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ABSTRACT: Background: Patients with mutations in
the monocarboxylate transporter 8 (MCT8, SLC16A2) suffer
from X-linked recessive Allan-Herndon-Dudley syndrome
(AHDS), which is characterized by developmental delay and
a severe movement disorder. Current trials using thyroid
hormone derivatives to overcome the transporter defect
have failed to achieve patient-oriented therapeutic goals.
Objectives: Our aim was to define the type of movement
disorder in AHDS in an observational cohort study and to
investigate the causative role of the dopaminergic system.
Methods: We present longitudinal clinical data from the
DEEPTYPE registry of 11 patients with video documenta-
tion, standardized phenotyping, cerebrospinal fluid (CSF)
analysis, neuroimaging data, and the treatment response
to levodopa/carbidopa supplementation.
Results: Children presented with signs of childhood par-
kinsonism, including hypokinesia, hypomimia, inability to

sit or stand, rigidity, dystonia, and autonomic dysfunc-
tion. CSF homovanillic acid concentrations were
decreased (n = 12), suggesting an isolated dopamine
pathway impairment. Seven out of 8 patients responded
favorably to L-dopa/carbidopa supplementation and we
did not observe any adverse drug reactions.
Conclusions: AHDS is associated with childhood parkin-
sonism, which is linked with biochemical abnormalities of
dopamine metabolism. It can be treated with L-dopa/car-
bidopa supplementation. However, further research is
needed to elucidate the exact effect of MCT8 deficiency on
dopamine metabolism. © 2025 The Author(s). Movement
Disorders published by Wiley Periodicals LLC on behalf of
International Parkinson andMovement Disorder Society.
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Allan-Herndon-Dudley syndrome (AHDS) is an
X-linked recessively inherited disability syndrome, first
described in 1944.1 Additional symptoms such as “dysar-
thria”, “athetosis”, “extrapyramidal symptoms”, “muscular
hypotonia”, and “severe motor developmental delay” were
described as clinical features of the disease. In 2004,
researchers discovered mutations in the SLC16A2 gene on
the X chromosome as the cause of AHDS. This gene
encodes the thyroid hormone transporter monocarboxylate
transporter 8 (MCT8).2,3 As MCT8 deficiency does not
affect thyroid hormone synthesis, patients have normal to
elevated triiodothyronine (T3), and thyroid-stimulating
hormone (TSH), as well as normal to decreased thyroxine
(T4) serum concentrations (Fig. 1).4 Due to the transporter
defect, thyroid hormone is unable to reach its intracellular
targets in the brain5 leading to a state of local (central)
hypothyroidism.6

The symptom severity of AHDS patients varies from
severe phenotypes functionally similar to children with
dyskinetic cerebral palsy (with Gross Motor Function
Classification System Grade V, GMFCS V) to milder
phenotypes with varying developmental delays. Patients
can be diagnosed by routine diagnostic exome sequenc-
ing and analysis of the fT3/fT4 ratio (http://www.
thyroid-hormone-ratio.org).4

Only recently, the neurological symptoms, especially
the associated movement disorder, have received more
attention,7-9 which constitutes the main disease burden
for patients and their caregivers.10 Therapeutic
approaches comprise the supplementation of patients
with thyroid hormone analogues such as tiratricol
(Triac) and diiodothyropropionic acid (DITPA), which
can bypass the transport by MCT8 in vitro,11,12 but
did not substantially improve clinical outcomes in
patients. While reducing elevated peripheral T3 concen-
trations, the study drugs failed to achieve patient-
oriented therapeutic goals such as improvement in
gross, fine motor, and verbal skills, and a reduction in
“muscle cramps/stiffness.”10

As most of the neurological symptoms relate to the
movement disorder, therapies such as L-dopa/carbidopa
supplementation could be an alternative strategy, until
suitable gene therapy becomes available.13,14 Here we pre-
sent a retrospective longitudinal study of a larger group
of patients with this ultra-rare disease, documented by
videos and motor symptom scoring. In addition, we mea-
sured cerebrospinal fluid (CSF) concentrations of neuro-
transmitters in n = 12 patients and followed n = 6
patients with regular clinical scoring before and after
treatment with L-dopa/carbidopa for up to 12 months.
We demonstrate that parkinsonism as part of AHDS is
treatable.

Patients and Methods
Patient Enrollment and Follow-Up

Patients and their families were recruited into the
DEEPTYPE registry study (https://clinicaltrials.gov/
study/NCT06566066) for patients with thyroid hor-
mone resistance between July 2021 and July 2024 from
different centers in Germany. All patients carried a
hemizygous mutation in SLC16A2. Patients’ caregivers
provided written informed consent according to the
Declaration of Helsinki for participation in the study
and for publication of results and patient images. The
deep phenotyping study was observational only and did
not influence treatment decisions. Data were collected
in a REDCap registry. Ethical approval for the study
was granted by the Institutional Review Board of
Charité (EA2/026/20).
During regular visits of our patients, we recorded

videos according to the protocol of the Dyskinesia
Impairment Scale15 and phenotyped the patients at regu-
lar intervals applying the following scales: Burke-
Fahn-Marsden Dystonia Rating Scale (BFMDRS),16

Infantile Parkinsonism-Dystonia Rating Scale (IPDRS),17

(Data S1), Bayley Scales of Infant and Toddler Develop-
ment III (BSID-III),18 Cerebral Palsy Child Health Index
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of Life with Disabilities,19 which are relevant for the
evaluation of disease progression and treatment
response. Patients were evaluated by a multidisciplinary
team of pediatric neurologists, psychologists, physical,
occupational, and speech therapists. The BFMDRS was
modified by excluding items assessing swallowing func-
tion because of its inability to differentiate dysphagia of
different etiologies, as described elsewhere.7 The pres-
ence of dystonia and parkinsonism required a lumbar
puncture to test for dopamine deficiency. CSF was flash
frozen in liquid nitrogen and analyzed for biogenic
amine, 5-methyltetrahydrofolate (5-MTHF), and pterin
concentrations with minor modifications as described.20

Six patients received L-dopa/carbidopa 4:1 suspension
orally or via gastric tube. Medication was started at
1.00/0.25 mg/kg/day in four doses per day under inpa-
tient supervision for at least 4 days. Subsequently, the
dose was increased by 1.00/0.25 mg/kg/day per week
depending on the clinical response up to a maximum
dose of 10.0/2.5 mg/kg/day in all children.

Neuroimaging
Neuroimaging data were also collected retrospec-

tively, the details of which are listed in Data S2. Briefly,
for volumetric neuroimaging, MRI images were

segmented according to the Desikan-Killiany Atlas21

using Freesurfer version 6.0.22 18F-DOPA positron
emission tomography (PET) data were recorded from
patients 8 and 10 and compared to normal values.23

Statistical Analysis
Statistical differences and significance levels between

groups were determined using GraphPad Prism 10 (Gra-
phPad Software) with various statistical tests indicated in
the respective figure legends. A P-value of <0.05was consid-
ered statistically significant. Results are presented as scatter
plots, with bars representing the mean and standard devia-
tion (SD). For natural history data, we attempted to contact
the corresponding authors of each study or digitized data
frompublished figures using ImageJ.

Results
Patients Present with Signs of Parkinsonism in

Childhood
We collected retrospective data from n = 11 male

patients with AHDS (age range: 1.0–25.5 years, mean:
7.3 years) (Table 1). All had fT3/fT4 ratios above the 97th
percentile4 and carried pathogenic SLC16A2 mutations,

FIG. 1. Schematic and phenotypic representation of MCT8 deficiency. (A, B) In MCT8 deficiency, thyroid hormones are released from the thyroid gland
into the bloodstream with increased triiodothyronine (T3) and normal to decreased thyroxine (T4) concentrations. However, due to inactivating muta-
tions of the SLC16A2 gene, which encodes the thyroid hormone transporter MCT8 (depicted in blue), T3 and T4 cannot be transported across blood-
organ barriers that depend on MCT8, such as the (C) neurovascular unit (endothelial cells, red; pericytes, orange; astrocytes, purple; neurons, green).
The brain is subsequently hypothyroid in the prenatal and in the postnatal phases. In other organs that express alternative thyroid hormone trans-
porters, increased T3 concentrations can reach their intracellular thyroid hormone receptors and lead to hyperthyroid states, such as tachycardia. TRH,
thyrotropin releasing hormone; TSH, thyroid stimulating hormone. The figure was created with BioRender.com. [Color figure can be viewed at
wileyonlinelibrary.com]
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inherited from an unaffected mother in 63% (5 of 8) or
arising de novo in 37% (3 of 8) of the patients.
Consistent with published phenotypic data,7,24 the

AHDS phenotype varied in severity, with most patients
(82%, 9 of 11) presenting with severe global develop-
mental delay and movement disorder, functionally simi-
lar to dyskinetic cerebral palsy with GMFCS
V. According to the classification of Leuzzi and
colleagues,25 these severely affected patients showed
signs and symptoms of parkinsonism in childhood with
infantile onset. In all cases, head control did not
develop during the first months of life. Further symp-
toms comprised hypokinesia (hypomimia, reduced
spontaneous and voluntary movements), bradykinesia,
rigidity (independent of a task or posture), dystonia,
severe axial hypotonia (head lag and trunk hypotonia),
autonomic dysfunction (excessive diaphoresis,
obstipation, audible obstructive breathing, sleep distur-
bance), and motor developmental delay (Video 1; for a
detailed list see Table 1). Whereas the hypokinesia,
hypotonia, autonomic dysfunction, and developmental
delay were present just after birth, we observed the
rigidity and dystonia to be increasing with age. Parents
did not observe diurnal fluctuations. On glabellar reflex
testing, the patients were unable to resist blinking (posi-
tive Myerson’s sign), and their startle response was
strikingly pronounced. Oculogyric crises were neither
described by the parents nor observed during clinical
examination.
A 2.1-year-old patient (patient 3) was classified as

moderately affected with global developmental delay
(head control at 10 months, free sitting at 12 months,
pulling to a standing position at 18 months, and walk-
ing along objects at 24 months), suspected intellectual
disability and functionally disabling dystonia and hyp-
okinesia (GMFCS II). Another 7.4-year-old patient
(patient 9) was classified as mildly affected with mild
intellectual disability and infrequent action-specific dys-
tonia of the limbs (GMFCS I) (videos of the last two
cases are available at reference [4]).

Altered Biogenic Amine Concentrations
Indicate an Isolated Dopamine Pathway

Impairment
Biogenic amines, 5-MTHF, and pterins were measured

in n = 12 CSF samples from n = 11 patients (Fig. 2).
Patient 10 underwent lumbar puncture at age 3 during the
initial clinical evaluation and later at age 13.7 years
because of suspected parkinsonism in childhood. Although
5-MTHF and pterin levels were normal, biogenic amine
analyses revealed significantly lower CSF homovanillic
acid (HVA) concentrations in AHDS patients with a mean
difference of �191.8 nmol/L compared to normal age-
matched controls (P < 0.001) (Fig. 2A). However, CSF
HVA concentrations were reduced to an average of 67%

of normal HVA concentrations, not as markedly reduced
as would be expected for a primary dopamine synthesis
deficiency as seen in tyrosine hydroxylase deficiency.26

The 5-hydroxyindoleacetic acid (5-HIAA) concentrations
were normal (Fig. 2B), and consequently the HVA/5-
HIAA ratio was significantly reduced in the CSF of
AHDS patients with a median difference of �0.9
(P < 0.001) (Fig. 2C). We did not find any changes in
3-O-methyldopa, L-dopa, or 5-hydroxytryptophan con-
centrations. In conclusion, the constellation of biogenic
amine alterations in the CSF of AHDS patients strongly
suggests an isolated impairment of the dopamine path-
way, consistent with the symptoms of parkinsonism in
childhood.25

Patients Persistently Respond to L-Dopa/
Carbidopa Treatment

We initiated L-dopa/carbidopa treatment in n = 6
patients at Charité-Universitätsmedizin Berlin because
of suspected parkinsonism in childhood. Only 2 patients
were not treated, 1 (patient 9) with a rare and function-
ally irrelevant dystonia and 1 patient (patient 6) who
was lost to follow-up. The L-dopa/carbidopa dosage
was slowly increased to 10.0/2.5 mg/kg/day over
10 weeks in all patients. All parents reported improve-
ment in patient-oriented outcomes.10 About 100% (all
of 6) had improvement in expressive language (sylla-
bles), 83% (5 of 6) had improvement in gross motor
skills (head control, first steps) and improved targeted
movements (reaching for objects, selective opening and
closing of hands), 67% (4 of 6) had less muscle
“cramps/stiffness,” and 50% (3 of 6) had improved dys-
phagia (less hypersalivation and choking on food
intake) (data not shown, Video 2).
Parental impressions were validated using the

BFMDRS, the IPDRS, and the BSID-III. The dystonia
movement subscale of the BFMDRS improved signifi-
cantly in all patients with a mean difference of �16.2
points (P < 0.01) at 6 months and in 2 patients with
sustained improvement after 12 months of treatment
(Fig. 3A). The disability subscale of the BFMDRS
improved less, but also significantly, with a mean differ-
ence of �1.8 points (P < 0.05) (Fig. 3B). In addition,
the total score of the IPDRS improved significantly by
�9.5 points (P < 0.001) (Fig. 3C). Within the subcate-
gories, patients showed significant improvement in
parent-reported non-motor signs (autonomic, mood
dysfunction) (P < 0.05), and investigator-rated motor
signs of parkinsonism and dystonia (hypokinesia, rigid-
ity, dystonia, axial hypotonia, motor developmental
delay) (P < 0.001) (Fig. 3D). No oculogyric crisis was
ever observed. Myoclonus was present in 50% (3 of 6)
of the patients but did not improve with therapy.
Consistent with the parents’ perception of improve-

ment in goal-directed movements, patients had
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significantly higher age equivalents by 1.2 months on
the BSID-III fine motor subscale (P < 0.05) (Fig. S1B).
In our small cohort, we did not observe any significant
improvement in gross motor skills, expressive/receptive
language, or cognition (Fig. S2A,C–E). However, none
of the patients showed developmental regression, but
rather a trend toward improvement. The CPCHILD did
not improve. One family (patient 4) even reported a
drastic decrease in quality of life due to multiple surger-
ies on their child (placement of a gastric tube and
orthopedic hip surgery) (Fig. S1F). Under L-dopa/car-
bidopa therapy, the patients did not experience any
adverse drug reactions or laboratory abnormalities
(Fig. S2B–F). The z score of the body weight (compared
to healthy children) decreased significantly by 0.2
points over the 6 months (P < 0.05), which was, how-
ever, within the body weight trajectory of the entire
cohort of MCT8-deficient patients (Fig. S2A). The z
score of the body mass index, however, did not change
significantly in the L-dopa/carbidopa treated patients.
Patient 7 received L-dopa/carbidopa at the University of
Rochester Medical Center up to 3.00/0.75 mg/kg/day
for 3 years. The mother reported “improved facial
expression, axial tone, less fisting of the hands, better
reaching out to objects and longer head control” after
having started L-dopa/carbidopa therapy. Patient
11 received levodopa/carbidopa at the Georg-August-
University Göttingen up to 9.5/2.4 mg/kg/day for only
1 week and showed no signs of improvement.

Patients with MCT8 Deficiency Have a
Reduced Subcortical Gray Matter Volume

We compared the segmented MRI brain volumes of
patients 8 and 10 with previously published brain maps
of 58,836 MRI scans from across the human lifespan27

(Fig. 4A). The results for both individuals were strik-
ingly consistent. Total intracranial volume was reduced
by more than two standard deviations (SD), with the

most pronounced reduction in subcortical gray matter
(�6.4 and �6.5 SD). In particular, (1) the Globus
pallidus, as a major output structure of the basal gang-
lia and site of dopamine action, and (2) the ventral
diencephalon, including the Substantia nigra with the
dopaminergic neurons, were most affected by volume
reduction (�2.4 to �4.1 SD). To differentiate between
primary brain volume loss and secondary atrophy, we
collected head circumference measurements in the first
postnatal week and before initiation of L-dopa/car-
bidopa treatment. Four of 6 patients had crossed per-
centiles with a reduction in head circumference, and the
oldest patient 10 had developed secondary microceph-
aly at age 14.2 years (Fig. 4B). More data are needed to
draw conclusions. In agreement with previously publi-
shed data,8 we did not observe signal changes, includ-
ing susceptibility-weighted imaging (SWI) sequences, in
the basal ganglia on MRI in all of 7 patients (data not
shown). F18-DOPA PET MRI, which assesses the func-
tional integrity of nigrostriatal dopaminergic networks,
appeared normal in patients 8 and 10 compared to
adult controls (n = 44),23 as would be expected in
monoamine biogenesis disorders other than aromatic
l-amino acid decarboxylase deficiency (Fig. 4C,D).28

Discussion

With this retrospective study, we describe AHDS as a
further rare disease that can be classified as “childhood
parkinsonism.” In addition to the clinical signs of par-
kinsonism, the distinct constellation of biogenic amines
with decreased HVA and HVA/5-HIAA ratios in the
cerebrospinal fluid suggests an isolated dopamine
dyshomeostasis.29 This is supported by reduced subcor-
tical gray matter volumes, especially of the Globus
pallidus as a site of dopamine action and of the ventral
diencephalon (including the Substantia nigra) as the site
of dopamine synthesis. According to this hypothesis,
substitution with L-dopa/carbidopa led to a significant
and long-lasting improvement in patient-oriented out-
comes (improved axial tone and fine motor skills,
reduced hypokinesia, rigidity, and dystonia). Only one
patient did not benefit from therapy, but this was only
tested for a (too) short period of 1 week. Underdosing
(<10.0/2.5 mg/kg/day) or too short a treatment period
may account for the lack of response in single case
reports of L-dopa/carbidopa supplementation.8,9,24

Infantile-onset parkinsonism is an exceedingly rare
and underdiagnosed condition. It has distinct features
from Parkinson’s disease (PD), one of the most com-
mon neurological disorders in the adult population.
Whereas in PD, neurodegeneration of dopaminergic
neurons in the Pars compacta of the Substantia nigra30

leads to the cardinal signs of bradykinesia and tremor
or rigidity,31 the dysfunction of dopamine action in the

Video 1. Patients with Allan-Herndon-Dudley syndrome present symp-
toms of parkinsonism in childhood.
Video content can be viewed at https://onlinelibrary.wiley.com/doi/10.
1002/mds.30152
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FIG. 2. Biogenic amines in the cerebrospinal fluid (CSF). (A) The homovanillic acid (HVA) concentrations in the CSF were below the reference ranges
(depicted in gray) in 42% (5 of 12) of patients (depicted in blue). In the remaining 58% (7 of 12) of cases, HVA concentrations were observed to fall
within the two lower quartiles of the normal range. In general, the HVA concentrations of patients were markedly lower than the mean of the reference
data. Patient 1 (depicted in pink) had undergone treatment with Triac (97 μg/kg/day) for 6 months prior to the lumbar puncture. However, the biogenic
amine concentrations in the CSF of this patient were comparable to those of untreated children. (B) The 5-hydroxyindoleacetic acid (5-HIAA) concentra-
tions were within the reference range, and (C) the HVA/5-HIAA ratios were significantly reduced in patients. This constellation of biogenic amine alter-
ations indicates an isolated defect of dopamine deficiency, as observed in tyrosine hydroxylase deficiency, albeit with less pronounced HVA
decreases. (A, B) The normality of the distribution was tested with the Shapiro–Wilk test (α = 0.05). The statistical significance of the differences
between the groups was analyzed by applying a paired t test. (B) If the data were not normally distributed, the statistical significance of the differences
between the groups was tested by applying the Wilcoxon test. ns, not significant; ***P ≤ 0.001; NR, normal range; P, patients. [Color figure can be
viewed at wileyonlinelibrary.com]
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immature brain causes a more complex clinical picture.
Because consensus clinical diagnostic criteria of
pediatric-onset parkinsonism have long been lacking,

Leuzzi and colleagues recently proposed an initial clas-
sification for parkinsonism in childhood.25 These
included (1) degenerative conditions with a monogenetic
variant of PD and very early onset (juvenile parkinsonism
and dystonia-parkinsonism),32,33 (2) acquired conditions
leading to parkinsonism, for example, due to asphyxia,
intoxication, or infection,34 (3) multisystem brain disor-
ders with neurodegenerative or metabolic etiology (eg,
Wilson’s disease, Pantothenate kinase-associated neu-
rodegeneration), and (4) genetic disorders with general-
ized disruption of neurodevelopment (developmental
parkinsonism, infantile degenerative parkinsonism, and
parkinsonism in the setting of neurodevelopmental disor-
ders). Although (1) juvenile parkinsonism and dystonia-
parkinsonism mimic PD with an earlier onset, children
with conditions of the latter category (4) certainly present
with different symptoms.25 Patients with developmental
parkinsonism present with hypo-, bradykinesia, rigidity,
dystonia, inability to sit or stand, and global developmental
delay.25 Additional clinical signs may include oculogyric

Video 2. Clinical improvement under levodopa/carbidopa therapy.
Video content can be viewed at https://onlinelibrary.wiley.com/doi/10.
1002/mds.30152

FIG. 3. Patients’ responses to levodopa/carbidopa therapy. (A) Patients (depicted in blue) exhibited a notable improvement in dystonic movement and
(B) overall disability, as evaluated by the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS). The natural history data (depicted in gray) were taken
from previously published work, and the BFMDRS was modified by excluding items pertaining to swallowing abilities in accordance with the requisite
modifications.7 (C) Additionally, the patients exhibited significantly lower ratings on the Infantile Parkinsonism-Dystonia Rating Scale (IPDRS) following
6 months of L-dopa/carbidopa treatment. This was particularly evident in the reduction of non-motor symptoms, including autonomic dysfunction and
mood dysregulation, as well as motor signs of parkinsonism and dystonia, such as hypokinesia, rigidity, dystonia, axial hypotonia, and motor develop-
mental delay. (A–D) The normality of the distributions was assessed using the Shapiro–Wilk test (α = 0.05). The statistical significance of the differences
between the groups was evaluated through the application of a paired t test. The following symbols were used to indicate the level of significance: ns,
not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. T0 represents the baseline measurement, whereas T6 denotes the assessment conducted after
6 months of L-dopa/carbidopa therapy. [Color figure can be viewed at wileyonlinelibrary.com]
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crises, abnormal fetal movement patterns, oscillatory jerks,
and periodic fluctuations.25 The pathophysiology is a
selective, non-degenerative derangement of dopaminergic
connectivity, as seen in several neurotransmitter disor-
ders (eg, tyrosine hydroxylase or aromatic L-amino acid
decarboxylase deficiency). If treatment is initiated
early, patients can respond remarkably to neurotrans-
mitter substitution.25 Regarding AHDS, we postulate
that it can be classified as developmental parkinsonism
(given the findings of reduced HVA in CSF and the
favorable response to L-dopa/carbidopa treatment)
with some overlap to parkinsonism in the setting of
neurodevelopmental disorders, where cognitive dis-
ability is the key finding while parkinsonism emerges
later in life. Patients with AHDS showed only a partial
response to L-dopa/carbidopa substitution while the

global developmental disorder persisted. This partial
response to therapy may be due to the fact that, in
addition to the functional impairment of dopamine synthe-
sis, the patient’s structural defect (reduced dopaminergic
neurons and basal ganglia volume) may not be treatable
by neurotransmitter substitution alone.
The observed structural abnormalities may be a conse-

quence of prenatal MCT8 deficiency. This is supported
by the fact that patients with the rather “historical” dis-
ease of “neurological type of cretinism,” who are affected
by hypothyroidism in utero due to severe maternal
iodine deficiency during pregnancy, present a clinical pic-
ture that resembles most features of childhood parkin-
sonism, including dystonia.35-37 In contrast, children
with untreated congenital hypothyroidism due to agene-
sis of the thyroid gland show global developmental delay

FIG. 4. Neuroimaging findings. (A) Patients with MCT8 deficiency exhibited a reduction in total intracranial brain volume below two standard deviations
(z scores, < �2.0z). This was particularly evident in the subcortical gray matter with a notable reduction in the size of the Globus pallidus (the site of
dopamine action) and the ventral diencephalon, including the Substantia nigra (the site of dopamine synthesis). le, left; ri right. (B) Left panel: the z
scores of the head circumferences (two-point measurements) changed into both directions, n = 4 patients with decreasing z scores, n = 2 patients
with increasing z scores. In terms of z scores, we did not see an overall significant change with progressing age. Additional data are required to distin-
guish between primary reduced brain volume and secondary brain atrophy in patients with MCT8 deficiency. The patients identified as 8 and 10, for
which volumetric analyses were conducted, are indicated in red. The normality of the distribution was evaluated using the Shapiro–Wilk test (α = 0.05).
The statistical significance of the differences between the groups was evaluated through the application of a paired t-test. Right panel: (B) measure-
ment of head circumference within the first week after birth; T0, measurement of head circumference before levodopa/carbidopa therapy. (C) For illus-
trative purposes, a non-smoothed representative transversal image of the voxelwise modeled 18F-DOPA rate constant (Ki) is presented. (D) The 18F-
DOPA uptake in the left caudate nucleus was found to be comparable to that observed in a previously published cohort of n = 44 healthy adults,23 indi-
cating that this parameter may serve as a reliable indicator of nigrostriatal dopaminergic network integrity. The normality of the distribution was evalu-
ated using the Shapiro–Wilk test (α = 0.05). The statistical significance of the differences between the groups was evaluated using an ordinary one-way
ANOVA test. The result was not statistically significant (ns). [Color figure can be viewed at wileyonlinelibrary.com]
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but no evidence of movement disorder.38 Whereas chil-
dren with congenital hypothyroidism are hypothyroid
only in the later stages of pregnancy and after birth due
to their own impaired thyroid hormone synthesis, fetuses
of iodine-deficient mothers are exposed to hypothyroid-
ism throughout gestation due to inadequate transplacen-
tal thyroid hormone supply. Thus, it seems likely that
thyroid hormones play a critical role during the early
period of neurodevelopment, including the formation of
dopaminergic circuits, which may not be fully rescued
by L-dopa/carbidopa substitution after birth. This thesis
is supported by the results of an off-label trial in which a
fetus with pathogenic SLC16A2 mutation of an index
family was treated prenatally by intra-amniotic instilla-
tion of levothyroxine from 18 weeks of gestation until
birth and subsequently developed significantly better
than his brother, who was severely affected and about
2 years older.39

At the molecular level, we hypothesize that MCT8 defi-
ciency disrupts thyroid hormone transport to neuronal tar-
get cells, resulting in altered gene transcription patterns via
thyroid hormone receptors that act as transcription factors.
In mice, more than 1000 genes are regulated by T3, and
T3-dependent genes (eg, sonic hedgehog, orthodenticle
homeobox 2) play important roles in neurodevelopmental
processes such as cell proliferation, cell fate decision,
axonogenesis, synaptogenesis, and myelinogenesis.40 The
consequences of thyroid hormone deficiency on the devel-
oping human brain are not yet known and are currently
being investigated in human disease models such as human
forebrain organoids.41 These emerging data already sug-
gest a critical role for MCT8 in cerebral cortex develop-
ment and regulation of multiple genes beyond the
dopamine pathways, which may explain the only partial
response to therapy in our patients.
Regarding the effect of MCT8 deficiency on dopamine

action, Hassan and colleagues have shown in vitro that a
hypothyroid condition inhibits the tyrosine hydroxylase
as the rate-limiting enzyme of dopamine synthesis,42

whereas, inversely, hyperthyroid states lead to an increase
in dopamine metabolism.43 Whether this is also true for
MCT8 deficiency remains to be determined in future stud-
ies. Given the species differences and the numerous limita-
tions of the Mct8-deficient mouse model, which does not
resemble the human phenotype of patients, we would sug-
gest the use of human iPSC-derived dopaminergic mid-
brain neurons expressing MCT844 as a future in vitro
experimental system to address these important questions
of the pathogenesis of parkinsonism in AHDS.45

Overall, our data establish AHDS as another syn-
drome that fulfills the clinical criteria of parkinson-
ism in childhood. Although there is no definitive
treatment for the underlying MCT8 deficiency while
gene therapies are still under development,13,14

patients appear to benefit from symptomatic treat-
ment with L-dopa/carbidopa.

Limitations: This study is an initial observation in a
small cohort of patients who had been entered into
a dedicated patient registry. The initial observation of
the positive effect of L-dopa/carbidopa treatment has to
be confirmed by a formal prospective, controlled blinded,
cross-over phase II/III trial.
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