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ABSTRACT

Hypermanganesaemia with Dystonia 1 and 2 (HMNDYT1 and 2) are inherited, autosomal recessive disorders caused by path-
ogenic variants in the genes encoding the manganese transporters SLC30A10 and SLC39A14, respectively. Impaired hepatic
and enterocytic manganese uptake (SLC39A14) and excretion (SLC30A10) lead to deposition of manganese in the basal ganglia
resulting in childhood-onset dystonia-parkinsonism. HMNDYT1 is characterized by additional features due to manganese ac-
cumulation in the liver causing cirrhosis, polycythaemia, and depleted iron stores. High blood manganese levels and pathogno-
monic MRI brain appearances of manganese deposition resulting in T1 hyperintensity of the basal ganglia are diagnostic clues.
Treatment is limited to chelation therapy and iron supplementation that can prevent disease progression. Due to their rarity,
the awareness of the inherited manganese transporter defects is limited. Here, we provide consensus expert recommendations
for the diagnosis and treatment of patients with HMNDYT1 and 2 in order to facilitate early diagnosis and optimize clinical
outcome. These recommendations were developed through an evidence and consensus-based process led by a group of 13 inter-
national experts across the disciplines of metabolic medicine, neurology, hematology, genetics, and radiology, and address the
clinical presentation, diagnostic investigations, principles of treatment, and monitoring of patients with HMNDYT1 and 2.
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1 | Introduction

Manganese is an essential trace metal required for brain phys-
iology and metabolism since it acts as a co-factor for multiple
enzymes [1-3]. Tight regulation of its homeostasis is crucial
since both manganese deficiency and overload are detrimental
to human health [4, 5]. In recent years, a network of SoLute
Carrier (SLC) transporters has been identified that facilitates
the maintenance of manganese homeostasis (Figure 1) [6-10].
SLC30A10 is a manganese efflux transporter expressed in he-
patocytes and enterocytes that aids the excretion of manganese
into the bile and intestine [7, 11]. SLC39A8 and SLC39A14, on
the other hand, are manganese uptake transporters that are
expressed on opposite sides of polar cells such as hepatocytes
and enterocytes [8, 10, 12, 13]. While SLC39A8 on the apical
membrane allows uptake of manganese into the organism,
SLC39A14 on the basolateral membrane shuttles manganese
across the cell for subsequent excretion via SLC30A10 [13].
Pathogenic variants in both SLC30A10 and SLC39A14 affect
manganese transport in hepatocytes and enterocytes, result-
ing in reduced biliary/intestinal excretion and subsequently
systemic manganese overload and neurotoxicity [7, 8, 14].
Biallelic pathogenic variants in SLC30A10 cause hypermanga-
nesaemia with dystonia 1 (HMNDYT1, OMIM #613280) that
is characterized by childhood-onset dystonia-parkinsonism,
chronic liver disease progressing ultimately to cirrhosis, poly-
cythaemia, and depleted iron stores [7, 14]. Accumulation
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of manganese in the liver leads to activation of the hypoxia-
inducible factor (HIF) pathway reflected by increased eryth-
ropoietin synthesis and polycythaemia, as well as depleted
iron stores [15]. Biallelic pathogenic variants in SLC39A14,
on the other hand, cause hypermanganesaemia with dystonia
2 (HMNDYT2, OMIM # 617013) presenting with an isolated
neurological phenotype characterized by rapidly progres-
sive, childhood-onset dystonia-parkinsonism [8]. In both
HMNDYT1 and HMNDYT?2, chronic manganese overload
leads to deposition of manganese in the brain, particularly
the globus pallidus, striatum, and dentate nucleus, where it is
neurotoxic and causes a distinct movement disorder similar to
what is observed in environmental manganese overexposure,
a condition known as manganism [16, 17]. Acquired manga-
nism has been observed in industrial settings (mining and
welding industries) following inhalation of manganese-laden
dust, upon overexposure due to contaminated well water, par-
enteral nutrition, or ephedrone preparations, or in end-stage
liver disease when impaired liver function results in insuffi-
cient manganese excretion [18-22]. Pronounced generalized
dystonia leads to a characteristic high-stepping, “cock-walk
gait” independent of the cause of manganese overload [23]. A
multitude of molecular mechanisms have been suggested to
contribute to manganese neurotoxicity that include oxidative
stress, mitochondrial dysfunction, calcium dyshomeostasis,
and endoplasmic reticulum stress [24-29]. Manganese appears
to exert its effect on multiple neuronal subtypes that include

Small intestine

Bile

.

SLC30A10

e ¥ SLC39A8

Hepatocyte
SLC39A14 |

T

Portal vein

> Faeces

& SLC39A8

SLC39A14

1—

FIGURE 1 | Solute carrier (SLC) transporters contributing to the maintenance of manganese homeostasis in humans. Schematic depicting the
functions of SLC30A10, SLC39A14, and SLC39A8 that are expressed in both hepatocytes and enterocytes. SLC30A10, a manganese efflux transporter
localized at the cell membrane, facilitates biliary and intestinal excretion of manganese. SLC39A14, a manganese uptake transporter expressed at

the basolateral membrane of polar cells, shuttles manganese into hepatocytes and enterocytes for subsequent excretion via SLC30A10. SLC39A8 is

a manganese uptake transporter expressed on the apical side of polar cells required for manganese uptake into the cell. Efflux into the blood at the

basolateral membrane is likely to occur via ferroportin (FPN). Created with BioRender.com.
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HMNDYT2
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Characteristic MRI brain appearances of manganese deposition. Representative images from a 10 month old patient with HMNDYT2
(top row) compared to a healthy control subject (bottom row). (A) T1-weighted imaging, axial view: T1-weighted hyperintensity marked by a white ar-
row pointing to the globus pallidus, dashed arrow pointing to the white matter. (B) T2*-weighted imaging, axial view: Corresponding hypointensity
marked by a white arrow pointing to the globus pallidus. C T1-weighted imaging, sagittal view: White arrows pointing to dorsal pons and cerebellar

FIGURE2
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peduncles, dashed arrow pointing to T1 shortening in the anterior pituitary gland.

dopaminergic, glutamatergic, GABAergic, and cholinergic
neurons, as well as astrocytes [19, 30-37]. While some similar-
ity exists between the Parkinsonian symptoms of manganism
and Parkinson's disease, manganism has a distinct entity with
absence of dopaminergic neurodegeneration [38]. Studies in
murine models suggest that manganese impairs dopaminergic
neurotransmitter release through molecular mechanisms that
remain unidentified [39, 40].

Atypical presentations of HMNDYT1 include that of isolated
polycythaemia [41, 42], spastic paraparesis [7, 43] as well as
adult-onset parkinsonism mimicking Parkinson's disease [14].
Milder cases of HMNDYT2 with onset of movement disorder in
early adulthood have also been described [44].

SLC39A8 facilitates uptake of manganese in the small intes-
tine and reclaims manganese from the bile, thus increasing
the body's manganese load [13]. Biallelic pathogenic variants
in SLC39A8 lead to the only known manganese deficiency
syndrome (Congenital Disorder of Glycosylation 2N, OMIM
#616721) [10, 45, 46]. The developed consensus recommenda-
tions do not apply to this disorder.

Diagnosis of HMNDYT1 and 2 is usually made through
magnetic resonance imaging (MRI) of the brain due to the

characteristic appearances of manganese deposition that in-
clude hyperintensity of the basal ganglia (consistent with the
observed movement disorder), white matter, and pituitary
gland on T1-weighted imaging accompanied by hypointen-
sity on T2-weighted imaging (Figure 2) [8, 16, 47]. While T1
hyperintensity of the pituitary gland appears to be a consis-
tent feature, endocrinopathies have rarely been described
in HMNDYT1/2. Whole blood manganese levels are com-
monly hugely increased in both HMNDYT1 and 2 [48, 49].
Polycythaemia, impaired liver function tests, and iron defi-
ciency further point to a diagnosis of HMNDYT1, and the ab-
sence of these features points to HMNDYT?2 [7, 50].

SLC30A10 is located on chromosome 1 encoding two protein
coding transcripts, while SLC39A14 is located on chromosome
8 encoding 11 protein coding transcripts. To date, more than
60 patients with biallelic pathogenic variants in SLC30A10 and
33 in SLC39A14 are stated in the literature, consistent with the
autosomal recessive inheritance pattern of the two disorders.
Further, five patients with characteristic clinical phenotype but
undetermined genetical status have been reported (Table S1).

Differential diagnosis of the inherited manganese transporter
defects HMNDYT1 and 2 includes acquired causes of manganese
overload, also known as manganism. Manganese neurotoxicity
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can occur in occupational settings such as mining and welding
industries, through environmental overexposure due to contam-
inated drinking water, ephedrone abuse, end-stage liver disease
impairing biliary manganese excretion as well as overexposure
through parenteral nutrition [51-54]. Therefore, taking a thor-
ough history is essential in patients with hypermanganesaemia
to confirm the absence of excessive manganese exposure.

HMNDYT1 and 2 are progressive neurodegenerative disorders
that, when left untreated, lead to significant neurodisability
due to severe dystonia. Dysphagia and dysarthria are common.
Complications of liver disease further contribute to morbidity
and early mortality in HMNDYT1. The mainstay of treatment
for both disorders to date remains intravenous chelation therapy
with disodium calcium edetate (Na,CaEDTA) that facilitates
mobilization of manganese from the liver and brain through
urinary manganese excretion. Na,CaEDTA can reverse neuro-
logical symptoms to some degree and prevent disease progres-
sion, which can be monitored on MRI brain demonstrating a
reduction in T1-hyperintensity [16]. However, the unfavorable
pharmacokinetics of Na,CaEDTA, including the absence of
oral bioavailability and metal selectivity, make it a poor drug
for clinical application, adding to the disease burden with re-
current hospitalization and long-term venous access. The lack of
availability of Na,CaEDTA and high associated healthcare costs
deny many patients access to treatment. Alternative chelating
agents have been trialed with some reported effect [50, 55, 56].
For HMNDYT], iron supplementation can further reduce man-
ganese stores due to competitive inhibition of both metals via
shared transporters, with some patients having experienced a
particularly favorable response [57]. Although available ther-
apies are limited and burdensome, there is evidence that early
treatment can prevent disease progression. We have developed
consensus recommendations mainly based on expert opinion to
facilitate early diagnosis and management for both HMNDYT1
and 2.

2 | Materials and Methods
2.1 | Development of a Consensus Expert Opinion

A consensus expert opinion was reached using the Delphi
methodology [58, 59]. An international expert group was
formed in 2021 consisting of pediatric and adult clinicians
specialized in inborn errors of metabolism, neurology, he-
matology, genetics, and radiology to provide a representation
across relevant specialities. Thirteen individuals from nine
institutions across Europe, North America, Africa, and Asia
were identified who had relevant clinical experience in the
diagnosis or management of patients with HMNDYT. A list
of statements was compiled based on available literature and
the expertise of the group following an initial meeting in 2021,
after which a survey was distributed among 111 clinicians and
13 societies representing the specialities metabolic medicine,
neurology, hepatology, and hematology, with 31 responses
received.

The survey consisted of 40 statements in total and each state-
ment was evaluated using a 5-point Likert scale as follows:
completely agree, mostly agree, partially agree, mostly disagree,

completely disagree. Consensus was defined as at least 66%
agreement (completely agree or mostly agree) or disagreement
(mostly disagree or completely disagree). Since HMNDYT1 and
2 are ultrarare diseases with only about 100 patients identified
to date, the evidence for the recommendations is based on ob-
servational studies and expert opinions, representing low-level
quality evidence according to the GRADE system [60]. Similar
to previous consensus recommendations, the strength of rec-
ommendations was defined as “strong” when there was at least
90% agreement (> 90% of respondents agree or completely agree)
and “conditional” (<90% of respondents agree or completely
agree) [61].

Results from the initial survey were discussed in a meeting of
the expert group in 2023. Four statements were revised, and a
second survey was distributed among the 31 clinicians who re-
turned the initial survey. This was followed by a further revision
of three statements and a repeat survey in 2024. Consensus was
reached for all 40 statements that have contributed to the final
consensus expert opinion.

2.2 | Systematic Literature Review

A systematic literature search of PubMed was performed for
manuscripts published up to March 2024 (Table S1). Key search
terms included SLC30A10 OR ZNT10 OR SLC39A14 OR ZIP14
AND manganese. A total of 140 results were reviewed and 27
clinically relevant articles were identified. Four additional arti-
cles from authors known to the expert group were added, result-
ing in a total of 31 papers reviewed.

3 | Recommendations

3.1 | Definition and Epidemiology

Statement 1. HMNDYTI and HMNDYT2 are rare diseases
caused by biallelic pathogenic variants in the SLC30A10 and
SLC39A14 genes, respectively. Biallelic pathogenic variants in
these genes are associated with impaired excretion of manganese
and result in the accumulation of manganese in the brain in both
disorders, and additionally in the liver in HMNDYT]I.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 90%, mostly agree 6.7%, par-
tially agree 3.3%, mostly disagree 0%, completely disagree 4%.

High blood manganese and deposition of manganese in the
brain, particularly the basal ganglia, are characteristic fea-
tures of both HMNDYT1 and HMNDYT2 [7, 8, 14, 48-50, 56,
62-64]. In HMNDYT1, manganese also accumulates in the
liver leading to cirrhosis and end-stage liver failure (Figure 3)
[7,14, 48, 50, 56, 62, 64]. The clinical phenotypes of HMNDYT1
and HMNDYT2 are associated with pathogenic variants in
SLC30A10 and SLC39A14, respectively (Table S1) [7, 8, 14, 41,
48-50, 56, 62-65].
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HMNDYT1 - SLC30A10

Manganese neurotoxicity -
Dystonia-parkinsonism

Hepatic manganese deposition
Liver cirrhosis

Polycythaemia

Depleted iron stores

Clinical Presentation

HMNDYT2 - SLC39A14

Manganese neurotoxicity -
Dystonia-parkinsonism

=) Routine investigations
* Full blood count
« Liver biochemistry
+ Coagulation
+ Iron indices

Imaging
* Neuroimaging: brain MRI

Manganese

Diagnostic work-up

Wider investigations
* Blood/serum manganese

Genetic testing
« single gene testing / multi-gene panel /
whole exome/genome sequencing

Treatment
« Iron supplementation to aim for normal iron profile
+ Consider phlebotomy if Hct>65-70

* Chelation therapy:
consider parent/carer/patient preference as well as drug and
resource availability

First line: Na,CaEDTA
Alternative: Dimercaptosuccininic acid, Para-aminosalicylic
acid, D-penicillamine, trientine

Supportive management

* Physiotherapy

+ Occupational therapy

* Speech therapy

+ Orthopaedic management

&

Management

(Treatment) monitoring

+ 6 monthly liver function tests, full blood
count, iron parameters, renal function
tests, calcium, phosphate, copper, zinc,
thyroid function tests, urinary protein

- Blood/serum manganese

* Brain MRI with severity scoring

* DXA scan

Family screening

+ Offer family screening for first degree or
symptomatic relatives

FIGURE 3 | Investigations and management of HMNDYT1 and HMNDYT2. Created with BioRender.com.

Statement 2. HMNDYTI and HMNDYT2 are rare, panethnic Strength of recommendation: strong.
diseases with an unknown incidence.
Expert opinion: Completely agree 90%, mostly agree 10%, partially

Level of evidence: observational studies—low quality. agree 0%, mostly disagree 0%, completely disagree 0%.
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Our literature review demonstrates that HMNDYT1 and
HMNDYT2 are prevalent across all continents and multiple
ethnicities, with the highest numbers of affected individuals
originating from India, United Arab Emirates, United States of
America, and Brazil [41]. As of January 2025, a total of 98 individ-
uals have been identified, 60 affected by HMNDYT1 and 33 by
HMNDYT2. A further five patients with characteristic manga-
nese neurotoxicity remain genetically undetermined (Table S1).
One of the latter patients presents with polycythaemia and liver
disease, three with liver involvement, and one with an isolated
neurological phenotype.

3.2 | Clinical Presentation

3.21 | HMNDYT1

Statement 3. HMNDYT1I is a multisystem disorder involving the
nervous system, liver, and blood.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 94%, mostly agree 6%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

The first patient with HMNDYT1 was described in 2000 while
the disease-causing gene was only identified in 2012 [7, 14, 43].
Affected individuals consistently present with dystonic move-
ment disorders leading to a high-stepping, “cock-walk” gait with
manganese deposition evident on brain MRI, accompanied by
polycythaemia, and abnormal liver function tests [48]. The vast
majority of patients diagnosed with HMNDYT1 present with
dystonia, although one patient was asymptomatic [66]. All pa-
tients except for one presented with polycythaemia [67]. Liver
involvement includes hepatomegaly and deranged liver function
tests including hyperbilirubinaemia, elevated aspartate amino-
transferase (AST), alanine aminotransferase (ALT) and alkaline
phosphatase (ALP), and hypoalbuminaemia [48]. Liver ultra-
sound may identify hepatomegaly and increased parenchymal
echogenicity. Liver biopsy can confirm a micronodular cirrhosis
of the liver [64].

Statement 4. HMNDYT1I is characterized by signs and symp-
toms of involvement of the central nervous system, in most cases by
childhood-onset, progressive dystonia-parkinsonism. Intellectual
ability is usually preserved.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 74%, mostly agree 23%, partially
agree 3%, mostly disagree 0%, completely disagree 0%.

The most frequent neurological phenotype consists of an early-
onset, rapidly progressive dystonic and parkinsonian movement
disorder with the majority of patients manifesting before the age
of Syears [7, 14, 50, 56, 62]. For reasons that remain unknown,

manganese accumulates in distinct, subcortical brain regions,
particularly the globus pallidus, where it becomes neurotoxic
and causes dystonia and parkinsonism [7, 8, 68]. While the in-
tegrity of dopaminergic neurons within the substantia nigra
is preserved, evidenced by a normal Dopamine Transporter
SPECT scan (DaTscan) in affected patients, rodent studies sug-
gest that manganese interferes with the release of dopamine
[16, 39, 40]. Multiple molecular mechanisms have been impli-
cated in manganese neurotoxicity, including oxidative stress,
mitochondrial dysfunction, calcium dyshomeostasis, and dys-
proteostasis [1-3, 69]. However, the hierarchy of these events
remains to be elucidated.

Statement 5. Rare presentations include spastic paraparesis
and epilepsy.

Level of evidence: expert opinion—very low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 50%, mostly agree 43%, partially
agree 3.5%, mostly disagree 3.5%, completely disagree 0%.

One affected individual presented at the age of 14years with
spastic paraparesis without dystonic motor impairment [43].
Another individual presented with focal seizures without
extrapyramidal motor or hepatic impairment. Given that sei-
zures frequently occur in the pediatric population, further
studies are required to prove a link between HMNDYT1 and
epilepsy [70]. However, due to the rarity of the disorder, the
full phenotypic spectrum of neurological manifestations has
yet to be defined.

Statement 6. Polycythaemia is a hallmark of HMNDYTI and
can be the presenting feature.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 71%, mostly agree 23%, partially
agree 6%, mostly disagree 0%, completely disagree 0%.

Manganese has been suggested to induce erythropoietin gene
expression by mimicking the effect of hypoxia and is the likely
mechanism behind the development of polycythaemia [7, 15, 55].
Of those patients who had full blood counts (FBC) measured
at presentation, only one individual with genetically proven
HMNDYT1 did not have polycythaemia [67]. This individual
had other signs and symptoms of HMNDYT1 such as dystonia
and elevated serum manganese at 186 mg/L (normal 5-15mg/L);
his hemoglobin was 14.5g/dL (normal 11.5-15.5g/dL). There is
increasing evidence that polycythaemia can precede the onset of
neurological symptoms or hepatic disturbances, suggesting that
HMNDYT1 should be considered in the differential diagnosis of
polycthaemia [14, 41, 42]. For instance, one boy presented at the
age of 12months with polycythaemia and language delay [41].

Statement 7. HMNDYTI can present with liver disease.

Level of evidence: observational studies—Ilow quality.
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Strength of recommendation: strong.

Expert opinion: Completely agree 68%, mostly agree 26%, partially
agree 6%, mostly disagree 0%, completely disagree 0%.

Excess manganese deposited in the liver is hepatotoxic and leads
to hepatic dysfunction which ranges from mild steatosis to fatal
cirrhosis. Thirty-nine of 65 individuals had liver involvement
(Table S1). Two individuals with HMNDYT1 died due to compli-
cations of liver disease at the age of 18 and 46years, respectively
[14, 64]. Liver biopsy for several affected individuals showed
micro- and macronodular cirrhosis with increased manganese
tissue levels and positive Rhodanine staining [14, 64]. Hepatic
manganese deposition can further be confirmed by MRI show-
ing characteristic T1-hyperintensity.

Statement 8. Low iron status (raised total iron binding capacity,
low ferritin) is a hematological characteristic of HMNDYTI.

Level of evidence: conditional.
Strength of recommendation: observational studies—low quality.

Expert opinion: Completely agree 58%, mostly agree 29%, partially
agree 6.5%, mostly disagree 6.5%, completely disagree 0%.

Regulation of manganese and iron homeostasis is closely inter-
linked since both metals are transported via shared transporters
including the transferrin receptor, divalent metal transporter
1, and ferroportin [71]. This is corroborated by the finding that
children with iron deficiency anemia have higher blood manga-
nese levels compared to individuals with sufficient iron levels
[72]. Of HMNDYT1 patients who had iron indices measured, all
had low ferritin and raised total iron binding capacity (Table S1).
Given that iron depletion is absent in HMNDYT2, it is plausible
that the high manganese load in the liver is responsible for the
changes in iron homeostasis. In keeping, Slc30a10 knockout
mice show changes in expression levels of hepcidin, a hormone
crucial for the regulation of intestinal iron absorption [15].

Statement 9. HMNDYTI can rarely present in adult life with
prominent parkinsonism.

Level of evidence: strong.
Strength of recommendation: observational studies—low quality.

Expert opinion: Completely agree 66%, mostly agree 28%, partially
agree 3%, mostly disagree 3%, completely disagree 0%.

Quadri et al. reported two brothers born to first cousin parents who
developed adult-onset parkinsonism, hypermanganesemia, poly-
cythaemia, and chronic liver disease [14]. The first individual was
diagnosed at age 60 but had a 3-year history of progressive gait dis-
turbances and bradykinesia. He had presented at a much younger
age with thrombocytopaenia and polycythaemia in his 30's. His
younger brother presented at 59years of age with a 12-year history
of gait disturbances, with polycythaemia diagnosed 2years prior to
this. Both brothers were found to carry homozygous pathogenic
variants in the last exon of the SLC30A10 gene affecting only the
protein’'s C-terminus, probably causing the milder phenotype [14].

3.2.2 | HMNDYT2

Statement 10. HMNDYT?2 is characterized by signs and symp-
toms of involvement of the central nervous system, most fre-
quently by childhood-onset, progressive dystonia—-parkinsonism.
Intellectual ability appears to be preserved.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 73%, mostly agree 20%, partially
agree 7%, mostly disagree 0%, completely disagree 0%.

Thirty-two individuals with HMNDYT2 have been described
in the literature to date. Onset of symptoms ranged between
birth to 18years, with a mean age of onset of 1lyear and
9months old with all but two patients presenting before or at
the age of five (Table S1) [8, 49, 50, 63]. One individual who
was evaluated at age 65 reported symptom onset at age 18,
with handwriting changes along with impaired gait and bal-
ance [44].

These individuals generally presented with loss of developmen-
tal milestones, progressive dystonia, and bulbar dysfunction
in infancy or early childhood. Disease progression was char-
acterized by severe generalized dystonia, spasticity, limb con-
tractures, scoliosis, and some parkinsonian features such as
hypomimia, tremor, and bradykinesia [8]. There was cognitive
sparing compared to motor disability [8, 49, 50, 63].

Of all individuals in the literature (33 in total), eight patients
were reported to have cognitive impairment. Of those who had
documented cognitive impairment, this included intellectual
disability and learning disabilities, which may or may not affect
individuals in the same family with the same pathogenic vari-
ants in SLC39A14 [8, 49, 50, 63].

Statement 11. Clinical liver disease and polycythaemia are not
features of HMNDYT2.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 77%, mostly agree 17%, partially
agree 6%, mostly disagree 0%, completely disagree 0%.

Any literature to date has reported the absence of liver disease
and polycythaemia in patients diagnosed with HMNDYT2
(Table S1). This is likely explained by the lack of manganese
deposition in the liver [8].

3.3 | Diagnostic Investigations

Statement 12. All patients presenting with unexplained
dystonia-parkinsonism or other signs of central nervous dys-
function and suggestive brain MRI features of manganese
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deposition should have genetic testing for HMNDYT1 and
HMNDYT2.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 90%, mostly agree 10%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

Both HMNDYT1 and HMNDYT2 are autosomal recessively in-
herited disorders [7, 14]. In order to confirm the diagnosis and
allow family counseling, molecular analysis of the SLC30A10
and SLC39A14 genes is indicated using either single gene se-
quencing, multi-gene panel analysis, or whole exome/genome
sequencing.

To date, 32 pathogenic variants in SLC30A410 and 22 patho-
genic variants in SLC39A14 have been reported in the literature
(Table S1). Possible founder effects concern the c.1006C>T vari-
ant in SLC30A10 identified in at least three families in Pakistan/
India and the c.922C>T variant identified in a minimum of
three families in Brazil (from personal communication with
Prof Orlando Barsottini, Universidade Federal de Sdo Paulo,
Brazil) |7, 23, 50, 63, 73]. For SLC39A14, there appears to be one
common pathogenic variant c.313G>T [8, 63, 74, 75]. Since blood
manganese levels can fluctuate and, in rare cases, have been re-
ported normal on some occasions, brain MRI is the most reli-
able indicator of the body's manganese load (See Statement 16)
[14, 76]. Thus, if brain MRI shows manganese deposition, this
should be followed up with genetic testing independent of the
blood manganese level.

Statement 13. In all patients with unexplained polycythaemia
or liver disease, a diagnosis of HMNDYT1I should be considered
and followed up with a blood Mn level and brain MRI.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 74%, mostly agree 19%, partially
agree 7%, mostly disagree 0%, completely disagree 0%.

Particularly, two recent reports have highlighted the impor-
tance of considering HMNDYT1 in the differential diagnosis
of polycythaemia. Polycythaemia can indeed be the presenting
symptom of HMNDYT1 preceding the manifestation of neuro-
logical symptoms or hepatic impairment [41, 42].

Statement 14. Initial investigations should include measuring
a blood manganese level, FBC (hemoglobin), iron parameters
(TIBC, ferritin), liver function tests, and brain MRI.

Level of evidence: observational studies—low quality.

Strength of recommendation: strong.

Expert opinion: Completely agree 90%, mostly agree 10%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

A raised blood manganese level is a characteristic of both
HMNDYT1 and HMNDYT?2, which is accompanied by man-
ganese deposition in the brain, as demonstrated on MRI brain
shared by all patients reported in the literature (Table S1) [48, 49].
Polycythaemia, depleted iron stores, and abnormal liver function
tests allow differentiation between HMNDYT1 and HMNDYT2
since only HMNDYT1 shows non-neurological features due to
hepatic manganese deposition [7, 14]. Therefore, HMNDYT1 and
HMNDYT2 have clear biochemical markers that, together with
MRI brain, enable early diagnosis of affected individuals.

Statement 15. Manganese accumulation in the brain causes
characteristic brain MRI abnormalities. These include hyper-
intensity of the globus pallidus and striatum, dentate nucleus,
cerebral white matter, and dorsal pons with characteristic
sparing of the ventral pons on T1 weighted imaging with/with-
out hypointensity of the corresponding regions on T2 weighted
imaging.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 90%, mostly agree 10%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

Manganese is a paramagnetic metal and acts as a contrast agent
for MRI by shortening the T1-relaxation time [77]. Manganese
deposition in the brain can therefore be readily seen on T1-
weighted MR imaging (Figure 2). Although MRI changes are
significant, manganese-related MRI brain appearances have
been missed by clinicians in the past (from clinical experience
by Dr. Karin Tuschl, Great Ormond Street Hospital for Children,
London, UK); therefore, it is crucial to raise the awareness
across clinical specialties to ensure early diagnosis of patients
with HMNDYT1/2. Since MRI signal intensity of the basal gan-
glia changes with aging, involvement of a paediatric neurora-
diologist is advised to recognize subtle changes of manganese
deposition that may be interpreted as normal in the older pop-
ulation [78].

Statement 16. Brain MRI is the most reliable diagnostic tool
(for severity scoring see statement 37). Blood manganese in both
HMNDYT1 and HMNDYT2, as well as hemoglobin and liver
function tests in HMNDYTI can be normal, particularly in
adulthood.

Level of evidence: expert opinion—very low quality.
Strength of recommendation: conditional.

Expert opinion: Completely agree 60.5%, mostly agree 25%, par-
tially agree 11%, mostly disagree 3.5%, completely disagree 0%.

Several patients with HMNDYT1 have been reported to have
normal liver function tests, which is likely dependent on the he-
patic involvement due to age and disease progression (Table S1).
Occasionally, in some patients with HMNDYT1, manganese lev-
els reduced significantly over time, with two patients showing
only a minimally raised blood manganese level of 41.7nmol/L
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(reference range < 32.8) or complete normalization during adult
life [14, 76]. Since iron supplementation, for instance, can dra-
matically reduce manganese levels, dietary changes and sup-
plements will have a significant impact on manganese levels
as well as red blood cell count [57, 64]. Therefore, a normal or
mildly raised blood manganese or hemoglobin level may not
completely rule out a diagnosis of HMNDYT1 or HMNDYT2.
Brain manganese deposition, on the other hand, is thought to
take several months to reduce, even on chelation treatment [16].
Therefore, brain manganese detected by MRI is likely to more
accurately reflect the body's manganese store, suggesting it to be
a more reliable marker to assess systemic manganese overload.

Statement 17. Genetic testing is the only reliable method for car-
rier screening of family members and prenatal diagnosis.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 87%, mostly agree 13%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

Some heterozygous carrier individuals have shown mildly ele-
vated blood manganese levels, but others have shown normal
levels [7, 8, 43]. Therefore, genetic testing remains the only reli-
able investigation to prove carrier status.

Statement 18.  Genetic counseling should be offered to families of
affected individuals.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 94%, mostly agree 6%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

3.4 | Diagnostic Criteria

Statement 19. Probable diagnostic criteria are signs and symp-
toms of involvement of the central nervous system (e.g., dystonia-
parkinsonism) associated with raised blood manganese and brain
MRI abnormalities which include hyperintensity of the globus
pallidus and striatum, dentate nucleus, cerebral white matter,
and dorsal pons with characteristic sparing of the ventral pons
on T1 weighted imaging with/without hypointensity of the corre-
sponding regions on T2 weighted imaging. In addition, probable
diagnostic criteria for HMNDYTI include polycythaemia, liver
disease, and depleted iron stores.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 87%, mostly agree 10%, partially
agree 3%, mostly disagree 0%, completely disagree 0%.

The characteristic constellation of features of a neurological
phenotype associated with the pathognomonic MRI brain ap-
pearances of manganese deposition should prompt any clinician
to consider a diagnosis of HMNDYT1 or HMNDYT2 since al-
most all patients to date have followed this clinical presentation
(Table S1). For HMNDYT1, hepatic manganese accumulation
results in the additional features of polycythaemia, cirrhosis,
and iron depletion (Figure 3) [7, 14].

Statement 20. Definite diagnostic criteria are the presence of bi-
allelic pathogenic variants in the SLC30A10 and SLC39A 14 genes
consistent with the diagnosis of HMNDYT1 and HMNDYT2,
respectively.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 84%, mostly agree 13%, partially
agree 3%, mostly disagree 0%, completely disagree 0%.

3.5 | Principles of Treatment

Statement 21. All patients with HMNDYT1 should be treated
with iron supplementation aiming for a normal iron profile. This
should exclude individuals with a transferrin saturation of > 45%.
(Optimizing iron stores will reduce Mn absorption/accumulation
due to interdependence of Mn and iron homeostasis).

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 63%, mostly agree 30%, partially
agree 7%, mostly disagree 0%, completely disagree 0%.

Several case reports have demonstrated the benefit of oral iron
supplementation in reducing blood manganese levels in indi-
viduals affected with HMNDYT1, with some patients experi-
encing dramatic improvement of motor symptoms [57, 64, 73].
Optimizing iron stores is expected to reduce manganese ab-
sorption and accumulation due to the interdependence of
manganese and iron homeostasis [71]. This does not apply to
HMNDYT?2 patients; neither do they show the typical features
of iron depletion, suggesting that the hepatic manganese depo-
sition observed in HMNDYTT1 is the driver of iron dyshomeo-
stasis. Monitoring iron indices is advised in order to prevent
possible iron toxicity.

Statement 22. Consider phlebotomy if Hct > 65-70.
Level of evidence: expert opinion—very low.
Strength of recommendation: strong.

Expert opinion: Completely agree 73%, mostly agree 20%, partially
agree 7%, mostly disagree 0%, completely disagree 0%.
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To date, no thromboembolic events have been reported in
HMNDYT1 patients who can experience pronounced poly-
cythaemia with hemoglobin values exceeding 20g/dL [7, 50].
However, several patients have undergone repeat phlebotomy to
reduce the risk of thromboembolism (Table S1). While the main-
stay of treatment for polycythaemia vera, the benefit of phlebot-
omy in HMNDYT1 remains unclear, similar to the application
of phlebotomy in secondary polycythaemia [79].

Statement 23. Treatment should be decided in consideration
of parent/carer/patient preference as well as drug and resource
availability.

Level of evidence: expert opinion—very low.
Strength of recommendation: strong.

Expert opinion: Completely agree 90%, mostly agree 7%, partially
agree 0%, mostly disagree 3%, completely disagree 0%.

Chelation therapy with Na,CaEDTA follows a burdensome
treatment regimen due to intravenous administration and is
associated with high healthcare costs. Furthermore, the avail-
ability of Na,CaEDTA is limited in some countries [55, 56].
Therefore, discussions should be led with affected individuals
and their families to decide whether Na,CaEDTA therapy is in
the best interest of the patient.

Statement 24. All patients with symptomatic HMNDYTI and
HMNDYT2should be offered chelation therapy iflocally available.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 84%, mostly agree 13%, partially
agree 0%, mostly disagree 3%, completely disagree 0%.

Chelation therapy is the mainstay of treatment for metal
toxicity. Binding of a metal to the chelating agent results in
the formation of chelates which are complex ring structures
that are subsequently excreted in the urine, thereby reduc-
ing the body's metal load [80]. Chelation therapy has been
shown to effectively reduce brain manganese deposition in
both HMNDYT1 and HMNDYT2, which is accompanied by
improvement in neurological symptoms and halt of liver dis-
ease progression in HMNDYT1 [7, 8, 14, 50, 64]. Improvement
of neurological symptoms demonstrates that some aspects of
manganese neurotoxicity are reversible despite post mortem
studies showing neurodegenerative changes within the basal
ganglia, particularly the globus pallidus [76]. This is in keep-
ing with observations in animal models of HMNDYT1 and
HMNDYT2, suggesting functional deficiencies upon man-
ganese neurotoxicity such as impaired neurotransmitter re-
lease that seem to occur prior to the development of cell death
[39, 40, 81].

Statement 25. If available, patients with symptomatic
HMNDYTI1 and HMNDYT?2 should commence on intravenous
chelation therapy with Na,CaEDTA.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 87%, mostly agree 10%, partially
agree 0%, mostly disagree 3%, completely disagree 0%.

The majority of patients treated with chelation therapy to date
were commenced on Na,CaEDTA. There is significant evidence
that both HMNDYT1 and HMNDYT?2 patients have benefitted
from Na,CaEDTA therapy with significant improvement of dysto-
nia and motor symptoms (Table S1) [7, 8, 14, 50, 64, 74]. Reduction
of manganese brain deposition is evident on MRI brain [16].

Statement 26.  The treatment regimen of Na,CaEDTA should be
adjusted to clinical response and patient preference. The two com-
mon regimens used are monthly five-day courses of twice-daily
infusions or a weekly single infusion.

Level of evidence: expert opinion—very low.
Strength of recommendation: strong.

Expert opinion: Completely agree 74%, mostly agree 19.5%, par-
tially agree 6.5%, mostly disagree 0%, completely disagree 0%.

The first attempt of chelation therapy with Na,CaEDTA was in
a patient with HMNDYT1. A single, five-day course of paren-
teral Na,CaEDTA (following the treatment guidelines for lead
exposure in children by the American Academy of Pediatrics
Committee on Drugs [82]) led to a significant increase of uri-
nary manganese excretion. Subsequently, the patient received
monthly, five-day courses of Na,CaEDTA which led to the im-
provement of dystonia reflected in the normalization of gait
and improved fine motor movements [7, 16, 64]. Over 9years of
treatment with Na,CaEDTA, T1 hyperintensity on MRI brain
had much improved confirming the successful removal of
manganese [16]. In order to lessen the burden of monthly, five-
day hospital admissions, some patients were changed to once-
weekly infusions of Na,CaEDTA with a similar effect (from
personal communication with Dr. Vala Palmadottir, Landspitali
University Hospital, Iceland).

Statement 27. Per infusion, the recommended dose of
Na ,CaEDTA is 20 mg/kg/dose made up in 250 mL of 0.9% sodium
chloride and given intravenously over 1h.

Level of evidence: observational studies—Ilow quality.

Strength of recommendation: strong.

Expert opinion: Completely agree 82%, mostly agree 14%, partially
agree 4%, mostly disagree 0%, completely disagree 0%.

This dosing is based on the treatment guidelines for lead ex-
posure in children by the American Academy of Pediatrics
Committee on Drugs [82].

Statement 28. There is limited evidence for treatment with alter-
native chelation agents (to Na,CaEDTA) including Penicillamine,
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2,3 Dimercaptosuccinic acid, Para-aminosalicylic acid, and
Trientine. However, if Na,CaEDTA is unavailable or not toler-
ated, these chelators can be considered.

Level of evidence: expert opinion—uvery low quality.
Strength of recommendation: conditional.

Expert opinion: Completely agree 40.7%, mostly agree 40.7%,
partially agree 18.5%, mostly disagree 0%, completely disagree
0%.

With the lack of relevant clinical trial data available, there
is limited evidence that the above chelation agents are effi-
cient in chelating manganese ions and reducing brain man-
ganese deposition. While some case reports suggest that
D-Penicillamine can lead to improvement of neurological
symptoms to some extent, urinary excretion of manganese
in response to D-Penicillamine is minimal [55, 64, 83]. 2,3
Dimercaptosuccinic acid (DMSA) has been reported to im-
prove blood manganese levels and motor symptoms in nine
patients with HMNDYT1, particularly in those with milder
neurological phenotypes [56]. However, of note, these patients
were also given iron supplementation; hence, no conclusion
can be made regarding the effectiveness of DMSA. Para-
aminosalicylic acid (PAS) has been shown effective in treating
environmental manganese intoxication in some cases [84].
There is limited experience of the use of PAS in inherited
manganese transporter defects. A single attempt with a short
course of PAS in treating a patient with HMNDYT1 did not
lead to apparent clinical improvement (personal communi-
cation Dr. Maude Landry) [85, 86]. Studies in both neuronal
culture and rodent models suggest that PAS may have a dual
action and act both as a chelator of manganese as well as an
antioxidant [87-89]. These characteristics, together with its
ability to cross the blood-brain barrier and oral bioavailabil-
ity, make PAS a promising compound for further studies [87].
There is a single case report of a patient with HMNDYT1 pre-
senting predominantly with polycythaemia who was treated
with Trientine with subsequent normalization of hemoglo-
bin and reduction in serum manganese, accompanied by im-
proved MRI brain appearances suggesting a reduction in Mn
deposition [42].

Statement29. A therapeutic Mn restricted diet should not be pur-
sued in orally feeding patients. It may be applied in gastrostomy-
fed patients.

Level of evidence: expert opinion—very low quality.
Strength of recommendation: conditional.

Expert opinion: Completely agree 59%, mostly agree 24%, partially
agree 14%, mostly disagree 3%, completely disagree 0%.

Dietary restriction of manganese has been attempted in a pa-
tient with HMNDYT2 who received manganese-free gastros-
tomy feeds. However, no effect on blood manganese levels was
observed. This questions whether dietary manganese restric-
tion is beneficial. Manganese is ubiquitously found in the diet;

however, some foods are particularly high in manganese, in-
cluding nuts, chocolate, shellfish, fruits, cereals, and tea [90].
Therefore, an oral diet restricted in manganese is difficult to
establish.

3.6 | Disease and Treatment Monitoring

Statement 30. Chelation therapy for presymptomatic individu-
als with biallelic variants may be considered.

Level of evidence: expert opinion—very low quality.
Strength of recommendation: conditional.

Expert opinion: Completely agree 40.7%, mostly agree 40.7%,
partially agree 18.5%, mostly disagree 0%, completely dis-
agree 0%.

Similar to Wilson's disease, it seems logical that chelation
therapy in presymptomatic individuals with HMNDYT1 and
HMNDYT2 would remove neurotoxic manganese and prevent
disease onset [91]. However, due to the invasive nature and pos-
sible adverse effects of Na,CaEDTA, it remains debatable when
treatment should be initiated. This is further complicated by the
fact that milder phenotypes exist with disease manifestation
during adolescence or even adulthood [14].

Statement 31. Assessment for physiotherapy, occupational
therapy, speech therapy, and orthopedic management to prevent
contractures and maintain ambulation should be pursued as
required.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 100%, mostly agree 0%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

As with any childhood disorder causing neurodisability, appro-
priate supportive care is essential.

Statement 32. Disease monitoring should include at least
monthly assessment of liver function tests, FBC (Hb) and iron pa-
rameters during the initial presentation. Once the disease course
has stabilized, the interval can be extended to 6 monthly.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 77%, mostly agree 20%, partially
agree 3%, mostly disagree 0%, completely disagree 0%.

This is particularly relevant to HMNDYT1 that presents with
liver disease, polycythaemia, and depleted iron stores and will
allow timely intervention with e.g., phlebotomy, iron supple-
mentation, and hepatology assessment.
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Statement 33. Severity of movement disorder should be mon-
itored using a clinical rating scale with video documentation at
baseline and follow up.

Level of evidence: observational studies—low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 90%, mostly agree 10%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

Multiple clinical assessment tools have been developed to ob-
jectively measure the severity of dyskinetic movement disorders
[92]. Regular assessment will allow to determine the progres-
sion of neurological symptoms and response to therapeutic
intervention.

Statement 34. Blood/serum Mn levels can be monitored if metal-
free blood sampling tubes and appropriate diagnostic laboratories
are available.

Level of evidence: observational studies—low quality.
Strength of recommendation: conditional.

Expert opinion: Completely agree 61%, mostly agree 28%, partially
agree 11%, mostly disagree 0%, completely disagree 0%.

In order to avoid contamination from the environmental pres-
ence of metals, trace element analysis is ideally carried out in
metal-free blood sampling tubes and laboratories familiar with
metallomics workflows. This may be circumvented by the anal-
ysis of an empty blood bottle from the same batch to detect any
background contamination. However, since blood manganese
levels do not necessarily reflect tissue levels and clinical man-
agement does not change upon fluctuations in blood manganese,
pursuing regular blood manganese levels may not be required in
low-income settings without availability of appropriate metallo-
mics laboratories [64].

Statement 35. Brain MRI most reliably assesses the body's
Mn load and should be used to assess the efficacy of treatment.
Frequency of imaging depends on disease course and should be
decided on an individual basis and resource availability.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 59%, mostly agree 34%, partially
agree 7%, mostly disagree 0%, completely disagree 0%.

Due to its paramagnetic properties, brain manganese depo-
sition can readily be detected on T1l-weighted MRI [93].
Mobilization of manganese from brain tissue can therefore be
reliably monitored, showing a significant decrease in T1 hy-
perintensity after several months of chelation therapy [16, 47].

Statement 36.  Severity scoring of brain MRI changes can be per-
formed using the following qualitative scoring:

Evaluate each structure with a score from 0 to 2 depending on the
severity of T1 increase.

Maximum score 28.
0=normal, 1 =mildly increased, 2= greatly increased T1 signal.

Structures to evaluate: globus pallidus-interna and externa,
putamen, caudate, internal capsule, external capsule, thalamus,
deep white matter, subcortical white matter, midbrain, dorsal
pons, medulla, superior cerebellar peduncles, middle cerebellar
peduncles.

Level of evidence: expert opinion—very low quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 58%, mostly agree 42%, partially
agree 0%, mostly disagree 0%, completely disagree 0%.

After neuroradiology review of all brain MR imaging from
HMNDYT1 and HMNDYT?2 patients available within our cli-
nician expert group and in the literature, we propose the above
scoring scheme to quantify the extent of manganese deposition
in the brain that will allow the assessment of disease progres-
sion and efficacy of treatment.

Statement 37. Treatment monitoring of chelation therapy
should include FBC, renal function (including testing for pro-
teinuria) and electrolytes, Ca, Mg, Phosphate, Cu, and Zn (de-
pending on resource availability) before and after chelation
cycles.

Level of evidence: observational studies—Ilow quality.
Strength of recommendation: strong.

Expert opinion: Completely agree 80%, mostly agree 17%, partially
agree 3%, mostly disagree 0%, completely disagree 0%.

Chelating agents currently used in the clinic, mainly CaNa,EDTA,
are not manganese specific. Therefore, there is a risk of loss of other
essential minerals including zinc, iron, calcium, magnesium, and
phosphate [94]. CaNa,EDTA can also exert nephrotoxicity and
cause leuko- and thrombocytopenia. Therefore, monitoring of
urinary protein as well as FBC is recommended [48, 49].

Statement 38. Treatment of iron supplementation should
be monitored with iron parameters (TIBC and ferritin) every
3months to avoid iron overload.

Level of evidence: expert opinion—very low quality.

Strength of recommendation: strong.

Expert opinion: Completely agree 77%, mostly agree 20%, partially
agree 3%, mostly disagree 0%, completely disagree 0%.

Due to the benefit of iron supplementation on the body's man-
ganese load due to the interdependence of iron and manganese
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transport, iron supplementation is recommended with the view
to keep iron indices within the high normal range. However,
since limited evidence is available as to whether continuous iron
supplementation may lead to iron toxicity, we suggest regular
monitoring of iron indices.

Statement 39. A dual-energy X-ray absorptiometry (DXA) scan
to assess bone health should be performed in patients receiving
regular chelation therapy since fractures have been reported as
complications of chelation therapy.

Level of evidence: expert opinion—very low evidence.
Strength of recommendation: conditional.

Expert opinion: Completely agree 59.3%, mostly agree 25.9%,
partially agree 14.8%, mostly disagree 0%, completely dis-
agree 0%.

We are aware of a case of spinal fracture with reduced bone den-
sity in a patient with HMNDYT1 who has been on long-term
chelation therapy with CaNa,EDTA (personal communication).
Since EDTA can chelate calcium and lead to hypocalcaemia, we
recommend assessing bone health in patients undergoing con-
tinuous chelation therapy [94].

Statement 40. Thyroid function tests should be monitored an-
nually as hypothyroidism has been reported in one patient with
HMNDYT1I and rodent models of HMNDYTI.

Level of evidence: expert opinion—very low evidence.
Strength of recommendation: strong.

Expert opinion: Completely agree 60%, mostly agree 30%, partially
agree 10%, mostly disagree 0%, completely disagree 0%.

Slc30a10 knockout in mice has been shown to lead to profound
hypothyroidism likely due to impaired thyroxine production
with associated high thyroid stimulating hormone (TSH) [95].
While primary hypothyroidism has only been described in one
patient with HMNDYT], it seems indicated to monitor thyroid
function tests in patients presenting with systemic manganese
overload.

4 | Conclusions

We provide consensus expert recommendations for the diag-
nosis, treatment, and monitoring of patients affected by the
inherited manganese transporter defects HMNDYT1 and
HMNDYT?2. Since these are only recently identified, ultrarare
diseases, the awareness of HMNDYT1 and HMNDYT2 among
clinicians, particularly their characteristic MRI brain appear-
ances, is limited. With the rapid implementation of next gener-
ation sequencing in all parts of the world, it is expected that the
number of patients presenting with HMNDYT1 and HMNDYT2
will expand considerably. Given that chelation therapy and iron
supplementation can effectively halt disease progression in both
disorders, we suggest a standardized protocol for diagnosis and
clinical management. The development of novel treatments such

as genetic therapies and manganese specific chelators is likely
to improve clinical outcome for HMNDYT1 and HMNDYT2 in
the future.

The provided consensus recommendations are heavily based on
expert opinions. Therefore, continuous evaluation of these rec-
ommendations, particularly in the absence of clinical trials for
ultrarare diseases, will be essential to optimize patient care.

Author Contributions

Systematic literature review: Karin Tuschl, Sherry Fang. Development
of statements: Karin Tuschl, Sangeetha Yoganathan, Maha S. Zaki, Elin
A. Helgadottir, Vala K. Palmadottir, Maude Landry, Sidney M. Gospe,
Kshitij Mankad, Peter T. Clayton, Vincenzo Bonifati, Divyani Garg,
Suvasini Sharma. Manuscript draft: Sherry Fang, Karin Tuschl. Review
of final manuscript: Sherry Fang, Sangeetha Yoganathan, Maha S. Zaki,
Elin A. Helgadottir, Vala K. Palmadottir, Maude Landry, Sidney M.
Gospe, Kshitij Mankad, Peter T. Clayton, Vincenzo Bonifati, Divyani
Garg, Suvasini Sharma, Karin Tuschl.

Consent

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. A. C. Martins, Jr., P. Gubert, G. R. Villas Boas, et al., “Manganese-
Induced Neurodegenerative Diseases and Possible Therapeutic Ap-
proaches,” Expert Review of Neurotherapeutics 20 (2020): 1109-1121,
https://doi.org/10.1080/14737175.2020.1807330.

2. A. A. Tinkov, M. M. B. Paoliello, A. N. Mazilina, et al., “Molecular
Targets of Manganese-Induced Neurotoxicity: A Five-Year Update,”
International Journal of Molecular Sciences 22 (2021): 4646, https://doi.
0rg/10.3390/ijms22094646.

3. H. Kim, F. E. Harrison, M. Aschner, and A. B. Bowman, “Exposing
the Role of Metals in Neurological Disorders: A Focus on Manganese,”
Trends in Molecular Medicine 28 (2022): 555-568, https://doi.org/10.
1016/j.molmed.2022.04.011.

4. K. M. Erikson and M. Aschner, “Manganese: Its Role in Disease and
Health,” Metal Ions in Life Sciences 19 (2019): 253-266, https://doi.org/
10.1515/9783110527872-016.

5.S. Anagianni and K. Tuschl, “Genetic Disorders of Manganese Me-
tabolism,” Current Neurology and Neuroscience Reports 19 (2019): 33,
https://doi.org/10.1007/s11910-019-0942-y.

6.Y. Nishito, N. Tsuji, H. Fujishiro, et al., “Direct Comparison of Man-
ganese Detoxification/Efflux Proteins and Molecular Characterization
of ZnT10 Protein as a Manganese Transporter,” Journal of Biological
Chemistry 291 (2016): 14773-14787, https://doi.org/10.1074/jbc.M116.
728014.

7. K. Tuschl, P. T. Clayton, S. M. Gospe, Jr., et al., “Syndrome of Hepatic
Cirrhosis, Dystonia, Polycythemia, and Hypermanganesemia Caused
by Mutations in SLC30A10, a Manganese Transporter in Man,” Amer-
ican Journal of Human Genetics 90, no. 3 (2012): 457-466, https://doi.
org/10.1016/j.ajhg.2012.01.018.

8. K. Tuschl, E. Meyer, L. E. Valdivia, et al., “Mutations in SLC39A14
Disrupt Manganese Homeostasis and Cause Childhood-Onset
Parkinsonism-Dystonia,” Nature Communications 7 (2016): 11601,
https://doi.org/10.1038/ncomms11601.

13 0of 16

85U017 SUOWIWIOD BAITE81D) 3dedldde sy Aq peusenob ae sejoiie YO ‘8sn Jo sa|nJ oy Areiqi 8uljuO 8|1 UO (SUOTPUOD-pUe-SLLRILI0D A3 | 1m" Afe.q1[BU1|UO//SANY) SUOTIPUOD Pue SWis | 8L 88S *[G202/50/S0] Uo Akeiqiauliuo A(IM ‘ 8dso) Asupis Aq TE00. PWIZOOT OT/10p/0d- Ao |im Ateiq pul|uoy//:Sdny wolj pepeojumod ‘€ ‘5202 ‘S992E/ST


https://doi.org/10.1080/14737175.2020.1807330
https://doi.org/10.3390/ijms22094646
https://doi.org/10.3390/ijms22094646
https://doi.org/10.1016/j.molmed.2022.04.011
https://doi.org/10.1016/j.molmed.2022.04.011
https://doi.org/10.1515/9783110527872-016
https://doi.org/10.1515/9783110527872-016
https://doi.org/10.1007/s11910-019-0942-y
https://doi.org/10.1074/jbc.M116.728014
https://doi.org/10.1074/jbc.M116.728014
https://doi.org/10.1016/j.ajhg.2012.01.018
https://doi.org/10.1016/j.ajhg.2012.01.018
https://doi.org/10.1038/ncomms11601

9.J. W. W. Winslow, K. H. Limesand, and N. Zhao, “The Functions of
ZIP8, ZIP14, and ZnT10 in the Regulation of Systemic Manganese Ho-
meostasis,” International Journal of Molecular Sciences 21 (2020): 3304,
https://doi.org/10.3390/ijms21093304.

10.J. H. Park, M. Hogrebe, M. Gruneberg, et al., “SLC39A8 Deficiency:
A Disorder of Manganese Transport and Glycosylation,” American
Journal of Human Genetics 97 (2015): 894-903, https://doi.org/10.1016/j.
ajhg.2015.11.003.

11. C. J. Mercadante, M. Prajapati, H. L. Conboy, et al., “Manganese
Transporter Slc30al0 Controls Physiological Manganese Excretion
and Toxicity,” Journal of Clinical Investigation 129 (2019): 5442-5461,
https://doi.org/10.1172/ICI1129710.

12. T. B. Aydemir, T. L. Thorn, C. H. Ruggiero, M. Pompilus, M. Febo,
and R. J. Cousins, “Intestine-Specific Deletion of Metal Transporter
Zipl4 (Slc39a14) Causes Brain Manganese Overload and Locomotor De-
fects of Manganism,” American Journal of Physiology. Gastrointestinal
and Liver Physiology 318 (2020): G673-G681, https://doi.org/10.1152/
ajpgi.00301.2019.

13.S. E. Morgan, H. Schroten, H. Ishikawa, and N. Zhao, “Localiza-
tion of ZIP14 and ZIP8 in HIBCPP Cells,” Brain Sciences 10 (2020): 534,
https://doi.org/10.3390/brainscil0080534.

14. M. Quadri, A. Federico, T. Zhao, et al., “Mutations in SLC30A10
Cause Parkinsonism and Dystonia With Hypermanganesemia, Poly-
cythemia, and Chronic Liver Disease,” American Journal of Human
Genetics 90, no. 3 (2012): 467-477, https://doi.org/10.1016/j.ajhg.2012.
01.017.

15. M. Prajapati, J. Z. Zhang, L. Chiu, et al., “Hypoxia-Inducible Fac-
tor 2 Is a Key Determinant of Manganese Excess and Polycythemia in
SLC30A10 Deficiency,” JCI Insight 9 (2024): €169738, https://doi.org/10.
1172/jci.insight.169738.

16. M. Stamelou, K. Tuschl, W. K. Chong, et al., “Dystonia With Brain
Manganese Accumulation Resulting From SLC30A10 Mutations: A
New Treatable Disorder,” Movement Disorders 27 (2012): 1317-1322,
https://doi.org/10.1002/mds.25138.

17. M. Zhang, L. Zhu, H. Wang, et al., “A Novel Homozygous SLC39A14
Variant in an Infant With Hypermanganesemia and a Review of the
Literature,” Frontiers in Pediatrics 10 (2022): 949651, https://doi.org/10.
3389/fped.2022.949651.

18. D. B. Calne, N. S. Chu, C. C. Huang, C. S. Lu, and W. Olanow, “Man-
ganism and Idiopathic Parkinsonism: Similarities and Differences,”
Neurology 44 (1994): 1583-1586.

19. C. Y. Huang, C. H. Liu, E. Tsao, et al., “Chronic Manganism: A Long-
Term Follow-Up Study With a New Dopamine Terminal Biomarker of
18F-FP-(+)-DTBZ (18F-AV-133) Brain PET Scan,” Journal of the Neuro-
logical Sciences 353 (2015): 102-106, https://doi.org/10.1016/j.jns.2015.
04.018.

20. R. G. Lucchini, C.J. Martin, and B. C. Doney, “From Manganism to
Manganese-Induced Parkinsonism: A Conceptual Model Based on the
Evolution of Exposure,” Neuromolecular Medicine 11 (2009): 311-321,
https://doi.org/10.1007/s12017-009-8108-8.

21. K. Sikk, P. Taba, S. Haldre, et al., “Irreversible Motor Impairment
in Young Addicts-Ephedrone, Manganism or Both?,” Acta Neurologica
Scandinavica 115 (2007): 385-389, https://doi.org/10.1111/.1600-0404.
2007.00818.x.

22. W. C. Sue, C. Y. Chen, and C. C. Chen, “Dyskinesia From Mangan-
ism in a Hepatic Dysfunction Patient,” Zhonghua Minguo Guo Xiao Er
Ke YiXue Hui Za Zhi 37 (1996): 59-64.

23. M. A. Avelino, E. F. Fusao, J. L. Pedroso, et al., “Inherited Man-
ganism: The “Cock-Walk” Gait and Typical Neuroimaging Features,”
Journal of Neurology, Neurosurgery and Psychiatry 341 (2014): 150-152,
https://doi.org/10.1016/j.jns.2014.03.057.

24.D.S. Avila, R. L. Puntel, and M. Aschner, “Manganese in Health and
Disease,” Metal Ions in Life Sciences 13 (2013): 199-227, https://doi.org/
10.1007/978-94-007-7500-8 _7.

25.P. Chen, M. Culbreth, and M. Aschner, “Exposure, Epidemiology,
and Mechanism of the Environmental Toxicant Manganese,” Environ-
mental Science and Pollution Research International 23 (2016): 13802-
13810, https://doi.org/10.1007/s11356-016-6687-0.

26. M. Farina, D. S. Avila, J. B. da Rocha, and M. Aschner, “Metals,
Oxidative Stress and Neurodegeneration: A Focus on Iron, Manganese
and Mercury,” Neurochemistry International 62, no. 5 (2013): 575-594,
https://doi.org/10.1016/j.neuint.2012.12.006.

27.K. C. Gurol, M. Aschner, D. R. Smith, and S. Mukhopadhyay, “Role
of Excretion in Manganese Homeostasis and Neurotoxicity: A Histori-
cal Perspective,” American Journal of Physiology. Gastrointestinal and
Liver Physiology 322 (2022): G79-G92, https://doi.org/10.1152/ajpgi.
00299.2021.

28. 0. M. Jjomone, O. M. Aluko, C. O. A. Okoh, A. C. Martins, Jr., and
M. Aschner, “Role for Calcium Signaling in Manganese Neurotoxicity,”
Journal of Trace Elements in Medicine and Biology 56 (2019): 146-155,
https://doi.org/10.1016/j.jtemb.2019.08.006.

29. E. J. Martinez-Finley, C. E. Gavin, M. Aschner, and T. E. Gunter,
“Manganese Neurotoxicity and the Role of Reactive Oxygen Species,”
Free Radical Biology and Medicine 62 (2013): 65-75, https://doi.org/10.
1016/j.freeradbiomed.2013.01.032.

30. M. Sidoryk-Wegrzynowicz and M. Aschner, “Manganese Toxicity
in the CNS: The Glutamine/Glutamate-Gamma-Aminobutyric Acid
Cycle,” Journal of Internal Medicine 273 (2013): 466-477, https://doi.
org/10.1111/joim.12040.

31. M. Sidoryk-Wegrzynowicz, E. Lee, N. Mingwei, and M. Aschner,
“Disruption of Astrocytic Glutamine Turnover by Manganese Is Me-
diated by the Protein Kinase C Pathway,” Glia 59 (2011): 1732-1743,
https://doi.org/10.1002/glia.21219.

32.J.G. Anderson, S. C. Fordahl, P. T. Cooney, T. L. Weaver, C. L. Colyer,
and K. M. Erikson, “Manganese Exposure Alters Extracellular GABA,
GABA Receptor and Transporter Protein and mRNA Levels in the De-
veloping Rat Brain,” Neurotoxicology 29 (2008): 1044-1053, https://doi.
0rg/10.1016/j.neuro.2008.08.002.

33.Y. Finkelstein, D. Milatovic, and M. Aschner, “Modulation of Cho-
linergic Systems by Manganese,” Neurotoxicology 28 (2007): 1003-1014,
https://doi.org/10.1016/j.neuro.2007.08.006.

34. A. Benedetto, C. Au, D. S. Avila, D. Milatovic, and M. Aschner,
“Extracellular Dopamine Potentiates Mn-Induced Oxidative Stress,
Lifespan Reduction, and Dopaminergic Neurodegeneration in a BLI-3-
Dependent Manner in Caenorhabditis elegans,” PLoS Genetics 6, no. 8
(2010): 1001084, https://doi.org/10.1371/journal.pgen.1001084.

35.Y. Higashi, M. Asanuma, I. Miyazaki, N. Hattori, Y. Mizuno, and
N. Ogawa, “Parkin Attenuates Manganese-Induced Dopaminergic Cell
Death,” Journal of Neurochemistry 89 (2004): 1490-1497, https://doi.
0rg/10.1111/j.1471-4159.2004.02445.x.

36. K. Sriram, G. X. Lin, A. M. Jefferson, et al., “Dopaminergic Neu-
rotoxicity Following Pulmonary Exposure to Manganese-Containing
Welding Fumes,” Archives of Toxicology 84 (2010): 521-540, https://doi.
0rg/10.1007/s00204-010-0525-9.

37.Y. Lai, P. Reina-Gonzalez, G. Maor, G. W. Miller, and S. Sarkar, “Biotin
Mitigates the Development of Manganese-Induced, Parkinson's Disease-
Related Neurotoxicity in Drosophila and Human Neurons,” Science Sig-
naling 18 (2025): eadn9868, https://doi.org/10.1126/scisignal.adn9868.

38. T. R. Guilarte and K. K. Gonzales, “Manganese-Induced Parkinson-
ism Is Not Idiopathic Parkinson's Disease: Environmental and Genetic
Evidence,” Toxicological Sciences 146 (2015): 204-212, https://doi.org/
10.1093/toxsci/kfv099.

14 of 16

Journal of Inherited Metabolic Disease, 2025

85U017 SUOWIWIOD BAITE81D) 3dedldde sy Aq peusenob ae sejoiie YO ‘8sn Jo sa|nJ oy Areiqi 8uljuO 8|1 UO (SUOTPUOD-pUe-SLLRILI0D A3 | 1m" Afe.q1[BU1|UO//SANY) SUOTIPUOD Pue SWis | 8L 88S *[G202/50/S0] Uo Akeiqiauliuo A(IM ‘ 8dso) Asupis Aq TE00. PWIZOOT OT/10p/0d- Ao |im Ateiq pul|uoy//:Sdny wolj pepeojumod ‘€ ‘5202 ‘S992E/ST


https://doi.org/10.3390/ijms21093304
https://doi.org/10.1016/j.ajhg.2015.11.003
https://doi.org/10.1016/j.ajhg.2015.11.003
https://doi.org/10.1172/JCI129710
https://doi.org/10.1152/ajpgi.00301.2019
https://doi.org/10.1152/ajpgi.00301.2019
https://doi.org/10.3390/brainsci10080534
https://doi.org/10.1016/j.ajhg.2012.01.017
https://doi.org/10.1016/j.ajhg.2012.01.017
https://doi.org/10.1172/jci.insight.169738
https://doi.org/10.1172/jci.insight.169738
https://doi.org/10.1002/mds.25138
https://doi.org/10.3389/fped.2022.949651
https://doi.org/10.3389/fped.2022.949651
https://doi.org/10.1016/j.jns.2015.04.018
https://doi.org/10.1016/j.jns.2015.04.018
https://doi.org/10.1007/s12017-009-8108-8
https://doi.org/10.1111/j.1600-0404.2007.00818.x
https://doi.org/10.1111/j.1600-0404.2007.00818.x
https://doi.org/10.1016/j.jns.2014.03.057
https://doi.org/10.1007/978-94-007-7500-8_7
https://doi.org/10.1007/978-94-007-7500-8_7
https://doi.org/10.1007/s11356-016-6687-0
https://doi.org/10.1016/j.neuint.2012.12.006
https://doi.org/10.1152/ajpgi.00299.2021
https://doi.org/10.1152/ajpgi.00299.2021
https://doi.org/10.1016/j.jtemb.2019.08.006
https://doi.org/10.1016/j.freeradbiomed.2013.01.032
https://doi.org/10.1016/j.freeradbiomed.2013.01.032
https://doi.org/10.1111/joim.12040
https://doi.org/10.1111/joim.12040
https://doi.org/10.1002/glia.21219
https://doi.org/10.1016/j.neuro.2008.08.002
https://doi.org/10.1016/j.neuro.2008.08.002
https://doi.org/10.1016/j.neuro.2007.08.006
https://doi.org/10.1371/journal.pgen.1001084
https://doi.org/10.1111/j.1471-4159.2004.02445.x
https://doi.org/10.1111/j.1471-4159.2004.02445.x
https://doi.org/10.1007/s00204-010-0525-9
https://doi.org/10.1007/s00204-010-0525-9
https://doi.org/10.1126/scisignal.adn9868
https://doi.org/10.1093/toxsci/kfv099
https://doi.org/10.1093/toxsci/kfv099

39. A. N. Rodichkin, M. K. Edler, J. L. McGlothan, and T. R. Guilarte,
“Behavioral and Neurochemical Studies of Inherited Manganese-
Induced Dystonia-Parkinsonism in Slc39a14-Knockout Mice,” Neurobi-
ology of Disease 158 (2021): 105467, https://doi.org/10.1016/j.nbd.2021.
105467.

40.C. A. Taylor, S. M. Grant, T. Jursa, et al., “SLC30A10 Manganese
Transporter in the Brain Protects Against Deficits in Motor Function
and Dopaminergic Neurotransmission Under Physiological Con-
ditions,” Metallomics 15 (2023): mfad021, https://doi.org/10.1093/
mtomcs/mfad021.

41. R. Giannini, E. Agolini, G. Palumbo, et al., “Case Report: A Rare
Form of Congenital Erythrocytosis due to SLC30A10 Biallelic Variants-
Differential Diagnosis and Recommendation for Biochemical and Ge-
netic Screening,” Frontiers in Pediatrics 12 (2024): 1319885, https://doi.
org/10.3389/fped.2024.1319885.

42.T. Coppola, H. Hughes, P. Finch, et al., “Case Report: Childhood
Erythrocytosis due to Hypermanganesemia Caused by Homozygous
SLC30A10 Mutation,” Frontiers in Hematology 3 (2024): 1331485,
https://doi.org/10.3389/frhem.2024.1331485.

43.S. M. Gospe, Jr., R. D. Caruso, M. S. Clegg, et al., “Paraparesis, Hy-
permanganesaemia, and Polycythaemia: A Novel Presentation of Cir-
rhosis,” Archives of Disease in Childhood 83 (2000): 439-442.

44. M. Namnah, M. Bauer, H. Mor-Shaked, et al., “Benign SLC39A14
Course of Dystonia-Parkinsonism Secondary to Inherited Manganese
Accumulation,” Movement Disorders Clinical Practice 7 (2020): 569-
570, https://doi.org/10.1002/mdc3.12947.

45. C. L. Beaulieu, M. Galvez-Peralta, D. Redl, et al., Novel Autosomal
Recessive Syndrome Characterized by Manganese Deficiency, Cerebellar
Atrophy, Skeletal Dysplasia, and Cognitive Impairment Caused by Mu-
tation in SLC39A8 (American Society of Human Genetics Annual Con-
ference, 2012).

46. L. G. Riley, M. J. Cowley, V. Gayevskiy, et al., “A SLC39A8 Variant
Causes Manganese Deficiency, and Glycosylation and Mitochondrial
Disorders,” Journal of Inherited Metabolic Disease 40 (2017): 261-269,
https://doi.org/10.1007/510545-016-0010-6.

47. A. Cherian, L. Priya, and K. P. Divya, ““Cock-Walk” Gait and
“Horseshoe Moustache” Sign on MRI in Inherited Hypermanganese-
mia,” Neurological Sciences 43 (2022): 1441-1445, https://doi.org/10.
1007/s10072-021-05793-z.

48. K. Tuschl, P. T. Clayton, S. M. Gospe, and P. B. Mills, “Dystonia/
Parkinsonism, Hypermanganesemia, Polycythemia, and Chronic Liver
Disease,” in GeneReviews((R)), eds M. P. Adam, J. Feldman, G. M. Mir-
zaa, R. A. Pagon, S. E. Wallace, and A. Amemiya (University of Wash-
ington, 1993-2025).

49. K. Tuschl, A. Gregory, E. Meyer, et al., “SLC39A14 Deficiency,” in Ge-
neReviews((R)), eds M. P. Adam,, J. Feldman, G. M.Mirzaa, R. A. Pagon,
S. E. Wallace, and A. Amemiya. (University of Washington, 1993-2025).

50. D. Garg, S. Yoganathan, U. Shamim, et al., “Clinical Profile and
Treatment Outcomes of Hypermanganesemia With Dystonia 1 and 2
Among 27 Indian Children,” Movement Disorders Clinical Practice 9
(2022): 886-899, https://doi.org/10.1002/mdc3.13516.

51. D. R. Mattison, F. Momoli, C. Alyanak, et al., “Diagnosis of Manga-
nism and Manganese Neurotoxicity: A Workshop Report,” Medicine 4,
no. 2 (2024): 11, https://doi.org/10.3892/mi.2024.135.

52.Y. Sanotsky, M. Selikhova, L. Fedoryshyn, et al., “Neuropatholog-
ical Findings in Ephedrone Encephalopathy,” Movement Disorders 35
(2020): 1858-1863, https://doi.org/10.1002/mds.28125.

53. M. J. Malaquias, C. M. Pinto, C. Ramos, et al., “Acquired Hepato-
cerebral Degeneration and Hepatic Encephalopathy: One or Two Enti-
ties?,” European Journal of Neurology 27 (2020): 2396-2404, https://doi.
org/10.1111/ene.14486.

54. A. C. Martins, S. Ruella Oliveira, F. Barbosa, et al., “Evaluating the
Risk of Manganese-Induced Neurotoxicity of Parenteral Nutrition: Re-
view of the Current Literature,” Expert Opinion on Drug Metabolism &
Toxicology 1-13 (2021): 581-593, https://doi.org/10.1080/17425255.2021.
1894123.

55. K. Mukhtiar, S. Ibrahim, K. Tuschl, and P. Mills, “Hypermanganese-
mia With Dystonia, Polycythemia and Cirrhosis (HMDPC) due to Muta-
tion in the SLC30A10 Gene,” Brain & Development 38 (2016): 862-865,
https://doi.org/10.1016/j.braindev.2016.04.005.

56. M.S.Zaki, M. Y. Issa, H. M. Elbendary, et al., “Hypermanganesemia
With Dystonia, Polycythemia and Cirrhosis in 10 Patients: Six Novel
SLC30A10 Mutations and Further Phenotype Delineation,” Clinical Ge-
netics 93 (2018): 905-912, https://doi.org/10.1111/cge.13184.

57.Z. Yapici, K. Tuschl, and M. Eraksoy, “Hypermanganesemia With
Dystonia 1: A Novel Mutation and Response to Iron Supplementation,”
Movement Disorders Clinical Practice 7 (2020): 94-96, https://doi.org/
10.1002/mdc3.12861.

58. P. Nasa, R. Jain, and D. Juneja, “Delphi Methodology in Healthcare
Research: How to Decide Its Appropriateness,” World Journal of Meth-
odology 11 (2021): 116-129, https://doi.org/10.5662/wjm.v11.i4.116.

59.J. Zschocke, M. R. Baumgartner, E. Morava, M. C. Patterson, V. Pe-
ters, and S. Rahman, “Recommendations and Guidelines in the JIMD:
Suggested Procedures and Avoidance of Conflicts of Interest,” Journal
of Inherited Metabolic Disease 39 (2016): 327-329, https://doi.org/10.
1007/s10545-016-9931-3.

60. G. H. Guyatt, A. D. Oxman, G. E. Vist, et al., “GRADE: An Emerging
Consensus on Rating Quality of Evidence and Strength of Recommen-
dations,” BMJ 336 (2008): 924-926, https://doi.org/10.1136/bm;j.39489.
470347.AD.

61. C. R. Coughlin, 2nd, L. A. Tseng, J. E. Abdenur, et al., “Consensus
Guidelines for the Diagnosis and Management of Pyridoxine-Dependent
Epilepsy due to a-Aminoadipic Semialdehyde Dehydrogenase Defi-
ciency,” Journal of Inherited Metabolic Disease 44, no. 1 (2021): 178-192,
https://doi.org/10.1002/jimd.12332.

62. M. Quadri, M. Kamate, S. Sharma, et al., “Manganese Transport
Disorder: Novel SLC30A10 Mutations and Early Phenotypes,” Move-
ment Disorders 30, no. 7 (2015): 996-1001, https://doi.org/10.1002/mds.
26202.

63. S. N. Tabatabaee, S. Effat Nejad, A. Nikkhah, et al., “Familial Hyper-
manganesemia in Iran,” Movement Disorders Clinical Practice 10, no. 5
(2023): 850-853, https://doi.org/10.1002/mdc3.13723.

64. K. Tuschl, P. B. Mills, H. Parsons, et al., “Hepatic Cirrhosis, Dys-
tonia, Polycythaemia and Hypermanganesaemia—A New Metabolic
Disorder,” Journal of Inherited Metabolic Disease 31 (2008): 151-163,
https://doi.org/10.1007/s10545-008-0813-1.

65.S. Bhanudeep and B. B. Koneti, “SLC39A14 Deficiency: A Rare
Cause of Treatable Infantile Neuroregression,” Annals of Indian Acad-
emy of Neurology 27 (2024): 752-753, https://doi.org/10.4103/aian.aian_
571_24.

66. S. Gulab, H. R. Kayyali, and Y. Al-Said, “Atypical Neurologic Pheno-
type and Novel SLC30A10 Mutation in Two Brothers With Hereditary
Hypermanganesemia,” Neuropediatrics 49 (2018): 72-75, https://doi.
org/10.1055/5-0037-1608778.

67. H. Padmanabha, S. Krishnamurthy, G. G. Sharath Kumar, I. Chik-
kanayakana, A. Sethuraman, and T. Mathew, “Teaching NeuroIm-
ages: An Imaging Clue for Treatable Early Childhood-Onset Dystonia:
Manganism,” Neurology 92 (2019): e628-e629, https://doi.org/10.1212/
WNL.0000000000006881.

68. N. S. Alici, T. Nadir Ozis, G. Celiker, and T. Birlik Akturk, “Welder's
Lung and Brain MRI Findings in Manganese-Exposed Welders,” La Me-
dicina del Lavoro 113 (2022): €2022049.

150f 16

85U017 SUOWIWIOD BAITE81D) 3dedldde sy Aq peusenob ae sejoiie YO ‘8sn Jo sa|nJ oy Areiqi 8uljuO 8|1 UO (SUOTPUOD-pUe-SLLRILI0D A3 | 1m" Afe.q1[BU1|UO//SANY) SUOTIPUOD Pue SWis | 8L 88S *[G202/50/S0] Uo Akeiqiauliuo A(IM ‘ 8dso) Asupis Aq TE00. PWIZOOT OT/10p/0d- Ao |im Ateiq pul|uoy//:Sdny wolj pepeojumod ‘€ ‘5202 ‘S992E/ST


https://doi.org/10.1016/j.nbd.2021.105467
https://doi.org/10.1016/j.nbd.2021.105467
https://doi.org/10.1093/mtomcs/mfad021
https://doi.org/10.1093/mtomcs/mfad021
https://doi.org/10.3389/fped.2024.1319885
https://doi.org/10.3389/fped.2024.1319885
https://doi.org/10.3389/frhem.2024.1331485
https://doi.org/10.1002/mdc3.12947
https://doi.org/10.1007/s10545-016-0010-6
https://doi.org/10.1007/s10072-021-05793-z
https://doi.org/10.1007/s10072-021-05793-z
https://doi.org/10.1002/mdc3.13516
https://doi.org/10.3892/mi.2024.135
https://doi.org/10.1002/mds.28125
https://doi.org/10.1111/ene.14486
https://doi.org/10.1111/ene.14486
https://doi.org/10.1080/17425255.2021.1894123
https://doi.org/10.1080/17425255.2021.1894123
https://doi.org/10.1016/j.braindev.2016.04.005
https://doi.org/10.1111/cge.13184
https://doi.org/10.1002/mdc3.12861
https://doi.org/10.1002/mdc3.12861
https://doi.org/10.5662/wjm.v11.i4.116
https://doi.org/10.1007/s10545-016-9931-3
https://doi.org/10.1007/s10545-016-9931-3
https://doi.org/10.1136/bmj.39489.470347.AD
https://doi.org/10.1136/bmj.39489.470347.AD
https://doi.org/10.1002/jimd.12332
https://doi.org/10.1002/mds.26202
https://doi.org/10.1002/mds.26202
https://doi.org/10.1002/mdc3.13723
https://doi.org/10.1007/s10545-008-0813-1
https://doi.org/10.4103/aian.aian_571_24
https://doi.org/10.4103/aian.aian_571_24
https://doi.org/10.1055/s-0037-1608778
https://doi.org/10.1055/s-0037-1608778
https://doi.org/10.1212/WNL.0000000000006881
https://doi.org/10.1212/WNL.0000000000006881

69. X. W. Zheng, Y. Y. Fang, J. J. Lin, et al., “Signal Transduction As-
sociated With Mn-Induced Neurological Dysfunction,” Biological Trace
Element Research 202 (2024): 4158-4169, https://doi.org/10.1007/51201
1-023-03999-0.

70. S. Jagadish, L. Howard, and S. Thati Ganganna, “Atypical Presenta-
tion of SLC30A10 Gene Mutation With Hypermanganesemia, Seizures
and Polycythemia,” Epilepsy & Behavior Reports 16 (2021): 100505,
https://doi.org/10.1016/j.ebr.2021.100505.

71. V. A. Fitsanakis, N. Zhang, S. Garcia, and M. Aschner, “Manganese
(Mn) and Iron (Fe): Interdependency of Transport and Regulation,”
Neurotoxicology and Research 18 (2010): 124-131, https://doi.org/10.
1007/s12640-009-9130-1.

72.8S. Park, E. Mupere, T. C. Lund, et al., “Blood Levels of Environmen-
tal Heavy Metals Are Associated With Poorer Iron Status in Ugandan
Children: A Cross-Sectional Study,” Journal of Nutrition 153 (2023):
3023-3031, https://doi.org/10.1016/j.tjnut.2023.08.014.

73. R. T. Ribeiro, D. Dos Santos-Neto, P. Braga-Neto, and O. G. Barsot-
tini, “Inherited Manganism,” Clinical Neurology and Neurosurgery 115,
no. 8 (2013): 1536-1538, https://doi.org/10.1016/j.clineuro.2012.12.032.

74. K. A. Alhasan, W. Alshuaibi, M. H. Hamad, et al., “Hypermangane-
semia With Dystonia Type 2: A Potentially Treatable Neurodegenerative
Disorder: A Case Series in a Tertiary University Hospital,” Children 9
(2022): 1335, https://doi.org/10.3390/children9091335.

75.S. Anazi, S. Maddirevula, V. Salpietro, et al., “Expanding the Genetic
Heterogeneity of Intellectual Disability,” Human Genetics 136 (2017):
1419-1429, https://doi.org/10.1007/s00439-017-1843-2.

76. M. Lechpammer, M. S. Clegg, Z. Muzar, P. A. Huebner, L. W. Jin,
and S. M. Gospe, Jr., “Pathology of Inherited Manganese Transporter
Deficiency,” Annals of Neurology 75 (2014): 608-612, https://doi.org/10.
1002/ana.24131.

77. P.Jynge, A. M. Skjold, U. Falkmer, et al., “MnDPDP: Contrast Agent
for Imaging and Protection of Viable Tissue,” Contrast Media & Mo-
lecular Imaging 2020 (2020): 3262835, https://doi.org/10.1155/2020/
3262835.

78. A. C. van der Es, J. Grond, A. J. de Craen, F. Admiraal-Behloul, G.
J. Blauw, and M. A. van Buchem, “Caudate Nucleus Hypointensity in
the Elderly Is Associated With Markers of Neurodegeneration on MRI,”
Neurobiology of Aging 29 (2008): 1839-1846, https://doi.org/10.1016/j.
neurobiolaging.2007.05.008.

79.V. R. Bhatt, “Secondary Polycythemia and the Risk of Venous
Thromboembolism,” Journal of Clinical Medical Research 6 (2014): 395-
397, https://doi.org/10.14740/jocmr1916w.

80. S. J. Flora and V. Pachauri, “Chelation in Metal Intoxication,” Inter-
national Journal of Environmental Research and Public Health 7 (2010):
2745-2788, https://doi.org/10.3390/ijerph7072745.

81. K. Tuschl, R. J. White, C. Trivedi, et al., “Loss of slc39a14 Causes Si-
multaneous Manganese Hypersensitivity and Deficiency in Zebrafish,”
Disease Models & Mechanisms 15 (2022): dmm044594, https://doi.org/
10.1242/dmm.044594.

82. American Academy of Pediatrics Committee on Drugs, “Treat-
ment Guidelines for Lead Exposure in Children,” Pediatrics 96 (1995):
155-160.

83. L. H. Rodan, M. Hauptman, A. M. D'Gama, et al., “Novel Founder
Intronic Variant in SLC39A14 in Two Families Causing Manganism
and Potential Treatment Strategies,” Molecular Genetics and Metabo-
lism 124 (2018): 161-167, https://doi.org/10.1016/j.ymgme.2018.04.002.

84.S. Q. Ky, H. S. Deng, P. Y. Xie, and W. Hu, “A Report of Two Cases
of Chronic Serious Manganese Poisoning Treated With Sodium Para-
Aminosalicylic Acid,” British Journal of Industrial Medicine 49 (1992):
66-69, https://doi.org/10.1136/0em.49.1.66.

85. P. Brna, K. Gordon, J. M. Dooley, and V. Price, “Manganese Toxicity
in a Child With Iron Deficiency and Polycythemia,” Journal of Child

Neurology 26 (2011): 891-894, https://doi.org/10.1177/0883073810
393962.

86.Y. M. Jiang, X. A. Mo, F. Q. Du, et al., “Effective Treatment of
Manganese-Induced Occupational Parkinsonism With p-Aminosalicylic
Acid: A Case of 17-Year Follow-Up Study,” Journal of Occupational and
Environmental Medicine 48 (2006): 644-649, https://doi.org/10.1097/01.
jom.0000204114.01893.3e [doi];00043764-200606000-00013 [pii].

87.Y. H. Xie, H. X. Song, J. C. Peng, et al., “Treatment of Manganese and
Lead Poisoning With Sodium Para-Aminosalicylic Acid: A Contempo-
rary Update,” Toxicology Letters 398 (2024): 69-81, https://doi.org/10.
1016/j.toxlet.2024.06.009.

88.Y. Deng, D. Peng, C. Yang, et al., “Preventive Treatment With So-
dium Para-Aminosalicylic Acid Inhibits Manganese-Induced Apoptosis
and Inflammation via the MAPK Pathway in Rat Thalamus,” Drug and
Chemical Toxicology 46 (2023): 59-68, https://doi.org/10.1080/01480
545.2021.2008127.

89. W. Zheng, Y. M. Jiang, Y. Zhang, W. Jiang, X. Wang, and D. M.
Cowan, “Chelation Therapy of Manganese Intoxication With Para-
Aminosalicylic Acid (PAS) in Sprague-Dawley Rats,” Neurotoxicology
30 (2009): 240-248, https://doi.org/10.1016/j.neuro.2008.12.007.

90. M. Kippler and A. Oskarsson, “Manganese—A Scoping Review for
Nordic Nutrition Recommendations 2023,” Food & Nutrition Research
68 (2024): 10367, https://doi.org/10.29219/fnr.v68.10367.

91. S. Shribman, T. Marjot, A. Sharif, et al., “Investigation and Manage-
ment of Wilson's Disease: A Practical Guide From the British Associa-
tion for the Study of the Liver,” Lancet Gastroenterology & Hepatology 7
(2022): 560-575, https://doi.org/10.1016/S2468-1253(22)00004-8.

92. K. Stewart, A. Harvey, and L. M. Johnston, “A Systematic Review of
Scales to Measure Dystonia and Choreoathetosis in Children With Dys-
kinetic Cerebral Palsy,” Developmental Medicine and Child Neurology
59 (2017): 786-795, https://doi.org/10.1111/dmcn.13452.

93. B. Drahog, I. Lukes, and E. T6th, “Manganese(II) Complexes as Po-
tential Contrast Agents for MR1,” European Journal of Inorganic Chem-
istry 2012 (2012): 1975-1986, https://doi.org/10.1002/ejic.201101336.

94. G. Bjorklund, J. Mutter, and J. Aaseth, “Metal Chelators and Neuro-
toxicity: Lead, Mercury, and Arsenic,” Archives of Toxicology 91 (2017):
3787-3797, https://doi.org/10.1007/s00204-017-2100-0.

95. S. Hutchens, C. Liu, T. Jursa, et al., “Deficiency in the Manganese Ef-
flux Transporter SLC30A10 Induces Severe Hypothyroidism in Mice,”
Journal of Biological Chemistry 292 (2017): 9760-9773, https://doi.org/
10.1074/jbc.M117.783605.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

16 of 16

Journal of Inherited Metabolic Disease, 2025

85U017 SUOWIWIOD BAITE81D) 3dedldde sy Aq peusenob ae sejoiie YO ‘8sn Jo sa|nJ oy Areiqi 8uljuO 8|1 UO (SUOTPUOD-pUe-SLLRILI0D A3 | 1m" Afe.q1[BU1|UO//SANY) SUOTIPUOD Pue SWis | 8L 88S *[G202/50/S0] Uo Akeiqiauliuo A(IM ‘ 8dso) Asupis Aq TE00. PWIZOOT OT/10p/0d- Ao |im Ateiq pul|uoy//:Sdny wolj pepeojumod ‘€ ‘5202 ‘S992E/ST


https://doi.org/10.1007/s12011-023-03999-0
https://doi.org/10.1007/s12011-023-03999-0
https://doi.org/10.1016/j.ebr.2021.100505
https://doi.org/10.1007/s12640-009-9130-1
https://doi.org/10.1007/s12640-009-9130-1
https://doi.org/10.1016/j.tjnut.2023.08.014
https://doi.org/10.1016/j.clineuro.2012.12.032
https://doi.org/10.3390/children9091335
https://doi.org/10.1007/s00439-017-1843-2
https://doi.org/10.1002/ana.24131
https://doi.org/10.1002/ana.24131
https://doi.org/10.1155/2020/3262835
https://doi.org/10.1155/2020/3262835
https://doi.org/10.1016/j.neurobiolaging.2007.05.008
https://doi.org/10.1016/j.neurobiolaging.2007.05.008
https://doi.org/10.14740/jocmr1916w
https://doi.org/10.3390/ijerph7072745
https://doi.org/10.1242/dmm.044594
https://doi.org/10.1242/dmm.044594
https://doi.org/10.1016/j.ymgme.2018.04.002
https://doi.org/10.1136/oem.49.1.66
https://doi.org/10.1177/0883073810393962
https://doi.org/10.1177/0883073810393962
https://doi.org/10.1097/01.jom.0000204114.01893.3e
https://doi.org/10.1097/01.jom.0000204114.01893.3e
https://doi.org/10.1016/j.toxlet.2024.06.009
https://doi.org/10.1016/j.toxlet.2024.06.009
https://doi.org/10.1080/01480545.2021.2008127
https://doi.org/10.1080/01480545.2021.2008127
https://doi.org/10.1016/j.neuro.2008.12.007
https://doi.org/10.29219/fnr.v68.10367
https://doi.org/10.1016/S2468-1253(22)00004-8
https://doi.org/10.1111/dmcn.13452
https://doi.org/10.1002/ejic.201101336
https://doi.org/10.1007/s00204-017-2100-0
https://doi.org/10.1074/jbc.M117.783605
https://doi.org/10.1074/jbc.M117.783605

	Consensus of Expert Opinion for the Diagnosis and Management of Hypermanganesaemia With Dystonia 1 and 2
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Development of a Consensus Expert Opinion
	2.2   |   Systematic Literature Review

	3   |   Recommendations
	3.1   |   Definition and Epidemiology
	3.2   |   Clinical Presentation
	3.2.1   |   HMNDYT1
	3.2.2   |   HMNDYT2

	3.3   |   Diagnostic Investigations
	3.4   |   Diagnostic Criteria
	3.5   |   Principles of Treatment
	3.6   |   Disease and Treatment Monitoring

	4   |   Conclusions
	Author Contributions
	Consent
	Conflicts of Interest
	References


