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(fosdenopterin). The evidence base for the rational use of cPMP is very limited.
This prompted the formulation of these clinical guidelines to facilitate diagno-
sis and support the management of patients. The guidelines were developed by
experts in diagnosis and treatment of sulfite intoxication disorders. It reflects
expert consensus opinion and evidence from a systematic literature search.
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INTRODUCTION

Sulfite in the human organism mainly derives from catabo-
lism of the sulfur amino acids methionine and cysteine and
is oxidized to non-toxic sulfate by sulfite oxidase
(EC 1.8.3.1.). Extremely low or absent sulfite oxidase activity
leads to excessive accumulation of sulfite." Sulfite is highly
reactive. It exerts direct toxic effects on mitochondrial
energy metabolism*” and cleaves disulfide bonds including
that of cystine to form S-sulfocysteine (SSC)® which has spe-
cific neuro-excitatory properties on NMDA receptors.” !
Sulfite intoxication disorders are ultrarare with a birth
prevalence of less than <1:100 000 in most populations.'*
Primary, isolated sulfite oxidase deficiency (ISOD, OMIM
#272300) is caused by biallelic pathogenic variants in the
SUOX gene. Secondary, combined sulfite oxidase deficiency
can arise from genetic disorders that disrupt the de novo
synthesis of molybdenum cofactor (MoCo) which is
required for 4 oxidoreductases in humans, including sulfite
oxidase, xanthine oxidase (EC 1.17.3.2), aldehyde oxidase
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(EC 1.2.3.1), and mitochondrial amidoxime reducing com-
plex (EC 1.16.98.B1). MoCo is synthesized by a 3-step bio-
synthetic pathway that involves the products of 4 genes,
MOCS1, MOCS2, MOCS3, and GPHN (see Figure 1).>"
Biallelic pathogenic variants in MOCSI result in MoCD
type A (MoCD-A, OMIM #252150), also known as cyclic
pyranopterin monophosphate (cPMP) synthase deficiency,
which has been found in around 60% of published
patients.'"* Most other patients have been diagnosed with
MoCD type B (OMIM #252160) caused by MOCS2 or,
rarely, MOCS3 mutations. Only single cases of MoCD type
C (caused by GPHN mutations, OMIM #615501) are cur-
rently known.'* >

Why are these guidelines required?

Numerous case reports have demonstrated a deficit in
recognizing and a delay in diagnosing sulfite intoxication
disorders, as well as significant uncertainty and variation
in the management of affected children. Treatment of
severely affected children is supportive and symptom
control is difficult and often unsatisfying.
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FIGURE 1
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The advent of a novel treatment for MoCD type A,
namely substitution with cPMP, has created heightened
interest in sulfite intoxication disorders. Since 2008, cPMP
has been available in clinical trials and in compassionate
use programs for a small number of individual patients.'®
Treatment with synthetic cPMP (fosdenopterin) has been
granted market authorization for the treatment of MoCD
type A by FDA in February 2021, by the Israeli Ministry of
Health in July 2022 and by EMA in September 2022. The
evidence base for the rational use of cPMP is very limited.
These clinical guidelines were developed to facilitate diag-
nosis and support the management of patients.

2 | METHODS

2.1 | Guideline development
These guidelines were developed by experts with docu-
mented experience in the diagnosis and treatment of sul-
fite intoxication disorders. It reflects expert consensus
opinion and evidence from a systematic literature search.
The guideline development group was constituted follow-
ing an international workshop on the diagnosis and man-
agement of MoCD and ISOD in May 2021, sponsored by
the British Inherited Metabolic Disease Group (BIMDG)
and supported by an unconditional educational grant
from Origin Biosciences Inc, which served to identify key
questions. Further development of the guideline was sup-
ported by a guideline development grant from the Society
for the Study of Inborn Errors of Metabolism (SSTEM).
Clinical experts were largely comprised of specialists from
centers that had participated in previous clinical trials of
cPMP substitution in MoCD type A, from 2009 to 2022. Labo-
ratory scientists with established expertise in diagnosing sul-
fite intoxication disorders were co-opted. Four guideline
development group meetings were held between January
2022 and March 2023. The draft guidelines were submitted
for review to international clinical and laboratory experts with
published experience in diagnosing and managing children
with sulfite intoxication disorders. Some guideline develop-
ment group members and external experts were unable to
comment on particular statements where those fell outside of
their specific area of expertise. This was noted for each state-
ment. The final draft was shared with parents of affected chil-
dren and representatives of a patient advocacy organization
(Metabolic Support UK) inviting further comments. All com-
ments were considered and incorporated as far as possible.

2.2 | Competing interests

All members of the guideline development group were
required to report potential conflicts of interest. AM, JPa,
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VH, AH, JPi, and JOS declare they have no conflict of
interest. BS, RS, CL, FvS, FW were investigators on one
or more clinical trials sponsored by either Colbourne
Pharmaceuticals GmbH, Alexion Inc, or Origin Biosci-
ences Inc. BS reports personal fees from Origin
Biosciences Inc for taking part in an advisory board meet-
ing. RS reports personal fees from Origin Biosciences Inc
and Sentynl Inc, for lectures and for taking part in advi-
sory board meetings. GS is co-inventor on a patent on the
use of cPMP in the treatment of MoCD type A and CEO
of Colbourne Pharmaceuticals GmbH. He reports royal-
ties and personal fees from Origin Biosciences Inc and
Sentynl Inc. These conflicts of interest were carefully
considered while formulating recommendations about
the use of cPMP.

2.3 | Systematic literature review

PubMed (http://www.ncbi.nlm.nih.gov/pubmed) and the
Cochrane library (https://www.cochranelibrary.com)
were searched in January 2022 using the following search
terms:

[sulfite oxidase deficiency OR sulfite oxidase defi-
ciency OR molybdenum cofactor deficiency OR SUOX
OR MOCS1 OR MOCS2 OR MOCS3 OR GPHN OR
Gephyrin] AND [human]|

Three hundred fifty-six peer-reviewed publications
were identified, from an initial search result of 700, and a
further 69 more recent articles were added manually by
GDG members to be incorporated into the final draft
where relevant. Publications were collected and made
available to GDG members in a literature database using
the software Zotero (https://www.zotero.org).

Articles were filtered according to disease (Molybdenum
Cofactor Deficiency, Sulfite Oxidase Deficiency, Gephyrin
Deficiency) and type of publication (Review, Single Case
Report, Case Series, Clinical Trial, Laboratory Study only)
and further tagged to facilitate their evaluation, using the
terms: Clinical Presentation, Genetic Testing, [Genetic
Therapy], Biochemical Testing, [Immunohistochemistry
Testing], Brain Imaging, Dietary Treatment, Drug Treat-
ment, cPMP, [Newborn Screening], [New Diagnosis
Method], [Fetal Autopsy], [Animal Testing].

24 | Grading and strength of
recommendations

Guideline development group members used the Grading
of Recommendation Assessment, Development and Eval-
uation (GRADE) approach'”'® to assess the quality of the
evidence and determine the strength of recommendation
for each statement (see Table 1).
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Evidence levels and definitions modified after

TABLE 1

Grading of Recommendation Assessment, Development and
Evaluation (GRADE)."”"°

Level of
evidence Definition Examples
(A) Further research is Experimental
High very unlikely to controlled trial (with
quality change our or without
confidence in the randomization);
estimate of effect Prospective cohort
study; Systematic
review
demonstrating high
level of consistency
and low risk of bias
(B) Further research is Case—control study
Moderate likely to have a with consistent large
quality relevant impact on size of effect and low
our confidence in the risk of bias. Residual
estimate of effect and confounding would
may change the reduce the effect
estimate estimate
©) Further research is Case series or case
Low very likely to have an reports with possible
quality important impact on confounders
our confidence in the identified; serious
estimate of effect and inconsistency;
is likely to change serious risk of bias
the estimate
(D) Any estimate of effect Expert opinion; case
Very low is very uncertain reports with very
quality serious inconsistency

or imprecision or
high risk of bias

Due to the rarity of sulfite intoxication disorders, the
available evidence is mostly anecdotal, with a complete
absence of controlled clinical trials. However, the publication
of two prospective cohort studies, four large case series and
four systematic reviews of the clinical and laboratory mani-
festations allowed upgrading the level of evidence for some
statements, owing to a consistently large effect size and low
risk of bias."” A few good practice statements were included
to highlight certain aspects or care and provide contextual
background information. Those statements represent expert
consensus and were not assessed using GRADE, as system-
atic research and evaluation of their underlying evidence
was beyond the remit of these guidelines.

The strength of statements and recommendations relied
on the level of agreement from experts. A statement or rec-
ommendation received a strong endorsement when there
was at least 90% agreement (completely agree or partly
agree) of all responding experts and conditional recommen-
dations were made if at least 50% of experts agreed.

2.5 | Consensus procedure

A draft guideline was developed and submitted for review
in three phases. First, the draft was circulated for
review within the guideline development group. Second,
the draft together with a link to an online survey on all
statements and recommendations was sent to guideline
development group members and to a further interna-
tional group of 29 clinical and laboratory science experts
on the subject. Based on a total of 22 qualified responses,
revisions were made. The final draft was sent out for a
second consultation before submission for publication.

3 | DIAGNOSIS

3.1 | Clinical manifestation

The clinical presentation of MoCD and ISOD has been
evaluated in four recent systematic reviews.”’>* In addi-
tion, Spiegel et al.** reported data from a retrospective
and prospective natural history study including 58 geneti-
cally confirmed patients with MoCD that had not previ-
ously been published. Table 2 lists the main sources of
evidence from these 5 publications and other large case
series.

Children with ISOD or MoCD are usually born at
term with birth measurements in the normal range and
manifest with severe encephalopathy and seizures after a
variable symptom-free interval during the neonatal
period, with a majority presenting within 24-72 h after
birth. Symptoms of encephalopathy in neonates can be
subdued and the disease may not be recognized until
later in infancy, especially in cases with antenatal onset
of encephalopathy. Between 12% and 18% of children
present after the neonatal period.?"**** Most patients
present as “typical” ‘“early-onset,” ‘neonatal,” and
“severe” cases. A minority presents as “atypical,” “late-
onset” or “post-neonatal,” and “mild” or “attenuated”
cases. These terms have been used inconsistently in the
literature. Importantly, late neonatal or post-neonatal
clinical manifestation does not preclude the development
of severe neurological sequelae during infancy. The age
at manifestation does not generally differ between ISOD
and MoCD subtypes, although there is a trend to a higher
proportion of severe and earlier presentations in reported
cases of ISOD.*"** This may partly be caused by an ascer-
tainment and reporting bias.

Statement 1

Children with sulfite intoxication disorders present
with characteristic but mostly unspecific symptoms. The
acute presentation of ISOD and MoCD is clinically indis-
tinguishable. Two, partly overlapping, clinical syndromes
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TABLE 2
observational studies, larger case series and systematic reviews.

Type of

evidence

Overview of available evidence from cohort studies,

Population studied Reference

Cohort MoCD (N = 16) Schwahn et al.
studies 2015%
MoCD (N = 21 out of 58) Spiegel et al.
2022*
Cross- MoCD (N = 58) Spiegel et al.
sectional 2022%
studies
Case series  MoCD (N = 8) Vijayakumar
et al. 2011°°
MoCD (N = 12) Bayram et al.
2013%7
MoCD (N = 6), ISOD (N=3) Zakietal.
2016%*
Systematic ~ MoCD (N = 82, 1980-2013) Mechler et al.
reviews 2015%°
ISOD (N = 47, 1967-2016) Claerhout

et al. 20182!

MoCD-B (N = 35) Arican et al.

2019*
MoCD (N = 94) and ISOD Misko et al.
(I = 52) incorporating 2020%

references 20-22, 28

Note: The number of included patients and time period covered by
systematic reviews is given in parentheses.

have been observed that can be differentiated by age at
clinical onset of symptoms and by severity of neurological
sequelae in the chronic phase.

We recommend using the term “typical” for individ-
uals presenting antenatally or up to 4 weeks after birth
with acute encephalopathy or seizures and severe global
abnormalities in neuroimaging, with resultant dystonic
spastic quadriplegia and severe developmental impair-
ment during infancy. The term “atypical” should be used
for children presenting first disease-related symptoms
after the neonatal period, with or without a later acute
encephalopathic episode, and with neurological symp-
toms of variable severity, including dystonia, motor
developmental delay, speech delay, and stroke-like epi-
sodes, corresponding to focal abnormalities in brain
imaging.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 90% agree, 5% partly agree, 5% disagree
(2/22 unable to comment)

Q1. Are there characteristic clinical signs
that should prompt diagnostic investigations?

\, SSEM WI ]_]5\(J_5

Typical manifestation

Fetal seizures may be noted during late pregnancy by
mothers as “increased hiccupping” and some children
are compromised at birth, suggesting perinatal asphyxia.
The typical neonatal presentation is characterized by
acute encephalopathy with sudden or insidious onset and
rapidly progressive symptoms, including lethargy, feeding
difficulties, irritability, hyperekplexia, apnea and sei-
zures, as well as truncal hypotonia and variable appen-
dicular tone. Entering the acute encephalopathic phase
infants appear distressed and can have an altered, high-
pitched cry.

Surviving infants become more alert after 1-2 weeks.
Seizures persist or recur after a period of apparent
improvement. Over the following months, children
develop secondary microcephaly and display severe intel-
lectual impairment, epilepsy as well as visual impair-
ment, whereas hearing is preserved. The most prominent
symptom is a severe dyskinetic quadriplegic movement
disorder, characterized by prominent dystonia and mod-
erate spasticity, with anarthria, un-co-ordinated swallow,
laryngeal stridor, opisthotonic crises as well as frequent
myoclonic spasms and hyperekplexia.** Seizures may ini-
tially be controlled but then become pharmaco-resistant.”
Ectopia lentis with uni- or bilateral lens subluxation
without directional predilection® occurs in a high pro-
portion of infants and young children but is not always
present. In MoCD, xanthine nephrolithiasis can occur at
any age.

During the first few months of life infants often share
facial features of prominent cheeks, broad nasal bridge,
widely spaced eyes, elongated palpebral fissures, and a
long philtrum>>*>*' (see Figure 2).

Statement 2

The typical manifestation of sulfite intoxication disor-
ders is characteristic but not specific to ISOD and MoCD.
Their presentation partly overlaps with that of disorders
of mitochondrial energy metabolism and can be mistaken
for other more common causes of neonatal encephalopa-
thy due to perinatal hypoxia, neonatal stroke, or
encephalitis.

A diagnosis of ISOD or MoCD should be considered
in all neonates presenting with encephalopathy and sei-
zures, especially if there is no history of peripartum com-
plications and in those with diffuse brain injury without
evidence of perinatal hypoxia or infection.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 100% agree (2/22 unable to comment)

Atypical presentation

Atypical cases of ISOD or MoCD can present with
variable neurological symptoms during childhood and
the absence of neonatal encephalopathy or seizures does
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not exclude a diagnosis.'>****™* Attenuated presenta-
tions include ataxia, dystonia or choreoathetosis on a
background of normal or delayed development and chil-
dren can experience acute or gradually progressive
encephalopathy with decreased consciousness and sei-
zures. Clinical presentations similar to Leigh syndrome
and with developmental regression have been described*'
Ectopia lentis can occur after infancy. A mild phenotype
of MoCD type B due to a specific MOCS2 gene variant
manifesting with developmental delay, hypouricemia and
xanthinuria has recently been described in a Roma popu-
lation.** Acute deterioration of an attenuated disease can
be triggered by febrile illness or by mechanical head
trauma.*?

Statement 3

The atypical presentation of sulfite intoxication disor-
ders includes a variety of neurological symptoms, com-
monly involving the extrapyramidal motor system.

The differential diagnosis ISOD or MoCD should be
considered in children presenting with acute onset of dys-
tonia, seizures or encephalopathy, especially on the back-
ground of a previous dyskinetic disorder or of motor or
global developmental delay.

Level of evidence: B

Strength of recommendation: Conditional

Expert opinion: 85% agree, 15% partly agree (2/22
unable to comment)

Antenatal presentation.

See under 3.3 Neuroimaging.

3.2 | Laboratory diagnosis

Sulfite accumulation is the primary consequence of
impaired sulfite oxidase activity due to ISOD or MoCD.
In MoCD, the additionally impaired function of xanthine
oxidoreductase also leads to accumulation of

FIGURE 2
molybdenum cofactor deficiency in an

Facial features of

affected child at age 3 weeks and at age
2.5 years. Note prominent cheeks, broad
nasal bridge, widely spaced eyes,
elongated palpebral fissures, long
philtrum and facial expression of
distress at neonatal age; small
neurocranium in childhood due to
microcephaly.

hypoxanthine and xanthine and to a lack of urate.>**

Very few other ultrarare metabolic disorders are known
that can lead to a moderate accumulation of sulfite,* or
to hypouricemia with accumulation of hypoxanthine and
xanthine.*

Sulfite

Sulfite in body fluids can be directly measured. Due
to the reactivity of sulfite, testing for urinary sulfite
requires fresh or at least directly frozen urine. As
sulfite (SO;°7) is in equilibrium with hydrogen sulfite
(HSO3") and sulfur dioxide (SO,) its quantitation may in
addition be affected by a low urinary pH value <6.*’
Quantitative measurements of sulfite in plasma or urine
have been reported but are not routinely available in clin-
ical practice. Usually, a dip-stick urine test is used for
semiquantitative assessment of sulfite and any presence
of sulfite is considered a positive test result. Notably,
commercially available test strips are usually designed for
water or food analysis and are not certified as medical
devices. Both false negative*®* and false positive sulfite
tests are well known to occur, with sulfhydryl-group con-
taining drugs like mucolytic 2-mercaptoethanesulfonate
and several antibiotics known as causes of the latter.”>>'
While a lack of urinary sulfate as a consequence of sulfite
oxidase deficiency has been postulated,’* this is not a
consistent finding.*>*°

Statement 4

A positive urine sulfite dip-stick test in a neonate or
infant with a typical presentation of ISOD or MoCD
should raise suspicion of a sulfite intoxication disorder.
Due to its unreliability this test is not sufficient to con-
firm or rule out the diagnosis.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 100% agree (1/22 unable to comment)

S-sulfocysteine in urine, plasma and cerebrospinal
fluid (CSF)
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S-sulfocysteine (SSC) is formed by nucleophilic cleav-
age of cystine disulfide bonds by sulfite.® SSC is chemi-
cally more stable than sulfite. It has been measured in
urine and plasma using conventional ion-exchange col-
umn chromatography amino acid analysis®>>* and its
presence strongly suggests a sulfite intoxication disorder.
SSC can be quantified using tandem mass-spectrometry
or high-performance liquid chromatography (HPLC)
with pre-column derivatization with o-phthaldialdehyde
(OPA).>® It is present in small amounts in urine of
healthy individuals and increased 5-50 fold in ISOD or
MoCD.***%¢ There is no overlap of urinary SSC concen-
trations between healthy and affected individuals. While
there is interindividual variation in concentrations, and
poor discrimination of patients with typical and atypical
manifestation,”** the intraindividual range of SSC
remains relatively stable over time.**

Quantification of SSC in urine is available in special-
ized clinical diagnostic laboratories. Elevated SSC can
also be measured in extracts from dried blood spots®” and
in plasma and CSF samples, but there is limited availabil-
ity of these tests in clinical practice.

Statement 5

S-sulfocysteine is currently the most reliable and valid
laboratory marker of sulfite accumulation and should be
used for the biochemical confirmation of a suspected sul-
fite intoxication disorder.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 90% agree, 10% partly agree (2/22
unable to comment)

Taurine in urine or plasma

Elevated urinary taurine levels have frequently been
reported in patients with ISOD or MoCD and taurine and
hypotaurine were consistently elevated over 20-fold in
urines of 9 patients with MoCD compared with adult
controls.”® Upregulation of the taurine biosynthesis path-
way from cysteine sulfinic acid via hypotaurine to taurine
has been postulated as a possible mechanism.”®
Taurine is included in routine quantitative amino acid
profiles. Its diagnostic value is however limited since an
elevation of plasma taurine is a frequent observation in
healthy newborns and infants®® and taurine in plasma or
urine is not consistently increased in ISOD or MoCD
[authors' observation and reference 60].

Statement 6

Plasma and urinary taurine concentrations may be
increased in ISOD and MoCD, but this finding is neither
sufficiently sensitive nor specific to be of diagnostic use.

Level of evidence: C

Strength of recommendation: Strong

Expert opinion: 94% agree, 6% partly agree (4/22
unable to comment)
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Thiosulfate

Accumulating sulfite will partly be converted to
chemically stable thiosulfate. Urinary thiosulfate has
been found to be elevated in sulfite oxidase deficiency>**!
although the test has not been widely established in diag-
nostic laboratories. Notably, depending on methodology,
antibiotic interference can result in false-positive®*°* and
false-negative® results. However, recent methodological
advances are likely to promote the use of this parameter
for laboratory diagnostics as well as for therapeutic moni-
toring.65 Measurement of thiosulfate, in conjunction with
SSC, as part of multiplex urine screening by mass spec-
trometry, may assist in the diagnosis of ISOD and MoCD
and circumvent issues of sulfite instability.

Statement 7

Thiosulfate is a biomarker of sulfite accumulation.
There is currently limited access to reliable measurement
of thiosulfate in clinical diagnostic laboratories and insuf-
ficient published evidence to recommend its routine use
for the diagnosis of ISOD or MoCD.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 80% agree, 13% partly agree, 7% dis-
agree (7/22 unable to comment)

Plasma total homocysteine

Plasma total homocysteine is a compound measure-
ment comprised of a small proportion of free reduced
homocysteine and a larger pool present as free homocys-
tine, free mixed disulfide or protein-bound disulfide.
Accumulation of sulfite leads to the formation of stable
S-sulfohomocysteine which escapes detection in commer-
cial assays and causes an apparent decrease of the plasma
total homocysteine pool.*>**®” Plasma total homocyste-
ine quantification is widely available in routine clinical
chemistry. A decreased concentration, close to%® or below
the quantitation limit,>® is a rare finding that strongly
points to excessive sulfite accumulation and a sulfite
intoxication disorder. However, total homocysteine is not
always severely decreased in children with attenuated
sulfite intoxication disorders and the lower end of the ref-
erence interval is not well defined.

Statement 8

Plasma total homocysteine should be measured in
infants with intractable seizures or abnormal movements of
uncertain cause because it is widely available and can pro-
vide reliable indirect evidence of sulfite accumulation. A
plasma total homocysteine concentration below the refer-
ence interval in a child with suggestive features should
prompt additional diagnostic tests for ISOD or MoCD.

Level of evidence: C

Strength of recommendation: Strong

Expert opinion: 90% agree, 10% partly agree (2/22
unable to comment)
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Plasma cystine

Similar to L-homocysteine, L-cysteine is present in
plasma in small amounts as free cysteine and as a larger
pool of free or protein-bound disulfides. Accumulation of
sulfite leads to cleavage of disulfides and the formation
of S-sulfocysteine.*” The free disulfide cystine is often
quantified as part of routine plasma amino acid analysis
and it is decreased in sulfite intoxication disor-
ders.?*°7%79 Unfortunately, free plasma cystine is partic-
ularly prone to pre-analytical cleavage, and any delay
between sampling and centrifugation and freezing causes
artificially low levels.”* Similarly, cystine quantitation can be
unreliable when using some amine derivatization methods,
for example with 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate, that is employed in some modern tandem MS
amino acid assays.

Statement 9

A severely decreased or undetectable plasma cystine
can be a marker of sulfite accumulation. Due to the poor
stability of plasma cystine and analytical issues, there is a
high risk of falsely low results and large variability
between laboratories. A plasma cystine concentration in
the average or high reference interval, however, renders
a diagnosis of sulfite intoxication disorder unlikely.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 81% agree, 19% partly agree (6/22
unable to comment)

Xanthine and Hypoxanthine in urine or plasma

In molybdenum cofactor deficiency, but not in iso-
lated sulfite oxidase deficiency, purine abnormalities rep-
resent additional primary biomarkers.”® Lack of the
molybdenum cofactor inactivates xanthine oxidase,
which leads to a significant accumulation of hypoxan-
thine and xanthine, while urate in plasma and urine is
decreased or even undetectable.”**

Hypoxanthine and xanthine are sensitive markers of
impaired xanthine oxidoreductase activity and have con-
sistently been abnormal, even in attenuated cases of
MoCD.** Measurements are however only available in
specialized metabolic laboratories.

Statement 10

An increased concentration of xanthine and/or hypo-
xanthine without a concomitant increase in urate is a
reliable and sensitive marker of reduced xanthine oxidase
activity and can point to the diagnosis of MoCD.

Level of evidence: A

Strength of recommendation: Conditional

Expert opinion: 76% agree, 24% partly agree (5/22
unable to comment)

Urate in plasma and urine

In typical MoCD, urate concentrations in plasma
and urine are found to be decreased below the

reference interval after the first few days of life. Urate
can, however, temporarily remain in the normal range
during the first few postnatal days, owing to delayed
clearance of plasma urate originating from transpla-
cental maternal supply. Urate concentrations can
remain low-normal in atypical cases of MoCD with
attenuated biochemical presentation.>* Moderate hypo-
uricemia can also be caused by renal tubular dysfunc-
tion, medication, total parenteral nutrition or neo-
plasms.*® A very low or absent plasma urate can
indicate a renal tubular defect of urate re-absorption
and, if it occurs in conjunction with very high concen-
trations of xanthine and hypoxanthine, may indicate
an isolated defect in xanthine oxidase, due to muta-
tions in the XDH gene, or other ultrarare disorders
such as MoCo sulfurase deficiency or purine nucleo-
side phosphorylase deficiency.*>’> However, these con-
ditions lack the abnormalities in sulfur metabolism
which are always present in MoCD.”?

Statement 11

Urate is a widely and readily available parameter in
routine clinical chemistry. A severely decreased urate
concentration, in conjunction with signs of sulfite accu-
mulation strongly points to a diagnosis of MoCD whereas
a normal concentration in body fluids does not always
rule out MoCD.

Plasma urate should be measured in every child sus-
pected of a sulfite intoxication disorder. In this clinical
context, a decreased urate should be followed up by anal-
ysis of purines in plasma or urine.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 95% agree, 5% partly agree (2/22
unable to comment)

Alpha aminoadipic semialdehyde

Alpha aminoadipic semialdehyde (a-AASA) is moder-
ately increased in urine of patients with ISOD and MoCD
but this finding is not specific for sulfite intoxication dis-
orders.”*”> Increased AASA can point to a diagnosis of
ISOD or MoCD.”®

Experimental biomarkers

Increased S-sulfonation of plasma proteins such as
transthyretin can be used as a marker of excessive sulfite
accumulation.®””” Compound Z is the oxidation product
of cPMP and is decreased in MoCD type A.*»*®> This
parameter is however only available in research laborato-
ries. Lack of urothione, a degradation product of MoCo,
in urine of patients with molybdenum cofactor defi-
ciency’® provides a basis for the use of this biomarker to
diagnose MoCD. However, since it has been available in
research settings only, it did not gain a major role. A
recent study casts doubt on the specificity of urothione as
a biomarker since polymorphisms in the TPMT gene,
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Newborn with encephalopathy
lethargy, poor feeding, in combination with hyperexcitability,
truncal hypotonia +/—myoclonus or seizures/apneas

Child with dystonia and/or developmental delay
including motor and speech delay

and one or more of the following symptoms:
epilepsy, myoclonus, microcephaly, urolithiasis, lens dislocation, facial
dysmorphism, porencephaly, small corpus callosum, small cerebellum,
megacisterna magna, MRI signal changes in basal ganglia

additional suggestive findings include:
raised lactate, metabolic acidosis, hypoglycemia
small corpus callosum, small cerebellum, megacisterna magna, cerebral cysts
MRI signal changes in basal ganglia, global cerebral diffusion restriction

genetic testing or biochemical testing or genetic testing
o ) . Evidence of sulfite Seek alternative
Suggestive sngns of sulfite accumulation accumulation? diagnosis
Sulfite stick pos ++ (U)
L-Cystine L (P)
total Hey { (P)
yes [ Consider urgent treatment with cPMP ]
( )
Definitive signs of sulfite accumulation " N o
S-Sulfocysteine M (U, P, C, AF) E‘"dencfe of '"_'pa're"i
Thiosulfate N (U, P) xanthine oxidase
Sulfite N (P) activity?
. J
( Signs of impaired
xanthine oxidase activity
Xanthine or Hypoxanthine 1 (U, P) Suspected isolated Suspected Molybdenum
in combination with Urate {, (U, P) y X L .
Sulfite Oxidase deficiency Cofactor deficiency
Caveat: urate can be normal
\_ during first postnatal week in MoCD )
[ Genetic testing for sulfite intoxication disorders ]
Biallelic pathogenic Biallelic pathogenic variants Biallelic pathogenic
variants in SUOX in MOCS2, MOCS3, GPHN variants in MOCS1
Confirmed Confirmed MoCD type B firmed o
Sulfite Oxidase deficiency or MoCD type C Confirmed MoCD type A

FIGURE 3

Diagnostic flowchart for suspected sulfite intoxication disorders. Availability of biochemical and genetic testing is highly

variable between countries. The most appropriate strategy to rapidly establish a diagnosis should be chosen according to local availability.

encoding thiopurine S-methyltransferase, may also result
in extremely low urinary urothione concentrations.”®

Q2. Are there diagnostic tests available that
allow a timely and reliable diagnosis?

Statement 12

In the presence of clinical features suggestive of a sul-
fite intoxication disorder, simple and readily available
biochemical tests such as sulfite urine dip stick, plasma
urate, plasma amino acid analysis or plasma total homo-
cysteine can raise suspicion of ISOD or MoCD but all
these tests are prone to produce false positive or false
negative results. Any such suggestive evidence of sulfite
accumulation should however prompt further urgent
investigation for ISOD or MoCD.

A definitive diagnosis can be achieved by measuring
biochemical markers including SSC and urinary purines

or by genetic testing. Molecular genetic testing can reveal
biallelic unequivocally pathogenic variants but it has lim-
itations due to variable availability of rapid testing facili-
ties and pertinent issues with variant detection and
interpretation. Whether to use primary genetic or bio-
chemical testing will depend on local availability and
reporting times. We recommend a testing strategy as out-
lined in Figure 3.

Level of evidence: B

Strength of recommendation: Strong

Expert opinion: 100% agree

Reference intervals and quality assurance for
biomarkers:

In the laboratory diagnostics of rare diseases, the
selection of commercially available calibrators and con-
trol materials is limited. Reference intervals for bio-
markers of sulfite accumulation are variable between
laboratories and not always robustly defined. Table 3 lists
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TABLE 3 Key biomarkers for isolated sulfite oxidase deficiency and molybdenum cofactor deficiencies and typical findings in affected
children.
Isolated sulfite oxidase
Parameter Matrix Reference population deficiency Molybdenum cofactor deficiencies
Sulfite Urine Negative Positive Positive
Total Plasma ~5-12 pmol/L <5 pmol/L <5 pmol/L
homocysteine
S-sulfocysteine Urine <20 pmol/mmol 2-15 fold greater than ULN 2-15 fold greater than ULN>*
creatinine>>’
Plasma <3 pmol/L> 2-10 fold greater than ULN  2-10 fold greater than ULN>*
Urate Plasma/ Within age-appropriate Within age-appropriate Variably low
urine reference interval reference interval Plasma urate can be normal during
the first few postnatal days and will
become undetectable in typical
cases during the first postnatal week
Hypoxanthine Urine Within reference interval Within reference interval 2-10 fold greater than ULN>?
Plasma Within reference interval Within reference interval 1-10 fold greater than ULN>?
Xanthine Urine Within reference interval Within reference interval 2-50 fold greater than ULN>*>?
Plasma Within reference interval Within reference interval 1-10 fold greater than ULN**

Note: ULN is upper limit of normal (reference interval).

key biomarkers for isolated sulfite oxidase deficiency and
molybdenum cofactor deficiencies with exemplified refer-
ence intervals and typical abnormal values in patients.
Rarely, patients with atypical clinical presentation may
present with less abnormal findings.

Sulfite standards in water (traceable to standards of
the National Institute of Standards and Technology,
NIST) and originally intended for calibration of quantita-
tive analysis by ion chromatography is provided by sup-
pliers such as VWR International Ltd (Lutterworth, UK).
The scheme “Quantitative Amino Acids (serum)” by
ERNDIM (www.erndim.org) allows external quality con-
trol of S-sulfocysteine, taurine and cystine levels. Homo-
cysteine is covered by the ERNDIM schemes “Special
Assays in Serum” and “Special Assays in dried blood
spots.” L-cystine and S-sulfocysteine analysis in urine can
be validated using the ERNDIM material for “Special
Assays in Urine.” External quality control for homocyste-
ine in serum is also available from Referenzinstitut fiir
Bioanalytik (www.rfb.bio), while Instand e.V. (www.
instand-ev.de) includes cysteine-homocysteine-disulfide,
cystine, and taurine into its scheme for amino acid analy-
sis. Quantitative analyses of hypoxanthine and xanthine
can be controlled using the ERNDIM reference material
“Purines and Pyrimidines (urine),” while its concentra-
tion of uric acid does not vary and is part of the matrix.
However, external control material for uric acid is, for
example, provided by Instand e.V. (www.instand-ev.de),
Referenzinstitut fiir Bioanalytik www.rfb.bio, or UK-
NEQAS.

Good practice statement 13
Each laboratory should regularly review its external

quality assurance requirements against available
programs.
3.3 | Neuroimaging and EEG

Q3. Are there characteristic results from neuroimaging
that should prompt diagnostic investigations?

Fetal imaging

Multiple case reports provide evidence of antenatal
manifestations of severe MoCD. Prenatal brain imaging
of fetuses with ISOD or MoCD can reveal cerebral cysts,
brain atrophy, poor gyration, poorly developed corpus
callosum or a megacisterna magna from as early as
21 weeks of gestation.”®”>#"% Fetal seizures may be
noted by the mother as “increased hiccupping” in some
cases. Prenatal magnetic resonance imaging (MRI) in two
affected fetuses showed a megacisterna magna and
slightly smaller cerebellum from 32 weeks gestational age
(GA). From 36 weeks GA mild ventriculomegaly and a
slight increase in signal intensity of the cerebral white
matter was noted on T2 weighted imaging, suggesting
white matter edema.** Of particular concern are reports
of prenatal multicystic encephalomalacia that were
detected at 35 weeks GA”® and 14 h after birth,*> respec-
tively, and which suggest that severe sulfite-related pre-
natal brain injury can occur prior to birth.


http://www.erndim.org
http://www.rfb.bio/
http://www.instand-ev.de/
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Statement 14

Structural developmental brain abnormalities, pro-
gressive cerebral white matter edema, and multicystic
encephalomalacia are typical postnatal finding but can
sometimes be found in antenatal brain imaging of fetuses
with ISOD or MoCD. ISOD or MoCD should be consid-
ered if fetal ultrasound or fetal MR imaging reveals multi-
cystic lesions in subcortical regions or basal ganglia or if
a megacisterna magna is present in combination with
additional findings, specifically, if increased T2 signal
intensity in hemispheric white matter or cortical diffu-
sion restriction is found during the third trimester of
pregnancy on fetal MRI.

Level of evidence: B

Strength of recommendation: Strong

Expert opinion: 89% agree, 11% partly agree (3/22
unable to comment)

Neuroimaging during the phase of acute neonatal
encephalopathy

Brain MRI during the acute phase of neonatal sulfite-
related encephalopathy is characterized by widespread
strikingly severe diffusion restriction involving the cortex at
the depths of sulci,*® T2 hyperintensity in the cerebral cor-
tex and in subcortical white matter with gyral swelling, as
well as T2 hyperintensity in basal ganglia with an increased
lactate peak on MR spectroscopy. Ultrasound or MR imag-
ing can reveal subcortical cysts at birth and striking diffu-
sion restriction can be seen as early as 4-24 h after birth in
symptomatic infants.***” Additional structural abnormali-
ties as described under the prenatal presentation are fre-
quently seen in both ISOD and MoCD,?! 2326:39.81.85,86.88,89
The brain MRI appearance has similarities with that of
severe global hypoxic-ischemic brain injury (HIE).”*”'
Within 2 weeks after the onset of acute encephalopathy,
imaging reveals brain volume loss with marked ulegyria
and emerging cystic encephalomalacia. Diffusion restriction
can persist beyond the acute phase.’>**

Statement 15

Acute sulfite intoxication causes a brain MRI appear-
ance of generalized acute vasogenic and cytotoxic edema
with early neuronal necrosis that mimics that of severe
global hypoxic brain injury. In contrast to HIE, typical
anatomical abnormalities can often be found and true
diffusion restriction can persist after the first week of
acute encephalopathy.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 94% agree, 6% partly agree (5/22
unable to comment).

Neuroimaging in typical cases after the neonatal
period

After recovery from acute neonatal encephalopathy,
infants and children develop a typical brain MRI
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appearance including diffuse brain atrophy, cavitary sub-
cortical encephalomalacia and persistent hypotrophy of
the corpus callosum and of cerebellar structures®*® (see
Figure 4). Infants can develop subdural effusions and
bleeds, secondary to severe brain atrophy.

Statement 16

Brain imaging after the neonatal period mimics that
of children who suffered from severe perinatal hypoxic
brain injury. Persistent abnormalities of the corpus callo-
sum and cerebellum are frequent findings.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 89% agree, 11% partly agree (3/22
unable to comment)

Neuroimaging in patients with atypical presentation

In patients with post-neonatal and attenuated manifes-
tations, brain MRI can reveal isolated T2 hyperintense
lesions and diffusion restriction in globi pallidi®*®® and in
the cerebellum®®*® as well as abnormalities including mega
cisterna magna, cerebellar hypotrophy and/or cystic lesions
in the globi pallidi.*>***> Rarely, infants without a history
of acute severe encephalopathy and presenting after the
neonatal period have been found to have the typical brain
MRI appearance of generalized cystic encephalomalacia,
likely indicating prenatal onset of disease.

Statement 17

Lesions in the globi pallidi with diffusion restriction,
a mega cisterna magna and cerebellar hypotrophy in
patients presenting with movement disorder, dystonia,
hemiplegia and/or seizures should prompt investigations
to rule out a sulfite intoxication disorder.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 83% agree, 17% partly agree (4/22
unable to comment)

Diagnostic value of EEG in neonates with sulfite
intoxication

Severe encephalopathy in infants with sulfite intoxica-
tion disorders during the acute manifestation, is reflected in
a burst suppression pattern in the EEG.*” A burst-
suppression pattern is not specific and can also be the result
of anticonvulsant treatment. It is not predictive of the extent
of permanent injury. One group suggested delta-beta com-
plexes might be a specific diagnostic marker for sulfite toxic-
ity.”® Current evidence does not suggest that EEG aids in
the diagnosis of sulfite intoxication disorders.

3.4 | Diagnosis through generalized
newborn screening programs

Q4. Should universal newborn screening for sulfite
intoxication disorders be considered?
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FIGURE 4 Neuroimaging in a typical case of MoCD in the acute and chronic stages of the disease. Left column, (A, B)—acute stage at
6th day of life; middle and right columns, chronic stages (C-E) at 24th day of life and (F) at 48th day of life. (A) (axial ADC map) shows
hyposignal in the entire cerebral cortex and subcortical white matter (red arrows) indicative for striking diffusion restriction due to cytotoxic
oedema in the acute stage. (B) (coronal T2WTI) demonstrates hypersignal in the cerebral white matter (red arrows), diffuse gyral swelling and
sulcal effacement reflecting brain oedema in the acute stage. (C) (axial TIWI) and (D, F) (coronal T2WTI) depict extensive bilateral cerebral
cystic encephalomalacia (asterisks) in the chronic stage. (F) (coronal T2WTI) shows collapse of most of the encephalomalacic cysts, bilateral
subdural effusions (green arrows) reflecting severe brain atrophy in the chronic stage. (E) (sagittal midline TIWI) demonstrates severe
hypoplasia of corpus callosum (white arrow), small pons with reduced pontine protuberance (dotted circle), hypoplastic cerebellar vermis
(orange arrow), and mega cisterna magna (blue arrow). Lower row, (B, D, F) (coronal T2WT) denote evolving brain change from cerebral

oedema in the acute stage to cystic encephalomalacia and subsequent atrophy in the chronic stage. Note persistent hypotrophy of the
cerebellar hemispheres (orange arrows) and mega cisterna magna (blue arrow).

Untargeted whole genome or whole exome sequencing
has helped to identify ISOD and MoCD in symptomatic
children.””® Selective biochemical screening for disorders
of purine metabolism in children with neurological disease
can also yield an unexpected diagnosis.”>* Since a majority
of children manifests with the typical neonatal presentation,
they will likely experience a severe encephalopathic crisis
before the newborn screening result becomes available,
which limits the benefit of the intervention. Universal new-
born screening for sulfite intoxication disorders would how-
ever contribute to an earlier diagnosis in some cases,
especially those with atypical presentation where a diagnos-
tic delay is more likely.

Statement 18

Biochemical or genetic universal NBS would shorten
the diagnostic pathway for children with typical and
atypical disease manifestation and an earlier diagnosis
would impact at least on the management of attenuated
cases, allowing earlier consideration of specific treatment
options. At present, there is insufficient data about the
birth prevalence of sulfite intoxication disorders, espe-
cially of cases with atypical presentation, and about the
effectiveness of general newborn screening to allow an
evaluation of the benefit of this intervention.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 86% agree, 14% partly agree (0/22
unable to comment)
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4 | DISEASE COURSE,
TREATMENT, AND ONGOING
SURVEILLANCE

4.1 | Disease course, typical sequelae,
and complications

Q5. Which typical sequelae and complications are
caused by MoCD/ISOD and need to be con-
sidered during follow-up?

The pattern and prevalence of chronic manifestations
of MoCD and ISOD have recently been systematically
reviewed (Table 2).

After the acute encephalopathic period, children with
typical manifestation of ISOD or MoCD suffer from axial
hypotonia with or without appendicular spasticity. They
invariably show developmental arrest, cognitive impair-
ment, generalized seizures, myoclonus, cortical visual
impairment with or without nystagmus, and secondary
microcephaly. Ectopia lentis and enophthalmos can
develop after infancy. In one systematic evaluation, the
most common MoCD sequelae were limb hypertonia
(84.5%), spastic quadriplegia (56.9%) or diplegia (24.1%),
severe global developmental delay (81.0%), truncal hypo-
tonia (74.1%), dysmorphic facial features (67.2%), and
acquired microcephaly (63.8%).>* A particular problem in
infants and young children are frequent dystonic crises
with opisthotonus that can be triggered by minor stimuli.
Recurrent and frequent vomiting is a common feature
and may represent autonomous neuropathy and intesti-
nal dysmotility. Pyloric stenosis has been found over pro-
portionately frequently in the acute encephalopathic and
post-acute phase of disease manifestation in ISOD'* and
in MoCD.?>'°%!9% Urinary xanthine stones have been
reported in infants and children with MoCD.'%*1%*

Some or all of these symptoms can be found in chil-
dren with attenuated disease, however often with later
onset, in milder form and with a higher proportion of
extrapyramidal movement disorders, including chor-
eoathetosis, dystonia, and ataxia.?**** Seizures are less
common in attenuated cases.?*>*

Statement 19

Typical clinical signs and symptoms have been consis-
tently reported in the chronic, post encephalopathic
phase of children with severe ISOD and MoCD. Disease
sequelae affect the central and peripheral nervous system
and the integrity of connective tissues. Signs are more
variable in attenuated cases. A typical presentation with
neonatal severe encephalopathy invariably leads to pro-
found disability. Children who present with atypical
manifestations can still experience acute or slowly
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progressive deterioration later in life, with severe neuro-
logical sequelae.*

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 94% agree, 6% partly agree (4/22
unable to comment)

4.2 | Genotype phenotype correlation
and prognosis

Q6. Is there a reliable genotype—phenotype correlation
and can a genotype predict the prognosis?

Hinderhofer et al.'®> assessed the genotype-
phenotype correlation of 40 published cases of MoCD.
The genotype was classified as severe or mild based on
in-silico prediction and was correlated with survival data.
Patients with a predicted severe genotype showed a
median survival of 15 months and had a lower probabil-
ity of survival compared to patients with predicted mild
genotypes who were all alive at last reported follow-up.

Claerhout et al.*' assessed 31 variant SUOX alleles
from published cases. They concluded that most
alleles occurred in the homozygous state and were associ-
ated with severe disease. Only two variants were
associated with late-onset disease, namely NM_000456.2
variant ¢.182T>C p.Leu61Pro in the transit peptide® and
variant c.427C>A p.Hisl42Asn in the heme binding
domain.”*'%°

Consistent with a high consanguinity rate, most
patients in a study of 58 patients with MoCD had homo-
zygous pathogenic variants.”* Generally, mutations were
private or were shared by individuals from the same eth-
nic group, apart from three variants that were found in a
few individuals from different ethnic groups, in particular
¢.217C>T in MOCS1 which was found in three ethnic
groups. The low allele frequency of variants in MOCS1
did not suggest the presence of multiple mutational hot
spots. Several mutations were associated with post-
neonatal onset and/or longer survival, including
c.1338delG, c¢.1165+6T>C, ¢c.377G>A, ¢.949C>T,
€.394C>T, ¢.1000dupT, and c.1102+1G>A in MOCSI
(using reference sequence NM_001358530.2) and
c.3G>A, and c.57A>T in MOCS2 (using reference
sequence NM_004531.5). Age at onset of symptoms and
long-term outcomes were however variable in children
with such genotypes.

Misko et al.** evaluated data of 146 published patients
of whom defects in MOCS1, MOCS2, MOCS3, GPHN and
SUOX were reported in 62 patients. The authors estab-
lished a good correlation between the presence of
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deleterious variants and severe clinical outcomes whereas
variants with less severe effects on gene products were
associated with variable outcomes. Further comprehen-
sive reviews of variants in MOCSI1,'® MOCS2 and
MOCS3'”® demonstrate that patients with typical mani-
festation have genetic variants that abolish the function
of their gene product whereas patients with atypical pre-
sentations are presumed to have some residual function.
However, disease severity and time until onset of enceph-
alopathy can vary to some extent between children and
even between siblings with the same genotype.*®**°°

Statement 20

Phenotypical variability in ISOD and MoCD is largely
but not exclusively explained by the genotype. Only a few
genotypes are known to be consistently associated with
an atypical manifestation and milder symptoms in both
ISOD and MoCD. These genotypes are associated with
residual function of the gene product.

Level of evidence: B

Strength of recommendation: Strong

Expert opinion: 88% agree, 12% partly agree (5/22
unable to comment)

4.3 | Disease management
Q7. Are there specific requirements for treatment and
monitoring of patients with MoCD and ISOD?

Antenatal and perinatal management

Obstetric ultrasonography or fetal MRI can reveal
structural abnormalities from as early as 21 weeks of ges-
tation’” and progressive white matter edema or even
brain necrosis during late pregnancy. Multiple reports of
prenatal cerebral manifestations of sulfite intoxication
disorders suggest that treatment prior to birth may be
beneficial and have prompted consideration of premature
induction of labor®**'* for children with MoCD type A to
reduce antenatal exposure to rising sulfite during late
pregnancy and to enable earlier specific treatment with
cPMP. Premature delivery is associated with its own risks
and it is not known at present whether the premature
brain is equally or perhaps more vulnerable to exposure
to a postnatal surge of sulfite and SSC, compared with
that of a term neonate.

Statement 21

At present, there is insufficient evidence to generally
recommend premature delivery for infants with MoCD
type A. Premature delivery of fetuses affected with
MoCD-A should be carefully considered in every
individual case.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 84% agree, 16% partly agree (2/22
unable to comment)

Statement 22

We recommend using prenatal cerebral imaging for
fetuses that are at risk or known to be affected with
MoCD type A. Serial fetal MRI scans from the second tri-
mester of gestation will be particularly informative to
identify progressive changes. Early identification of brain
abnormalities will inform prognostic expectations and
the decision whether to deliver affected children early.
Because of the possibility of immediate postnatal onset of
seizures and encephalopathy it is recommended to plan
delivery in an obstetric unit with access to adequate neo-
natal critical care facilities and with immediate availabil-
ity of cPMP for neonates affected with MoCD type A.

Level of evidence: C

Strength of recommendation: Strong

Expert opinion: 100% agree (5/22 unable to comment)

Management of the acute encephalopathic phase

Neuroprotective agents and cerebral hypothermia

The disease course and brain imaging findings sug-
gest that the postnatal rise in sulfite and related metabo-
lites triggers a cascade of molecular events involving
excitotoxicity, failure of mitochondrial oxidative phos-
phorylation, oxidative stress, and inflammatory factors
leading to further secondary energy failure and extensive
cortical and deep gray structures neuronal injury, in anal-
ogy to postulated mechanisms in hypoxic ischemic brain
injury.'*°

There is evidence from animal and in vitro experi-
mentation for a direct impairment of mitochondrial
energy metabolism by sulfite*”” and for a strong excito-
toxic effect of SSC on NMDA receptors'® leading to neu-
ronal apoptosis and necrosis. The NMDA receptor
antagonist dextromethorphan was used at a dose of
125 mg/kg in a 3-year-old boy with MoCD and
pharmaco-resistant epilepsy with good short-term
effect.'’’ A newborn with early severe ISOD was treated
at the age of 3 weeks with dextromethorphan without
positive effect.”” Memantine was used in two neonates
with MoCD with no discernible protective effect.”>'

Full-term infants with moderate to severe HIE are
now routinely treated with hypothermia, ideally started
within 6 h after birth, but the degree of neuroprotection
remains incomplete. Treatment with hypothermia does
not improve functional outcomes in infants with severe
HIE and in premature infants.'’® There is no published
evidence to suggest that cooling has been effective in pre-
venting the typical severe sequelae of ISOD or MoCD.

Statement 23

NMDA antagonists have been neuroprotective
in vitro and in vivo in an animal model of sulfite toxicity.
There is limited experience in humans and currently no
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sufficient evidence to recommend the regular use of
NMDA antagonists in the acute phase of sulfite-related
encephalopathy.

There is no clinical evidence of a benefit of cerebral
cooling in ISOD or MoCD.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 94% agree, 6% partly agree (6/22
unable to comment)

Management of seizures and myoclonus

Pharmaco-resistant epilepsy is a common problem in
children with a typical presentation of ISOD or MoCD.
Anticonvulsive treatment is provided according to usual
neuropediatric practice and often requires polymedica-
tion. No specific medication has been found to be partic-
ularly effective. Phenobarbital and midazolam are
commonly used in neonates. Generalized seizures in
older children are often treated with levetiracetam as a
first choice, which may also be useful to treat myoclo-
nus."'* Clonazepam has been suggested as treatment of
choice for cortical-subcortical myoclonus, with sodium
valproate''* as alternative. However, one group has cau-
tioned against the use of valproate in sulfite intoxication
disorders due to its interference with mitochondrial
energy metabolism.*

Good practice statement 24

Anticonvulsive treatment for children with ISOD or
MoCD should follow general recommendations. Theoret-
ical concerns regarding the mitochondrial toxicity of
sodium valproate should be considered when choosing
the most appropriate medication.

Management of dystonia

Dystonia is a prominent symptom in the chronic
phase of typical ISOD or MoCD and can be classified as a
secondary-static dystonia.''>''® Dystonia arises second-
ary to the sulfite-related postnatal neuronal brain injury
to the basal ganglia and thalamus. It is clinically charac-
terized by manifestation after the acute encephalopathic
phase, usually within 3 months after birth. The dystonia
is generalized and non-progressive, it often involves pha-
ryngeal and laryngeal muscles with the distinct symptom
of in- and expiratory stridor. Muscle contractions may
appear persistent™'” but are usually absent in children at
rest. Hypertonia can be triggered by minimal stimuli.
Progression to a status dystonicus has been described,
even as primary manifesting symptom in children with
an atypical presentation.’®”

Dystonia management in children is not standardized
and there is no disease-specific management of dystonia
in ISOD or MoCD. Most commonly used drugs in the
chronic management are baclofen, trihexyphenidyl and
diazepam, which have however limited efficacy.''® Gaba-
pentin and clonidine''® are also increasingly used. Due to
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the minor contribution of spasticity and the paroxysmal
nature of dystonia in ISOD and MoCD, one of the most
effective interventions is to reduce triggering stimuli and
reduce precipitants such as pain, infection, gastrointesti-
nal discomfort due to gastro-esophageal reflux or
constipation.

Providing good nutrition and hydration on the back-
ground of pharyngo-laryngeal dystonia and gastro-
esophageal reflux and intestinal dysmotility usually
requires tube feeding via gastrostomy or jejunostomy to
reduce the risk of aspiration and pneumonia. Parents/
carers will require adequate training and support with
managing feeding and care at home.

Supportive care is important and includes analgesia
and relief for respiratory distress or hypoxemia due to
pharyngeal or laryngeal spasm or truncal dystonia. Par-
ent feedback has highlighted the importance of calming
measures and stress reduction as well as the utility of
neurophysiotherapy to minimize distress. Sleep termi-
nates dystonia, and sedation is often required to reduce
or terminate distressing persistent dystonia after calming
measures have failed. Sedation can be achieved with
chloral hydrate or clonidine as well as cautious use of
benzodiazepines.'*

Good practice statement 25

Symptomatic management of dystonia is an impor-
tant element of supportive care for children with ISOD or
MoCD. Reducing stimuli that can trigger dystonia is
often a very effective intervention. Intermittent sedation
can be required to terminate dystonic crises.

Palliative care and end-of-life management

Complications from immobility, seizures and dystonia
associated with severe ISOD or MoCD lead to a signifi-
cant disease burden and, often, premature death. The
median survival age in MoCD has been calculated as
3.0 years®™ and 4.23 years® for cohorts of patients with
MoCD and mostly typical manifestation and as 2.5 years
for a large cohort of children with ISOD or MoCD with
typical manifestation.** Most children affected with ISOD
will die prior to the age of 10 years.”' Hospital admissions
are frequently required to manage complications includ-
ing respiratory infections. Infants and young children
often appear severely distressed by discomfort or pain
due to uncontrollable seizures and dystonic episodes.

Caring for affected children is very demanding and
parents and siblings will usually require support from
respite care or palliative care teams. There is a particular
role for support groups and for patient organizations for
rare diseases as a source of information and peer support.

Good practice statement 26

Access to physiotherapy, occupational therapy,
respite care and to palliative care are important elements
of health care support. The multidisciplinary nature of
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care for a child with a typical presentation of a sulfite
intoxication disorder requires good communication and
co-ordination between health professionals, ideally led by
specialists for neurodisability or palliative care. Families
should always be directed toward relevant patient sup-
port organizations. Owing to a limited life expectancy,
advance care planning should be considered early on.

44 | Ongoing surveillance for specific
complications

Lens dislocation can occur in ISOD or MoCD after
infancy. This can lead to raised intra-ocular pressure and
clinical symptoms of acute glaucoma.'*!

Gross accumulation of xanthine and hypoxanthine is
observed in MoCD. Xanthine concentrations in urine eas-
ily exceed solubility thresholds.'** Xanthine precipitates
in urine can be found at any age and can lead to nephro-
lithiasis and acute urinary tract obstruction.'®
Nephrolithiasis is found to occur in around 40% of
patients with isolated xanthine oxidase deficiency*®’*'*
and would be expected at the same frequency in MoCD.
Good hydration and a low purine diet have been recom-
mended. Both measures may be helpful’”® but are not
generally sufficient to prevent urolithiasis.'*

Statement 27

Regular ophthalmological follow up is recommended
for all children affected with ISOD and MoCD to monitor
for the manifestation of lens dislocation and potential
intraocular hypertension.

For children with MoCD a renal ultrasound is recom-
mended once yearly and as required in episodes of unex-
plained pain or distress to detect potential urinary tract
infection and obstruction due to xanthine stones.

These recommendations do not apply to children
with MoCD-A on cPMP supplementation.

Level of evidence: C

Strength of recommendation: Strong

Expert opinion: 93% agree, 7% disagree (7/22 unable to
comment)

4.5 | Specific treatment options
Q8. Is treatment with cPMP safe and effective in
MoCD-A?

Is treatment with cPMP safe?

Daily doses of up to 980 pg/kg of cPMP as a free base
have been used long-term in a small number of children
without adverse drug reactions. Treatment emergent
adverse events during clinical trials were reported

frequently and related to intercurrent illnesses and com-
plications associated with central venous access (site
infection, septicemia, or catheter blockage).'>'** Animal
studies have identified a potential risk of
phototoxicity,">'** which has not unequivocally been
observed in patients so far.

Statement 28

Substitution with cPMP in currently used doses is not
associated with adverse drug reactions. Daily intravenous
administration using implanted central venous catheters
carries a risk of complications. Protection from avoidable
skin UV exposure is recommended. Adequate care sup-
port should be provided to families of children who
require daily intravenous infusions.

Level of evidence: B

Strength of recommendation: Strong

Expert opinion: 94% agree, 6% partly agree (6/22
unable to comment)

Can cPMP substitution correct the biochemical
abnormalities in MoCD and does cPMP substitution
require biochemical and clinical monitoring?

A biochemical response to dosing with cPMP has been
consistently observed in all patients with MoCD type
A. The pharmacodynamic biomarkers S-sulfocysteine, xan-
thine, hypoxanthine and urate respond within 24-48 h and
return to normal or near-normal concentrations within
1 week.'625580:125 N biochemical effect has been observed
in patients with MoCD type B upon cPMP substitution.*
Since the first treatment in 2008, no decrease in biochemi-
cal efficacy over time was observed, suggesting no require-
ment for frequent biochemical monitoring once a child is
reliably established on treatment.*>'*°

Statement 29

We recommended regular biochemical monitoring of
biomarkers during the first 2 weeks of cPMP substitution
to document the response to treatment. The choice of
biomarkers will vary depending on local availability.
Once a response has been established, further, less fre-
quent biochemical monitoring may be considered if there
should be a clinical or regulatory requirement to docu-
ment a sustained treatment effect and adherence to
treatment.

Level of evidence: A

Strength of recommendation: Strong

Expert opinion: 95% agree, 5% partly agree (3/22
unable to comment)

Is there a dose-response relationship?

The initial cohort of neonates with MoCD-A was trea-
ted with a daily dose of intravenous recombinant cPMP
starting with 80 pg/kg and increasing to 240 pg/kg after
3 months.*>>%

Pharmacokinetic and pharmacodynamic studies in
children with typical MoCD-A were undertaken with
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daily doses ranging from 240 to 1300 pg/kg of cPMP
monobromide dihydrate, which is equivalent to 180-
980 ug/kg of the free base."”” No pharmacodynamic data
have been published to demonstrate a dose-response
relationship or the benefits of higher doses.'® The starting
dose for the licensed preparation fosdenopterin (as free
base) has been determined by the license holder as
400 pg/kg in pre-term infants and 550 pg/kg in term
infants, administered once daily as slow intravenous infu-
sion. A dose of 900 pg/kg once daily is suggested after the
first 2 months of treatment and for any child that is over
1 year old at the start of treatment.'** No experimenta-
tion has been undertaken to explore alternative dosing
frequencies or modes of administration.

Statement 30

There is insufficient evidence to determine the opti-
mum dose or dosing interval for cPMP substitution
treatment.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 69% agree, 31% partly agree (9/22
unable to comment)

Does cPMP substitution improve clinical outcomes?

The overall survival of a cohort of children with
MoCD-A treated with cPMP substitution was improved
over a comparable cohort of untreated children,'®**2>124127

The long-term neurological outcome of children with
MoCD-A treated with cPMP has been variable, depend-
ing on the extent of irreversible brain injury prior to
treatment. A small number of neonates with MoCD-A
that were treated with cPMP substitution prior to show-
ing signs of severe acute sulfite encephalopathy have not
developed cystic encephalomalacia and severe cerebral
palsy, as opposed to their untreated affected siblings who
displayed the typical phenotype of MoCD.?* Their long-
term psychomotor development has been much
improved compared with untreated siblings or other
untreated children with the same genotype. However,
mild neurological symptoms such as speech delay, mild
learning difficulties and central hypotonia have been
observed despite treatment. Even very early postnatal
treatment of two neonates, within a few hours after birth,
who presented with seizures but no other signs of
encephalopathy, could not prevent the development
of mild to moderate neurological sequelae.®***

Infants presenting with severely decreased level of
consciousness and severe global diffusion restriction on
brain MRI at the time of initiation of treatment have so
far invariably developed typical severe clinical sequelae
of MoCD, despite cPMP substitution.'®*

Statement 31

Substitution of cPMP in MoCD type A does improve
long-term survival. The functional neurological outcome

depends on the timing of the intervention in relation to
cerebral disease progress. Even very early postnatal treat-
ment has been associated with some neurological
sequelae. Treatment with cPMP that is started after onset
of severe global diffusion restriction in brain MRI, corre-
sponding to widespread neuronal necrosis, cannot pre-
vent the manifestation of typical severe neurological
sequelae. cPMP substitution should be urgently consid-
ered for any child with suspected acute sulfite intoxica-
tion until MoCD type A can be safely ruled out (see
Figure 5).

Level of evidence: B

Strength of recommendation: Strong

Expert opinion: 94% agree, 6% partly agree (4/22
unable to comment)

Statement 32

A re-evaluation of treatment goals should be under-
taken once the extent of irreversible brain injury is
known. Discontinuation of cPMP treatment should be
considered if the burden of treatment outweighs the
achievable benefit.

Level of evidence: C

Strength of recommendation: Strong

Expert opinion: 100% agree (2/22 unable to comment)

Q9. Is dietary modification of sulfur or molyb-
denum intake effective in MoCD/ISOD?

Does dietary sulfur restriction improve biochemical
or neurological symptoms?

Results from a reduction of dietary sulfur intake with
a diet low in methionine and cysteine have been reported
in 4 patients with attenuated ISOD**'?*'2% and 7 patients
with early onset typical disease . Three out of
4 children with attenuated ISOD were deemed to benefit
by showing decreased irritability and improved develop-
mental progress’*'?*'?° whereas 3 out of 7 children with
typical ISOD were reported to benefit clinically
with decreased irritability.'*°"'**

Outcomes of a low sulfur diet were reported in
2 patients with attenuated MoCD'>'*® and in 5 patients
with early onset typical MoCD.>*'*”"'** The 2 children
with attenuated MoCD and 1 out of 5 with typical
MoCD"*” were reported to benefit with decreased irrita-
bility and improved developmental progress. Of note, one
of the children with attenuated MoCD received a diet low
in methionine but supplemented with cysteine.'*® The
accumulation of sulfite-related biomarkers generally
improved with dietary sulfur reduction.

Statement 33

Dietary sulfur restriction has been reported to provide
clinical benefit for some patients with atypical presenta-
tions and attenuated disease. A clinical benefit for

47,130-135
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FIGURE 5 Therapy flowchart

Clinical presentation suggestive of

Genetic diagnosis of

MoCD type A or

sulfite intoxication disorder

for suspected sulfite intoxication
and disorders.

Evidence of sulfite accumulation

no

Contraindications*
to cPMP treatment?

Initiate urgent treatment with cPMP Supportive treatment
y
Treatment response?
assess over 2 weeks:
- biochemical response —
P Stop cPMP substitution

- clinical improvement
or - MOCS1 defect

confirmed

Is continued cPMP
treatment in patient’s
best interest?

- adequate care support
-no contraindications*

Continue cPMP substitution
Re-assess indication as required

* contraindications:

- severe co-morbidity

- anticipated clinical benefit does not justify
burden and risk of daily IV cPMP infusions

- parents / caregivers do not consent

patients with a typical presentation has not been consis-
tently found.

A low-sulfur diet can be considered for children with
atypical ISOD or MoCD and attenuated disease manifes-
tations. Potential clinical benefits need to be balanced
against poor palatability and requirements for supervi-
sion by a specialized dietitian and regular monitoring of
plasma methionine concentrations to avoid protein
malnutrition.

Level of evidence: C

Strength of recommendation: Conditional

Expert opinion: 75% agree, 19% partly agree, 6% dis-
agree (6/22 unable to comment)

Statement 34

Dietary sulfur restriction is not required in children
with MoCD-A who are treated with cPMP.

Level of evidence: B

Strength of recommendation: Strong

Expert opinion: 87% agree, 13% partly agree (7/22
unable to comment)

Good practice statement 35

If dietary treatment is deemed appropriate, sulfite accu-
mulation can be decreased by reducing dietary sulfur intake
to minimum requirements. This involves the restriction of
natural protein to reduce the intake of the sulfur containing
amino acids, methionine and cysteine. In published case
studies the amount of methionine, from dietary protein,
prescribed ranged from 18 to 30 mg/kg/day.**'*%13%:137
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for s slfr s sid redoced de, RNI for protein RNI for TSAA

Age g/day g/kg/day” Age mg/kg/day

0-3 months 12.5° 2.6 1 month 57

4-6 months 12.7 1.8 2 months 42

7-9 months 13.7 1.7 3 months 36

10-12 months 14.9 1.6 4-5 months 33

1-3 years 14.5 1.2 6-12 months 31

4-6 years 19.7 1-2 years 22

7-10 years 28.3 3-10 years 18

11-14 years (boys) 42.1

11-14 years (girls) 41.2 11-14 years 17

15-18 years (boys) 55.5 15-18 years 16

15-18 years (girls) 454 >18 years 15

Note: Required nutritional intake (RNT) for protein'*’ and for sulfur containing amino acids (TSAA).

141

“Calculated using median weight from UK-WHO growth charts.
"No WHO figure given for infants aged 0-3 months. RNI calculated from recommendations of the UK
Committee on Medical Aspects of Food Policy (COMA) [DH 1991].

Natural protein intake should be restricted to provide
the minimum requirement for total sulfur containing
amino acids (TSAA, methionine and cysteine) for age
(Table 4). For individuals on liquid formula the volume
of feed required to provide TSAA requirements can be
calculated directly from the formula's stated methionine
and cysteine content. If on a mixed diet information on
amino acid contents of foods is less available. In this situ-
ation the methionine, or even protein content of the food
may need to be used. Extrapolating from the adult TSAA
requirement where individual methionine and cystine
requirements as well as TSAA are given, TSSA require-
ment is made of approximately 70% methionine and 30%
cysteine. Thus to meet TSAA requirements for those on
mixed diets 70% of the TSAA requirement can be calcu-
lated as a guide to methionine requirement.'*!

Overall total protein requirements should then be
met using synthetic amino acid supplements without cys-
teine and methionine. It is suggested that total protein
should equate to the minimum of RNI for age (Table 4)
with an additional 20% to 40% to account for protein
equivalence of amino acids being around 80% and the dif-
ference in amino acid absorption and metabolism com-
pared to intact protein. Although there is no stipulation
of protein content for amino acid based infant formulas,
European Union regulations'** specify that protein
hydrolysate formula should contain 2.3-2.8 g pro-
tein/100 kcal compared with 1.8-2.5 g protein/100 kcal
in standard cow milk based protein, suggesting that pro-
tein requirements from protein hydrolysate formula are
higher than from standard cow milk protein based

formula. Based on this, it is likely that amino acid formu-
las would need to provide at a minimum the same pro-
tein as protein hydrolysate formula. Total energy
requirements should meet standard energy requirements
for age, for example Estimated Average Requirements,'**
which should then be adjusted for activity levels.

Dietary management should be supervised by a spe-
cialist metabolic dietitian. This would include regular
reviews of growth and plasma quantitative amino acids
including plasma methionine concentrations to avoid
protein malnutrition. It is important that the clinical
team and family review the efficacy of the diet on
clinical symptoms such as seizures, neurological deterio-
ration, and irritability to decide whether it is appropriate
to continue.

Does molybdenum supplementation improve bio-
chemical or neurological symptoms in MoCD?

A molybdenum supplement given to one child with
early onset typical MoCD and one other with attenuated
disease and did not provide any discernible biochemical
or clinical improvement."**'** There is no plausible bio-
logical hypothesis to suggest efficacy of a molybdenum
supplement and insufficient empirical evidence to deter-
mine the efficacy of a molybdenum supplement.

Statement 36

Molybdenum supplementation is not recommended
for children with MoCD.

Level of evidence: D

Strength of recommendation: Strong

Expert opinion: 94% agree, 6% partly agree (6/22
unable to comment)
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Q10. Is pyridoxine supplementation effective
in ISOD and MoCD?

Sulfite chemically inactivates pyridoxal-5-phosphate
(PLP), the active form of pyridoxine. Sulfite also strongly
inhibits the enzyme alpha-AASA-dehydrogenase which
leads to accumulation of alpha-aminoadipic semialde-
hyde (a-AASA) and delta-piperideine-6-carboxylate
(P6C).”* P6C inactivates PLP by condensation.”*'** Both
mechanisms contribute to functional PLP deficiency in
ISOD and MoCD. A lack of PLP in CSF'** and increased
a-AASA in urine of patients with ISOD and MoCD*>7*
have been demonstrated. Functional PLP deficiency can
contribute to seizures and disordered psychomotor
development.'*

Two siblings with neonatal typical MoCD-B were
treated with pyridoxine (30 mg/kg) and folinic acid
(3 mg/kg) on day 6 of life and at 2 years of age respec-
tively. The neonatally treated girl remained seizure free
at age 6 m, with feeding difficulties, microcephaly and
hypotonia. The older sibling demonstrated a significant
decrease in seizure frequency on the background of
severe neurodisability when treatment was started.”®
Another patient with typical MoCD-B was treated at the
age of 5 years with a pyridoxine supplement of 20 mg/kg
per day and showed improvement in her energy levels
and attentiveness.'™ Pyridoxine supplementation has
been used in further typical cases of ISOD and MoCD
with no obvious clinical benefit.”

Statement 37

There is clear evidence of functional PLP deficiency
in ISOD or MoCD, but only limited evidence suggesting
that pyridoxine supplementation is clinically effective in
patients with typical ISOD or MoCD. Given the low risk
and burden of the intervention we recommend to supple-
ment pyridoxine to children diagnosed with ISOD or
MoCD. The appropriate doses should be chosen in anal-
ogy to those used in pyridoxine dependent epilepsy.'*’
Pyridoxine supplementation is not required in children
with MoCD-A as long as they are treated with cPMP.

Level of evidence: C

Strength of recommendation: Strong

Expert opinion: 89% agree, 11% partly agree (4/22
unable to comment)

Q11. Is thiamine supplementation effective
in ISOD and MoCD?

Thiamine is a water-soluble vitamin with rapid turn-
over and thiamine deficiency can develop over the course
of a few weeks, leading to a disturbance in thiamine
dependent mitochondrial energy metabolism and increased
lactate concentrations. Sulfite readily inactivates thiamine

by nucleophilic cleavage of its intramolecular methylene
bridge.'**'*” On this background it has been observed that
patients with ISOD***!#* and MoCD"*”"*>!*! can present
with increased plasma lactate concentrations. This is often
seen during the early neonatal encephalopathic phase of
typical presentations. The hyperlactatemia is likely multi-
factorial and usually normalizes after a few weeks, but it
has also been reported to persist for many months.'*”'*
Hyperlactatemia is not always correlated with increased
CSF lactate.* Thiamine supplementation has been
attempted in MoCD™*®* and ISOD*” without discernible clin-
ical benefit. However, long-term supplementation with thia-
mine has been recommended by some authors.***”

Statement 38

There is no direct evidence to suggest that patients
with ISOD and MoCD are experiencing functional thia-
mine deficiency. Thiamine supplementation may be con-
sidered in patients presenting with hyperlactatemia. A
general recommendation for continued thiamine supple-
mentation cannot be made on the background of current
evidence.

Level of evidence: D

Strength of recommendation: Conditional

Expert opinion: 100% agree, 0% partly agree, 0% dis-
agree (4/22 unable to comment)

5 | FAMILY PERSPECTIVE AND
ADVOCACY ORGANIZATIONS

Patient/parent support and advocacy groups play an
especially important role in ultra-rare diseases. They can
be an invaluable source of information and of psychoso-
cial support and can facilitate contact between carers of
affected children. Due to the complex morbidity associ-
ated with sulfite intoxication disorders, patients are usu-
ally under the care of numerous medical specialities and
require support from community-based healthcare
and other professionals (e.g., education). Feedback from
parents and support groups during the guideline develop-
ment emphasized the importance of good communica-
tion between health professionals and families, as well as
of access to resources, medical information and care sup-
port, which can be achieved by good signposting to rele-
vant organizations.

The psychosocial impact on the whole family of hav-
ing a child with a sulfite intoxication disorder cannot be
underestimated. Families have commented that they
value prioritization of comfort and quality of life when
caring for a child with dystonic cerebral palsy and com-
plex disability. They especially value access to neurophy-
siotherapy and specialist complex disability teams
including for palliative care. A common theme has been
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the experience of a general lack of knowledge and under-
standing for these rare conditions and issues arising from
the delay in disease recognition and treatment. Various
unmet needs were identified, including adequate symp-
tom control, but also around support with tube feeding
and with the long-term administration of daily enteral
and intravenous medication.
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