MMA/PA precursor-free amino acids will also increase the feed osmolarity,
thereby potentially increasing emergency feed intolerance; moreover, they should be avoided
with hyperammonemia (Table 10).



Table 10 Nutritional composition of home emergency feeds in infants and children

Age Protein Per 100 ml Glucose polymer + Fat emulsion Energy Energy Suggested daily Feeding frequency
concentration * intake
% carbohydrate % fat kcal per 100 ml kJ per 100 ml//kg
fromCHO +fat ml
Upto12m Stop or reduce total 10 3.5 72 302 120 -150 ml/kg Continuous tube feds
1-2y protein intake by >50 % 15 5 105 441 1200ml using enteral feeding
2.9y depending on ilness 5 125 525 Estimated as pump
severity -
indicated
>10y 25 5 145 609 Estimated as
indicated

For children >10 kg emergency regimen fluid requirements can be calculated as:

11-20 kg: 100ml/kg for the first 10 kg, plus 50ml/kg for the next 10 kg.

>20 kg: 100ml/kg for the first 10 kg, plus 50ml/kg for the next 10 kg, plus 25ml/kg thereafter.

up to a maximum of 2500ml/day.

*Fat emulsion (50%) is based on a long chain fatty acid source. Fat may not be well tolerated during illness and so may be omitted from emergency feed.

Grade of recommendation: D.



Additional water is required particularly during intermittent febrile illnesses and with
increased stool losses. In MMA, dehydration with loss of sodium and potassium is a common
problem particularly in the presence of renal disease and polyuria. Renal function commonly
deteriorates during acute decompensation. Fluid and electrolyte intake require careful
management.

Caregivers should not commence an emergency feed without consultation with the inherited
metabolic disease (IMD) team. Because the clinical condition may rapidly deteriorate,
caregivers require regular contact with the IMD team for assessment of symptoms, energy
and fluid intake. For vomiting, diarrhea or any signs of clinical deterioration, patients should
be assessed and treated in hospital (see above). Prolonged and frequent use of emergency
feeds may lead to protein deficiency.

Statement #23: Grade of recommendation D

During mild illness and without gastrointestinal symptoms, home enteral emergency feeding
management is appropriate. There should be provision of adequate energy to meet increased
metabolic demands and prevent endogenous protein catabolism. Regular review should be
conducted by the inherited metabolic disease team.

Treatment of fever

Since fever is one of the main factors that can trigger a metabolic decompensation, it is
essential to start immediate treatment with antipyretics (e.g. paracetamol, ibuprofen) when
body temperature exceeds 38°C.

Laboratory investigations to guide acute treatment

Acute treatment is mainly based on commonly available laboratory investigations. Ammonia,
acid-base balance and anion-gap are important biochemical parameters that may help to
identify an impending metabolic decompensation [138]. Other tests should include urine
ketones, glucose, electrolytes (Na, K, Cl, phosphate and HCO3), lactate, creatinine, urea, uric
acid, albumin, amylase and lipase, and blood cell count. Since these patients are often
immunocompromised, blood cultures and CRP should be considered. Specific laboratory
investigations include amino acids in plasma/serum to evaluate nutritional supplementation.
Additional tests (organic acids, namely methylmalonic acid, propionylcarnitine and free
carnitine) are of little benefit in acute management, provided that the diagnosis is already
established.

Statement #24: Grade of recommendation D

Specific investigations beyond routine tests and amino acids in plasma/serum are of limited
help in guiding acute treatment, provided that the diagnosis is already established.

Statement #25: Grade of recommendation D

Unless the confirmation of the diagnosis with MMA/PA is still pending, no banking of
samples during acute treatment is required except for research purposes.



Standard long-term management of MMA/PA

The goals of long-term management are to achieve normal development and to prevent
episodes of metabolic decompensation, whilst providing good quality of life and avoiding
side-effects and complications [139]. Standard therapy includes:

» L-carnitine

 antibiotics to reduce intestinal flora

 vitamin By, in responsive MMA patients

* low-protein diet

+ precursor-free amino acid and/or isoleucine/valine supplementation

 vitamin and mineral supplementation

« caring for special situations and provision of emergency regimen in intercurrent
illnesses

A detailed, written day to day treatment plan and emergency regimen (see home emergency
feeds above), including instructions on when and how to contact the metabolic team or the
local hospital should be given to parents/caregivers and to the child’s nursery or school.

Statement #26: Grade of Recommendation C-D

The most common medical treatments besides the diet used in long-term treatment of
MMA/PA are L-carnitine, antibiotics to reduce intestinal flora and vitamin Bys.

Statement #27: Grade of Recommendation D

Regular follow-up visits to the general pediatrician are recommended. Patients with
MMA/PA should receive all regular vaccinations including vaccinations against influenza
and rotavirus. Early antipyretic treatment (>38°C) should be given.

Pharmacotherapy for long-term treatment

L-carnitine enhances propionyl group elimination [140], regenerates CoA and transforms
toxic CoA esters into less toxic carnitine esters [141] that can be eliminated in urine [142—
144]. Supplementation restores plasma carnitine levels [42,145]. L-carnitine seems to
contribute to the reduction of hyperammonemia in PA patients [118] and demonstrates
antioxidant capacity [146]. It is a well-tolerated treatment with few side effects including
transient nausea and vomiting, abdominal cramps, diarrhea, fishy body odor. No risks related
to high levels of free and total carnitine have been reported. The recommended doses for L-
carnitine vary from 100 to 300 mg/kg/d [4,11,121,139]. It is recommended that plasma free
and total carnitine levels be regularly monitored to assess compliance and to optimize doses.

Statement #28: Grade of recommendation C-D
L-carnitine (100-200 mg/kg/d in 2-4 doses) is useful in the long-term treatment of patients

with MMA and PA. Doses should be adapted according to clinical response and carnitine
levels.



Metronidazole greatly reduces the production of propionyl-CoA derived from anaerobic
bacterial fermentation of carbohydrates in the gut, which may account for a large proportion
of total body propionate [147,148]. Intermittent courses of metronidazole may be as effective
as continuous treatment [149,150]. Metronidazole, 10-20 mg/kg/day divided in 2-3 times
alone or alternating with other antibiotics (e.g. amoxicillin or cotrimoxazole) should be used
[4,121,139,151]. In order to avoid the development of drug-resistant colonies, 1-2 weeks of
therapy alternating with 2-3 weeks off or alternating every month is advisable. It may be
useful to supplement probiotics (avoiding those containing propionic acid producing bacteria)
to restore and balance intestinal flora.

Statement #29: Grade of recommendation C-D

The use of oral antibiotics continuously or intermittently to control intestinal propionic acid
producing bacteria is useful in patients with MMA/PA. The most frequent dosing schemes
use metronidazole (10-20 mg/kg/d in 2-3 doses) for 1-2 weeks alternating with 2-3 weeks off
or alternating every month with other antibiotics.

In MMA, long-term prognosis correlates with vitamin Bj, (cobalamin) responsiveness
[25,26,92], which has always been found in cblA patients, less commonly in cbIB and mut™
patients and almost never in mut® patients. Every patient should be tested carefully using a
standardized protocol [1] to avoid misclassification of patients with a mild response such as
some cbIB patients [25]. Hydroxocobalamin is preferred over cyanocobalamin [1,11]. Doses
range from 1 to 14 mg/week (IM or IV) and 5 to 21 mg/wk (oral). Parenteral treatment should
be tried first followed by combined parenteral/enteral treatment or oral-only treatment
depending upon the biochemical response.

Statement #30: Grade of recommendation C-D

Response to vitamin Bi, should be assessed in every MMA patient. For responders
hydroxocobalamin should be used as long-term treatment. Doses of hydroxocobalamin have
to be tailored individually depending on the clinical and biochemical results.

Growth Hormone (GH) therapy has been used in patients with MMA/PA showing clinical
and biochemical improvement, probably due to an anabolic effect [47,74,152]. However the
effect appears to be lost at higher dosage. GH may also be of benefit in the treatment of
chronic kidney disease in MMA, although no specific studies are available. A lipolytic effect
is also seen but seems not to be detrimental on metabolite excretion [153].

Statement #31: Grade of recommendation C-D

Growth hormone (GH) has been used in patients with MMA/PA displaying severe growth
retardation associated with an abnormal response to GH stimulation tests. Careful monitoring
of metabolic parameters under GH therapy is required due to its potential lipolytic effects.

Among the ammonia scavengers, sodium benzoate (150-250 mg/kg per day) has been used
for the long-term treatment of chronic hyperammonemia in MMA/PA patients [139,154].
There is no clear evidence of the benefits of this therapy in the chronic setting. Sodium-
phenylbutyrate is not advisable because it lowers the glutamine/glutamate ratio. N-
Carbamylglutamate was shown to enhance urea genesis in patients with PA suggesting a



potential role in treating hyperammonemia in PA patients [155]. However there is no clinical
evidence for long-term use of this therapy in MMA/PA.

Statement #32: Grade of recommendation C-D

Chronic hyperammonemia indicates metabolic imbalance and requires investigation and
treatment of the underlying cause. Sodium benzoate has been used to treat long-term
hyperammonemia in MMA/PA patients.

Drugs to be avoided

Steroids administered by a systemic route should only be used in emergency situations in
patients with MMAV/PA due to their catabolic effects on the muscle. However, in exceptional
cases such as West syndrome, the management of MMA with concurrent steroid therapy is
possible and beneficial [156]. Inhaled steroids are devoid of catabolic effects and seem safe
for MMA/PA patients.

Statement #33: Grade of recommendation D

Steroids administered by a systemic route should be avoided if possible, or if unavoidable,
should be used with caution. Inhaled steroids seem safe.

Contraindicated drugs

Drugs containing pivalic acid (antibiotic) and valproate decrease L-carnitine concentration in
plasma and tissues by urinary excretion of acylcarnitine as pivaloylcarnitine and
valproylcarnitine respectively [157]. Sodium valproate should be used with great caution due
to its interference with intermediary metabolism unless there are no other antiepileptic drug
alternatives. Nephrotoxic drugs should be avoided in patients with MMA due to their
potential to precipitate or aggravate renal disease. Immunosuppressive drugs (e.g.
cyclophosphamide) should be used with caution. Medications known to prolong the QTc-
interval (such as prokinetic drugs) should be avoided if possible.

Statement #34: Grade of recommendation D

Drugs containing propionate, valproate, pivalic acid, nephrotoxic drugs and chemotherapy
agents should be avoided or used with great caution in patients with MMA/PA. Medications
known to prolong the QTc-interval (such as prokinetic drugs) should be avoided if possible.

Dietary management of MMA/PA

Low protein diet

The basic principles of dietary management are similar for MMA and PA patients. The
mainstay of nutrition therapy is a low protein intake, limiting but ensuring essential
requirements of the propionic acid precursor amino acids, isoleucine, valine, methionine, and
threonine to reduce elevated concentrations of metabolites [151]. The amount of natural
protein prescribed is determined by age, growth, metabolic stability and severity of condition.
Ideally, when using exclusively natural protein, the FAO/WHO/UNU (2007) safe levels of



protein intake should be the ultimate aim (Table 11). Many but not all centers provide
additional precursor-free amino acids that supplement natural protein intake in order to
achieve protein requirements [11,121]. The source of natural protein is important. If only
cereal and vegetable protein sources (low biological value) are consumed, additional protein
may be required to compensate [158]. Protein intake should be evenly distributed throughout
the day. Patients with mild forms of MMA/PA may tolerate a natural protein intake that is
equal to or exceeds the FAO/WHO/UNU (2007) safe levels of protein intake. Occasionally it
has been reported that natural protein is enhanced with both precursor-free amino acids and
additional single isoleucine and valine [30] supplements but no studies have reported the
safety and efficacy of such an approach. Careful monitoring of plasma amino acids, in
particular branched chain, are thus required.

Table 11 FAO/WHO/UNU 2007 safe levels of protein and energy intake for different

age groups
Energy requirements Protein
requirements*
Age kJ/kg/day kcal/kg/day Age o/kg/day
FAO/WHO/UNU converted from FAO/WHO/UNU
2007 2007
Infants (y) Males  Females Males Females Infants (y)
0.5 335 340 80.0 81.2 0.1 1.77
0.2 15
0.25 1.36
0.5-1 131
Children (y) Children (y)
2.5 348 334 83.1 79.8 1-10 0.84-0.90
5.0 315 305 75.2 72.8
10 275 248 65.7 59.2
15 230 193 54.9 46.1 11-16 0.92-1.14
Adults (y) Adults (y)
(moderate activity, 70
k)
18-29 183 159 43.7 38.0 >16 0.84-0.87
30-59 175 148 41.8 35.3
Adults (y)
(moderate activity,
50kq)
18-29 212 180 50.6 43.0
30-59 212 183 50.6 43.7

* The FAO/WHO/UNU (2007) have set safe levels of protein intake titrated as an age adjusted mean + 2 SD.
Values for safe levels of protein intake apply to males and females.

Statement #35: Grade of recommendation C-D

Dietary management of MMA/PA aims at metabolic stability and normal growth. Protein
tolerance should be titrated individually. It is based on adequate energy supply combined
with avoidance of prolonged fasting and reduced intake of precursor amino acids through a
restricted natural protein diet, commonly supplemented with precursor-free synthetic amino
acids. The FAO/WHO/UNU (2007) safe levels of protein intake provide a useful guide for
protein prescription.



Amino acid supplements

Although supplementary, precursor free amino acids are commonly used to contribute to the
total protein intake; their efficacy has not been fully assessed [151] and the amount
prescribed in cross sectional and cohort studies varies between 15-50% of total protein intake
[11,23,25,151,159,160], partly influenced by metabolic stability, natural protein intake
tolerated, patient age, disorder severity and local practice. There is debate about the amount
of any extra precursor free amino acid that should be prescribed to account for any
inefficiency in its absorption and catabolic rates. In other amino acid disorders, allocation of
an extra factor of 20% is given to compensate for ineffective amino acid utilization [161].

Statement #36: Grade of recommendation C-D

MMA/PA precursor free amino acid supplements should form part of the total protein intake
if natural protein tolerance is below FAO/WHO/UNU (2007) safe levels of protein intake and
thereby make up any protein deficit to meet requirements.

Energy requirements

Little is known about energy requirements in MMA/PA. Whilst this should be individually
determined, there should be a balance between preventing catabolism and overfeeding,
particularly if there is decreased physical activity. The FAO/WHO/UNU (2007)
recommendations can be used to guide energy requirements (Table 11). Overweight has been
reported in MMA and PA children despite energy intakes lower than recommended for age
[162]. There have been conflicting reports on resting energy expenditure (REE) in MMA
[163-165]. In contrast, energy requirements during illness are increased coupled with an
increase in resting energy expenditure [135].

Statement #37: Grade of recommendation C-D

Intake of energy is initially guided by energy requirements for normal healthy children but it
should be adjusted for age, gender, mobility, physical activity and clinical condition of the
child. During metabolic decompensation or intercurrent illness, especially with fever, energy
requirements are increased and additional energy supply should be provided.

Practical aspects of dietary management

There are few published reports of successful demand breast feeding in MMA/PA [166-168]
and some do not advocate this in MMA/PA [169]. Expressed breast milk should be
encouraged if demand breast feeding is impracticable. For MMA/PA particular breast milk
advantages include its low protein and amino acid content, protection against infection, and
reduction in gut propionate.

Statement #38: Grade of recommendation C/D

Breast feeding or breast milk with or without MMAJ/PA precursor-free amino acids may be
considered in the dietary treatment of newly diagnosed neonates/infants.



In bottle fed infants with MMA/PA, natural protein requirements are met from measured
amounts of standard whey dominant infant formulas. To ensure nutritional requirements are
fully met, supplementary precursor-free infant amino formula or protein-free infant formula
is used to provide precursor-free amino acids and/or energy and micronutrients.

Weaning, usually with fruits and vegetables, is commenced at the usual age. Due to the
development of potential feeding problems, it is important that early feeding is supported by
speech and language therapy in addition to dietary care.

In infants with severe phenotypes, tube feeding is commonly used early on to deliver the
majority of nutritional requirements [159,160] and prevent nighttime fasting catabolism.
Although there are no controlled studies to support this, it has been shown to have a positive
effect on morbidity [30,159]. Tube feeding has several advantages [30] as it

 helps ensure optimal nutritional intake

» overcomes severe anorexia and feeding difficulties, which commonly occur within the
first year of life

» prevents prolonged fasting with release of propiogenic odd chain fatty acids derived
from lipolysis [170,171]

 ensures even distribution of natural protein and energy intake over 24 h

* helps to administer medications

» permits delivery of prescribed emergency feeds

 allows home management of minor illnesses and decreases hospital admissions

If tube feeding is needed in the long-term, gastrostomy is recommended [172]. Enteral feed
composition is usually complex, requiring an individualized protein and energy profile
commonly consisting of separate (or combined) modules of sources of protein, fat,
carbohydrate, vitamins and minerals. It is essential that all caregivers administering enteral
feeding receive professional instruction in safe feed production and that their feed preparation
technique is reviewed on an annual basis [136,172-174].

Statement #39: Grade of recommendation C-D

Tube feeding may be necessary to avoid catabolism/prolonged fasting, achieve nutritional
adequacy, administer medications and supplements and maintain metabolic stability.
Continuous training of parents and health care professionals to prepare and administer tube
feeding is necessary to minimize safety risks such as incorrect tube position, dislodgement or
wrong feed preparation.

Feeding difficulties are commonly reported in MMA and PA [173]. It is estimated that about
55% of MMA children had intermediate to major feeding problems [151] at three years of
age. Chronic anorexia, oral hypersensitivity, dysphagia and hyperactive gag reflex are
commonly seen. As there are commonly feeding safety issues and delays in feeding
development, early assessment, advice and support from a speech and language therapist is
important.

Statement #40: Grade of recommendation C-D

Feeding problems are common in children affected by MMA and PA. Therefore referral to a
special feeding clinic with access to a speech and language therapist may be beneficial.



Over restriction of natural protein can result in poor weight gain, poor growth and poor
wound healing. Eight individuals with MMA or PA have been reported with acrodermatititis
enteropathica-like skin complications, which were associated with low levels of isoleucine.
Consequently it is necessary to ensure adequate levels of isoleucine in feeds [152,175-177].

Statement #41: Grade of recommendation B-D

Dietary treatment requires careful nutritional supplementation with clinical, biochemical and
dietary monitoring to prevent nutritional imbalance. Provision of adequate isoleucine /
branched chain / essential amino acids is needed with the aim of maintaining essential amino
acid levels within in the normal range for the local laboratory.

Patients with organic acidemias are at risk of osteopenia and osteoporosis [30,31] which is
aggravated as a result of renal dysfunction in MMA. The metabolic diet used in MMA and
PA may be low in calcium and vitamin D levels both of which are essential for good bone
health. Therefore, it is important that a complete vitamin and mineral supplement is given if
dietary requirements are not achieved from natural protein sources and precursor-free amino
acid supplements. Single case reports of other nutritional deficiencies have been described
[178-181].

Statement #42: Grade of recommendation C

MMA/PA patients are at increased risk for osteoporosis. Recommendations for bone health
include optimizing nutrition, ensuring adequate calcium and vitamin D. Baseline DEXA is
recommended at 10 years and follow-up according to bone-health status. Extra attention
should be paid to MMA patients with chronic kidney disease.

Vomiting is a frequent symptom of MMA/PA and may contribute to metabolic instability or
aggravate anorexia. Central antiemetic agents such as ondansetron or chlorpromazine may be
used with caution. Prokinetic drugs may contribute to prolonged QTc interval. Constipation is
another chronic manifestation in MMA/PA patients that should be treated promptly as it has
been shown that enhancement of gut motility can improve metabolic stability in patients with
PA [182].

Statement #43: Grade of recommendation D

VVomiting and constipation are common problems in MMA/PA. They may contribute to
metabolic instability and should be anticipated and treated.

Metabolic follow-up, monitoring of diet and nutritional status and monitoring of
long term complications

MMA/PA patients require lifelong monitoring by the entire metabolic team. Clinical,
nutritional, biochemical, neurodevelopmental and psychological assessment should aim at
optimizing patient development and performance with age-adapted dietary and drug
treatment. Regular monitoring of metabolic parameters, growth, along with measures of
protein nutrition and overall nutritional status, as well as regular monitoring for long term
complications are indicated (Table 12). Intervals between visits should be decided



individually on the basis of age, growth, severity, metabolic stability and compliance with

diet and therapy.

Table 12 Metabolic follow-up, monitoring of diet and nutritional status, and long term

complications

Assessment

Frequency

1. Metabolic follow-up

NHa, blood gases, lactate

Quantitative plasma amino acids (3-4h fasting)

MMA plasma and urine

Free carnitine plasma (or dried blood spots)

2. Monitoring of diet and nutritional status

Diet history

Growth (weight, length/height, BMI)

Clinical examination e.g. skin, hair

Albumin, pre-albumin

Bone health (calcium, phosphorus, alkaline phosphatase,
magnesium, parathyroid hormone, 25-OH vitamin D)
FBC, zinc, selenium, ferritin, folic acid, vitamin B,

3. Monitoring of long term complications
Neurological examination with detailed history of
developmental milestones

Kidney function (glomerular and tubular function)* (serum
creatinine, urea, electrolytes, cystatin C, uric acid, urinary
electrolytes and protein loss, GFR)

Pancreas (amylase &lipase)

Heart (ECG, echocardiography)

Formal developmental / 1Q assessment

Ophthalmologic assessment

EEG, MRI, formal hearing test

Dentist / oral care

Each clinic visit
Every 3-6 months
Every 3-6 months
Every 6-12 months

Each clinic visit

Each clinic visit

Each clinic visit

Every 6 months

Annually, more frequently in case of chronic
kidney disease

Annually
Each clinic visit

Biochemistry, urine: every 6 mo* GFR*:
annually, beginning at 6y or earlier, if other renal
function markers are abnormal

Every 6 months

Baseline = annually, startat 6 y
At defined ages

Annually after 6 y

If clinical suspicion / indication
Regularly

* Monitoring of kidney function should be performed every 6 months in MMA; in PA annual monitoring is
sufficient and GFR measurement is only indicated if other renal function markers are abnormal.

Grade of recommendation: D.

Management of MMA/PA patients during surgical procedures or prolonged

fasting

During general anesthesia or any prolonged fasting it is important to follow an appropriate
protocol, minimizing catabolism by providing adequate amounts of calories (Table 13).



Table 13 Considerations and management of general anesthesia
Elective procedures Emergency operations and major procedures (>30 minutes)
- Check that the child is healthy 48 hours - Seek specialist advice

before surgery. If not, postpone the
operation.

- Last metabolic work-up must have taken - On admission
place less than 3 months

* Check plasma ammonia, pH, blood gases
* If ammonia >100 umol/l, pH < 7.30 or base deficit > 10 mmol/l)
or the child is unwell, cancel elective procedures and/or seek
specialist advice

Management

- Stop feeds according to minimal anesthetic requirements and replace by clear carbohydrate containing fluids or

intravenous 10% glucose and appropriate electrolytes at a rate allowing to block lipolysis:

* 8-10mg/kg/min for neonates and infants

* 6-7 mg/kg/min for children

* 5-6 mg/kg/min for adolescents

* 4-5 mg/kg/min for adults

- For By, responsive patients administer hydroxocobalamin 1mg parenterally 24h before and on the day of the

procedure

- Add intravenous L-carnitine: 100 mg/kg/ day (max. 12g for adults)

The infusion and treatment should be maintained during the whole surgical procedure. The use of intravenous

lipid solution may be considered for longer procedures (1 to 2 g/kg/day V).

Post-operative management

- Following the operation, feed depending on metabolic stability at the time you would feed any other patient

following an equivalent procedure.

- Give whatever oral medicines the patient may be due at the same time

- Discontinue the intravenous infusion ONLY after the child has been seen to tolerate food.

- Remove the cannula ONLY when normal feeding has been achieved.

- If recovery is delayed or complicated by vomiting:

* check blood gases, electrolytes and ammonia

* consider using antiemetic drugs (ondansetron, avoid metoclopramide)

» continue glucose and L-carnitine infusion and add IV lipids (1-2 g/kg/d)

* IV amino acids should be added if the patient cannot be fed (0.5-0.8 g/kg/d)

- Discharge ONLY after full recovery and normal metabolic results. This will often be the following day.

Statement #44: Grade of recommendation D

Patients with MMAJ/PA, who are usually well controlled, can easily decompensate during
surgery, precipitated by a combination of stress and fasting. Elective surgery in these patients
is usually best done at a hospital with an on site metabolic unit.

Organ transplantation in MMA/PA patients

The role of organ transplantation in the treatment of MMA and PA is currently evolving.
Transplantation in MMA and PA should be considered in patients with frequent metabolic
decompensations where the clinical condition is difficult to stabilize with
dietary/pharmacological treatment [183,184]. Earlier, liver transplantation was associated
with high mortality rate [185]. This problem has diminished in more recent years and there
have been several reports on successful liver transplantations with a drastic decrease of
hospital admissions and improvement in quality of life [186-189]. The most important
concerns, particularly in MMA are neurologic complications, such as basal ganglia and



cerebellar stroke, movement disorders, tremor and sensorineural hearing loss, occurring even
after liver or combined liver and kidney transplantation [190-195]. Thus transplantation can
only be considered as a symptomatic treatment aiming at improvement of quality of life, but
not as a definitive cure of the disease.

Liver / combined liver-kidney transplantation in MMA

Solid-organ transplantation, such as single liver (LT) or kidney transplantation (KT), or
combined liver/kidney transplantation, has become an effective alternative treatment option
in recent decades [192,195,196]. Isolated liver transplantation should be performed early in
life to maintain normal renal function [186]. In liver transplanted MMA patients, decreased
but not completely corrected plasma and urine levels of methylmalonate have been observed
[191,197]. At more advanced age kidney function will likely continue to decline after LT thus
necessitating secondary KT [70,192,193,198]. Renal failure is sometimes even accelerated by
the use of immunosuppressive drugs after LT (unpublished but shared expert experience).
The perioperative treatment needs to prevent catabolism to avoid metabolic decompensation.
Lactate seems to be the most reliable parameter for control [183]. MMA and methylcitrate
levels in CSF samples after transplantation remained high [191,193], most probably
explained by the presence of the metabolic defect also in the central nervous system (CNS)
[199]. Patients thus remain at risk of developing acute or chronic neurological complications
after transplantation. It is yet not clear if the continuation of restricted protein intake and
medication can prevent these complications.

Liver transplantation in PA

LT in PA has been proposed to minimize the risk of further decompensations and to improve
the quality of life [12]. However, experience with LT in PA is still limited. Recent case
studies have reported clinical improvement, including significant decrease of episodes of
metabolic decompensation, better feeding, and improved neurological development after LT
[187,200]. Moreover, LT has been shown to effectively reverse cardiomyopathy [44,201].
The effect on the central nervous system remains unclear. There is one report on improved
EEG after LT [202], but basal ganglia strokes have also occurred after LT [184,203]. The
observation of severe metabolic acidosis 3 years after successful LT without protein
restriction [204] and a less significant reduction of circulating metabolites after LT and
increased protein intake [205] suggest that a certain level of protein restriction and carnitine
supplementation may be indicated even after LT.

Statement #45: Grade of recommendation C-D

Liver and/or kidney transplantation should be considered as an alternative therapy to
conventional medical treatment in MMA and PA patients with frequent metabolic
decompensations where the clinical condition is difficult to stabilize. Ideally, it should be
performed before appearance of severe neurologic damage and under stable metabolic
conditions. However, transplantation only partially corrects the enzymatic defect; renal and
neurological complications may still occur afterwards. Due to the persistent risk of
neurological degeneration and/or metabolic decompensation and in the absence of scientific
data, maintenance of protein restriction and L-carnitine supplementation after transplantation
seems to be warranted. Any indication for transplantation must be decided on an individual
patient basis taking into account the balance between expected improvement of life quality
and the morbidity/mortality risk related to the procedure.



Kidney transplantation in MMA

Single (cadaveric or living donor) KT with a good graft function and metabolic control has
also been described for patients with mut, cblA and cbIB defects [206,207]. Surprisingly,
these patients showed a significant improvement in quality of life with less metabolic
decompensations and reduced plasma levels of pathological metabolites after KT [206,208—
212]. Since it has been observed that urinary MMA excretion decreased even more
significantly after KT or combined liver/kidney transplantation than after single LT, it has
been suggested that KT not only corrects renal dysfunction but may also be sufficient to
ensure partial correction of methylmalonyl-CoA mutase activity to prevent metabolic
decompensation. Thus, it seems that the small amount of enzyme activity gained by KT is
sufficient to improve the metabolic balance of MMA patients. Despite some postoperative
complications after transplantation [213], the outcome of single LT has been associated with
a higher mortality and its effectiveness was hampered by severe post-transplant
complications [190]. KT might thus be a safer and more satisfactory treatment option for
MMA patients. As to the time point when to perform kidney transplantation, it should be
noted that a decrease of urinary excretion of MMA (even erroneously interpreted as a
stabilization of metabolic control) and an increase of plasma concentrations is often seen
before end stage renal disease is reached. This results in an increased risk of neurologic
damage and further impaired kidney function. The decision for KT should be individualized
and made jointly between the metabolic and nephrology teams.

Statement #46: Grade of recommendation D

For MMA patients in end stage renal failure combined liver/kidney transplantation has been
mostly used so far. However, several reports on isolated kidney transplantation evoke this
procedure as an alternative and safer strategy as it seems to restore sufficient enzyme activity
and also improves the quality of life of patients.

Type of liver transplant, donor and ethical issues

Standard orthotopic liver transplantation (OLT) is preferred to auxiliary LT because it has
been associated with fewer complications [197]. Transplantation of liver lobes from living
relatives can reduce waiting times and gives results comparable to those obtained with
cadaveric organs, albeit with a small risk for donors [197]. Heterozygosity for the disease in
the living related donor is not a contraindication. The benefits of organ transplantation must
be individually and meticulously weighed against the risk of perioperative complications,
including renal and neurological progressive impairment in the post-transplant period.
Decisions on whether or not to perform LT entail ethical considerations requiring
individualized decision, in particular when the child is already neurologically impaired or
when living donor LT is considered [214].

Statement #47: Grade of recommendation D
If liver transplantation is considered, the recommended procedure is orthotopic liver

transplantation. Ethical issues concerning the risk for the recipient and for living donors make
careful pre- and post-transplantation counseling obligatory.



Experimental therapies

Liver cell transplantation and liver progenitor cell transplantation have been proposed to
restore some of the lacking enzyme activity in the liver by infusion of either liver cells or
liver progenitor cells [215-218]. Clinical trials testing the safety and efficacy of the
procedures in urea cycle disorders are ongoing. Application in patients with other inborn
errors of metabolism (including MMAJ/PA) is planned for a second phase.

Proof of principle for a nonsense read-through therapy in PA [219] and for chaperone therapy
in MMA [220] has been achieved in cellular models.

Successful gene therapy has been reported for adeno-associated viral gene delivery in the
lethal Mut” mouse model [221-223]. No clinical trial has been performed in humans so far.

From a pathophysiological point of view the use of antioxidants to reduce oxidative stress
may be indicated in MMA and PA [224-231]. So far evidence for clinical efficacy is lacking
and no systematic study or treatment trial has been performed. The choice of antioxidant
substance(s) and dosage, particularly in the pediatric age group, remains to be determined.

Statement #48: Grade of recommendation D

The administration of antioxidants is potentially beneficial for MMA and PA patients, but
needs to be confirmed in prospective clinical studies. The use of liver cell transplantation or
liver progenitor cell transplantation is not presently a therapeutic option for MMA and PA
patients since no clinical experience is available for these disorders. Treatment strategies
based on gene therapy and read-through/chaperone therapy show promising results in
preclinical studies and might become interesting options in the future.

Long-term complications and management

Long-term survival in MMA/PA has significantly improved over the last twenty years
[21,25,26]. Therefore long-term complications become increasingly apparent and pose new
challenges in patients’ care.

For an overview on metabolic follow-up, monitoring of diet and nutritional status as well as
monitoring of long term complications please see Table 12.

Cognitive development and health related quality of life

Data on the extent and characteristics of mental development and intellectual disability in
both diseases are presented non-uniformly in the literature, i.e. a variety of evaluation
instruments and test batteries have been used in different studies. Furthermore, patient
populations, as well as cut-off values for normal development were specified differently and
patients were tested at different points of time.

In MMA, vitamin B, non-responsiveness [232], early onset of disease [121,159], the
presence of hyperammonemia at diagnosis or a history of seizures [58], as well as a mut®
phenotype [25,48,233] were associated with more severe cognitive impairment. A significant
deficit of processing speed seems to be a general feature [58].



Statement #49: Grade of recommendation C

Vitamin B, non-responsiveness, early onset of disease, hyperammonemia at onset, a history
of seizures, as well as mut® as underlying cause of MMA are risk factors for significant
impairment of cognitive development.

PA seems to be associated with cognitive impairment in a significant number of patients
which in most studies exceeds 50% of included patients [23,30,33,121,160,232]. At present it
remains unclear whether the early onset form results in more severe impairment of cognitive
functions than the late onset form.

Statement #50: Grade of recommendation C
PA seems to be generally associated with significant cognitive impairment.

Several prospective and retrospective studies on PA [30,234] and MMA [48,235] indicate
that developmental delay and intellectual disability may not be prevented by (early)
treatment. This observation is supported by a recent study showing that early diagnosis of PA
through newborn screening seems to be associated with lower mortality but does not result in
improved neurocognitive development [21].

Statement #51: Grade of recommendation C-D

Despite intensive medical treatment, MMA and PA are associated with a high frequency of
intellectual disability. Cognitive impairment seems to become pronounced from the second
year of life.

Monitoring of cognitive development and health-related quality of life

Besides clinical assessment, a wide variety of evaluation instruments and test batteries at
different measurement points have been reported in the literature. Thus no recommendation
of specific tests or measurement intervals can be deduced.

Statement #52: Grade of recommendation D

Intellectual abilities and cognitive development should be assessed early and reliably to allow
timely referral for therapeutic and rehabilitative intervention. Testing should be age-
appropriate using standardized instruments. Culturally appropriate and language-free
methods are recommended for patients with impaired speech or command of the language.

Statement #53: Grade of recommendation D

Health related quality of life, stress and psychosocial factors are meaningful outcome
parameters which have not been investigated systematically in MMA/ PA patients and their
caregivers so far, but should be considered and addressed in the future. Standard settings of
care in terms of a multidisciplinary approach including social workers, psychologists,
dieticians, rehabilitation services and specialized physicians should be defined.



Neurological complications

Neurological symptoms are frequent in MMA/PA at the beginning and during the course of
the disease (see also Tables 3 and 5). Regarding diagnosis, management and monitoring of
long-term neurological complications see also Table 12.

Statement #54: Grade of recommendation D

Neurological examination with detailed history of developmental milestones should be a
routine part of evaluation in every visit to the metabolic clinic. Input from a pediatric
neurologist should be considered in case of acute neurological presentation
(encephalopathy/coma, seizures), any suspicion of developmental delay, spasticity/dystonia
and movement disorder, epilepsy, hearing or visual field defects.

Seizures/ Epilepsy can be an acute or chronic manifestation of MMA and PA. In early
childhood seizures tend to be generalized or myoclonic, and during later childhood
generalized or absence in nature [24,28,35,139,236,237] Patients should be referred to a
pediatric neurologist at the time of a seizure event. Antiepileptic drugs (AEDs) should be
introduced according to seizure semiology and EEG findings [24,28,237]. Corticosteroids
have been successfully used in the management of a patient with MMA and infantile spasms
with a hypsarrythmia pattern on EEG [156].

Statement #55: Grade of recommendation D

Epilepsy is common in MMA and PA patients. In patients with clinical suspicion of seizures
an EEG should be performed. Referral to a pediatric neurologist is recommended in the case
of a seizure event, and/or if epileptiform activity is detected in the EEG. AEDs for epileptic
seizures must be chosen according to seizure types and EEG abnormalities. Valproate is not
contraindicated but is associated with a risk of hyperammonemia.

Movement disorders are frequent, being reported in 19-45% of patients with MMA and PA
[25,28,33]. L-Dopa/Carbidopa, trihexylphenidyl, clonazepam, baclofen (oral, continuous
intrathecal, ventriculoperitoneal shunt) treatments can be effective in patients with acute/
chronic dyskinesia and movement disorder [238,239]. For the long term monitoring of
patients with extrapyramidal symptoms (dyskinesia, myoclonus, choreoathetosis), and
pyramidal tract involvement (spasticity), functional scales such as Barry-Albright scale for
dystonia, and Ashworth scale or Gross Motor Function Measure for spasticity may be helpful
to objectively monitor patients and effectiveness of treatment protocols [238,240]. A
multidisciplinary team involving physical and rehabilitation therapists, and pediatric
neurologists should evaluate patients with extrapyramidal symptoms and spasticity [139].

Metabolic stroke-like events involving the basal ganglia have been described in about 10
MMA and PA patients [21,35,55,60-63] and these have usually occurred during or shortly
after metabolic decompensation. However, several cases of PA have been published with
purely neurologic presentation without the expected heralding ketoacidotic attacks
[7,20,35,59,64,65].

Adequate fluid and caloric intake and symptomatic treatment of focal neurological deficits
and altered mental status during stroke-like episodes is crucial [139].



Statement #56: Grade of recommendation C-D

Movement disorders are frequent in MMA and PA and may be associated with stroke-like
events and basal ganglia necrosis. Treatment is symptomatic.

Optic neuropathy has been reported as a late complication in at least fourteen patients with
MMA or PA [31,66-69,241]. Acute or chronic visual loss due to optic neuropathy may be a
rare complication. Antioxidant drugs have been used to treat optic neuropathy with improved
visual acuity reported in one patient treated with high dose vitamin E and Coenzyme Q10
[66]. Consequently, ophthalmologic evaluation by an ophthalmologist including visual acuity
as well as visual examination of the anterior chamber, and dilated evaluation of the fundus
should be routinely performed [139].

Statement #57: Grade of recommendation D

Ophthalmologic assessment (fundoscopy, visual acuity and visual field) and a formal
examination by an ophthalmologist to exclude optic neuropathy should be a part of routine
evaluation in MMA and PA patients at baseline, at any time of concern and yearly after 6
years of age. Antioxidant drugs have been used experimentally in the treatment of optic
atrophy.

Neuroimaging provides information about the timing, extent, reversibility, and possible
mechanisms of neural injury, and can be used as a complementary tool to track the course of
the disease in MMA and PA patients. Routine neuroimaging in the absence of neurological
findings is not necessary [237] and risks of sedation and anesthesia for the imaging procedure
should be considered. In a patient with neurological symptoms at presentation and/or any
time during the course of the disease, magnetic resonance imaging (MRI) is the preferred
imaging technique. MRI sequences should ideally include diffusion weighted imaging
(DW1), apparent diffusion coefficient (ADC) maps, axial T2 and FLAIR, sagittal and axial
T1.

Neuroimaging findings are similar in MMA and PA. Typically, there is symmetric
involvement of basal ganglia, with selective pallidal involvement reported in MMA [242].
Edema, sometimes with restricted diffusion suggests a cytotoxic insult and is a well-
documented phenomenon in PA in the acute phase, most frequently found in basal ganglia,
but also in the cerebral cortex [242,243]. Resolution of findings on routine T2W images,
DWI and ADC [60,243,244] usually corresponds to improvement of clinical symptoms and
biochemical parameters. Figures 2, 3, 4 and 5 show typical (as judged by the guideline group)
neuroimaging findings at the time of acute clinical and/or metabolic decompensation in
MMA (Figures 2 and 3) and PA (Figures 4 and 5).

Figure 2 Neuroimaging finding in MMA: Male child with MMA (cblA defect). An MRI
study was obtained at the age of 6 months because of irritability, feeding difficulties,
developmental delay, encephalopathy and metabolic decompensation. The caudate and
lentiform nuclei are swollen and hyperintense on axial T2-weighted (W) turbo spin-echo (SE)
image (A) with restricted diffusion suggested by hyperintensity on trace diffusion-weighted
imaging (DWI1) (B) and low signals on ADC map (C). Proton MR spectroscopy (TE:135ms)
performed from the lesions reveals decreased N-acetyl-aspartate (NAA), increased choline
(Cho) and presence of lactate (D).




Figure 3 Neuroimaging finding in MMA: Male child with MMA (cblA defect). Follow-
up MR imaging at 6th month after acute deterioration shows residual T2 hyperintensity in the
caudate nuclei and necrosis in the lentiform nuclei with reversal of abnormalities in the
globus pallidi (A). There is CSF-like unrestricted diffusion in the lentiform nuclei on DWI
(B) and ADC map (C) and elevated Cho on MR spectroscopy (D).

Figure 4 Neuroimaging finding in PA: Male child with PA, symptomatic from day 4 of
life, diagnosed at the age of 4 months. An MRI was obtained at the age of 5 years when he
developed acute encephalopathy. Cerebral cortices especially of the temporal and occipital
lobes and the basal ganglia (caudate and lentiform nuclei) are swollen and mildly
hyperintense on axial T2W TSE (A). Hyperintensity on trace DWI (B) and low intensity on
ADC maps (C) suggestive of restricted diffusion are seen in those affected regions.

Figure 5 Neuroimaging finding in PA: Male child with PA, symptomatic from day 4 of
life, diagnosed at the age of 4 months. A week later a repeat MR study showed more
intense T2 signal changes in the involved regions, more prominent in the putamina (A).
Although a higher signal intensity of the cortices and basal ganglia on trace DWI (B), with
disappearance of low signal of the cortices and presence of higher signal intensity on ADC
maps (C) there’s pseudonormalization of diffusion restriction.

During the first year of life there is moderate to severe widening of sulci and fissures more
commonly reported in PA patients. Resolution with treatment is reported in MMA patients,
and there is mild to moderate delay in myelination [242,245]. Thin corpus callosum and
brainstem atrophy have also been described [246]. It should also be recognized that, the brain
parenchymal metabolite profile may be affected without significant metabolic
decompensation, and even without structural changes on neuroimaging patients may develop
movement disorders [35].

MMagnetic Resonance Spectroscopy (MRS) is a powerful clinical tool as a complementary
method to MR imaging to understand disease process in the brain, particularly by in vivo
demonstration of brain metabolites [245,247]. MRS in acute phases demonstrated decreased
NAA and increased lactate peaks, and normalization of values with treatment, in parallel with
improvement of clinical symptoms and biochemical parameters [234,247,248]. Abnormal
MRS in the presence of negative MRI findings may help to define the region vulnerable and
at risk for damage in the CNS [234,245,249].

In the research setting, advanced imaging such as magnetic resonance spectroscopy (MRS),
diffusion-tensor imaging (DTI), and functional imaging studies (PET) may provide useful
and sensitive complementary information for the assessment of brain damage and follow-up
[244,248,250,251].

Statement #58: Grade of recommendation D

Routine screening MRI in the absence of changes in neurological symptoms is not necessary
and may expose the patient to additional risks related to anesthesia. Conversely, at the time of
newly appearing neurological complications MRI may be indicated.

Visual evoked potentials (VEP) should be included in ophthalmological evaluation as a
complementary tool since acute or chronic visual loss due to optic neuropathy is possible
during the course of the disease (see above). Hearing loss can be a rare complication of



MMA/PA [236]. Evaluation of hearing (brainstem auditory evoked response (BAER) and/or
audiometric tests) should therefore be performed as indicated.

Statement #59: Grade of recommendation D

Evoked potentials (visual evoked potentials: VEP; brainstem auditory evoked responses:
BAER or audiometry) should be considered if clinically indicated.

Renal complications

All individuals with isolated MMA, even those who are mildly affected, are thought to be at
risk of developing renal insufficiency [252]. Chronic kidney disease (CKD) occurred in 47%
of patients with a median age of onset at 6.5y [48] and was found most frequently in mut°®
(61%) and cbIB (66%), less frequently in cblA (21%) and mut (0%) patients [25]. CKD was
predicted by the urinary excretion of methylmalonic acid and the disease course was further
aggravated by secondary complications of CKD, such as anemia, arterial hypertension, renal
osteodystrophy, and hyperparathyroidism [25]. CKD often remained stable for several years,
sometimes even until adulthood; progression to end-stage renal disease occurred in 12-14%
of patients [25,48]. A recent study reported that the rate of increase of kidney growth
significantly decreased in patients with MMA over time and was predicted by height, serum
cystatin C, and serum methylmalonic acid concentration [253].

In patients with MMA two main pathologies have been reported, chronic tubulo-interstitial
nephritis [49], and renal tubular acidosis [254,255].

On renal biopsy chronic tubulo-interstitial nephritis with mononuclear cell infiltration,
interstitial fibrosis and tubular atrophy has been demonstrated [53]. The precise pathogenesis
remains obscure, but recent studies suggest that proximal tubular mitochondrial dysfunction
and increased serum methylmalonic acid levels are key pathogenic mechanisms in MMA-
associated kidney disease [229,230,256].

In PA, renal insufficiency has been reported in 3 patients [27,70,257].
Statement #60: Grade of recommendation C

One of the most severe long-term complications in MMA is chronic kidney disease (CKD).
The two most frequent complications reported are chronic tubulo-interstitial nephritis and
renal tubular acidosis. CKD is characterized by progressive functional abnormality leading to
chronic renal failure. The precise pathogenesis remains obscure but proximal tubular
mitochondrial dysfunction and increased serum MMA levels have been proposed as key
pathogenic mechanisms in MMA-associated kidney disease. In PA renal failure has been
reported anecdotally.

Management of long-term renal complications

Standard medical treatment and follow-up of CKD follows the established general
therapeutic principles of patients without an inborn error of metabolism [258] including
control of blood pressure, electrolytes, secondary hyperparathyroidism, and renal anemia and
associated osteodystrophy. Experience with renoprotective measures in the pediatric



population has not been thoroughly studied. In case of microalbuminuria or proteinuria in
association with hypertension, ACE inhibitors or angiotensin receptor antagonists are
recommend with the aim of reaching age adjusted targets of blood pressure control [259].

Treatment with oxygen radical scavengers, such as coenzyme Q10, glutathione, MitoQ might
be beneficial [230]. Further therapeutic strategies that aim at decreasing toxic metabolites,
including dietary restriction of precursor amino acids or an enhanced tubular excretion of
toxic compounds, may also protect the kidney. Like for other CKD, growth hormone may
also be of benefit, although no specific studies are available.

Renal replacement therapy, including hemodialysis/hemodiafiltration or peritoneal dialysis, is
not only important for long-term treatment of end-stage renal disease but also as a
preoperative measure before organ transplantation or to treat severe hyperammonemia during
acute metabolic crisis, especially in neonates.

Finally, it has been suggested that kidney transplantation not only corrects renal dysfunction
but may also provide partial correction of the enzymatic defect and improve metabolic
control (see above).

Statement #61: Grade of recommendation C-D

The management of the long-term renal complications is based on adequate hydration, drug
therapy, hemo- or peritoneal dialysis and ultimately kidney transplantation.

Diagnostic tests to monitor renal long-term complications

Renal function should be carefully monitored (see also Table 12) because of the risk of
developing end-stage CKD requiring hemodialysis and kidney transplantation [26]. Serum
creatinine-based glomerular filtration rate (GFR) estimates may overestimate true GFR due to
low muscle mass [46] and low protein intake. Cumulative urinary MMA excretion over time
(measured in repetitive spot urines) correlates with the risk of CKD and has been proposed as
a follow-up parameter for renal function [25]. However, with declining kidney function
urinary MMA ceases to be a reliable marker and should be replaced by plasma MMA. Thus
GFR estimates that include serum cystatin C (and creatinine) as well as plasma MMA appear
to be the most accurate [253]. Ideally inulin or iohexol clearance should be measured.

Statement #62: Grade of recommendation C-D

Regular measurements of glomerular filtration rate and plasma and urinary MMA are
recommended as parameters in the follow-up of patients with MMA. With declining kidney
function urinary MMA ceases to be a reliable marker and should be replaced by plasma
MMA. Plasma creatinine levels may be less reliable in these patients due to the poor muscle
mass and the low protein intake and may be complemented with cystatin C, however trends
can still be informative.

Cardiac complications

Cardiomyopathy  [21,23,26,31,39,43,44,71,148,260] and prolonged QTc interval
[21,31,38,40,41,56] are emerging as potentially lethal complications in MMA and, more



prominently, PA. Additionally there are several reports of heart failure in patients with MMA
and PA who did not have cardiomyopathy [187,261,262]. Median age of presentation of
cardiomyopathy was 7 years [44]. The etiology of prolonged QTc interval is not well
understood but sudden death has been described in this patient population [38,40]. Liver
transplantation has been shown to improve cardiomyopathy in 3 PA patients, one of which
had severe heart failure [44,261].

Statement #63: Grade of recommendation C-D

Cardiac complications include cardiomyopathy and prolonged QTc interval which may be
life-threatening and may occur in MMA and PA patients with increasing frequency with age.
Therefore ECG and heart ultrasound (echocardiography) are recommended every year. If
cardiomyopathy or long QTc is present standard cardiac therapy should be undertaken and
metabolic treatment and monitoring should be optimized. Liver transplantation has been
reported to reverse cardiomyopathy in PA.

Pancreatitis

Acute, recurrent acute and chronic pancreatitis are possible long-term complications of MMA
[72,73] and PA [75,76,263]. The pathogenesis is unclear.

Statement #64: Grade of recommendation C-D

Acute, recurrent acute and chronic pancreatitis may develop in MMA and PA, independently
from metabolic decompensations and metabolic control. Clinical presentation of pancreatitis
is similar to individuals without MMA/PA, but can mimic features of metabolic
decompensation.

Diagnostic tests and investigations to monitor pancreatic long-term
complications

(see also Table 12) Similar laboratory changes [72,73,75,76,263] and radiographic signs [72]
to those seen in any patient with pancreatitis have been reported including elevated blood
glucose, lipase and amylase (may be normal in the beginning) and lowered calcium. Acidosis
and ketonuria have also been reported, but not hyperammonemia. Amylase and lipase may be
elevated in patients with renal insufficiency and have been reported in a single PA patient
during metabolic decompensation but without evidence of pancreatitis on ultrasound [263].
Measurement of lipase and amylase is recommended at annual intervals (especially if chronic
renal failure develops) and whenever pancreatitis is suspected. If pancreatitis is suspected
MRI/MRCP or CT scan should be performed as recommended in patients without metabolic
disease.

Statement #65: Grade of recommendation C-D

Diagnosis of acute or chronic pancreatitis follows the same principles as in any other case of
pancreatitis.



Management of long-term pancreatic complications

Acute pancreatitis should be managed as in any other case of pancreatitis including fluid
resuscitation and pain management. Enteral (jejunal) nutrition is preferred [264]. The only
specific recommendation for MMA/PA patients has been made for carnitine supplementation
in PA patients [139].

Statement #66: Grade of recommendation D

Management of acute pancreatitis follows the same principles as in any other case of
pancreatitis. Adequate carnitine supplementation is recommended.

Hematological and immunological complications are common in MMA and PA.
Pancytopenia at initial presentation has been described in a number of patients [21,31,265—
270]. Moreover, signs of immunodeficiency, especially neutropenia, are quite common also
during the course of disease [7,23,31] and these may resolve with aggressive therapy
[31,271]. Isolated thrombocytopenia may occur during any metabolic decompensation
[7,21,31,265,272].

There are several reports of infections with numerous types of pathogens and death by sepsis
[7,160,266,267,270,273]. Moreover, central line placement has been compromised by
infection [134]. There is very little experience with granulocyte colony stimulating factor (G-
CSF) and/or intravenous immunoglobulin in this patient population [31]; indication for
treatment with G-CSF therefore remains unclear.

Despite a concern about immunological dysfunction, patients with inborn errors of
metabolism are not at increased risk of metabolic decompensation following appropriate
vaccinations [274] and thus all childhood immunizations should be undertaken. In addition,
influenza vaccine should also be given.

Statement #67: Grade of recommendation C

Pancytopenia (especially neutropenia) is frequent in MMA and PA and may respond to
improved metabolic control. Evaluation with a low threshold to treat infections as well as
infection control practices should be performed according to institutional guidelines early in
neutropenic patients. Standard immunizations should be given.

Risk of cancer and liver cirrhosis

Despite the association of cancers with mutations in genes coding for Krebs cycle enzymes,
there is only one case of cancer (hepatoblastoma) in the literature, which occurred in a MMA
patient 2 years after a renal transplant and 3 years after growth hormone therapy [213]. To
our knowledge, liver cirrhosis has been found in 2 PA patients and in one MMA patient.
However these have not yet been reported in the literature.



Special issues in adult care
Women’s health and pregnancy

Pregnancy issues, contraception and sexual health should already be discussed during
adolescence [275,276]. No disease-specific contraindications to the use of hormonal
contraceptives in MMA and PA patients have been reported. In some cases, hormonal
contraceptives may be used to prevent perimenstrual metabolic instability. For patients with
functional amenorrhea hormone replacement therapy or hormonal contraceptives should be
offered.

Successful pregnancies have been reported in relatively mild cases of MMA (mut ™ or vitamin
B1o-responsive) [232,275,277-279] and PA [275,280]. These patients remained metabolically
stable throughout pregnancy with delivery of healthy children. However, there may be a
reporting bias. Based on the few case reports available, methylmalonic acid does not appear
to be teratogenic [279], and this presumably holds true for other metabolites accumulating in
stably controlled MMA or PA.

Pregnancy should be planned ahead and metabolic control optimized prior to conception.

During pregnancy, the protein demand/tolerance and carnitine requirements may increase and
treatment should be adapted accordingly. The carnitine dose should be increased according to
measured free carnitine levels. Due to the risk of protein energy malnutrition and
micronutrient deficiency, regular nutritional assessment during pregnancy is mandatory.
Morning sickness (or hyperemesis) with nausea and vomiting must be taken seriously, as it
constitutes a risk of metabolic decompensation and/or protein energy malnutrition, and
treatment (e.g. potent antiemetics) should be initiated early.

During labor and delivery there is a higher energy demand and supplemental calories should
be supplied to minimize the risk of metabolic decompensation, using intravenous glucose
(e.g. 10% 2ml/kg/h = 200mg/kg/h) [275,276]. Postpartum catabolism constitutes a risk of
metabolic decompensation due to a massive internal protein load with the involution of the
uterus and thus demands close monitoring and intervention. However, no serious problems
have been noted in the reported cases of mild MMA and PA. Breastfeeding also increases
energy demands and adequate energy intake should be insured.

Statement #68: Grade of recommendation D

Pregnancy should be planned ahead and metabolic control optimized prior to conception.
Regular nutritional assessment and metabolic monitoring during pregnancy is mandatory. An
increase in protein demand/tolerance and carnitine requirements may occur and treatment
should be adapted accordingly.

Supplemental calories, intravenous glucose and carnitine should be supplied peripartum to
minimize the risk of metabolic decompensation. Postpartum catabolism constitutes a risk of
metabolic decompensation and demands close monitoring.



Transition and social issues

Literature specifically addressing social issues and long-term needs of adult patients with
MMA or PA is scarce. The majority of MMA and PA patients surviving into adulthood are
not able to live independently and need some kind of social support [232]. However, some
patients with mild and/or late onset disease and normal psychomotor development may reach
independence and higher education. Continuing from childhood to adult life, appropriate
services and structures should be provided to support psychosocial development and special
educational needs. Transition of a young patient from pediatric to adult services should begin
early to prepare a teenager (and their family) for the move to adult services, with
encouragement of independence and self-confidence. Adult patients with chronic disease are
at risk for developing mood disorders, which may complicate treatment. Depressive disorders
should be recognized and appropriate treatment provided.

Statement #69: Grade of recommendation D

Transition from pediatric to adult services should begin early and be well coordinated with
encouragement of independence and self-confidence. The majority of patients surviving into
adulthood need some kind of social support. Services and structures should be provided to
support psychosocial development and special educational needs beyond childhood
throughout adult life.

Recommendations for long-term follow-up (see long term complications above)

Adult patients with MMA or PA have multisystem problems and require coordinated,
multidisciplinary care, with emphasis on monitoring and management of long-term
complications (e.g. renal, bone, cardiac, neurological, ophthalmological, see Table 12). In
general, protein tolerance may improve in adulthood and hospitalizations tend to be less
frequent [232]. However, prevention of chronic protein-malnutrition and micronutrient
deficiencies is essential and regular nutritional assessments are recommended.

Anorexia and feeding problems are frequent in adult patients, with some still requiring
nocturnal tube feeding or energy supplements during the day to maintain satisfactory
nutritional status. Many have short stature and low bone mineral density. There are no formal
recommendations for protein intake in adult patients with organic acidemias. There are
reports of protein tolerance increasing and hospitalizations for metabolic decompensation
occur less frequently. Many patients may follow a self-restricted protein intake with between
0.5 and 1.1g/kg per day [232].

For osteopenia or osteoporosis, treatment decisions need to be individualized, integrating
measured parameters of bone metabolism and including secondary hyperparathyroidism in
patients with chronic renal failure. In patients with renal failure, the diagnosis of osteoporosis
should be made only in the absence of renal osteodystrophy. The role of antiresorptive drugs
(e.g. bisphosphonates) for treatment or prevention of osteoporosis has not been studied in
MMA/PA,; thus, treatment decisions need to be made individually (after excluding renal
osteodystrophy). Tools assessing fracture risk (such as FRAX) [281,282] are not designed or
validated for this patient group, and therefore are not suitable for guiding treatment decisions.
The role of RANKL-Inhibitors (Denosumab) will need to be established in this patient group,
but may be an option for patients with osteoporosis and relative contra-indications to
bisphosphonates, e.g. renal failure.



Medical treatment of heart failure in patients with cardiomyopathy follows the established
therapeutic principles of patients without MMA/PA [283]. However, PA patients should be
evaluated for liver transplantation, which has been reported to reverse cardiomyopathy in
some PA patients [44].

Statement #70: Grade of recommendation D

Adult patients with MMA or PA have multisystem problems and require coordinated
multidisciplinary care, with emphasis on monitoring and management of long-term
complications (see long-term complications above).

Closing remarks

These guidelines are the result of a three year process based on the SIGN methodology and
are aimed at delivering the best available level of evidence for any given recommendation.
The rarity of MMA/PA and the virtual absence of international registries at least until
recently, have resulted in mostly C or D levels of evidence for the statements made, which
correspond to inferences derived from non-analytical studies such as case reports, case series
or expert opinion. Therefore, these recommendations should not be considered infallible or
absolute. The working group of this guideline commits itself to revise the work in the future
in an effort to preserve the achieved quality and to search for higher evidence levels that
might be achieved with time. Indeed, it is hoped that many of the statements will be
substituted in forthcoming years by even more precise and effective recommendations to the
benefit of the patients.

Competing interests

The authors of this guideline declare no competing interests but disclose the following: MRB
has received financial support for attending E-IMD steering committee meetings from
Orphan Europe and has received support from Milupa and SHS for travel grants to develop a
quality of life assessment tool for patients with intoxication type metabolic diseases.

Authors’ contributions

All authors of this work have contributed to the underlying process based on the SIGN
methodology, to the planning, writing and revising of this paper. All authors read and
approved the final manuscript.

Acknowledgments

The members of the guideline group are deeply grateful to the moderator of the guideline
group meetings (M. Summar), the external consultants (S. Hannigan, J. Meyburg, B. Plecko-
Startinig, C.P. Schmitt) and the external reviewers (M. Duran and J Walter). Further, we wish
to acknowledge E. Muller and S. Dubois who actively contributed to the GDG and Prof. Dr.
Kader Karli Oguz for her help with the MRI figures. Likewise, we acknowledge the
methodological training given by P. Burgard and J. Héaberle during the first guideline meeting
and the fruitful discussions with J. Haberle throughout the process. Finally, the guideline has



been pilot-tested among pediatricians in training (A. Ldmmle, A. Schumann, P. Forny) and
by an experienced general pediatrician (C. Huemer) who all provided valuable feed-back.
Development of this guideline was financially supported through a grant by the EU 2™
Health Program (DG Sanco) for the European registry and network for Intoxication type
Metabolic Diseases (E-IMD). MRB and MiHo are supported by radiz — Rare Disease
Initiative Zurich, a clinical research priority program of the University of Zurich. The clinical
fellowship of DM is supported by the “Associazione la Vita ¢ un Dono”.

References

1. Fowler B, Leonard JV, Baumgartner MR: Causes of and diagnostic approach to
methylmalonic acidurias. J Inherit Metab Dis 2008, 31:350-360.

2. Coelho D, Suormala T, Stucki M, Lerner-Ellis JP, Rosenblatt DS, Newbold RF,
Baumgartner MR, Fowler B: Gene identification for the cbID defect of vitamin B12
metabolism. N Engl J Med 2008, 358:1454-1464.

3. Coelho D, Kim JC, Miousse IR, Fung S, du Moulin M, Buers |, Suormala T, Burda P,
Frapolli M, Stucki M, Nirnberg P, Thiele H, Robenek H, Hohne W, Longo N, Pasquali M,
Mengel E, Watkins D, Shoubridge EA, Majewski J, Rosenblatt DS, Fowler B, Rutsch F,
Baumgartner MR: Mutations in ABCD4 cause a new inborn error of vitamin B12
metabolism. Nat Genet 2012, 44:1152-1155.

4. Deodato F, Boenzi S, Santorelli FM, Dionisi-Vici C: Methylmalonic and propionic
aciduria. Am J Med Genet C Semin Med Genet 2006, 142C:104-112.

5. Manoli I, Venditti C: Methylmalonic Acidemia. In GeneReviews®. Edited by Pagon RA,
Adam MP, Ardinger HH, Bird TD, Dolan CR, Fong CT, Smith RJH, Stephens K. Seattle:
University of Washington; 2005 [http://www.ncbi.nIm.nih.gov/books/NBK1231/].

6. Carrillo-Carrasco N, Venditti C: Propionic Acidemia. University of Washington: Seattle;
2012. http://www.ncbi.nlm.nih.gov/books/NBK92946/.

7. Ozand P, Rashed MS, Gascon GG, Youssef NG, Harfi H, Rahbeeni Z, al Garawi S, al
Ageel A: Unusual presentations of propionic acidemia. Brain Dev 1994, 16:46-57.

8. Arbeiter AK, Kranz B, Wingen AM, Bonzel KE, Dohna-Schwake C, Hanssler L, Neudorf
U, Hoyer PF, Buscher R: Continuous venovenous haemodialysis (CVVHD) and
continuous peritoneal dialysis (CPD) in the acute management of 21 children with
inborn errors of metabolism. Nephrol Dial Transplant 2010, 25:1257-1265.

9. Chapman KA, Gropman A, MacLeod E, Stagni K, Summar ML, Ueda K, Ah Mew N,
Franks J, Island E, Matern D, Pena L, Smith B, Sutton RV, Urv T, Venditti C, Chakrapani A:
Acute management of propionic acidemia. Mol Genet Metab 2012, 105:16-25.

10. Picca S, Bartuli A, Dionisi-Vici C: Medical management and dialysis therapy for the
infant with an inborn error of metabolism. Semin Nephrol 2008, 28:477-480.



11. Zwickler T, Lindner M, Aydin HI, Baumgartner MR, Bodamer OA, Burlina AB, Das
AM, DeKlerk JB, Gokcay G, Grunewald S, Guffon N, Maier EM, Morava E, Geb S,
Schwahn B, Walter JH, Wendel U, Wijburg FA, Mueller E, Kolker S, Horster F: Diagnostic
work-up and management of patients with isolated methylmalonic acidurias in
European metabolic centres. J Inherit Metab Dis 2008, 31:361-367.

12. Chapman KA, Summar ML: Propionic acidemia consensus conference summary. Mol
Genet Metab 2012, 105:3-4.

13. Wolff B, Hsia YE, Sweetman L, Gravel RA, Harris DJ, Nyhan WL: Propionic acidemia:
a clinical update. J Pediatr 1981, 99:835-846.

14. Haberle J, Boddaert N, Burlina A, Chakrapani A, Dixon M, Huemer M, Karall D,
Martinelli D, Crespo PS, Santer R, Servais A, Valayannopoulos V, Lindner M, Rubio V,
Dionisi-Vici C: Suggested guidelines for the diagnosis and management of urea cycle
disorders. Orphanet J Rare Dis 2012, 7:32.

15. Dweikat IM, Naser EN, Abu Libdeh Al OJN, Abu Gharbien NN, Maraga NF, Abu
Libdeh BY: Propionic acidemia mimicking diabetic ketoacidosis. Brain Dev 2011,
33:428-431.

16. Filippi L, Gozzini E, Fiorini P, Malvagia S, la M,G, Donati MA: N-carbamylglutamate
in emergency management of hyperammonemia in neonatal acute onset propionic and
methylmalonic aciduria. Neonatology 2010, 97:286-290.

17. Imen M, Hanene B, Ichraf K, Aida R, Ilhem T, Naziha K, Neziha GK: Methylmalonic
acidemia and hyperglycemia: an unusual association. Brain Dev 2012, 34:113-114,

18. Lehnert W, Junker A, Wehinger H, Zoberlein HG, Baumgartner R, Ropers HH:
Propionic acidemia associated with hypertrophic pyloric stenosis and bouts of severe
hyperglycemia. Monatsschr Kinderheilkd 1980, 128:720-723.

19. Boeckx RL, Hicks JM: Methylmalonic acidemia with the unusual complication of
severe hyperglycemia. Clin Chem 1982, 28:1801-1803.

20. Nyhan WL, Bay C, Beyer EW, Mazi M: Neurologic nonmetabolic presentation of
propionic acidemia. Arch Neurol 1999, 56:1143-1147.

21. Grinert SC, Mullerleile S, de Silva L, Barth M, Walter M, Walter K, Meissner T, Lindner
M, Ensenauer R, Santer R, et al: Propionic acidemia: neonatal versus selective metabolic
screening. J Inherit Metab Dis 2012, 35:41-49.

22. Grinert SC, Millerleile S, De Silva L, Barth M, Walter M, Walter K, Meissner T,
Lindner M, Ensenauer R, Santer R, Bodamer OA, Baumgartner MR, Brunner-Krainz M,
Karall D, Haase C, Knerr I, Marquardt T, Hennermann JB, Steinfeld R, Beblo S, Koch HG,
Konstantopoulou V, Scholl-Birgi S, van Teeffelen-Heithoff A, Suormala T, Sperl W, Kraus
JP, Superti-Furga A, Schwab KO, Sass JO: Propionic acidemia: clinical course and
outcome in 55 pediatric and adolescent patients. Orphanet J Rare Dis 2013, 8:6.



23. Sass JO, Hofmann M, Skladal D, Mayatepek E, Schwahn B, Sperl W: Propionic
acidemia revisited: a workshop report. Clin Pediatr (Phila) 2004, 43:837-843.

24. Haberlandt E, Canestrini C, Brunner-Krainz M, Moslinger D, Mussner K, Plecko B,
Scholl-Burgi S, Sperl W, Rostasy K, Karall D: Epilepsy in patients with propionic
acidemia. Neuropediatrics 2009, 40:120-125.

25. Horster F, Baumgartner MR, Viardot C, Suormala T, Burgard P, Fowler B, Hoffmann
GF, Garbade SF, Kolker S, Baumgartner ER: Long-term outcome in methylmalonic
acidurias is influenced by the underlying defect (mut0, mut-, cblA, cbIB). Pediatr Res
2007, 62:225-230.

26. Horster F, Garbade SF, Zwickler T, Aydin HI, Bodamer OA, Burlina AB, Das AM, De
Klerk JB, Dionisi-Vici C, Geb S, Gokcay G, Guffon N, Maier EM, Morava E, Walter JH,
Schwahn B, Wijburg FA, Lindner M, Grunewald S, Baumgartner MR, Kélker S: Prediction
of outcome in isolated methylmalonic acidurias: combined use of clinical and
biochemical parameters. J Inherit Metab Dis 2009, 32:630-639.

27. Lehnert W, Sperl W, Suormala T, Baumgartner ER: Propionic acidaemia: clinical,
biochemical and therapeutic aspects. Experience in 30 patients. Eur J Pediatr 1994,
153:568-80.

28. Ma X, Zhang Y, Yang Y, Liu X, Yang Z, Bao X, Qin J, Wu X: Epilepsy in children
with methylmalonic acidemia: electroclinical features and prognosis. Brain Dev 2011,
33:790-795.

29. Nicolaides P, Leonard J, Surtees R: Neurological outcome of methylmalonic
acidaemia. Arch Dis Child 1998, 78:508-512.

30. North KN, Korson MS, Gopal YR, Rohr FJ, Brazelton TB, Waisbren SE, Warman ML.:
Neonatal-onset propionic acidemia: neurologic and developmental profiles, and
implications for management. J Pediatr 1995, 126:916-922.

31. Pena L, Franks J, Chapman KA, Gropman A, Ah Mew N, Chakrapani A, Island E,
MacLeod E, Matern D, Smith B, Stagni K, Sutton RV, Ueda K, Urv T, Venditti C, Enns GM,
Summar ML: Natural history of propionic acidemia. Mol Genet Metab 2012, 105:5-9.

32. Pérez-Cerda C, Merinero B, Rodrigues-Pombo P, Pérez B, Desviat LR, Muro S, Richard
E, Garcia MJ, Gangoiti J, Ruiz Sala P, Sanz P, Briones P, Ribes A, Martinez-Pardo M,
Campistol J, Pérez M, Lama R, Murga ML, Lema-Garrett T, Verdu A, Ugarte M: Potential
relationship between genotype and clinical outcome in propionic acidaemia patients.
Eur J Hum Genet 2000, 8:187-194.

33. Surtees RA, Matthews EE, Leonard JV: Neurologic outcome of propionic acidemia.
Pediatr Neurol 1992, 8:333-337.

34. Chace DH, DiPerna JC, Kalas TA, Johnson RW, Naylor EW: Rapid diagnosis of
methylmalonic and propionic acidemias: quantitative tandem mass spectrometric
analysis of propionylcarnitine in filter-paper blood specimens obtained from newborns.
Clin Chem 2001, 47:2040-2044.



35. Scholl-Burgi S, Haberlandt E, Gotwald T, Albrecht U, Baumgartner Sigl S,
Rauchenzauner M, Rostasy K, Karall D: Stroke-like episodes in propionic acidemia
caused by central focal metabolic decompensation. Neuropediatrics 2009, 40:76-81.

36. Shuaib T, Al-Hashmi N, Ghaziuddin M, Megdad E, Abebe D, Al-Saif A, Doubi A,
Aldhalaan H, Abouzied ME, Al-Owain M: Propionic acidemia associated with visual
hallucinations. J Child Neurol 2012, 27:799-803.

37. Batie CD, Barbier V, Valayannopoulos V, Touati G, Maltret A, Brassier A, Arnoux JB,
Grevent D, Chadefaux B, Ottolenghi C, Canoui P, De Lonlay P: Acute psychosis in
propionic acidemia: 2 case reports. J Child Neurol 2014, 29:274-279.

38. Baumgartner D, Scholl-Burgi S, Sass JO, Sperl W, Schweigmann U, Stein JI, Karall D:
Prolonged QTc intervals and decreased left ventricular contractility in patients with
propionic acidemia. J Pediatr 2007, 150:192-197. 197 ¢191.

39. Bhan AK, Brody C: Propionic acidemia: a rare cause of cardiomyopathy. Congest
Heart Fail 2001, 7:218-219.

40. Jameson E, Walter J: Cardiac arrest secondary to long QT(C )in a child with
propionic acidemia. Pediatr Cardiol 2008, 29:969-970.

41. Kakavand B, Schroeder VA, Di Sessa TG: Coincidence of long QT syndrome and
propionic acidemia. Pediatr Cardiol 2006, 27:160-161.

42. Mardach R, Verity MA, Cederbaum SD: Clinical, pathological, and biochemical
studies in a patient with propionic acidemia and fatal cardiomyopathy. Mol Genet Metab
2005, 85:286-290.

43. Massoud AF, Leonard JV: Cardiomyopathy in propionic acidaemia. Eur J Pediatr
1993, 152:441-445.

44. Romano S, Valayannopoulos V, Touati G, Jais JP, Rabier D, de Keyzer Y, Bonnet D, de
Lonlay P: Cardiomyopathies in propionic aciduria are reversible after liver
transplantation. J Pediatr 2010, 156:128-134.

45. Sato S, Kasahara M, Fukuda A, Mizuguchi K, Nakagawa S, Muguruma T, Saito O,
Karaki C, Nakagawa A, Yoshii K, Horikawa R: Liver transplantation in a patient with
propionic acidemia requiring extra corporeal membrane oxygenation during severe
metabolic decompensation. Pediatr Transplant 2009, 13:790-793.

46. Walter JH, Michalski A, Wilson WM, Leonard JV, Barratt TM, Dillon MJ: Chronic
renal failure in methylmalonic acidaemia. Eur J Pediatr 1989, 148:344-348.

47. Bain MD, Till J, Jones MG, Besley GT, Lee P, Oliveira D, Chalmers RA:
Methylmalonic aciduria: follow-up and enzymology on the original case after 36 years. J
Inherit Metab Dis 2005, 28:1179-1180.

48. Cosson MA, Benoist JF, Touati G, Dechaux M, Royer N, Grandin L, Jais JP, Boddaert N,
Barbier V, Desguerre I, Campeau PM, Rabier D, Valayannopoulos V, Niaudet P, de Lonlay



P: Long-term outcome in methylmalonic aciduria: a series of 30 French patients. Mol
Genet Metab 2009, 97:172-178.

49. D'Angio CT, Dillon MJ, Leonard JV: Renal tubular dysfunction in methylmalonic
acidaemia. Eur J Pediatr 1991, 150:259-263.

50. Etuwewe B, Jones CA, Mathur S, Wright KP, Morris AA: Peritoneal dialysis for
chronic renal failure in a patient with methylmalonic acidaemia. Pediatr Nephrol 20009,
24:1085-1087.

51. Hori D, Hasegawa Y, Kimura M, Yang Y, Verma IC, Yamaguchi S: Clinical onset and
prognosis of Asian children with organic acidemias, as detected by analysis of urinary
organic acids using GC/MS, instead of mass screening. Brain Dev 2005, 27:39-45.

52. Molteni KH, Oberley TD, Wolff JA, Friedman AL: Progressive renal insufficiency in
methylmalonic acidemia. Pediatr Nephrol 1991, 5:323-326.

53. Rutledge SL, Geraghty M, Mroczek E, Rosenblatt D, Kohout E: Tubulointerstitial
nephritis in methylmalonic acidemia. Pediatr Nephrol 1993, 7:81-82.

54. Schmitt CP, Mehls O, Trefz FK, Horster F, Weber TL, Kdlker S: Reversible end-stage
renal disease in an adolescent patient with methylmalonic aciduria. Pediatr Nephrol
2004, 19:1182-1184.

55. Karall D, Haberlandt E, Schimmel M, Schocke M, Gautsch K, Albrecht U, Baumgartner
Sigl S, Scholl-Burgi S: Cytotoxic not vasogenic edema is the cause for stroke-like
episodes in propionic acidemia. Neuropediatrics 2011, 42:210.

56. Lucke T, Perez-Cerda C, Baumgartner M, Fowler B, Sander S, Sasse M, Scholl S, Ugarte
M, Das AM: Propionic acidemia: unusual course with late onset and fatal outcome.
Metabolism 2004, 53:809-810.

57. Johnson JA, Le KL, Palacios E: Propionic acidemia: case report and review of
neurologic sequelae. Pediatr Neurol 2009, 40:317-320.

58. O'Shea CJ, Sloan JL, Wiggs EA, Pao M, Gropman A, Baker EH, Manoli I, Venditti CP,
Snow J: Neurocognitive phenotype of isolated methylmalonic acidemia. Pediatrics 2012,
129:e1541-1551.

59. Kidd JR, Wolf B, Hsia E, Kidd KK: Genetics of propionic acidemia in a Mennonite-
Amish Kindred. Am J Hum Genet 1980, 32:236-245.

60. Broomfield A, Gunny R, Prabhakar P, Grunewald S: Spontaneous rapid resolution of
acute basal ganglia changes in an untreated infant with propionic acidemia: a clue to
pathogenesis? Neuropediatrics 2010, 41:256-260.

61. Haas RH, Marsden DL, Capistrano-Estrada S, Hamilton R, Grafe MR, Wong W, Nyhan
WL: Acute basal ganglia infarction in propionic acidemia. J Child Neurol 1995, 10:18—
22.



62. Hamilton RL, Haas RH, Nyhan WL, Powell HC, Grafe MR: Neuropathology of
propionic acidemia: a report of two patients with basal ganglia lesions. J Child Neurol
1995, 10:25-30.

63. Heidenreich R, Natowicz M, Hainline BE, Berman P, Kelley RI, Hillman RE, Berry GT:
Acute extrapyramidal syndrome in methylmalonic acidemia: '‘metabolic stroke™
involving the globus pallidus. J Pediatr 1988, 113:1022-1027.

64. Perez-Cerda C, Merinero B, Marti M, Cabrera JC, Pena L, Garcia MJ, Gangoiti J, Sanz P,
Rodriguez-Pombo P, Hoenicka J, Richard E, Muro S, Ugarte M: An unusual late-onset case
of propionic acidaemia: biochemical investigations, neuroradiological findings and
mutation analysis. Eur J Pediatr 1998, 157:50-52.

65. Sethi KD, Ray R, Roesel RA, Carter AL, Gallagher BB, Loring DW, Hommes FA:
Adult-onset chorea and dementia with propionic acidemia. Neurology 1989, 39:1343-
1345.

66. Pinar-Sueiro S, Martinez-Fernandez R, Lage-Medina S, Aldamiz-Echevarria L, Vecino E:
Optic neuropathy in methylmalonic acidemia: the role of neuroprotection. J Inherit
Metab Dis 2010, 33(Suppl 3):S199-203.

67. Traber G, Baumgartner MR, Schwarz U, Pangalu A, Donath MY, Landau K: Subacute
bilateral visual loss in methylmalonic acidemia. J Neuroophthalmol 2011, 31:344-346.

68. Williams ZR, Hurley PE, Altiparmak UE, Feldon SE, Arnold GL, Eggenberger E, Mejico
LJ: Late onset optic neuropathy in methylmalonic and propionic acidemia. Am J
Ophthalmol 2009, 147:929-933.

69. lanchulev T, Kolin T, Moseley K, Sadun A: Optic nerve atrophy in propionic
acidemia. Ophthalmology 2003, 110:1850-1854.

70. Lam C, Desviat LR, Perez-Cerda C, Ugarte M, Barshop BA, Cederbaum S: 45-Year-old
female with propionic acidemia, renal failure, and premature ovarian failure; late
complications of propionic acidemia? Mol Genet Metab 2011, 103:338-340.

71. Prada CE, Al Jasmi F, Kirk EP, Hopp M, Jones O, Leslie ND, Burrow TA: Cardiac
disease in methylmalonic acidemia. J Pediatr 2011, 159:862-864.

72. Kahler SG, Sherwood WG, Woolf D, Lawless ST, Zaritsky A, Bonham J, Taylor CJ,
Clarke JT, Durie P, Leonard JV: Pancreatitis in patients with organic acidemias. J Pediatr
1994, 124:239-243.

73. Marquard J, El Scheich T, Klee D, Schmitt M, Meissner T, Mayatepek E, Oh J: Chronic
pancreatitis in branched-chain organic acidurias—-a case of methylmalonic aciduria and
an overview of the literature. Eur J Pediatr 2011, 170:241-245.

74. Marsden D, Barshop BA, Capistrano-Estrada S, Rice M, Prodanos C, Sartoris D, Wolff J,
Jones KL, Spector S, Nyhan WL: Anabolic effect of human growth hormone:
management of inherited disorders of catabolic pathways. Biochem Med Metab Biol
1994, 52:145-154.



75. Bultron G, Seashore MR, Pashankar DS, Husain SZ: Recurrent acute pancreatitis
associated with propionic acidemia. J Pediatr Gastroenterol Nutr 2008, 47:370-371.

76. Burlina AB, Dionisi-Vici C, Piovan S, Saponara I, Bartuli A, Sabetta G, Zacchello F:
Acute pancreatitis in propionic acidaemia. J Inherit Metab Dis 1995, 18:169-172.

77. Gokce M, Unal O, Hismi B, Gumruk F, Coskun T, Balta G, Unal S, Cetin M,
Kalkanoglu-Sivri HS, Dursun A, Tokatli A: Secondary hemophagocytosis in 3 patients
with organic acidemia involving propionate metabolism. Pediatr Hematol Oncol 2012,
29:92-98.

78. Griffin TA, Hostoffer RW, Tserng KY, Lebovitz DJ, Hoppel CL, Mosser JL, Kaplan D,
Kerr DS: Parathyroid hormone resistance and B cell lymphopenia in propionic
acidemia. Acta Paediatr 1996, 85:875-878.

79. Muller V, Basset G, Nelson DR, Klingenberg M, Probing the role of positive residues in
the ADP/ATP carrier from yeast: The effect of six arginine mutations on oxidative
phosphorylation and AAC expression. Biochemistry 1996, 35:16132-16143.

80. Hoffmann G, P F: Organic Acid Analysis. In Physician’s Guide to the Laboratory
Diagnosis of Metabolic Diseases. Edited by N. B, M. D, ME B, KM G. New York: Springer
Berlin; 2003.

81. Marin-Valencia I, Vilaseca MA, Thio M, Garcia-Cazorla A, Artuch R, Campistol J:
Assessment of the perimortem protocol in neonates for the diagnosis of inborn errors of
metabolism. Eur J Paediatr Neurol 2010, 14:125-130.

82. Wikoff WR, Gangoiti JA, Barshop BA, Siuzdak G: Metabolomics identifies
perturbations in human disorders of propionate metabolism. Clin Chem 2007, 53:2169-
2176.

83. Rizzo C, Boenzi S, Inglese R, la Marca G, Muraca M, Martinez TB, Johnson DW, Zelli
E, Dionisi-Vici C: Measurement of succinyl-carnitine and methylmalonyl-carnitine on
dried blood spot by liquid chromatography-tandem mass spectrometry. Clin Chim Acta
2014, 429:30-33.

84. Maeda Y, Ito T, Suzuki A, Kurono Y, Ueta A, Yokoi K, Sumi S, Togari H, Sugiyama N:
Simultaneous quantification of acylcarnitine isomers containing dicarboxylic
acylcarnitines in  human serum and urine by high-performance liquid
chromatography/electrospray ionization tandem mass spectrometry. Rapid Commun
Mass Spectrom 2007, 21:799-806.

85. Sperl W, Murr C, Skladal D, Sass JO, Suormala T, Baumgartner R, Wendel U: Odd-
numbered long-chain fatty acids in propionic acidaemia. Eur J Pediatr 2000, 159:54-58.

86. Wendel U: Abnormality of odd-numbered long-chain fatty acids in erythrocyte
membrane lipids from patients with disorders of propionate metabolism. Pediatr Res
1989, 25:147-150.



87. Merinero B, Perez B, Perez-Cerda C, Rincon A, Desviat LR, Martinez MA, Sala PR,
Garcia MJ, Aldamiz-Echevarria L, Campos J, Cornejo V, Del Toro M, Mahfoud A,
Martinez-Pardo M, Parini R, Pedrén C, Pefia-Quintana L, Pérez M, Pourfarzam M, Ugarte M:
Methylmalonic acidaemia: examination of genotype and biochemical data in 32 patients
belonging to mut, cblA or cblB complementation group. J Inherit Metab Dis 2008, 31:55—
66.

88. Coker M, de Klerk JB, Poll-The BT, Huijmans JG, Duran M: Plasma total odd-chain
fatty acids in the monitoring of disorders of propionate, methylmalonate and biotin
metabolism. J Inherit Metab Dis 1996, 19:743-751.

89. Willard MB: Genetically determined protein polymorphism in the rabbit nervous
system. Proc Natl Acad Sci U S A 1976, 73:3641-3645.

90. Lempp TJ, Suormala T, Siegenthaler R, Baumgartner ER, Fowler B, Steinmann B,
Baumgartner MR: Mutation and biochemical analysis of 19 probands with mut0 and 13
with mut- methylmalonic aciduria: identification of seven novel mutations. Mol Genet
Metab 2007, 90:284-290.

91. Baumgartner R, Giardini O, Cantani A, Sabetta G, Castro M: Methylmalonic acidaemia
due to mutase apoenzyme defect: responsive to vitamin B12 in intact fibroblasts but not
in vivo. J Inherit Metab Dis 1982, 5:137-141.

92. Matsui SM, Mahoney MJ, Rosenberg LE: The natural history of the inherited
methylmalonic acidemias. N Engl J Med 1983, 308:857—861.

93. Martinez MA, Rincon A, Desviat LR, Merinero B, Ugarte M, Perez B: Genetic analysis
of three genes causing isolated methylmalonic acidemia: identification of 21 novel allelic
variants. Mol Genet Metab 2005, 84:317-325.

94. Perez B, Angaroni C, Sanchez-Alcudia R, Merinero B, Perez-Cerda C, Specola N,
Rodriguez-Pombo P, Wajner M, de Kremer RD, Cornejo V, Del Toro M, Mahfoud A,
Martinez-Pardo M, Parini R, Pedron C, Pefia-Quintana L, Pérez M, Pourfarzam M, Ugarte M:
The molecular landscape of propionic acidemia and methylmalonic aciduria in Latin
America. J Inherit Metab Dis 2010, 33:S307-314.

95. Worgan LC, Niles K, Tirone JC, Hofmann A, Verner A, Sammak A, Kucic T, Lepage P,
Rosenblatt DS: Spectrum of mutations in mut methylmalonic acidemia and identification
of a common Hispanic mutation and haplotype. Hum Mutat 2006, 27:31-43.

96. Acquaviva C, Benoist JF, Callebaut I, Guffon N, Ogier de Baulny H, Touati G, Aydin A,
Porquet D, Elion J: N219Y, a new frequent mutation among mut(degree) forms of
methylmalonic acidemia in Caucasian patients. Eur J Hum Genet 2001, 9:577-582.

97. Yang X, Sakamoto O, Matsubara Y, Kure S, Suzuki Y, Aoki Y, Sakura N, Takayanagi
M, linuma K, Ohura T: Mutation analysis of the MMAA and MMAB genes in Japanese
patients with vitamin B(12)-responsive methylmalonic acidemia: identification of a
prevalent MMAA mutation. Mol Genet Metab 2004, 82:329-333.



98. Gravel RA, Akerman BR, Lamhonwah AM, Loyer M, Leon-del-Rio A, Italiano I:
Mutations participating in interallelic complementation in propionic acidemia. Am J
Hum Genet 1994, 55:51-58.

99. Rodriguez A, Chen P, Abrams JM: Insights from model systems: Molecular prophets
of death in the fly. Am J Hum Genet 1998, 62:514-519.

100. Yorifuji T, Kawai M, Muroi J, Mamada M, Kurokawa K, Shigematsu Y, Hirano S,
Sakura N, Yoshida I, Kuhara T, Endo F, Mitsubuchi H, Nakahata T: Unexpectedly high
prevalence of the mild form of propionic acidemia in Japan: presence of a common
mutation and possible clinical implications. Hum Genet 2002, 111:161-165.

101. Ravn K, Chloupkova M, Christensen E, Brandt NJ, Simonsen H, Kraus JP, Nielsen IM,
Skovby F, Schwartz M: High incidence of propionic acidemia in greenland is due to a
prevalent mutation, 1540insCCC, in the gene for the beta-subunit of propionyl CoA
carboxylase. Am J Hum Genet 2000, 67:203-206.

102. Kraus JP, Spector E, Venezia S, Estes P, Chiang PW, Creadon-Swindell G, Mullerleile
S, de Silva L, Barth M, Walter M, Meissner T, Lindner M, Ensenauer R, Santer R, Bodamer
OA, Baumgartner MR, Brunner-Krainz M, Karall D, Haase C, Knerr I, Marquardt T,
Hennermann JB, Steinfeld R, Beblo S, Koch HG, Konstantopoulou V, Scholl-Birgi S, van
Teeffelen-Heithoff A, Suormala T, Ugarte M, et al: Mutation analysis in 54 propionic
acidemia patients. J Inherit Metab Dis 2012, 35:51-63.

103. Lerner-Ellis JP, Tirone JC, Pawelek PD, Dore C, Atkinson JL, Watkins D, Morel CF,
Fujiwara TM, Moras E, Hosack AR, Dunbar GV, Antonicka H, Forgetta V, Dobson CM,
Leclerc D, Gravel RA, Shoubridge EA, Coulton JW, Lepage P, Rommens JM, Morgan K,
Rosenblatt DS: Identification of the gene responsible for methylmalonic aciduria and
homocystinuria, cblC type. Nat Genet 2006, 38:93-100.

104. Cavicchi C, Donati MA, Funghini S, la Marca G, Malvagia S, Ciani F, Poggi GM,
Pasquini E, Zammarchi E, Morrone A: Genetic and biochemical approach to early
prenatal diagnosis in a family with mut methylmalonic aciduria. Clin Genet 2006, 69:72—
76.

105. Perez-Cerda C, Perez B, Merinero B, Desviat LR, Rodriguez-Pombo P, Ugarte M:
Prenatal diagnosis of propionic acidemia. Prenat Diagn 2004, 24:962-964.

106. Inoue Y, Ohse M: Prenatal diagnosis of methylmalonic aciduria by measuring
methylmalonic acid in dried amniotic fluid on filter paper using gas chromatography-
mass spectrometry. Anal Bioanal Chem 2011, 400:1953-1958.

107. Alberola TM, Bautista-Llacer R, Vendrell X, Garcia-Mengual E, Pardo M, Vila M,
Calatayud C: Case report: birth of healthy twins after preimplantation genetic diagnosis
of propionic acidemia. J Assist Reprod Genet 2011, 28:211-216.

108. Matern D, Tortorelli S, Oglesbee D, Gavrilov D, Rinaldo P: Reduction of the false-
positive rate in newborn screening by implementation of MS/MS-based second-tier
tests: the Mayo Clinic experience (2004-2007). J Inherit Metab Dis 2007, 30:585-592.



109. la Marca G, Malvagia S, Pasquini E, Innocenti M, Donati MA, Zammarchi E: Rapid
2nd-tier test for measurement of 3-OH-propionic and methylmalonic acids on dried
blood spots: reducing the false-positive rate for propionylcarnitine during expanded
newborn screening by liquid chromatography-tandem mass spectrometry. Clin Chem
2007, 53:1364-1369.

110. Lindner M, Ho S, Kolker S, Abdoh G, Hoffmann GF, Burgard P: Newborn screening
for methylmalonic acidurias—optimization by statistical parameter combination. J
Inherit Metab Dis 2008, 31:379-385.

111. Dionisi-Vici C, Deodato F, Roschinger W, Rhead W, Wilcken B: "Classical® organic
acidurias, propionic aciduria, methylmalonic aciduria and isovaleric aciduria: long-
term outcome and effects of expanded newborn screening using tandem mass
spectrometry. J Inherit Metab Dis 2006, 29:383-389.

112. Couce ML, Castineiras DE, Boveda MD, Bana A, Cocho JA, Iglesias AJ, Colon C,
Alonso-Fernandez JR, Fraga JM: Evaluation and long-term follow-up of infants with
inborn errors of metabolism identified in an expanded screening programme. Mol Genet
Metab 2011, 104:470-475.

113. Turgeon CT, Magera MJ, Cuthbert CD, Loken PR, Gavrilov DK, Tortorelli S, Raymond
KM, Oglesbee D, Rinaldo P, Matern D: Determination of total homocysteine,
methylmalonic acid, and 2-methylcitric acid in dried blood spots by tandem mass
spectrometry. Clin Chem 2010, 56:1686-1695.

114. Picca S, Dionisi-Vici C, Abeni D, Pastore A, Rizzo C, Orzalesi M, Sabetta G, Rizzoni
G, Bartuli A: Extracorporeal dialysis in neonatal hyperammonemia: modalities and
prognostic indicators. Pediatr Nephrol 2001, 16:862-867.

115. Msall M, Batshaw ML, Suss R, Brusilow SW, Mellits ED: Neurologic outcome in
children with inborn errors of urea synthesis. Outcome of urea-cycle enzymopathies. N
Engl J Med 1984, 310:1500-1505.

116. Kido J, Nakamura K, Mitsubuchi H, Ohura T, Takayanagi M, Matsuo M, Yoshino M,
Shigematsu Y, Yorifuji T, Kasahara M, Horikawa R, Endo F: Long-term outcome and
intervention of urea cycle disorders in Japan. J Inherit Metab Dis 2012, 35:777-785.

117. Dionisi-Vici C, Ogier de Baulny H: Emergency Treatment. In Inborn Metabolic
Diseases — Diagnosis and Treatment. 5th edition. Edited by Saudubray JM, van den Berghe
G, Walter JH. Berlin: Springer; 2012:103-114.

118. Filipowicz HR, Ernst SL, Ashurst CL, Pasquali M, Longo N: Metabolic changes
associated with hyperammonemia in patients with propionic acidemia. Mol Genet Metab
2006, 88:123-130.

119. lerardi-Curto L, Kaplan P, Saitta S, Mazur A, Berry GT: The glutamine paradox in a
neonate with propionic acidaemia and severe hyperammonaemia. J Inherit Metab Dis
2000, 23:85-86.



120. Walter JH, Wraith JE, Cleary MA: Absence of acidosis in the initial presentation of
propionic acidaemia. Arch Dis Child Fetal Neonatal Ed 1995, 72:F197-199.

121. de Baulny HO, Benoist JF, Rigal O, Touati G, Rabier D, Saudubray JM:
Methylmalonic and propionic acidaemias: management and outcome. J Inherit Metab
Dis 2005, 28:415-423.

122. Gebhardt B, Dittrich S, Parbel S, Vlaho S, Matsika O, Bohles H: N-carbamylglutamate
protects patients with decompensated propionic aciduria from hyperammonaemia. J
Inherit Metab Dis 2005, 28:241-244.

123. Gebhardt B, Vlaho S, Fischer D, Sewell A, Bohles H: N-carbamylglutamate enhances
ammonia detoxification in a patient with decompensated methylmalonic aciduria. Mol
Genet Metab 2003, 79:303-304.

124. Jones S, Reed CA, Vijay S, Walter JH, Morris AA: N-carbamylglutamate for neonatal
hyperammonaemia in propionic acidaemia. J Inherit Metab Dis 2008, 31(Suppl 2):S219-
222.

125. Levrat V, Forest I, Fouilhoux A, Acquaviva C, Vianey-Saban C, Guffon N: Carglumic
acid: an additional therapy in the treatment of organic acidurias with
hyperammonemia? Orphanet J Rare Dis 2008, 3:2.

126. Prietsch V, Lindner M, Zschocke J, Nyhan WL, Hoffmann GF:. Emergency
management of inherited metabolic diseases. J Inherit Metab Dis 2002, 25:531-546.

127. Schwahn BC, Pieterse L, Bisset WM, Galloway PG, Robinson PH: Biochemical
efficacy of N-carbamylglutamate in neonatal severe hyperammonaemia due to
propionic acidaemia. Eur J Pediatr 2010, 169:133-134.

128. Zschocke J, Bayatti N, Clement AM, Witan H, Figiel M, Engele J, Behl C: Differential
promotion of glutamate transporter expression and function by glucocorticoids in
astrocytes from various brain regions. J Biol Chem 2005, 280:34924-34932.

129. Saudubray JM, Ogier H, Charpentier C, Depondt E, Coude FX, Munnich A, Mitchell G,
Rey F, Rey J, Frezal J: Hudson memorial lecture. Neonatal management of organic
acidurias. Clinical update. J Inherit Metab Dis 1984, 7(1):2-9.

130. Kalloghlian A, Gleispach H, Ozand PT: A patient with propionic acidemia managed
with continuous insulin infusion and total parenteral nutrition. J Child Neurol 1992,
7(Suppl):S88-91.

131. Mayatepek E: 5-Oxoprolinuria in patients with and without defects in the gamma-
glutamyl cycle. Eur J Pediatr 1999, 158:221-225.

132. Treacy E, Arbour L, Chessex P, Graham G, Kasprzak L, Casey K, Bell L, Mamer O,
Scriver CR: Glutathione deficiency as a complication of methylmalonic acidemia:
response to high doses of ascorbate. J Pediatr 1996, 129:445-448.



133. Shankaran S, Pappas A, McDonald SA, Vohr BR, Hintz SR, Yolton K, Gustafson KE,
Leach TM, Green C, Bara R, Petrie Huitema CM, Ehrenkranz RA, Tyson JE, Das A,
Hammond J, Peralta-Carcelen M, Evans PW, Heyne RJ, Wilson-Costello DE, Vaucher YE,
Bauer CR, Dusick AM, Adams-Chapman I, Goldstein RF, Guillet R, Papile LA, Higgins RD:
Childhood outcomes after hypothermia for neonatal encephalopathy. N Engl J Med
2012, 366:2085-2092.

134. Al-Bassam A, Al-Rabeeah A, Fouda K, Al-Ashwal A, Ozand PT: Implantable central
venous access devices in children with metabolic disease. Metabolism 1998, 47:900-902.

135. Bodamer OA, Hoffmann GF, Visser GH, Janecke A, Linderkamp O, Leonard JV, Fasoli
L, Rating D: Assessment of energy expenditure in metabolic disorders. Eur J Pediatr
1997, 156(Suppl 1):S24-28.

136. Evans S, Shelton F, Holden C, Daly A, Hopkins V, MacDonald A: Monitoring of home
safety issues in children on enteral feeds with inherited metabolic disorders. Arch Dis
Child 2010, 95:668-672.

137. Gokmen-Ozel H, Daly A, Davies P, Chahal S, MacDonald A: Errors in emergency
feeds in inherited metabolic disorders: a randomised controlled trial of three
preparation methods. Arch Dis Child 2010, 95:776-780.

138. Zwickler T, Riderer A, Haege G, Hoffmann GF, Kdlker S, Burgard P: Usefulness of
biochemical parameters in decision-making on the start of emergency treatment in
patients with propionic acidemia. J Inherit Metab Dis 2014, 37:31-37.

139. Sutton VR, Chapman KA, Gropman AL, MacLeod E, Stagni K, Summar ML, Ueda K,
Ah Mew N, Franks J, Island E, Matern D, Pefia L, Smith B, Urv T, Venditti C, Chakarapani
A: Chronic management and health supervision of individuals with propionic acidemia.
Mol Genet Metab 2012, 105:26-33.

140. Brass EP: Interaction of carnitine and propionate with pyruvate oxidation by
hepatocytes from clofibrate-treated rats: importance of coenzyme A availability. J Nutr
1992, 122:234-240.

141. Sauer SW, Okun JG, Hoffmann GF, Koelker S, Morath MA: Impact of short- and
medium-chain organic acids, acylcarnitines, and acyl-CoAs on mitochondrial energy
metabolism. Biochim Biophys Acta 2008, 1777:1276-1282.

142. Davies SE, lles RA, Stacey TE, de Sousa C, Chalmers RA: Carnitine therapy and
metabolism in the disorders of propionyl-CoA metabolism studied using 1H-NMR
spectroscopy. Clin Chim Acta 1991, 204:263-277.

143. Kurczynski TW, Hoppel CL, Goldblatt PJ, Gunning WT: Metabolic studies of
carnitine in a child with propionic acidemia. Pediatr Res 1989, 26:63-66.

144. Roe CR, Millington DS, Maltby DA, Bohan TP, Hoppel CL: L-carnitine enhances
excretion of propionyl coenzyme A as propionylcarnitine in propionic acidemia. J Clin
Invest 1984, 73:1785-1788.



145. Di Donato S, Rimoldi M, Garavaglia B, Uziel G: Propionylcarnitine excretion in
propionic and methylmalonic acidurias: a cause of carnitine deficiency. Clin Chim Acta
1984, 139:13-21.

146. Gulcin I: Antioxidant and antiradical activities of L-carnitine. Life Sci 2006, 78:803—
811.

147. Clausen MR, Bonnen H, Tvede M, Mortensen PB: Colonic fermentation to short-
chain fatty acids is decreased in antibiotic-associated diarrhea. Gastroenterology 1991,
101:1497-1504.

148. Thompson GN, Chalmers RA, Walter JH, Bresson JL, Lyonnet SL, Reed PJ, Saudubray
JM, Leonard JV, Halliday D: The use of metronidazole in management of methylmalonic
and propionic acidaemias. Eur J Pediatr 1990, 149:792-796.

149. Bain CA, Beagrie GS, Bourgoin J, Delorme F, Holthuis A, Landry RG, Roy S, Schuller
P, Singer D, Turnbull R: The effects of spiramycin and/or scaling on advanced
periodontitis in humans. J Can Dent Assoc 1994, 60:209. 212-207.

150. Mellon AF, Deshpande SA, Mathers JC, Bartlett K: Effect of oral antibiotics on
intestinal production of propionic acid. Arch Dis Child 2000, 82:169-172.

151. Touati G, Valayannopoulos V, Mention K, de Lonlay P, Jouvet P, Depondt E, Assoun
M, Souberbielle JC, Rabier D, Ogier de Baulny H, Saudubray JM: Methylmalonic and
propionic acidurias: management without or with a few supplements of specific amino
acid mixture. J Inherit Metab Dis 2006, 29:288-298.

152. Kao CH, Liu MY, Liu TT, Hsiao KJ, Cheng KH, Huang CH, Lin HY, Niu DM: Growth
hormone therapy in neonatal patients with methylmalonic acidemia. J Chin Med Assoc
2009, 72:462-467.

153. Touati G, Delonlay P, Barnerias C, Beyler C, Saudubray JM: Metabolic emergencies:
late acute neurologic and psychiatric presentation. Arch Pediatr 2003, 10(1):42s—46s.

154. Al-Hassnan ZN, Boyadjiev SA, Praphanphoj V, Hamosh A, Braverman NE, Thomas
GH, Geraghty MT: The relationship of plasma glutamine to ammonium and of glycine to
acid-base balance in propionic acidaemia. J Inherit Metab Dis 2003, 26:89-91.

155. Ah Mew N, McCarter R, Daikhin Y, Nissim I, Yudkoff M, Tuchman M: N-
carbamylglutamate augments ureagenesis and reduces ammonia and glutamine in
propionic acidemia. Pediatrics 2010, 126:e208-214.

156. Campeau PM, Valayannopoulos V, Touati G, Bahi-Buisson N, Boddaert N, Plouin P,
Rabier D, Benoist JF, Dulac O, de Lonlay P, Desguerre I: Management of West syndrome
in a patient with methylmalonic aciduria. J Child Neurol 2010, 25:94-97.

157. Okamura N, Ohnishi S, Shimaoka H, Norikura R, Hasegawa H: Involvement of
recognition and interaction of carnitine transporter in the decrease of L-carnitine
concentration induced by pivalic acid and valproic acid. Pharm Res 2006, 23:1729-1735.



158. Reeds PJ, Garlick PJ: Protein and amino acid requirements and the composition of
complementary foods. J Nutr 2003, 133:29535-2961S.

159. van der Meer SB, Poggi F, Spada M, Bonnefont JP, Ogier H, Hubert P, Depondt E,
Rapoport D, Rabier D, Charpentier C, Parvy P, Bardet J, Kamoun P, Saudubray JM: Clinical
outcome of long-term management of patients with vitamin B12-unresponsive
methylmalonic acidemia. J Pediatr 1994, 125:903-908.

160. van der Meer SB, Poggi F, Spada M, Bonnefont JP, Ogier H, Hubert P, Depondt E,
Rapoport D, Rabier D, Charpentier C, Parvy P, Bardet J, Kamoun P, Saudubray JM: Clinical
outcome and long-term management of 17 patients with propionic acidaemia. Eur J
Pediatr 1996, 155:205-210.

161. MacDonald A, Rocha JC, van Rijn M, Feillet F: Nutrition in phenylketonuria. Mol
Genet Metab 2011, 104(Suppl):S10-18.

162. Yannicelli S, Acosta PB, Velazquez A, Bock HG, Marriage B, Kurczynski TW, Miller
M, Korson M, Steiner RD, Rutledge L, Bernstein L, Chinsky J, Galvin-Parton P, Arnold GL.:
Improved growth and nutrition status in children with methylmalonic or propionic
acidemia fed an elemental medical food. Mol Genet Metab 2003, 80:181-188.

163. Feillet F, Bodamer OA, Dixon MA, Sequeira S, Leonard JV: Resting energy
expenditure in disorders of propionate metabolism. J Pediatr 2000, 136:659-663.

164. Hauser NS, Manoli I, Graf JC, Sloan J, Venditti CP: Variable dietary management of
methylmalonic acidemia: metabolic and energetic correlations. Am J Clin Nutr 2011,
93:47-56.

165. van Hagen CC, Carbasius Weber E, van den Hurk TA, Oudshoorn JH, Dorland L,
Berger R, de Koning T: Energy expenditure in patients with propionic and
methylmalonic acidaemias. J Inherit Metab Dis 2004, 27:111-112.

166. MacDonald A, Depondt E, Evans S, Daly A, Hendriksz C, Chakrapani AA, Saudubray
JM: Breast feeding in IMD. J Inherit Metab Dis 2006, 29:299-303.

167. Gokcay G, Baykal T, Gokdemir Y, Demirkol M: Breast feeding in organic
acidaemias. J Inherit Metab Dis 2006, 29:304-310.

168. Huner G, Baykal T, Demir F, Demirkol M: Breastfeeding experience in inborn errors
of metabolism other than phenylketonuria. J Inherit Metab Dis 2005, 28:457—-465.

169. Yannicelli S: Nutrition therapy of organic acidaemias with amino acid-based
formulas: emphasis on methylmalonic and propionic acidaemia. J Inherit Metab Dis
2006, 29:281-287.

170. Thompson GN, Chalmers RA: Increased urinary metabolite excretion during fasting
in disorders of propionate metabolism. Pediatr Res 1990, 27:413-416.



171. Sbhai D, Narcy C, Thompson GN, Mariotti A, Poggi F, Saudubray JM, Bresson JL:
Contribution of odd-chain fatty acid oxidation to propionate production in disorders of
propionate metabolism. Am J Clin Nutr 1994, 59:1332-1337.

172. Evans S, Preston F, Daly A, Ashmore C, Holden C, MacDonald A: Home enteral tube
feeding in children with inherited metabolic disorders: a review of long-term carer
knowledge and technique. J Hum Nutr Diet 2012, 25:520-525.

173. Evans S, Alrogaiba N, Daly A, Neville C, Davies P, Macdonald A: Feeding difficulties
in children with inherited metabolic disorders: a pilot study. J Hum Nutr Diet 2012,
25:209-216.

174. Evans S, Preston F, Daly A, Neville C, MacDonald A: Accuracy of home enteral feed
preparation for children with inherited metabolic disorders. J Hum Nutr Diet 2011,
24:68-73.

175. De Raeve L, De Meirleir L, Ramet J, Vandenplas Y, Gerlo E: Acrodermatitis
enteropathica-like cutaneous lesions in organic aciduria. J Pediatr 1994, 124:416-420.

176. Lane TN, Spraker MK, Parker SS: Propionic acidemia manifesting with low
isoleucine generalized exfoliative dermatosis. Pediatr Dermatol 2007, 24:508-510.

177. Tabanlioglu D, Ersoy-Evans S, Karaduman A: Acrodermatitis enteropathica-like
eruption in metabolic disorders: acrodermatitis dysmetabolica is proposed as a better
term. Pediatr Dermatol 2009, 26:150-154.

178. Yannicelli S, Hambidge KM, Picciano MF: Decreased selenium intake and low
plasma selenium concentrations leading to clinical symptoms in a child with propionic
acidaemia. J Inherit Metab Dis 1992, 15:261-268.

179. Matern D, Seydewitz HH, Lehnert W, Niederhoff H, Leititis JU, Brandis M: Primary
treatment of propionic acidemia complicated by acute thiamine deficiency. J Pediatr
1996, 129:758-760.

180. Sanjurjo P, Ruiz JI, Montejo M: Inborn errors of metabolism with a protein-
restricted diet: effect on polyunsaturated fatty acids. J Inherit Metab Dis 1997, 20:783—
789.

181. Vlaardingerbroek H, Hornstra G, de Koning TJ, Smeitink JA, Bakker HD, de Klerk HB,
Rubio-Gozalbo ME: Essential polyunsaturated fatty acids in plasma and erythrocytes of
children with inborn errors of amino acid metabolism. Mol Genet Metab 2006, 88:159—
165.

182. Prasad C, Nurko S, Borovoy J, Korson MS: The importance of gut motility in the
metabolic control of propionic acidemia. J Pediatr 2004, 144:532-535.

183. Kamei K, Ito S, Shigeta T, Sakamoto S, Fukuda A, Horikawa R, Saito O, Muguruma T,
Nakagawa S, lijima K, Kasahara M: Preoperative dialysis for liver transplantation in
methylmalonic acidemia. Ther Apher Dial 2011, 15:488-492.



184. Vara R, Turner C, Mundy H, Heaton ND, Rela M, Mieli-Vergani G, Champion M,
Hadzic N: Liver transplantation for propionic acidemia in children. Liver Transpl 2011,
17:661-667.

185. Barshes NR, Vanatta JM, Patel AJ, Carter BA, O'Mahony CA, Karpen SJ, Goss JA:
Evaluation and management of patients with propionic acidemia undergoing liver
transplantation: a comprehensive review. Pediatr Transplant 2006, 10:773-781.

186. Chen PW, Hwu WL, Ho MC, Lee NC, Chien YH, Ni YH, Lee PH: Stabilization of
blood methylmalonic acid level in methylmalonic acidemia after liver transplantation.
Pediatr Transplant 2010, 14:337-341.

187. Kasahara M, Sakamoto S, Kanazawa H, Karaki C, Kakiuchi T, Shigeta T, Fukuda A,
Kosaki R, Nakazawa A, Ishige M, Nagao M, Shigematsu Y, Yorifuji T, Naiki Y, Horikawa
R: Living-donor liver transplantation for propionic acidemia. Pediatr Transplant 2012,
16:230-234.

188. Hsui JY, Chien YH, Chu SY, Lu FL, Chen HL, Ho MJ, Lee PH, Hwu WL.: Living-
related liver transplantation for methylmalonic acidemia: report of one case. Acta
Paediatr Taiwan 2003, 44:171-173.

189. Manzoni D, Spotti A, Carrara B, Gritti P, Sonzogni V: Anaesthesia for liver
transplantation in two infants with an organic acidaemia. Pediatr Transplant 2006,
10:623-628.

190. Chakrapani A, Sivakumar P, McKiernan PJ, Leonard JV: Metabolic stroke in
methylmalonic acidemia five years after liver transplantation. J Pediatr 2002, 140:261—
263.

191. Kaplan P, Ficicioglu C, Mazur AT, Palmieri MJ, Berry GT: Liver transplantation is
not curative for methylmalonic acidopathy caused by methylmalonyl-CoA mutase
deficiency. Mol Genet Metab 2006, 88:322-326.

192. Kasahara M, Horikawa R, Tagawa M, Uemoto S, Yokoyama S, Shibata Y, Kawano T,
Kuroda T, Honna T, Tanaka K, Saeki M: Current role of liver transplantation for
methylmalonic acidemia: a review of the literature. Pediatr Transplant 2006, 10:943-947.

193. Nyhan WL, Gargus JJ, Boyle K, Selby R, Koch R: Progressive neurologic disability in
methylmalonic acidemia despite transplantation of the liver. Eur J Pediatr 2002,
161:377-379.

194. van't Hoff W, McKiernan PJ, Surtees RA, Leonard JV: Liver transplantation for
methylmalonic acidaemia. Eur J Pediatr 1999, 158(Suppl 2):S70-74.

195. Mc Guire PJ, Lim-Melia E, Diaz GA, Raymond K, Larkin A, Wasserstein MP,
Sansaricq C: Combined liver-kidney transplant for the management of methylmalonic
aciduria: a case report and review of the literature. Mol Genet Metab 2008, 93:22-29.



196. Nagarajan S, Enns GM, Millan MT, Winter S, Sarwal MM: Management of
methylmalonic acidaemia by combined liver-kidney transplantation. J Inherit Metab Dis
2005, 28:517-524.

197. 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, 7:2782-2787.

198. Goyens P, Brasseur D, Otte J, Marchau F, De Laet C, Cavatorta E, Sokal E, Von Hoof
F, Vie H: Liver transplantation for methylmalonyl-CoA mutase deficiency. J Inherit
Metab Dis 1997, 20:38.

199. Ballhausen D, Mittaz L, Boulat O, Bonafe L, Braissant O: Evidence for catabolic
pathway of propionate metabolism in CNS: expression pattern of methylmalonyl-CoA
mutase and propionyl-CoA carboxylase alpha-subunit in developing and adult rat
brain. Neuroscience 2009, 164:578-587.

200. Rela M, Battula N, Madanur M, Mieli-Vergani G, Dhawan A, Champion M, Raiman J,
Heaton N: Auxiliary liver transplantation for propionic acidemia: a 10-year follow-up.
Am J Transplant 2007, 7:2200-2203.

201. Ou P, Touati G, Fraisse A, Sidi D, Kachaner J, Saudubray JM, Bonnet D: A rare cause
of cardiomyopathy in childhood: propionic acidosis. Three case reports. Arch Mal Coeur
Vaiss 2001, 94:531-533.

202. Nagao M, Tanaka T, Morii M, Wakai S, Horikawa R, Kasahara M: Improved
neurologic prognosis for a patient with propionic acidemia who received early living
donor liver transplantation. Mol Genet Metab 2013, 108:25-29.

203. Schlenzig JS, Poggi-Travert F, Laurent J, Rabier D, Jan D, Wendel U, Sewell AC,
Revillon Y, Kamoun P, Saudubray JM: Liver transplantation in two cases of propionic
acidaemia. J Inher Metab Dis 1995, 18:448-461.

204. Yorifuji T, Kawai M, Mamada M, Kurokawa K, Egawa H, Shigematsu Y, Kohno Y,
Tanaka K, Nakahata T: Living-donor liver transplantation for propionic acidaemia. J
Inherit Metab Dis 2004, 27:205-210.

205. Yorifuji T, Muroi J, Uematsu A, Nakahata T, Egawa H, Tanaka K: Living-related liver
transplantation for neonatal-onset propionic acidemia. J Pediatr 2000, 137:572-574.

206. Lubrano R, Scoppi P, Barsotti P, Travasso E, Scateni S, Cristaldi S, Castello MA:
Kidney transplantation in a girl with methylmalonic acidemia and end stage renal
failure. Pediatr Nephrol 2001, 16:848-851.

207. Van Calcar SC, Harding CO, Lyne P, Hogan K, Banerjee R, Sollinger H, Rieselbach
RE, Wolff JA: Renal transplantation in a patient with methylmalonic acidaemia. J
Inherit Metab Dis 1998, 21:729-737.



208. Clothier JC, Chakrapani A, Preece MA, McKiernan P, Gupta R, Macdonald A, Hulton
SA: Renal transplantation in a boy with methylmalonic acidaemia. J Inherit Metab Dis
2011, 34:695-700.

209. Coman D, Huang J, McTaggart S, Sakamoto O, Ohura T, McGill J, Burke J: Renal
transplantation in a 14-year-old girl with vitamin B12-responsive cblA-type
methylmalonic acidaemia. Pediatr Nephrol 2006, 21:270-273.

210. Lubrano R, Elli M, Rossi M, Travasso E, Raggi C, Barsotti P, Carducci C, Berloco P:
Renal transplant in methylmalonic acidemia: could it be the best option? Report on a
case at 10 years and review of the literature. Pediatr Nephrol 2007, 22:1209-1214.

211. Lucas KA, Filley JR, Erb JM, Graybill ER, Hawes JW: Peroxisomal metabolism of
propionic acid and isobutyric acid in plants. J Biol Chem 2007, 282:24980—-249809.

212. Brassier A, Boyer O, Valayannopoulos V, Ottolenghi C, Krug P, Cosson MA, Touati G,
Arnoux JB, Barbier V, Bahi-Buisson N, Desguerre |, Charbit M, Benoist JF, Dupic L,
Aigrain Y, Blanc T, Salomon R, Rabier D, Guest G, de Lonlay P, Niaudet P: Renal
transplantation in 4 patients with methylmalonic aciduria: a cell therapy for metabolic
disease. Mol Genet Metab 2013, 110:106-110.

213. Cosson MA, Touati G, Lacaille F, Valayannnopoulos V, Guyot C, Guest G, Verkarre V,
Chretien D, Rabier D, Munnich A, Benoist JF, de Keyzer Y, Niaudet P, de Lonlay P: Liver
hepatoblastoma and multiple OXPHOS deficiency in the follow-up of a patient with
methylmalonic aciduria. Mol Genet Metab 2008, 95:107-1009.

214. Meyburg J, Hoffmann GF: Liver transplantation for inborn errors of metabolism.
Transplantation 2005, 80:5135-137.

215. Meyburg J, Hoerster F, Schmidt J, Poeschl J, Hoffmann GF, Schenk JP: Monitoring of
intraportal liver cell application in children. Cell Transplant 2010, 19:629-638.

216. Sokal EM: From hepatocytes to stem and progenitor cells for liver regenerative
medicine: advances and clinical perspectives. Cell Prolif 2011, 44(Suppl 1):39-43.

217. Meyburg J, Das AM, Hoerster F, Lindner M, Kriegbaum H, Engelmann G, Schmidt J,
Ott M, Pettenazzo A, Luecke T, Bertram H, Hoffmann GF, Burlina A: One liver for four
children: first clinical series of liver cell transplantation for severe neonatal urea cycle
defects. Transplantation 2009, 87:636-641.

218. Meyburg J, Schmidt J, Hoffmann GF: Liver cell transplantation in children. Clin
Transplant 2009, 23(Suppl 21):75-82.

219. Sanchez-Alcudia R, Perez B, Ugarte M, Desviat LR: Feasibility of nonsense mutation
readthrough as a novel therapeutical approach in propionic acidemia. Hum Mutat 2012,
33:973-980.

220. Jorge-Finnigan A, Brasil S, Underhaug J, Ruiz-Sala P, Merinero B, Banerjee R, Desviat
LR, Ugarte M, Martinez A, Perez B: Pharmacological chaperones as a potential



therapeutic option in methylmalonic aciduria cblB type. Hum Mol Genet 2013, 22:3680—
36809.

221. Chandler RJ, Venditti CP: Long-term rescue of a lethal murine model of
methylmalonic acidemia using adeno-associated viral gene therapy. Mol Ther 2010,
18:11-16.

222. Senac JS, Chandler RJ, Sysol JR, Li L, Venditti CP: Gene therapy in a murine model
of methylmalonic acidemia using rAAV9-mediated gene delivery. Gene Ther 2012,
19:385-391.

223. Carrillo-Carrasco N, Chandler RJ, Chandrasekaran S, Venditti CP: Liver-directed
recombinant adeno-associated viral gene delivery rescues a lethal mouse model of
methylmalonic acidemia and provides long-term phenotypic correction. Hum Gene Ther
2010, 21:1147-1154.

224. Gallego-Villar L, Perez-Cerda C, Perez B, Abia D, Ugarte M, Richard E, Desviat LR:
Functional characterization of novel genotypes and cellular oxidative stress studies in
propionic acidemia. J Inherit Metab Dis 2013, 36:731-740.

225. Fernandes CG, Borges CG, Seminotti B, Amaral AU, Knebel LA, Eichler P, de Oliveira
AB, Leipnitz G, Wajner M: Experimental evidence that methylmalonic acid provokes
oxidative damage and compromises antioxidant defenses in nerve terminal and striatum
of young rats. Cell Mol Neurobiol 2011, 31:775-785.

226. Haas D, Niklowitz P, Horster F, Baumgartner ER, Prasad C, Rodenburg RJ, Hoffmann
GF, Menke T, Okun JG: Coenzyme Q(10) is decreased in fibroblasts of patients with
methylmalonic aciduria but not in mevalonic aciduria. J Inherit Metab Dis 2009, 32:570-
575.

227. Pettenuzzo LF, Schuck PF, Fontella F, Wannmacher CM, Wyse AT, Dutra-Filho CS,
Netto CA, Wajner M: Ascorbic acid prevents cognitive deficits caused by chronic
administration of propionic acid to rats in the water maze. Pharmacol Biochem Behav
2002, 73:623-629.

228. Fragaki K, Cano A, Benoist JF, Rigal O, Chaussenot A, Rouzier C, Bannwarth S,
Caruba C, Chabrol B, Paquis-Flucklinger V: Fatal heart failure associated with CoQ10
and multiple OXPHOS deficiency in a child with propionic acidemia. Mitochondrion
2011, 11:533-536.

229. Manoli I, Sysol JR, Li L, Houillier P, Garone C, Wang C, Zerfas PM, Cusmano-0zog K,
Young S, Trivedi NS, Cheng J, Sloan JL, Chandler RJ, Abu-Asab M, Tsokos M, Elkahloun
AG, Rosen S, Enns GM, Berry GT, Hoffmann V, DiMauro S, Schnermann J, Venditti CP:
Targeting proximal tubule mitochondrial dysfunction attenuates the renal disease of
methylmalonic acidemia. Proc Natl Acad Sci U S A 2013, 110:13552-13557.

230. Morath MA, Okun JG, Muller IB, Sauer SW, Horster F, Hoffmann GF, Kolker S:
Neurodegeneration and chronic renal failure in methylmalonic aciduria—a
pathophysiological approach. J Inherit Metab Dis 2008, 31:35-43.



231. Salmi H, Leonard JV, Lapatto R: Patients with organic acidaemias have an altered
thiol status. Acta Paediatr 2012, 101:e505-508.

232. Martin-Hernandez E, Lee PJ, Micciche A, Grunewald S, Lachmann RH: Long-term
needs of adult patients with organic acidaemias: outcome and prognostic factors. J
Inherit Metab Dis 2009, 32:523-533.

233. Baumgartner ER, Viardot C: Long-term follow-up of 77 patients with isolated
methylmalonic acidaemia. J Inherit Metab Dis 1995, 18:138-142.

234. Chemelli AP, Schocke M, Sperl W, Trieb T, Aichner F, Felber S: Magnetic resonance
spectroscopy (MRS) in five patients with treated propionic acidemia. J Magn Reson
Imaging 2000, 11:596-600.

235. Lee NC, Chien YH, Peng SF, Huang AC, Liu TT, Wu AS, Chen LC, Hsu LW, Tseng
SC, Hwu WL: Brain damage by mild metabolic derangements in methylmalonic
acidemia. Pediatr Neurol 2008, 39:325-329.

236. Stigsby B, Yarworth SM, Rahbeeni Z, Dabbagh O, de Gier MC, Abdo N, Brismar J,
Gascon GG, Ozand PT: Neurophysiologic correlates of organic acidemias: a survey of
107 patients. Brain Dev 1994, 16(Suppl):125-144.

237. Schreiber J, Chapman KA, Summar ML, Ah Mew N, Sutton VR, MacLeod E, Stagni K,
Ueda K, Franks J, Island E, Matern D, Pefia L, Smith B, Urv T, Venditti C, Chakarapani A,
Gropman AL: Neurologic considerations in propionic acidemia. Mol Genet Metab 2012,
105:10-15.

238. Albright AL, Ferson SS: Intrathecal baclofen therapy in children. Neurosurg Focus
2006, 21:e3.

239. Kolker S, Christensen E, Leonard JV, Greenberg CR, Boneh A, Burlina AB, Burlina
AP, Dixon M, Duran M, Garcia Cazorla A, Goodman SI, Koeller DM, Kyllerman M,
Mihlhausen C, Miller E, Okun JG, Wilcken B, Hoffmann GF, Burgard P: Diagnosis and
management of glutaric aciduria type I-revised recommendations. J Inherit Metab Dis
2011, 34:677-694.

240. Rosenbaum PL, Walter SD, Hanna SE, Palisano RJ, Russell DJ, Raina P, Wood E,
Bartlett DJ, Galuppi BE: Prognosis for gross motor function in cerebral palsy: creation of
motor development curves. JAMA 2002, 288:1357-1363.

241. Noval S, Lopez-Rodriguez M, Gonzalez-Sanchez E, Contreras I, Royo A, Boto-De-los-
Bueis A: Late optic neuropathy in propionic acidemia following surgical intervention. J
Neuroophthalmol 2013, 33:90-91.

242. Brismar J, Ozand PT: CT and MR of the brain in disorders of the propionate and
methylmalonate metabolism. AJNR Am J Neuroradiol 1994, 15:1459-1473.

243. Kandel A, Amatya SK, Yeh EA: Reversible diffusion weighted imaging changes in
propionic acidemia. J Child Neurol 2013, 28:128-131.



244, Takeuchi M, Harada M, Matsuzaki K, Hisaoka S, Nishitani H, Mori K: Magnetic
resonance imaging and spectroscopy in a patient with treated methylmalonic acidemia.
J Comput Assist Tomogr 2003, 27:547-551.

245. Bergman AJ, Van der Knaap MS, Smeitink JA, Duran M, Dorland L, Valk J, Poll-The
BT: Magnetic resonance imaging and spectroscopy of the brain in propionic acidemia:
clinical and biochemical considerations. Pediatr Res 1996, 40:404—409.

246. Radmanesh A, Zaman T, Ghanaati H, Molaei S, Robertson RL, Zamani AA:
Methylmalonic acidemia: brain imaging findings in 52 children and a review of the
literature. Pediatr Radiol 2008, 38:1054-1061.

247. Davison JE, Davies NP, Wilson M, Sun Y, Chakrapani A, McKiernan PJ, Walter JH,
Gissen P, Peet AC: MR spectroscopy-based brain metabolite profiling in propionic
acidaemia: metabolic changes in the basal ganglia during acute decompensation and
effect of liver transplantation. Orphanet J Rare Dis 2011, 6:109.

248. Michel SJ, Given CA 2nd, Robertson WC Jr: Imaging of the brain, including
diffusion-weighted imaging in methylmalonic acidemia. Pediatr Radiol 2004, 34:580—
582.

249. Trinh BC, Melhem ER, Barker PB: Multi-slice proton MR spectroscopy and
diffusion-weighted imaging in methylmalonic acidemia: report of two cases and review
of the literature. AJNR Am J Neuroradiol 2001, 22:831-833.

250. Al-Essa MA, Al-Shamsan LA, Ozand PT: Clinical and brain 18fluoro-2-deoxyglucose
positron emission tomographic findings in ethylmalonic aciduria, a progressive
neurometabolic disease. Eur J Paediatr Neurol 1999, 3:125-127.

251. Gao Y, Guan WY, Wang J, Zhang YZ, Li YH, Han LS: Fractional anisotropy for
assessment of white matter tracts injury in methylmalonic acidemia. Chin Med J (Engl)
2009, 122:945-949.

252. Morath MA, Horster F, Sauer SW: Renal dysfunction in methylmalonic acidurias:
review for the pediatric nephrologist. Pediatr Nephrol 2013, 28:227-235.

253. Kruszka PS, Manoli I, Sloan JL, Kopp JB, Venditti CP: Renal growth in isolated
methylmalonic acidemia. Genet Med 2013, 15:990-996.

254. Ohura T, Kikuchi M, Abukawa D, Hanamizu H, Aikawa J, Narisawa K, Tada K, Yunoki
H: Type 4 renal tubular acidosis (subtype 2) in a patient with methylmalonic acidaemia.
Eur J Pediatr 1990, 150:115-118.

255. Wolff JA, Strom C, Griswold W, Sweetman F, Kulovich S, Prodanos C, Nyhan WL.:
Proximal renal tubular acidosis in methylmalonic acidemia. J Neurogenet 1985, 2:31-39.

256. de Keyzer Y, Valayannopoulos V, Benoist JF, Batteux F, Lacaille F, Hubert L, Chretien
D, Chadefeaux-Vekemans B, Niaudet P, Touati G, Munnich A, de Lonlay P: Multiple
OXPHOS deficiency in the liver, kidney, heart, and skeletal muscle of patients with
methylmalonic aciduria and propionic aciduria. Pediatr Res 2009, 66:91-95.



257. Vernon HJ, Bagnasco S, Hamosh A, Sperati CJ: Chronic Kidney Disease in an Adult
with Propionic Acidemia. JIMD Rep 2014, 12:5-10.

258. Levey AS, Coresh J: Chronic kidney disease. Lancet 2012, 379:165-180.

259. Ha TS, Lee JS, Hong EJ: Delay of renal progression in methylmalonic acidemia
using angiotensin Il inhibition: a case report. J Nephrol 2008, 21:793-796.

260. Perez-Cerda C, Merinero B, Rodriguez-Pombo P, Perez B, Desviat LR, Muro S, Richard
E, Garcia MJ, Gangoiti J, Ruiz Sala P, Sanz P, Briones P, Ribes A, Martinez-Pardo M,
Campistol J, Pérez M, Lama R, Murga ML, Lema-Garrett T, Verdu A, Ugarte M: Potential
relationship between genotype and clinical outcome in propionic acidaemia patients.
Eur J Hum Genet 2000, 8:187-194.

261. Ameloot K, Vlasselaers D, Dupont M, Meersseman W, Desmet L, Vanhaecke J,
Vermeer N, Meyns B, Pirenne J, Cassiman D, De Laet C, Goyens P, Malekzadeh-Milan SG,
Biarent D, Meulemans A, Debray FG: Left ventricular assist device as bridge to liver
transplantation in a patient with propionic acidemia and cardiogenic shock. J Pediatr
2011, 158:866-867. author reply 867.

262. Azar MR, Shakiba M, Tafreshi RI, Rashed MS: Heart failure in a patient with
methylmalonic acidemia. Mol Genet Metab 2007, 92:188.

263. Gilmore A, Bock HG, Nowicki M: Hyperamylasemia/hyperlipasemia in a child with
propionic acidemia. Am J Med Genet A 2008, 146A:3090-3091.

264. Al-Omran M, Albalawi ZH, Tashkandi MF, Al-Ansary LA: Enteral versus parenteral
nutrition for acute pancreatitis. Cochrane Database Syst Rev 2010, 1:CD002837.

265. Childs B, Nyhan WL, Borden M, Bard L, Cooke RE: Idiopathic hyperglycinemia and
hyperglycinuria: a new disorder of amino acid metabolism. I. Pediatrics 1961, 27:522—
538.

266. Feliz B, Witt DR, Harris BT: Propionic acidemia: a neuropathology case report and
review of prior cases. Arch Pathol Lab Med 2003, 127:e325-328.

267. Muller 'S, Falkenberg N, Monch E, Jakobs C: Propionacidaemia and
immunodeficiency. Lancet 1980, 1:551-552.

268. Stork LC, Ambruso DR, Wallner SF, Sambrano JE, Moscinski LC, Wilson HL, McCabe
ER: Pancytopenia in propionic acidemia: hematologic evaluation and studies of
hematopoiesis in vitro. Pediatr Res 1986, 20:783-788.

269. Sweetman L, Weyler W, Shafai T, Young PE, Nyhan WL: Prenatal diagnosis of
propionic acidemia. JAMA 1979, 242:1048-1052.

270. Werlin SL: E. coli sepsis as a presenting sign in neonatal propionic acidemia. Am J
Med Genet 1993, 46:455-456.

271. Childs B, Young WJ: Genetic variations in man. Am J Med 1963, 34:663-673.



272. Brandt IK, Hsia YE, Clement DH, Provence SA: Propionicacidemia (ketotic
hyperglycinemia): dietary treatment resulting in normal growth and development.
Pediatrics 1974, 53:391-395.

273. Al Essa M, Rahbeeni Z, Jumaah S, Joshi S, Al Jishi E, Rashed MS, Al Amoudi M,
Ozand PT: Infectious complications of propionic acidemia in Saudia Arabia. Clin Genet
1998, 54:90-94.

274. Klein NP, Aukes L, Lee J, Fireman B, Shapira SK, Slade B, Baxter R, Summar M:
Evaluation of immunization rates and safety among children with inborn errors of
metabolism. Pediatrics 2011, 127:e1139-1146.

275. Langendonk JG, Roos JC, Angus L, Williams M, Karstens FP, de Klerk JB, Maritz C,
Ben-Omran T, Williamson C, Lachmann RH, Murphy E: A series of pregnancies in women
with inherited metabolic disease. J Inherit Metab Dis 2012, 35:419-424.

276. Lee PJ: Pregnancy issues in inherited metabolic disorders. J Inherit Metab Dis 2006,
29:311-316.

277. Deodato F, Rizzo C, Boenzi S, Baiocco F, Sabetta G, Dionisi-Vici C: Successful
pregnancy in a woman with mut- methylmalonic acidaemia. J Inherit Metab Dis 2002,
25:133-134.

278. Diss E, lams J, Reed N, Roe DS, Roe C: Methylmalonic aciduria in pregnancy: a
case report. Am J Obstet Gynecol 1995, 172:1057-1059.

279. Wasserstein MP, Gaddipati S, Snyderman SE, Eddleman K, Desnick RJ, Sansaricq C:
Successful pregnancy in severe methylmalonic acidaemia. J Inherit Metab Dis 1999,
22:788-794.

280. Van Calcar SC, Harding CO, Davidson SR, Barness LA, Wolff JA: Case reports of
successful pregnancy in women with maple syrup urine disease and propionic acidemia.
Am J Med Genet 1992, 44:641-646.

281. Kanis JA, Borgstrom F, De Laet C, Johansson H, Johnell O, Jonsson B, Oden A,
Zethraeus N, Pfleger B, Khaltaev N: Assessment of fracture risk. Osteoporos Int 2005,
16:581-589.

282. Kanis JA, Johnell O, Oden A, Johansson H, McCloskey E: FRAX and the assessment
of fracture probability in men and women from the UK. Osteoporos Int 2008, 19:385-
397.

283. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein K, Falk V,
Filippatos G, Fonseca C, Gomez-Sanchez MA, Jaarsma T, Kgber L, Lip GY, Maggioni AP,
Parkhomenko A, Pieske BM, Popescu BA, Rgnnevik PK, Rutten FH, Schwitter J, Seferovic
P, Stepinska J, Trindade PT, Voors AA, Zannad F, Zeiher A, Bax JJ, Baumgartner H, Ceconi
C, Dean V, Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure
2012 of the European Society of Cardiology, et al: ESC guidelines for the diagnosis and
treatment of acute and chronic heart failure 2012: The Task Force for the Diagnosis
and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of



Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the
ESC. Eur J Heart Fail 2012, 14:803-869.



valine

propionic acid isoleucine odd chain fatty acids
(qut) threonine cholesterol side chains
methionine
\ l / 3-OH-propionic acid

3-methylcitrate
propionylcarnitine

propionyl-CoA carboxylase I:I:l biotin odd chain fatty acids

(D)-methylmalonyl-CoA

propionyl-CoA  -------- >

(L)-methylmalonyl-CoA ------ » methylmalonic acid

methylmalonyl-CoA mutase = E==3 adenosylcobalamin «—— «—— «---—-~

citric acid
cycle

succinyl-CoA
















	13023_2014_130.pdf
	13023_2014_130_Formatted_updated.pdf
	s13023-014-0130-8fmc1.tif
	s13023-014-0130-8fmb2.tif
	s13023-014-0130-8fmb3.tif
	s13023-014-0130-8fmb4.tif
	s13023-014-0130-8fmb5.tif

