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Abstract

Purpose of Review The molecular imaging field has been very instrumental in identifying the multiple network interactions that
compose the human brain. The cerebral glucose metabolism is associated with neural function. 18F-fluoro-deoxyglucose-PET
(FDG-PET) studies reflect brain metabolism in a pattern-specific manner. This article reviews FDG-PET studies in Parkinson’s
disease (PD), atypical parkinsonism (AP), Huntington’s disease (HD), and dystonia.

Recent Findings The metabolic pattern of PD, disease progression, non-motor symptoms such as fatigue, depression, apathy,
impulse control disorders, and cognitive impairment, and the risk of progression to dementia have been identified with FDG-PET
studies. In prodromal PD, the REM sleep behavior disorder-related covariance pattern has been described. In AP, FDG-PET
studies have demonstrated to be superior to D2/D3 SPECT in differentiating PD from AP. The metabolic patterns of HD and

dystonia have also been described.

Summary FDG-PET studies are an excellent tool to identify patterns of brain metabolism.

Keywords 18FDG-PETstudies - Parkinson’s disease - Atypical parkinsonisms - Prodromal parkinsonism - Huntington’s disease -

Dystonia

Introduction

Knowledge of cerebral structure and function in Parkinson’s
disease (PD) and atypical parkinsonisms (AP) was obtained
from animal studies or pathological studies rather than
“in vivo” observations of the human brain. However, the un-
derstanding of how the brain is composed of highly intercon-
nected networks that link regions involved in motor, cogni-
tive, and behavioral functions (rather than separated regions)
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was derived of imaging studies. The last decade has been in
particular very relevant in advances of the molecular imaging
field to explore the living human brain [1ee].

The radiotracer [18F]-fluoro-deoxyglucose (FDG) is anal-
ogous to glucose and cerebral glucose metabolism is closely
associated with local neural integrity and functional state of
neurons.

FDG is transported into the neurons by glucose transporter
proteins (GLUT) and its uptake increases with synaptic activ-
ity and decreases with neural dysfunction. This is especially
relevant in neurodegenerative diseases where glucose metab-
olism is connected with cell death by pathways mediated by
glucose-metabolizing enzymes [2].

FDG positron emission tomography (FDG-PET) is a pow-
erful tool to detect and to quantify network abnormalities an-
alyzed by covariance analysis and expressed in a pattern-
specific manner, delineating functional brain regions and me-
tabolism in neurodegenerative diseases. Although FDG-PET
may be regarded as less specific than biomarkers of brain
amyloidosis or tauopathy in detecting the underlying patho-
physiology in PD and AP, it has proven to be very instrumen-
tal in identifying patterns of brain hypometabolism where
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neuronal dysfunction may even predate the structural anatom-
ical changes, thus being highly relevant in the daily clinical
practice.

In this review, we will focus on how the FDG-PET studies
may contribute to the diagnosis, differential diagnosis, and
also the assessment of progression of neurodegeneration in
PD and AP as well as future directions in research. We will
also briefly describe findings in other movement disorders
such as Huntington’s disease (HD) and dystonia.

PD Metabolic Pattern—Topographically
Distributed Networks

Although the primary biochemical pathology of PD is
localized into the substantia nigra (SN), lesions of the
presynaptic dopaminergic terminal produce widespread
abnormalities through topographically distributed net-
works. These networks are topographically organized
and functionally distributed to connect regions such as
the nigrostriatal pathway that associates the SN with dor-
sal striatum, one of the major dopaminergic pathways in
the brain which is particularly involved in the production
of movement, the mesolimbic pathway that links the ven-
tral tegmental area (VTA) to ventral striatum, involved in
the occurrence of impulse control disorders (ICDs) and
the mesocortical pathway (VTA with the prefrontal cor-
tex) that regulates executive functions, attention, and
cognition [3, 4].

The most important PD-related metabolic pattern, the
PD-related spatial covariance pattern (PDRP), has been
identified in association with motor symptoms in 1994
by Eidelberg and colleagues. The PDRP has been repeat-
edly characterized by decreased metabolism in PD pa-
tients compared with healthy controls (HC), in parietal
association, visual cortex, and lateral premotor and pre-
frontal association cortices, and by increased metabolism
in the pons, bilateral thalamus, pallidum, dorsal putamen,
primary motor cortex, and supplementary motor area [5].
However, in the inferior parietal cortex for which HC
showed connectivity with posterior putamen, PD patients
showed connectivity with anterior putamen. These results
suggest the existence of possible compensatory alter-
ations or remapping in PD that increase the role of the
anterior putamen, in agreement with the posterior
putamen’s earlier and greater dopaminergic dysfunction
in PD [6, 7].

The clinical correlates of the PDRP have also been exten-
sively investigated. It was observed that PDRP expression
correlated positively with UPDRS scores, akinetic-rigid motor
symptoms, and disease duration [8].

Following this imaging-clinical correlation, Granert et al.
built a topological map based on regional patterns of the
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cerebral metabolic rate of glucose measured with FDG-PET
to localize single subjects’ disease status according to “PD-
typical” and Alzheimer’s disease, “AD-typical,” pattern ex-
pression in patients with PD, Parkinson’s disease dementia,
dementia with Lewy bodies (DLB), amnestic mild cognitive
impairment, and AD.

The patterns obtained were related to the severity of clinical
symptoms. In view of these strong correlations between met-
abolic and clinical measurements (cognitive vs motor pattern),
the authors propose that FDG-PET imaging may even more
significantly correlate with the clinical symptoms than with an
underlying pathology [9¢].

However, the time at which these abnormalities appear is
not entirely clear, as it is their relationship to indices of disease
progression. To clarify this issue, 15 early-stage PD patients
underwent multitracer PET imaging at baseline, 24, and
48 months, scanned with FDG to assess the expression of
the PDRP and cognitive metabolic covariance pattern
(PDCP) and with [18F]-fluoropropyl BCIT (FP-CIT) to quan-
tify longitudinal changes in caudate and putamen dopamine
transporter (DAT) binding.

The study observed that disease progression was associated
with increasing metabolism in the subthalamic nucleus (STN)
and internal globus pallidus, as well as in the dorsal pons and
primary motor cortex, with declining metabolism in the pre-
frontal and inferior parietal regions. PDRP expression was
elevated at baseline and increased progressively over time as
well as PDCP activity and correlated negatively with the up-
take of striatal DAT binding and increases in motor ratings
[10].

Further, the PDRP pattern has also been validated in pri-
mate models of PD with experimental parkinsonism due to 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) expo-
sure, where similar network abnormalities have been ob-
served, which remained stable over 3 months [11].

The network-level abnormalities reflect the release of the
basal ganglia from nigral inhibition and the distribution of the
«-synuclein pathogenesis. Functionally, there is an
overactivation of the putamen, which increases the inhibitory
afferents to the lateral pallidum producing increased metabo-
lism and reduction in inhibitory afferents to the STN. The
excitatory projections to the medial pallidum (MGP) increase,
resulting in increased MGP metabolism, and the inhibitory
projections from the MGP to the ventral thalamus also in-
crease, resulting in increased metabolism in these thalamic
structures [5, 12, 13].

Moreover, the activity of the PDRP was also modulated by
dopaminergic replacement therapy, deep brain stimulation
(DBS), and STN gene therapy.

STN-DBS inhibits the PDRP producing elevations in pari-
etal and occipital glucose metabolism and reductions in cau-
date, putamen, cerebellum, and frontal cortex glucose metab-
olism. Clinically, there is a correlation of improving rigidity



Curr Neurol Neurosci Rep (2019) 19: 56

Page30of9 56

and within imaging an increment in glucose metabolism in the
parietal lobe to the degree of PDRP modulation [14¢].

A network modulation was also observed with levo-
dopa therapy associated with significant metabolic reduc-
tions in the putamen/globus pallidus, sensorimotor cor-
tex, and cerebellar vermis, as well as increases in the
precuneus, correlating also with clinical improvements
[15].

In a blinded surgical trial of gene therapy for PD, the rate of
PDRP progression measured over 1 year was consistently
reduced while it was not affected by placebo treatment,
highlighting that PDRP can also be considered a reliable bio-
marker of treatment response [16].

The PDRP is not related to tremor reflecting the distinct
pathophysiological pathways of bradykinesia/rigidity and
tremor. A different metabolic model, the PD tremor-related
pattern (PDTR), was identified in tremor-dominant PD pa-
tients before and after thalamic DBS [17].

The PDTR was characterized by covarying increases in the
cerebellum/dentate nucleus and primary motor cortex and to a
lesser extent the caudate and putamen. The PDTR expression
scores were correlated with tremor, but not to bradykinesia/
rigidity scores.

The pathophysiology of parkinsonian tremor is thought to
be characterized by a different metabolic network involving
primarily the cerebello-thalamo-cortical pathways, distinct
from that of akinesia and rigidity which is related to the loss
of nigral dopaminergic projections to the putamen.

This observation is further supported by the fact that the
parkinsonian tremor is not linearly responsive to dopaminer-
gic therapy.

The effect of treatment on this network has also been eval-
uated. The PDTR was modulated by DBS of the ventral inter-
mediate (Vim) thalamic nucleus; although STN-DBS reduced
activity of both PDTR and PDRP, PDTR was better modulat-
ed by Vim DBS than by STN-DBS [17].

Another well-characterized network in PD is the default
mode network (DMN). The DMN describes resting brain
function, when the brain is not engaged in a task.

In HC, the resting state (RS) network was topographically
similar to the DMN with relative metabolic increases in the
posterior cingulate, medial prefrontal cortex, precuneus, and
lateral parietal association regions.

A RS network resembling the DMN has also been
identified in FDG-PET studies in early PD patients. The
expression of the RS network measured at rest and during
motor execution and motor sequence learning in PD and
HC showed that the NL1-PC1, a major normal metabolic
RS network, was less activated during task performance
compared to the rest condition. In advanced PD, this task-
related “deactivation” of the RS network was not evident
and it was increasingly replaced by a pathological net-
work, the PDRP [18].

Can Metabolic Network Activity Be Imaged
in Prodromal PD?

Idiopathic REM sleep behavior disorder (iRBD) is regarded as
one of the strongest predictors of PD. In view of the need to
find reliable neuroimaging markers to predict the onset of
parkinsonism in the prodromal phase of PD, several imaging
studies have been performed in iRBD patients.

FDG-PET studies in iRBD identified a RBD-related co-
variance pattern (RBDRP) and also the expression of the
PDRP [19, 20].

In one of the studies, Wu et al. identified the RBDRP
in 21 patients with RBD and examined its evolution in 21
age-matched patients with hemi-PD (Hoehn and Yahr 1)
and 16 patients with moderate PD (Hoehn and Yahr 2-3)
to assess the correlations between the RBDRP and PDRP
networks [20]. The authors found that the covariance pat-
tern was characterized by relative increases in sensorimo-
tor, superior frontal, cingulate, thalamic, pontine, and cer-
ebellar metabolism associated with decreases in occipital,
midbrain, and superior temporal metabolism showing that
the RBDRP constitutes a unique metabolic network in
RBD patients that reflects the neuronal circuits linking
the brainstem, thalamus, cerebellum, and the cortex. The
expression levels of this network have been found to be
abnormally elevated in the clinically unaffected hemi-
sphere of early PD patients and in preclinical subjects
with RBD and in the hemi-PD patients although slightly
lower than in patients with iRBD. The RBDRP expression
decreased significantly in the moderate parkinsonian pa-
tients, suggesting that the network expression has a po-
tential as a marker for phenoconversion, although it is not
yet entirely clear which components were promoting neu-
rodegeneration or which were compensatory.

In another study, Holtbernd and colleagues evaluated 2
groups of iRBD patients and HC. One group underwent
RS metabolic brain imaging with FDG-PET. The second
group of 17 patients, who received RS brain perfusion
imaging with ethylcysteinate dimer SPECT, were follow-
ed up for 4.6+2.5 years by investigators blinded to the
imaging results.

The PDRP expression was elevated in both groups of
subjects with RBD. The study concluded that network
abnormalities in subjects with iRBD were associated with
a greater likelihood of phenoconversion to a progressive
neurodegenerative syndrome and that phenoconversion to
multiple system atrophy (MSA) was more likely in indi-
viduals with lower PDRP expression at baseline compared
to patients who converted to PD/DLB, suggesting that this
network may be able to predict which disorder a patient
with iRBD may develop. However, more validation stud-
ies are needed before these observations can be used to
predict phenoconversion in iRBD patients [19].
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Cognitive Impairment in PD

Degeneration of cholinergic and dopaminergic pathways are
the most important components of cognitive dysfunction in
PD, although its occurrence may be influenced by many other
neurotransmitter system alterations [21].

FDG-PET studies have also been used to explore the met-
abolic functional correlates of PD with cognitive impairment.
Network studies have revealed a consistent metabolic pattern
associated with cognitive decline in non-demented PD pa-
tients characterized by hypometabolism in frontal and parietal
regions and hypermetabolism in the cerebellar dentate nucle-
us, the PDCP, basically a fronto-parietal network, which is
related to executive and memory dysfunction [22, 23].

The level expression of the PDCP correlated with execu-
tive and memory performance, but not with motor scores, and
its expression was significantly higher in PD patients with
mild cognitive impairment than in cognitively intact patients.

There is a great need for reliable biomarkers to identify
PD patients with cognitive impairment who may progress
to dementia during the course of the disease. It is well
known that advanced age, longer disease duration, worse
motor and non-motor impairments, visual-spatial and
memory deficits, or multidomain mild cognitive impair-
ment are the most reliable risk factors for developing PD
dementia [24].

However, no biomarker has been able to solidly predict at a
patient level, those patients who will convert to dementia.

FDG-PET studies have shown in cross-sectional and lon-
gitudinal studies that progressive cortical hypometabolism of
the parietal and occipital regions characterize the transition
from normal cognition to dementia in PD [25, 26]. In addition,
a study combining FDG-PET with structural imaging con-
cluded that hypometabolism predates atrophy in these brain
regions [27].

A recently published study showed that FDG-PET with
statistical parametric mapping detected patterns of
hypometabolism that predicted the risk of a patient with
PD to progress to dementia by 4 years [28e¢]. In this
study, 54 PD patients received an extensive motor and
cognitive assessment and a single-subject FDG-PET eval-
uation at baseline. The FDG-PET was evaluated by 2 ex-
pert raters to identify a “typical PD pattern” (29 patients)
or an “atypical pattern” (DLB, AD, corticobasal syndrome
(CBS), and frontotemporal dementia (FTD), 25 patients).
At 4-year follow-up, 13 patients, all showing “atypical
pattern” at baseline, progressed to PD dementia. The
DLB- and AD-like patterns were the best predictor for
incident dementia (sensitivity 85%, specificity 88%), in-
dependently from cognitive baseline classification, sug-
gesting that FDG-PET at the single-subject level might
help in identifying PD patients at risk of developing
dementia.
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Non-motor Symptoms in PD

Distinct patterns of metabolic abnormalities have been identi-
fied in relation with the development of non-motor symptoms
(NMS). Compared to HC, patients with and without ICDs
showed a moderately quite similar connectivity pattern in-
volving bilateral temporal lobes. However, patients with
ICDs showed a diffuse connectivity in bilateral posterior tem-
poral lobes and right fronto-parietal lobes including the orbito-
frontal area. In patients with ICDs, right middle and inferior
temporal gyri exhibit decreased connectivity with the left cau-
date and a trend for increased connectivity with the right infe-
rior fronto-orbital cortex. These findings led the authors to
hypothesize that this temporo-limbic disconnection disrupts
the integration of information about the reward, contributing
to the addictive process [29].

The neural basis of apathy encompasses the prefrontal cor-
tex, limbic regions, and the basal ganglia. In apathetic PD
patients, it was observed, according to a study of 45 patients
with PD who were neither depressed nor demented, positive
correlations between the apathy score and cerebral metabo-
lism in the right inferior and middle frontal gyrus, right
cuneus, and right anterior insula and negative correlations
with the cerebellar metabolism in the semilunar lobules bilat-
erally within the posterior lobe.

Interestingly, it was observed that the metabolism in the
bilateral posterior lobe of the cerebellum inversely correlated
with apathy scores due to strong anatomic connections be-
tween the cerebellum and the prefrontal cortices via thalamus.
These results indicate that the frontal, temporal, and cerebellar
areas, known to be involved in reward, emotion, and cogni-
tion, are also involved in apathy in PD patients without de-
mentia or depression [30].

In another study that enrolled 26 nondemented PD subjects
and 12 HC who underwent FDG-PET magnetic resonance
imaging (MRI) and a complete neuropsychological battery,
PD subjects presented significant reductions in executive/
attention function, memory/verbal learning, speed of thinking,
and significantly increased depression, anxiety, and apathy
scores compared with HC. Depressive symptoms correlated
with increased amygdala metabolism; anxiety scores correlat-
ed with decreased caudate metabolism and apathy scores cor-
related with increased metabolism in the anterior cingulate
and orbitofrontal lobe and decreased metabolism in the
temporoparietal association cortex, showing that emotional
dysfunction in PD is associated with distinct patterns of cere-
bral metabolic changes [31].

Fatigue is a common NMS in PD manifesting as a sensa-
tion of lack of energy. To identify the neural substrates of
fatigue in PD, 23 PD patients with fatigue underwent FDG-
PET scan and the metabolic activities were compared to those
without fatigue using statistical parametric mapping analysis.
The PD group exhibited a correlation between higher level of
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fatigue and metabolic changes in cortical regions associated
with the salience (right insular region) and default (bilateral
posterior cingulate cortex) networks, suggesting that fatigue
may be the expression of metabolic abnormality interactions
between brain regions linked to the salience network and other
neural networks [32].

Atypical Parkinsonism

The differential diagnosis of parkinsonian disorders can be
challenging, especially early in the disease course. FDG-
PET studies have been used to identify patterns of brain me-
tabolism in PD and also in the more common differential
diagnosis of AP such as progressive supranuclear palsy
(PSP), MSA, and corticobasal degeneration (CBD).

FDG-PET-related patterns have been repeatedly demon-
strated in AP. In MSA, a pattern characterized by
hypometabolism in the putamen and cerebellum has been de-
scribed [33], in PSP a pattern consisting of hypometabolism in
the prefrontal cortex, frontal eye fields, caudate nuclei, medial
thalamus, and upper brainstem [34], and in CBD a pattern
reflecting hypometabolism of the cortex and basal ganglia of
one hemisphere and the contralateral cerebellum to the side
with akinetic-rigid parkinsonism and apraxia [35]. The
hypometabolism is typically found in the motor and premotor
cortices, but may also involve the prefrontal or posterior pari-
etal and lateral temporal cortex, and the cingulate gyrus. The
heterogeneity of metabolic patterns found in CBS is most
likely due to the variety of different pathologies that can pres-
ent as CBS which include CBD, PSP, AD, FTD, and a mix of
these conditions.

As opposed to PD, where the metabolic pattern in the basal
ganglia is basically spared or increased, in AP, the metabolic
pattern is reduced, as it was previously described in MSA,
PSP, and CBD [36]. Table 1 gives an overview of network
abnormalities in PD, AP, and other movement disorders.

FDG-PET studies performed at the time of initial referral of
patients with parkinsonism demonstrated that they accurately
predicted the clinical diagnosis of patients made at follow-up,
according to a study of 135 parkinsonian patients. The results
of visual assessments and computer-assisted interpretation
were compared with 2-year follow-up clinical evaluations
made by independent movement disorder specialists who
were blinded to the original PET findings. It was found that
blinded computer assessment agreed with clinical diagnosis in
92.4% of all subjects (97.7% early PD, 96% MSA, 85% PSP,
90.1% CBD, 86.5% HC). Concordance of visual inspection
with clinical diagnosis was achieved in 85.4% of the patients
[37].

In routine clinical practice, the FDG-PET scan of a patient
can be assessed visually and the metabolic pattern identified,
thus orientating the clinician in the diagnostic possibilities

particularly in early stages of the disease. The European
Association of Nuclear Medicine procedural guidelines [38]
and also the latest criteria for PSP diagnosis by the Movement
Disorders Society support the use of FDG-PET to differentiate
between PD and AP [39-].

Although dopamine D2/D3 receptor (D2R)-SPECT was
recommended by international guidelines to separate AP from
PD [40], a recent meta-analysis suggested that the diagnostic
accuracy of D2R-SPECT was low and did not discriminate
between AP subgroups, since normal postsynaptic D2R avail-
ability did not preclude an AP [41].

Therefore, Hellwig at al. compared FDG-PET and [1,2,3
[Jiodobenzamide (IBZM)-SPECT for the differentiation be-
tween PD and AP. PET scans were interpreted in 2 consecu-
tive levels: in the first level, the readers classified each scan as
indicative of PD or AP. In a second level, the AP-positive
scans were categorized as being indicative of MSA, PSP, or
CBD. After a follow-up of 12 months, a movement disorders
specialist blinded for the FDG-PET established whether the
clinical diagnosis accorded or not with the FDG-PET pattern
diagnosis [42].

The study showed that the area under the receiver operating
characteristic curve for differentiating between PD and AP
with FDG-PET was 0.94, significantly larger than for
IBZM-SPECT (0.74), while it did not significantly differ
among AP subgroups, suggesting that FDG-PET is superior
to IBZM-SPECT in differentiating PD from AP. FDG-PET
reliably differentiates AP subgroups and this finding may bet-
ter guide the clinical routine examinations of parkinsonian
patients.

Other Movement Disorders
FDG-PET in HD

The FDG-PET studies in symptomatic HD patients have
shown glucose hypometabolism in the striatum and the cortex
which correlated respectively with motor and cognitive dys-
function [43-45]. This pattern of glucose hypometabolism
was also observed in premanifest HD gene carriers [46].
Further, a bilateral increase in thalamic, occipital, and cerebel-
lar glucose metabolism has also been identified as a typical
pattern of HD [47].

In a study to evaluate functional brain network associated
with the progression of preclinical HD, 12 premanifest HD
mutation carriers received FDG-PET at baseline and at 1.5,
4, and 7 years. The subjects were also scanned with [''C]-
raclopride PET to measure decline in D, receptor binding. In
these subjects, it was observed a linear increase over 7 years in
network activity, characterized by progressive decline in glu-
cose metabolism in striatum, thalamus, insula, and posterior
cingulate gyrus and in the prefrontal and occipital cortex
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Table 1 Common FDG-PET
findings in Parkinson’s disease,
atypical parkinsonism,

Network/
disorder

Glucose metabolic pattern

Huntington’s disease, and
dystonia Parkinson’s disease

PDRP

1 Pons, bilateral thalamus, pallidum, dorsal putamen, primary motor cortex, and

supplementary motor area

| Parietal, visual, lateral premotor, and prefrontal association cortex

PDTR
PDCP

1 Cerebellar dentate nucleus, primary motor cortex, caudate, and putamen
1 Cerebellar dentate nucleus

| Frontal and parietal regions

RBDRP

1 Sensorimotor, superior frontal, cingulate cortex, thalamic, pons, and cerebellar

| Occipital, midbrain, and superior temporal region

Atypical parkinsonism

MSA | Putamen and cerebellum
PSP | Prefrontal cortex, frontal eye fields, caudate, medial thalamus, and upper brainstem
CBD | Cortex and basal ganglia of one hemisphere and contralateral cerebellum to the side of

parkinsonism and apraxia

Huntington’s disease

HD/carriers

| Striatum and cortex

1 Thalamic, occipital, and cerebellum

Dystonia
DYTI1
DYT6
DYTI11

1 Basal ganglia, cerebellum, and supplementary motor area
| Putamen and cerebellum, thalamus
1 Inferior pons and posterior thalamus

1 = increase, | = decrease

associated with progressive increase in the cerebellum, pons,
hippocampus, and orbitofrontal cortex, accompanied by a lin-
ear decline in D2 striatal density. This finding emphasizes that
the metabolic network imaging provides a sensitive measure
of disease progression in premanifest HD, helping in patient
selection for disease-modifying clinical trials [48].

Dystonia

Different studies have shown that the role of abnormalities
within the basal ganglia circuitry may not be the only factor
associated with dystonia. More recent evidence suggests that
dystonia may occur as a consequence of involvement of both
basal ganglia-thalamo-cortical and cerebello-thalamo-cortical
pathways [49, 50].

In generalized as well as in focal dystonia, common FDG-
PET findings have been observed in basal ganglia and asso-
ciated outflow pathways to sensorimotor cortex and to other
regions involved with motor control and responses, which
may be associated with an abnormal sensorimotor integration
that facilitates the occurrence of dystonia. Recent findings
suggest that dystonia is a dynamic disorder related to abnor-
mal cell function due to complex brain network abnormalities
[50, 51°].

In patients with DYT1 dystonia, a pattern of increased re-
gional metabolic activity involving the basal ganglia,

@ Springer

cerebellum, and supplementary motor cortex was identified
[52], while in DYT6 dystonia, opposite patterns of tracer up-
take in the putamen were observed [53] and in DYT11 myoc-
lonus dystonia, it was described an increased metabolism in
the inferior pons and in the posterior thalamus [54], showing
that different types of dystonia may be associated with differ-
ent FDG-PET patterns.

Future Directions in Research

The computational and mathematical fields are taking place in
the medical sciences. In this regard, computerized classifiers
are being increasingly used in PD and AP. In the past years,
studies have used classifiers or machine learning approaches
to analyze FDG-PET studies.

A recently published study evaluated the potential utility of
the PDRP as a biomarker for clinical trials of early-stage PD
using FDG-PET and two machine learning approaches (scaled
subprofile model (SSM) and NPAIRS with canonical variates
analysis) in 17 HC and 23 PD patients. The study concluded
that both classifiers were able to discriminate HC from PD,
correlated with Hoehn and Yahr stage and UPDRS scores with
high similarities of metabolic patterns [55¢].

Very interestingly, a future area of research is dedicated to
overcome one of the limitations of PET studies, the low spatial
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resolution. The recent integration of PET and MRI in a single
hybrid scanner would help in this issue since MRI provides
high-resolution information on brain anatomy, volumetry,
structural, and functional connectivity and brain perfusion,
which can be used to improve spatial resolution of data ac-
quired with PET. In the field of movement disorders, the cur-
rent state of knowledge is still limited; however, combining
metabolic and functional connectivity data may provide a fun-
damental tool to understand the pathophysiology of these dis-
orders which are due to complex interactions between multi-
ple networks [56].

Conclusion

The network analysis of FDG-PET may provide adequate
biomarkers for diagnosis and differential diagnosis in PD
and AP, thus being of diagnostic and predictive value, easily
accessible in daily clinical practice, and widely available.

FDG-PET imaging can be used to establish a metabolic
pattern in neurodegenerative diseases. The association with
underlying pathologies will require either neuropathological
confirmation or the use of additional imaging methods, for
example, markers of TAU or amyloid.
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