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Metabolic patterns in brain
8F-fluorodeoxyglucose PET relate to
aetiology in paediatric dystonia

Stavros Tsaégkaris,l'2 Eric K. C. Yau,? Verity McClelland,* ®Apostolos Papandreou,’”
Ata Siddiqui,® Daniel E. Lumsden,” Margaret Kaminska,® Eric Gued;j,?
Alexander Hammers®' and ®Jean-Pierre Lin>1
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There is a lack of imaging markers revealing the functional characteristics of different brain regions in paediatric dys-
tonia. In this observational study, we assessed the utility of [*®F]2-fluoro-2-deoxy-D-glucose (FDG)-PET in understanding
dystonia pathophysiology by revealing specific resting awake brain glucose metabolism patterns in different childhood
dystonia subgroups. PET scans from 267 children with dystonia being evaluated for possible deep brain stimulation sur-
gery between September 2007 and February 2018 at Evelina London Children’s Hospital (ELCH), UK, were examined.
Scans without gross anatomical abnormality (e.g. large cysts, significant ventriculomegaly; n=240) were analysed
with Statistical Parametric Mapping (SPM12). Glucose metabolism patterns were examined in the 144/240 (60%) cases
with the 10 commonest childhood-onset dystonias, focusing on nine anatomical regions. A group of 39 adult controls
was used for comparisons. The genetic dystonias were associated with the following genes: TOR1A, THAP1, SGCE,
KMT2B, HPRT1 (Lesch Nyhan disease), PANK2 and GCDH (Glutaric Aciduria type 1). The acquired cerebral palsy (CP) cases
were divided into those related to prematurity (CP-Preterm), neonatal jaundice/kernicterus (CP-Kernicterus) and hypox-
ic-ischaemic encephalopathy (CP-Term). Each dystonia subgroup had distinct patterns of altered FDG-PET uptake. Focal
glucose hypometabolism of the pallidi, putamina or both, was the commonest finding, except in PANK2, where basal gan-
glia metabolism appeared normal. HPRT1 uniquely showed glucose hypometabolism across all nine cerebral regions.
Temporal lobe glucose hypometabolism was found in KMT2B, HPRT1 and CP-Kernicterus. Frontal lobe hypometabolism
was found in SGCE, HPRT1 and PANK2. Thalamic and brainstem hypometabolism were seen only in HPRT1, CP-Preterm
and CP-term dystonia cases. The combination of frontal and parietal lobe hypermetabolism was uniquely found in CP-
term cases. PANK? cases showed a distinct combination of parietal hypermetabolism with cerebellar hypometabolism
but intact putaminal-pallidal glucose metabolism. HPRT1, PANK2, CP-kernicterus and CP-preterm cases had cerebellar
and insula glucose hypometabolism as well as parietal glucose hypermetabolism. The study findings offer insights
into the pathophysiology of dystonia and support the network theory for dystonia pathogenesis. ‘Signature’ patterns
for each dystonia subgroup could be a useful biomarker to guide differential diagnosis and inform personalized manage-
ment strategies.
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Introduction

Dystonia has been operationally described as ‘a movement dis-
order characterized by sustained or intermittent muscle contrac-
tions causing abnormal, often repetitive movements, postures, or
both. Dystonic movements are typically patterned, twisting, and
may be tremulous. Dystonia is often initiated or worsened by vol-
untary action and associated with overflow muscle activation’.!

In contrast with adult-onset dystonias, childhood-onset dystonias
are usually generalized, severe and of early onset; the most common
aetiology is dystonic-dyskinetic cerebral palsy (CP) following perinatal
brain injury, but primary genetic causes also exist. Paediatric dystonia
is under-recognized,? difficult to diagnose and classify,’ exerts a pro-
found impact on children and their development* and impairs growth
with risk of musculoskeletal deformities in a period of maximal
growth.® Current pharmacological and surgical interventions often
do not meet the needs of children with dystonia,® especially as needs
evolve with time.”® Further understanding of structural and function-
al characteristics of dystonia is needed to personalize care. Advanced
therapeutics such as deep brain stimulation (DBS) provide new oppor-
tunities towards patient-specific improved outcomes. However, diag-
nostic markers for accurate and prompt diagnosis of dystonia
subtypes, but also for informing personalized anti-dystonia manage-
ment decisions, are often lacking.’

Dystonias are now widely seen as network disorders involving
many brain regions, including the thalami, basal ganglia, sensori-
motor cortex and cerebellum.’® Structural damage may be subtle,
with no obvious brain lesions seen on MRI in many cases (including
those of isolated genetic or idiopathic aetiology and a proportion of
those with acquired dystonia, such as CP). Secondary structural re-
organization arising from a life-long movement disorder with onset
in early childhood cannot be detected with routine clinical brain
imaging techniques.

However, functional abnormalities within the sensorimotor net-
work exist in dystonia. Neurophysiological studies have revealed re-
duced inhibition throughout the nervous system,'’ exaggerated
cortical plasticity,'? distorted sensorimotor processing’®'* including
abnormal sensorimotor neuronal connectivity’>™” and pathologic-
ally increased low-frequency neuronal oscillations within cortical-
basal ganglia circuits.'® Whilst short latency cortical somatosensory
evoked potentials (SEPs) are typically normal in isolated inherited/
idiopathic dystonias, they may be abnormal in up to 47% of acquired
dystonias like CP," including in a proportion of individuals with nor-
mal cranial MRI. In children with dystonia with normal SEPs, there is
evidence of excessive theta-band synchronization and widespread
activation across the sensorimotor network® as well as impaired
modulation of sensorimotor cortex mu activity, demonstrating a de-
velopmental abnormality of sensorimotor processing common to
isolated inherited/idiopathic dystonias and dystonic CP.?*

Moreover, functional imaging also demonstrates brain abnor-
malities in dystonia. Functional MRI studies have identified in-
creased receptive fields for sensory representation of clinically
affected areas in focal dystonia such as writer’s cramp®? as well
as abnormal neuronal connectivity.'>'® However, these methods
tend to be limited to patients with focal or mild dystonias, due to
the difficulties obtainingimage data without severe motion artefact
in individuals with severe and/or generalized dystonias.

Resting dystonia is observed across the spectrum of aetiologies
in childhood, either in awake sitting or lying position, but dystonia
is abolished by sleep.”® Reduction in awake resting dystonia and
improving awake sitting and lying comfort is frequently a DBS
goal. The resting state also forms an integral component of the
Burke-Fahn Marsden Dystonia Rating Scale-motor (BFMDRS-M).?*
Therefore, in this study, we sought to establish a functional im-
aging correlate of childhood dystonia in the awake resting state;
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for this purpose, we used [*®F]2-fluoro-2-deoxy-D-glucose
(FDG)-PET, an exquisitely sensitive form of functional imaging.

FDG uptake correlates with synaptic density®® and activity,? re-
flecting synaptic enrichment of mitochondria,” where glucose is
metabolized. FDG-PET has demonstrated abnormal brain metabolic
activity in several types of inherited dystonia including TOR1A,*
THAP1 and SGCE? in small numbers of middle-aged adults and
also in paediatric dystonia due to PANK2 neurodegeneration with
brain iron accumulation (NBIA).>° However, reports of FDG-PET
findings in other more recently described inherited dystonias and
the commoner acquired dystonias are lacking. Here, we report
FDG-PET brain imaging findings from a large cohort of children
with dystonia of different aetiologies and compare awake resting
regional glucose uptake patterns across genetic and acquired
sub-groups.

Materials and methods

A retrospective anonymized cohort study was performed, examin-
ing children with dystonia who were assessed for bilateral globus
pallidus internus DBS surgery eligibility between September 2007
and February 2018 at Evelina London Children’s Hospital (ELCH),
UK. The study was performed with institutional approval (Service
Evaluation GSTT Reference 10319). Entry criteria for this study
were: (i) dystonia as the predominant movement disorder; and (ii)
FDG-PET-CT brain scan availability.

Each patient was medically examined by a consultant paediatric
neurologist (J.P.L., M.K., D.L.), who confirmed the diagnosis and dys-
tonia classification. Routine baseline management of children with
dystonia referred for possible DBS at ELCH-King’s College Hospital
also initially involved a multi-disciplinary team (MDT): clinical as-
sessment by a nurse specialist, physiotherapist, occupational ther-
apist, speech and language therapist and clinical psychologist.
Neurophysiological screening with somatosensory evoked poten-
tials (SEPs) and central motor conduction times (CMCTs), DBS
protocol MRI brain imaging under general anaesthesia (GA) and
FDG-PET-CT under GA were also performed. Only patients deemed
eligible for possible DBS surgery subsequently underwent the full
multi-modal MDT assessment. The presence of significantly abnor-
mal MRI brain excluded DBS surgery. More recently, McClelland
et al.'® have shown that neurophysiological abnormalities such as
abnormal CMCT and/or SEPs are associated with less benefit from
DBS; therefore, such patients were less likely to proceed to work-up
with PET imaging.

Prior to October 2013, all children underwent FDG-PET-CT imaging
on a GE (GE Medical Systems) Discovery ST and a Discovery VCT
scanner. Thereafter, scans were conducted using a GE Discovery
710 scanner at the King’s College London & Guy’s and St Thomas’
PET Centre. The FDG dose injected was scaled relative to a 250
MBq dose for a 70 kg adult as 250/70 x child’s weight (kg). FDG
was injected after a 3-h fast and followed by a 30-min uptake period
in a quiet room.*" Brief GA was then induced, only for the duration
of the PET-CT image acquisition, to eliminate dystonia-related mo-
tion artefact during scanning. GA was initiated after the uptake per-
iod; therefore, FDG uptake reflected brain metabolism during
wakefulness. The duration of the emission scan was 15 min.
Reconstruction was via ordered subset expectation maximization
(OSEM) as described previously.*® Each scan was anonymized and
transferred to the university network for analysis.

S. Tsagkaris et al.

The control group comprised 39 healthy adult controls aged be-
tween 21 and 59 years (mean 40, SD 11). The scans were provided
by the Department of Nuclear Medicine, Assistance Publique
Hopitaux de Marseille and were acquired after a 4-6 h fast on a GE
Discovery ST PET-CT scanner over 15 min after bolus intravenous
injection of 150 MBq of FDG and a 30-min uptake period (with
eyes closed) and reconstructed via OSEM (ClinicalTrials reference:
NCTO00484523). These healthy subjects were free of neurological/
psychiatric symptoms or antecedent diagnosis, had a normal
neuropsychological evaluation, and a normal brain MRI. This con-
trol PET database was ethically approved by CPP Sud Mediterranée
(2007-A00180-53).

Statistical Parametric Mapping (SPM12; Wellcome Trust Centre for
Neuroimaging, https:/www .fil.ion.ucl.ac.uk/spm/) was used for
analysis of the PET images.

A study-specific template in standard anatomical space
(Montreal Neurological Institute, MNI, 152) was created using PET
and MRI scans that were both reported as visually normal from
17 children. PET scans were co-registered (but not re-sliced) to MRI
and the spatial transformation to MNI space derived from the MRIs
using Unified Segmentation.®? PET scans were then averaged and
smoothed with a Gaussian kernel (full-width-at-half-maximum
6 mm) to create a PET template. All patient and control images
were then directly (PET-to-PET) spatially normalized to this template
and smoothed with an 8 mm kernel.

For all SPM analyses used in this study, a relative masking thresh-
old of 0.8 was selected. This empirically excludes non-brain voxels
from the analysis. The SPM standard mean voxel value was used for
estimating the global metabolism value for each scan. Every image
was scaled so that the mean global value was 100. Analysis of co-
variance was used as the normalization option. The patient’s age
at the time the scan was performed was used as a linear co-variate.
A visualization threshold of P <0.001 was used. A cluster of voxels
was considered statistically significant if P <0.05, taking into con-
sideration both effect size and spatial extent. Results were then dis-
played on the 97-region version of the maximum probability atlas
derived from the Hammersmith Brain Atlas®**° (available at
www.brain-development.org/brain-atlases), based on manual deli-
neations of all regions on MRI scans of 30 healthy controls.

Data are available from the corresponding author on reasonable
request.

Results

Two hundred and sixty seven children with FDG-PET scans were
identified, 27 (10%) of whom were excluded from the study due to
gross anatomical abnormalities (e.g. large cysts, significant ventri-
culomegaly), which would affect the reliability of the imaging ana-
lysis. The remaining 240/267 patients (90%) had suitable scans for
quantitative analysis.
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607 patients visited the service for
investigation of dystonia

340 patients not eligible for DBS

267 patients with PET scan available

27 patients excluded due to large
anatomical abnormalities on
brain imaging

240 patients with scans suitable for
analysis

55 patients had no specific

diagnosis

41 patients belonged to
aetiologic subgroups with N<3

(unsuitable for SPM analysis) and
thus excluded

144 patients with scans suitable for
analysis

Figure 1 Patient ascertainment flowchart.

A total of 185/240 (77%) had a specific diagnosis of either a gen-
etic or acquired form of dystonia at the time of the analysis.
Namely, 128/240 (53%) patients had an acquired cause of dystonia,
whereas 57/240 (24%) had isolated-inherited dystonia. Conversely,
55/240 (23%) were classified as isolated-idiopathic dystonia cases.

For the acquired dystonia cases, the CP cases were subdivided
into those related to prematurity (CP-Preterm); those related to neo-
natal jaundice/kernicterus (CP-Kernicterus) and those born at term
with a history of hypoxic-ischaemic encephalopathy (CP-Term).

The age at time of scan for the entire group varied from 1.3 to
20.6 years (mean age 10.5 years, SD 4.4).

Overall, 144/185 (78%) (mean age 10.3 years, SD 4.0) patients be-
longed to an aetiologic subgroup with n> 3 patients and were stud-
ied to investigate the regional brain glucose metabolism patterns in
the different aetiologic subgroups of paediatric dystonia (Fig. 1).

Table 1 lists the demographic and severity characteristics of
those 144 patients, which fell into the following aetiological groups
based on the associated gene: TOR1A, THAP1, SGCE, KMT2B, HPRT1,

GCDH (Glutaric aciduria type 1) or PANK2, and the three CP sub-
groups listed above.

FDG-PET glucose metabolism in relation to dystonia
aetiology

For aetiologic subgroups with a minimal sample size n >3 the main
findings are described below and illustrated in Figs 2-6
(Supplementary Figs 1-10). Comparisons of relative hypo- and hy-
permetabolism across the groups are presented in Table 2. For
ease of reference, we have combined all the figures into an A3 pos-
ter, which is available for printout in the Supplementary material.

Inherited forms of dystonia relative to controls

The TOR1A dystonia group (n=7) showed relative hypometabolism
in the posterior putamina. (Fig. 2A and Supplementary Fig. 1). The
THAP1 group (n=3) showed relative brain hypometabolism in
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both the posterior putamina and the globi pallidi. (Fig. 2B and
Supplementary Fig. 2). The SGCE group (n=6) had relative hypome-
tabolism in the ‘anterior’ putamina and ‘anterior’ globi pallidi but
also in regions of the frontal cortex (Fig. 2C and Supplementary
Fig. 3). In the KMT2B group (n=7), regional relative hypometabolism
was observed in the posterior putamina, globi pallidi and head of
caudate bilaterally as well as some areas of the temporal cortex
(Fig. 2D and Supplementary Fig. 4). HPRT1 (n=5) showed the most
widespread hypometabolism involving all nine predefined areas
of the brain, including the frontal, temporal, parietal and insular
cortex, putamen, pallidum, thalamus, brainstem and cerebellum
(Fig. 2E and Supplementary Fig. 5). The scans of patients with

Table 1 Cohort demographics

Dystonia Number of Age (mean BFMDRS-M
subgroup patients (n) + SD) (mean + SD)
TOR1A (DYT1) 7 12.5+29 40.3+18.8
THAP1 (DYT6) 3 10.5+3.0 70.0+21.3
SGCE (DYT11) 6 11.6+3.3 32.8+9.2
KMT2B (DYT28) 7 10.6 +4.2 74.8+6.0
HPRT1 (LND) 5 102+4.4 82.8+10.8
GCDH (GA-1) 9 104+5.5 98.3+17.2
PANK?2 (PKAN) 14 10.1+4.5 87.5+19.4
CP-Kernicterus 13 9.6+4.8 84.2+23.4
CP-Preterm 35 8.1+3.0 96.4+13.0
CP-Term 45 11.8+3.7 78.8+21.2

Mean age at time of PET scan and BFMDRS-M score at baseline for the different
aetiologic subgroups of dystonia. For the genetic aetiologies, the responsible gene
name has been used throughout the text. Here, we also provide in parentheses for
each of them other frequently used nomenclature involving the gene locus or the
disease name, for ease of comparison with the wider literature. LND = Lesch-Nyhan
disease; PKAN = pantothenate kinase-associated neurodegeneration.

S. Tsagkaris et al.

GCDH (glutaric aciduria type 1, GA-1, n=9) demonstrated relative
regional hypometabolism in the posterior putamina and globi
pallidi (Fig. 2F and Supplementary Fig. 6). Finally, the PANK2
group (n=14) exhibited normal glucose uptake in the caudate,
putamen and globi pallidi, respectively, but reduced FDG-PET-CT
wglucose uptake in the peri-insular cortex, the dentate nuclei of the
cerebellum and postero-inferior cerebellar cortex with hypermeta-
bolism in the superior parietal cortex. (Fig. 3 and Supplementary
Fig. 7A and B).

All CP cases, regardless of aetiology, were hypermetabolic in the
parietal cortex relative to controls. For CP-kernicterus (n=13)
areas of FDG-PET-CT hypometabolism were observed in the antero-
medial temporal cortex, peri-insular cortex, globi pallidi, thalami,
midbrain, pons and cerebellum. Relative hypermetabolism was
seen in the superior parietal lobes (Fig. 4 and Supplementary Fig.
8A and B). CP-preterm (n=35) FDG-PET-CT scans showed relative
hypometabolism involving the peri-insular cortex, globi pallidi,
thalami, brainstem and cerebellum. Relative hypermetabolism
was seen in the superior parietal lobes (Fig. 5 and Supplementary
Fig. 9A and B). CP-term cases (n =45) were all attributed to perinatal
hypoxic-ischaemic encephalopathy (HIE). FDG-PET scans in this
subgroup demonstrated a unique finding of frontal cortex hyper-
metabolism together with regionally reduced glucose uptake in
the posterior putamina, globi pallidi and pulvinar of the thalami
(Supplementary Fig. 10A and B).

Frontal cortex hypometabolism was only found in SGCE (minimally
affected), HPRT1 and PANK2 cases. Temporal cortex hypometabolism

Table 2 Regional FDG-PET uptake according to childhood dystonia aetiologies

Dystonia Brain region
subgroup
Frontal Temporal Parietal Insula Putamen Globus Thalamus Brainstem Cerebellum
cortex cortex cortex pallidus

TOR1A - - - - (-) - - - -
(n=7) t=5.1

THAP1 - - - - (-) (-) - - -
(n=3) t=8.1 t=6.1

SGCE ) - - - ) ) - - -
(n=6) t=5.1 t=6.5 t=5.8

KMT2B - ) - - ) € - - -
(n=7) t=5.7 t=8.0 t=7.6

HPRT1 ) ) ) ) -) ) ) ) )
(n=5) t=7.3 t=6.8

GCDH - - - - -) (=) - - -
(n=9) t=11.7 t=8.8

PANK? ) - ) ) - - - - )
(n=14) t=6.7 t=6.9 t=4.7 t=5.0

CP-Kernicterus - (-) (+) (=) - (-) - (-) (=)
(n=13) t=6.7 t=5.8

CP-Preterm - - (+) ) - ) ) ) )
(n=35) t=6.1 t=8.7

CP-Term (+) - (+) - ) () ) - -
(n=45) t=6.3 t=5.7 t=7.2 t=4.4 t=4.2

The ‘+’ and ‘-’ symbols indicate the direction of statistically significant differences in regional FDG uptake between each dystonia aetiologic subgroup (rows) and the healthy

controls. Maximum t-scores are provided. The t-score measures the size of the difference relative to variation in each group comparison. It is equivalent to the number of
standard deviations away from the mean of the t-distribution. When no individual regional t-scores are provided, SPM clusters were confluent. (+) indicates regional
hypermetabolism of the patients compared to controls, whereas (—) represents regional hypometabolism. The blank cells indicate no statistically significant difference between

the patient subgroups and the controls in that particular brain region.
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Figure 2 FDG uptake compared to controls in inherited dystonias that only showed hypometabolism (excluding PANK2). Areas of relative regional hy-
pometabolism are displayed in a blue-scale with brighter tones indicating higher t-scores. (A) TOR1A (n=7): Putamen-frontal hypometabolism. (B)
THAP1 (n=3): Caudate-putaminal and right fronto-parietal hypometabolism. (C) SGCE (n =6): Head of caudate, globus pallidus, inferior frontal lobe hy-
pometabolism. (D) KMT2B (n=7): Marked caudate-putaminal (striatal) and bi-frontal and bi-parietal hypometabolism. (E) HPRT1 (n=5). Extreme
caudate-putaminal-pallidal, medial thalamic, and pan-hemispheric and antero-superior cerebellar hypometabolism. (F) GCDH (n = 9). Relative regional
hypometabolism in the posterior putamina and globi pallidi. All results are displayed on the 97-region version of the maximum probability atlas de-
rived from the Hammers Atlas Database®*> (www.brain-development.org/brain-atlases), which is a 3D maximum probability atlas of the human
brain.

Figure 3 PANK2. FDG uptake in pantothenate kinase associated neurodegeneration cases (h=14) compared to controls. Left: Areas of regional relative
hypermetabolism seen in the superior parietal lobes and displayed in a yellow-scale with brighter tones indicating higher t-scores. Middle and right:
Hypometabolic areas noted in the peri-insular cortex, cerebellar dentate nuclei and posterior inferior cerebellar cortex and displayed in a blue-scale
with brighter tones indicating higher t-scores.

was found in KMT2B, HPRT1 and CP-Kernicterus cases, while parietal
cortex hypometabolism was uniquely found in the HPRT1 cases.
Insula hypometabolism was observed in HPRT1, PANK2,
CP-Kernicterus and CP-Preterm. Putaminal hypometabolism oc-
curred in 7/10 aetiological categories, except PANK2, CP-Kernicterus
and CP-Pre-term cases. Pallidal hypometabolism was found in 8/10
diagnostic groups, except TOR1A and PANK2 cases. Thalamic hypo-
metabolism was seen in 3/10 groups, including HPRT1, CP-Preterm
and CP-Term cases. Brainstem hypometabolism occurred in 3/10
groups, namely HPRT1, CP-Kernicterus and CP-Preterm. Cerebellar
hypometabolism occurred in HPRT1, PANK2, CP-Kernicterus and

CP-Preterm. Combined putaminal and pallidal hypometabolism oc-
curred in 6/10 diagnostic categories, including THAP1, SGCE, KMT2B,
HPRT1, GCDH and CP-Term, while combined cerebellar and pallidal
hypometabolism was only seen in 3/10 diagnoses namely HPRTI,
CP-kernicterus and CP-Preterm.

Parietal cortex glucose hypermetabolism was found in 4/10 diagno-
ses, namely the three CP subgroups, CP-Kernicterus, CP-Preterm
and CP-Term, and uniquely in PANK2 cases among the genetic
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Figure 4 FDG uptake in CP-kernicterus cases (n=13) compared to controls. Left: Relative hypermetabolism in superior parietal lobes displayed in a
yellow-scale with brighter tones indicating higher t-scores. Middle and right: Areas of relative hypometabolism, including the antero-medial temporal
cortex, globi pallidi, thalami, midbrain, pons, dentate-cortical cerebellum and peri-insular cortex, displayed in a blue-scale with brighter tones indi-

cating higher t-scores.

Figure 5 FDG uptake in CP-preterm cases (n=35) compared to controls. Left: Relative hypermetabolism in the superior parietal lobes displayed in a
yellow-scale with brighter tones indicating higher t-scores. Middle and right: Areas of relative hypometabolism, involving the superior-medial temporal
lobes, peri-insular cortex, globi pallidi, thalami and brainstem, displayed in a blue-scale with brighter tones indicating higher t-scores.

forms. Frontal hypermetabolism was found uniquely in CP-Term
cases, which represented 45/144 (31%) cases in this study.

Discussion

We present novel FDG-PET data demonstrating awake resting cere-
bral glucose metabolism in 144 children and young people with
generalized dystonia, reporting comparisons of regional brain glu-
cose metabolism across 10 distinct aetiological groups compared
with 39 controls. To our knowledge, this is the largest reported co-
hort of FDG-PET findings in individuals with dystonia, regardless of
age, and the first report of FDG-PET findings in patients with dys-
tonia due to KMT2B, HPRT1, GCDH/GA-1 or in acquired dystonia/
dystonic CP. The analysis revealed abnormalities that were com-
mon across aetiological groups, but also distinct differences in
FDG-PET glucose metabolism distribution, which constitute a un-
ique ‘signature’ pattern for each group. We further explored some
of the aetiology-specific glucose metabolic patterns observed in
our analysis and how these might relate to distinct clinical mani-
festations in these conditions.

We found that some brain glucose metabolism patterns were com-
mon across groups. Putaminal and pallidal hypometabolism were

present, alone or in combination, in all groups except PANK2, point-
ing towards common underlying primary and secondary patho-
physiological mechanisms in dystonia. Parietal hypermetabolism
was found in acquired dystonias and in PANK2. An identical pattern
of combined putaminal and pallidal hypometabolism was seen in
two genetic subcategories (THAP1 and GCDH/GA-1); these condi-
tions manifest with dystonia distinguishable on clinical grounds
but are often treatment-resistant.

Despite these similarities, brain glucose uptake patterns were dis-
tinct amongst different genetic dystonia subgroups. Our study re-
vealed resting, awake putaminal glucose hypometabolism in the
TOR1A and putamino-pallidal glucose hypotmetabolism in THAPI.
This contrasts with previous studies which reported sensorimotor
network hyperactivity in TORIA dystonia®®*® when performing a
specific motor task, and temporal cortex hypermetabolism in
THAP1.*” This apparent contradiction between imaging findings
could be explained by the exact conditions under which the scans
were performed in the different studies (resting state versus active
motor execution). Interestingly, the study showing temporal hyper-
metabolism®” also demonstrated regional putaminal hypometabo-
lism in THAPI1 patients, concordant with our findings.

The findings of relative glucose hypometabolism in the ‘anter-
ior’ putamina and ‘anterior’ globi pallidi and cortical areas of the
frontal lobe in SGCE are consistent with the well-known
limbic-related obsessive-compulsive disorder?® and less fixed dys-
tonia co-existing with the epsilon-sarcoglycan mutation in this
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Figure 6 FDG uptake in CP-term cases (n = 45) compared to controls. Left: Regionally increased uptake in the superior anterior frontal and superior par-
ietal lobules respectively, displayed in a yellow-scale with brighter tones indicating higher t-scores. Right: Regionally reduced uptake in the posterior
putamina, globi pallidi and lateral parts of the thalami displayed in a blue-scale with brighter tones indicating higher t-scores.

group. Carbon et al.® also reported frontal lobe hypometabolism in
patients with SGCE and additionally metabolic increases in the in-
ferior pons and the posterior thalamus: patterns not present in
our cohort.

KMT2B patients exhibited regional hypometabolism in the pos-
terior putamina, globi pallidi and the head of caudate bilaterally,
consistent with clinically-observed dystonia-parkinsonism fea-
tures, while the areas of temporal cortex hypometabolism are con-
sistent with the characteristic whispering dysphonia-dysarthria.*®

The PANK2 FDG-PET characteristics were unique, revealing bi-
lateral glucose hypometabolism in frontal cortex, insula, dentate
nuclei of the cerebellum and postero-inferior cerebellar cortex
and, strikingly, bilateral superior parietal lobule hypermetabolism.
The latter is not seen in TOR1A, THAP1, SGCE, KMT2B or HPRT1 butis
present in all three categories of CP-dystonia.

Surprisingly, the MRI bilateral pallidal ‘eye of the tiger’ high T,
signal and susceptibility-weighted feature due to increased iron de-
position, which is considered a pathognomonic feature of PANK2,°
was not associated with altered pallidal metabolism compared to
controls. In a previous study comparing PANK2 with 16 cases of pri-
mary dystonia, FDG-PET revealed relative overactivity in the palli-
dum and underactivity in the cerebellum in PANK2 compared to
primary dystonia.*° In that study, the primary dystonia group com-
prised two TOR1A, two SGCE and twelve idiopathic cases. Therefore,
the scans of PANK2 patients were compared to a heterogeneous pa-
tient group, as opposed to a healthy control group. This methodo-
logical difference could—at least in part—be responsible for the
difference in observations. Additionally, stereotactic pallidal mi-
croelectrode recordings during DBS surgery revealed distinctive
patterns of basal ganglia neuronal activity in children with
PANK?2, showing predominantly regular and higher neuronal firing
rates (without bursting patterns) in the globus pallidus internus
compared with isolated genetic dystonias (TORIA and SGCE) and
dystonic CP (in whom relatively lower firing rates and irregular
and bursting patterns of neuronal activity were seen).***! We
therefore postulate that the preserved pallidal glucose metabolism
in PANK2 might reflect the presence of underlying higher pallidal
neurone activity in this group compared with that in monogenic
dystonias and dystonic CP. The neuronal firing patterns observed
in PANK?2, which are more similar to those seen in Parkinson'’s dis-
ease, are in turn in keeping with the clinical phenotype.**?

However, since the basal ganglia, thalamic and brainstem resting
glucose metabolism in PANK?2 is similar to controls (Table 2), the
pathological focus for an anatomical ‘source’ and ‘mechanism’ of
dystonia in PANK2 could plausibly fall to the bilateral cerebellar
dentate nucleus hypometabolism. One possible interpretation is
that this reflects bilateral ‘loss’ of cerebellar inhibitory control of
the thalami and basal ganglia. Our study did not include other
NBIA groups which would be interesting to include in future
work, to establish whether these metabolic patterns are unique to
PANK2 mutations or common amongst the brain iron accumulation
disorders.

It is also notable that three other distinct aetiological groups
apart from PANK2 exhibit awake resting FDG-PET cerebellar glucose
hypometabolism, namely HPRT1, CP-Kernicterus and CP-Preterm.
More research is needed to study whether this metabolism pattern
is linked to a common downstream cell-based and/or neuronal net-
work dysfunction clinically manifesting as dystonia.

Finally, standing out in contrast to all other aetiological categor-
ies was the CP-Term (HIE) group, showing significant frontal and
parietal lobe hypermetabolism with hypometabolism of putamina,
globi pallidi and thalami, and normal metabolism of brainstem and
cerebellum. This mightindicate that reduction/elimination of basal
ganglia and thalamic inputs but preservation of cerebellar input re-
sults in frontal lobe hypermetabolism/disinhibition.

Mitochondria, the organelles ultimately metabolizing glucose, are
concentrated at synapses.”” FDG uptake is linked to synaptic dens-
ity as well as activity,?® with 80-90% of glucose uptake in rats linked
to glutamatergic (i.e. excitatory) neurotransmission.?® However, in-
hibitory synaptic activity also leads to increased glucose utiliza-
tion.**** 1t is therefore not possible to directly interpret FDG
uptake differences as reflecting specific changes in specific path-
ways or neurotransmitter systems.

In reviewing the FDG-PET glucose metabolic patterns, it must
also be acknowledged that these are likely to reflect a combination
of changes relating to the underlying genetic or acquired aetiologies
and changes which are adaptive secondary consequences of long-
standing dystonia, which it is outside the scope of this study to
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unravel. It is difficult to confidently distinguish which metabolic
changes are the cause and which are the effect of dystonic symp-
tomatology. Below, we outline our own interpretation of the glu-
cose uptake patterns observed and their potential functional
implications, within the clinical context.

Regarding cortical metabolism, only SGCE, HPRT1 and PANK2 ex-
hibited frontal hypometabolism, which was mild in SGCE, and very
evident in HPRT1, a pattern that could possibly be linked to
obsessive-compulsive behaviours, which can be seen clinically in
all three disorders.

HPRT1, PANK2, CP-Kernicterus and CP-Preterm all exhibited insula
glucose hypometabolism. Therefore, these glucose hypometa-
bolic patterns may point to disrupted sensorimotor, olfacto-
gustatory, social-emotional and cognitive functions in these conditions,
reflecting the four distinct functional regions of the insula.*® It is
notable that all groups with cerebellar hypometabolism also had
insular hypometabolism.

Examining basal ganglia metabolic patterns, putaminal hypo-
metabolism was the sole finding in TOR1A and was also identified
in six other aetiologic subgroups in combination with other region-
al changes (Table 2). In contrast, CP-Kernicterus and CP-Preterm
groups showed normal putaminal glucose metabolism associated
with pallidal glucose hypometabolism, whilst the PANK2 group
showed apparently normal putaminal and pallidal glucose metab-
olism. The unique pattern seen in TOR1A dystonia could plausibly
be linked to the well-known responsiveness to pallidal DBS in this
group.*® Putaminal hypometabolism could lead to altered cortical
inputs and disrupted direct and indirect pathways, thus promoting
dystonia. Selection of routine and reinforcement learning is dis-
rupted by dysfunction of the putamen.* Genetic dystonias may
be associated with structural putaminal changes as reported in
SGCE,*® though variable results have been described in TOR1A dys-
tonia.***° An extreme example of early disruption of ‘routine and
reinforcement learning’ is the legacy of perinatal HIE and metabolic
lesions of the putamen, as seen in GCDH/GA-1.

Pallidal hypometabolism was found in 8/10 diagnoses (except
TOR1A and PANK?2). Loss of resting pallidal activity is potentially
consistent with reduced thalamic inhibition leading to release of
dystonia.

Combined putaminal and pallidal hypometabolism could be ex-
pected to produce severe dystonia via a variety of mechanisms in-
cluding decreased cortical inputs to the striatum, decreased
activity of medium spiny neurons or cholinergic interneurons (as
well as GABA overactivity), changes in the expression of dopamin-
ergic receptors or a mixture of all these phenomena. Glucose
FDG-PET metabolic activity may also be closely linked to choliner-
gic systems which have been shown to be disrupted in the brain
of DYT1 patients.*

Additionally, thalamic hypometabolism was seen in 3/10
groups, i.e. HPRT1, CP-Preterm and CP-Term. We propose that this
is consistent with reduced capacity for direct pathway cortical acti-
vation as well as impaired or absent thalamo-parietal connectivity
and sensory processing (see below). Abnormalities of sensory path-
way integrity, as measured by SEPs, have been demonstrated in
47% of children with dystonia, with the majority of abnormalities
seen in the acquired dystonia group.™ A proportion of these chil-
dren had abnormalities of the thalamus on MRL,* which would
be consistent with hypometabolism in this region.

Finally, cerebellar FDG-PET patterns might also have functional
implications. Cerebellar hypometabolism occurred in HPRTI,
PANK2, CP-Kernicterus and CP-Preterm, four groups with severe
baseline dystonia based on BFMDRS-M scoring. Combined
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cerebellar and pallidal hypometabolism was only seen in 3/10 diag-
noses, namely HPRT1, CP-kernicterus and CP-Preterm and may be
expected to favour thalamic over-activity, resulting in dystonia.
PANK?2, CP-Kernicterus, CP-Preterm and CP-Term cases exhibited
awake resting parietal FDG-PET glucose hypermetabolism with
several of these groups also showing cerebellar hypometabolism,
indicating a pattern of possible functional association between
those two brain regions. These data add to the growing recognition
of dysfunctional cerebellar-network contributions to the pathogen-
esis of dystonia.” The link between cerebellar disorders and dys-
tonia has been supported by a variety of animal and human
anatomico-physiological studies.’?®? Cerebellar-somatosensory
cortex connectivity abnormalities in both acquired and idiopathic
cervical dystonia were also reported in a recent lesion network
mapping study indicating a common network abnormality be-
tween idiopathic and acquired dystonias.” Such abnormalities in
network mapping are pertinent particularly in childhood, during
which white matter pathways exhibit differential myelination mat-
uration windows. Cerebellar myelination extends into the late
teenage years and achieves maturity over the first 16 years of
life.>* This prolonged myelination maturation of the cerebellum
gives an opportunity for cerebello-thalamic-cortical and cerebello-
basal-ganglia connections to be disrupted throughout the whole of
childhood in a pattern driven either by primary cerebellar patholo-
gies or adaptive secondary cerebellar reorganization.*” Burbaud
and colleagues®” summarize how cerebellar abnormalities result in
impairment of temporal processing of sensorimotor information
and supervised learning.

Overall, our findings provide new insights into paediatric dystonia
in different aetiological subgroups. More neuronal network studies,
including pre-clinical models, are warranted to better elucidate the
pathophysiological mechanisms leading to dystonia in genetic and
acquired dystonias and also to further develop FDG-PET as a tool for
longitudinal tracking of brain metabolism in dystonia, monitoring
efficacy of therapeutic interventions and creating predictive out-
come models. In murine models FDG-PET brain imaging has been
shown to be a valuable tool in deciphering disease mechanisms
and potential for assessing the in vivo efficacy of novel therapeu-
tics.®*®* Using such imaging techniques in already established
models of paediatric dystonias®®® would be an obvious research
avenue to pursue in future studies. Follow-up pre- and post-DBS in-
sertion FDG-PET imaging studies in childhood dystonia cohorts
might also offer insights of regional brain metabolism alterations
in responder and non-responder subgroups.®”~%°

Our 39 controls represent young adults rather than age-matched
control children. Our group previously conducted analysis of
FDG-PET patterns in paediatric dystonia using a ‘pseudo-control’
group of 24 children with refractory focal epilepsy but with negative
MRI and with PET considered normal.”’ However, as those scans
were obtained using transmission-attenuation correction rather
than CT-based attenuation correction, a systematic error was intro-
duced, which was mainly expressed as frontal hypermetabolism in
controls. This gave the false impression of frontal hypometabolism
in all our dystonic subgroups and also affected—though to a lesser
extent—the findings in other brain regions. We therefore
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considered the young adult control group used in the current ana-
lysis to represent a more valid comparison, especially as there were
only trivial correlations with age for the participants under the age
of 60 years selected here (data not shown). Conversely the aetio-
logical groupings also contained children of varying age in whom
primary and secondary developmental factors must certainly play
a role. We aimed to minimize the impact of this by using age as a
covariate in each SPM analysis. Previous literature’* has shown
that children older than 6 years of age display very similar patterns
of brain glucose utilization as adults. In our cohort, a total of 19 chil-
dren were under the age of 6 years, and these were distributed
across different aetiological subgroups, so we consider it unlikely
that this factor would introduce a significant bias to the
between-group comparisons.

While two different scanners were used for patients over
the long time period of the study, one of them corresponded
to the hardware used for the control group, attenuation cor-
rection was CT-based in all, and all used the same reconstruc-
tion type. Spatial resolution was similar and small differences
will have been minimized by the smoothing inherent in the
SPM method (via spatial normalization and explicit Gaussian
smoothing).

The potential impact of different medications on PET imaging
has not been examined in this study. 81/144 patients whose scans
were analysed were on at least one medication for neurological
symptoms (range: 1-5 medications, mean 2). These included benzo-
diazepines, gabapentin, clonidine, trihexyphenidyl and baclofen.
The effect these medications could have on the analysis is uncer-
tain. However, we would expect them to—if at all—have an effect
on global metabolism (as shown for example for benzodiazepines
by Silva-Rodriguez et al.”?), rather than influence the regional pat-
terns of metabolism described in our study. Again, these patients
were distributed across the groups, so we consider that
medication-use is unlikely to have a significant effect on the
between-group comparisons.

Finally, the numbers in some of the aetiological sub-groups
were small (e.g. THAP1 group n=3), weakening the strength of our
findings in these groups. However, it should be noted that
FDG-PET is routinely used clinically for abnormality detection in in-
dividual patients (n=1).

Conclusion

In conclusion, this large quantitative analysis of FDG-PET imaging
provides unique insights into the common and divergent abnor-
malities of brain function in children and young people with dys-
tonia arising from a range of aetiologies. We present
comprehensive data from relatively large sub-cohorts of children
with genetic and acquired dystonias, which have so far been sub-
optimally characterized in the scientific literature. We report differ-
ent regional patterns of glucose hypo- and hypermetabolism ob-
served across different aetiologies, often in keeping with the
clinical phenotypes. Our findings suggest distinct diagnostic and
pathophysiological ‘signatures’ for these disorders and provide fur-
ther support for the network model of dystonia. Further studies to
improve our understanding of the underlying pathophysiology of
dystonia, and similarities or differences between different aetiolo-
gies, will be key to understanding the differential response to ther-
apy, including neuromodulation with DBS, and to providing a more
individualized pathway of care to improve outcomes for this
treatment-resistant population.
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