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Abstract

Neuroimaging and modern computational techniques like spatial covariance analysis have 

contributed greatly to the understanding of neural system abnormalities in neurodegenerative 

disorders such as Parkinson’s disease (PD). The application of network analysis to metabolic PET 

data obtained from patients with PD has led to the identification and validation of two distinct 

spatial covariance patterns associated with the motor and cognitive manifestations of the disease. 

Quantifying the activity of these patterns in individual subjects has provided an objective tool for 

the assessment of treatment efficacy and differential diagnosis. We have found that activity of the 

PD motor-related network is modulated by antiparkinsonian treatments such as dopaminergic 

therapy, deep brain stimulation (DBS), and subthalamic nucleus (STN) gene therapy. By contrast, 

the cognitive-related network is not altered by these interventions for PD motor symptoms. This 

pattern may however change in response to therapies targeting the cognitive symptoms of this 

disorder. Recent work has focused on the identification of specific network biomarkers for 

atypical parkinsonian conditions such as multiple system atrophy (MSA) and progressive 

supranuclear palsy (PSP). These disease-related patterns can potentially be used in an automated 

imaging-based algorithm to classify patients with these disorders.
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INTRODUCTION

Positron emission tomography (PET) imaging with 18F-fluorodeoxyglucose (FDG) has 

revealed valuable information concerning abnormal functional connectivity in 

neurodegenerative disease by the advent of network image analysis. By mapping cerebral 

glucose metabolism at a voxel level, this imaging approach provides a measure of regional 

synaptic activity.1,2 Localized pathology can alter functional connectivity across the entire 

brain in a disease-specific manner. In recent years, spatial covariance analysis has been 

applied to identify network abnormalities that are associated with neurodegenerative 

diseases including Parkinson’s disease (PD), Alzheimer’s disease (AD), and Huntington’s 

disease (HD).3 This approach is based on principal components analysis and has been 

described in detail elsewhere.4,5 In addition to creating the means to identify and validate 

specific metabolic covariance patterns related to disease, this computational method can be 

used to quantify these patterns in individual subjects. This application is particularly suitable 

for the study of novel therapies6, and in the investigation of presymptomatic individuals at 

risk for disease.7,8

This review will focus on metabolic imaging and network analysis as applied to PD. Firstly, 

we will show how PD-related networks are linked to the pathophysiology of the disease. 

Secondly, we will review the use of imaging to assess the effects of different treatment 

strategies on network activity.

BRAIN NETWORK ANALYSIS IN PD

PD-Related Metabolic Spatial Covariance Pattern

The cardinal symptoms of PD (i.e., tremor, rigidity, and slowness of movement) are 

associated with the expression of an abnormal disease-related pattern found in resting-state 

metabolic images such as those acquired with FDG PET.9–11 This PD-related spatial 

covariance pattern (PDRP) is characterized by increased pallidothalamic and pontine 

activity, covarying with relative metabolic reductions in the premotor cortex, supplementary 

motor area, dorsolateral prefrontal cortex, and parieto-occipital association regions (Fig. 1, 

left). To date, the PDRP has been identified in seven discrete patient populations scanned in 

the rest state with either FDG PET or ECD SPECT perfusion imaging.9,12,13 Ma et al. 

(2007) recently reported highly stable PDRP expression in single subjects, with excellent 

test–retest reproducibility over hours to weeks.14 There is also substantial evidence linking 

PDRP activity to motor disability (i.e. Unified Parkinson’s Disease Rating Scale [UPDRS] 

part 3 composite scores)12,15–18, and to independent PET measures of nigrostriatal 

dopamine deficiency.10,19

The functional/anatomical basis for the PDRP topography has been described in detail 

previously.20–22 Interestingly, the hypermetabolic nodes of the PDRP are associated with 

areas of high synaptic activity in both rodent and primate models of parkinsonism. These 

nodes include the putamen (elevated cortical inputs), both pallidal segments (elevated 

putamen-GPe and STN-GPi inputs), motor thalamus (elevated GPi thalamic input), and 

pedunculopontine nucleus (PPN; elevated GPi-pontine input). Although rudimentary, this 

explanation of the PDRP topography conforms well to traditional “box and line” models of 
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the motor corticostriato-pallido-thalamocortical (CSPTC) loops.23 That said, spatial 

covariance analysis has disclosed a highly significant correlation between PDRP activity and 

subject differences in intraoperative recordings of STN firing rates in patients with PD.24 

This suggests that the motor-related PD metabolic network is closely related to neuronal 

activity in a critical modulator of basal ganglia output.25

PD-Related Cognitive Pattern

In addition to motor symptoms, patients with PD may also develop non-motor symptoms 

that include cognitive impairment and affective disorder. In an FDG PET study conducted in 

patients with PD without dementia, we reported that neuropsychological performance was 

associated with the activity of a separate metabolic pattern that was unrelated to the 

PDRP.17 This PD-related cognitive pattern (PDCP) is characterized by reduced metabolic 

activity in prefrontal and parietal cortices, with relative increases in dentate nuclei and 

cerebellar hemispheres (Fig. 1, right). PDCP expression is correlated with impairments in 

memory and executive functioning as seen in non-demented patients with PD. Like the 

PDRP, PDCP activity was found to be highly reproducible in individual patients. However, 

unlike the PDRP, its expression was not altered by the treatment of motor symptoms with 

either levodopa or stimulation of the subthalamic nucleus (STN).17 In a recent study, we 

noted elevated PDCP expression in patients with clinically defined mild cognitive 

impairment compared with patients who were cognitively intact.26 These findings suggest 

that the PDCP is a network independent from the PDRP and a potential biomarker of 

cognitive function at early disease stage.

EFFECTS OF DISEASE PROGRESSION ON NETWORK ACTIVITY

Recent longitudinal PD studies in which PDRP/ PDCP measurements were performed in 

conjunction with dopaminergic imaging and UPDRS assessments have shed light on the 

activity of these networks in the early stages of disease. Fifteen early stage PD patients 

(disease duration <2 years) underwent FDG PET scanning (after the cessation of 

antiparkinsonian medications for at least 12 hours) at baseline, 24 months, and 48 months.19 

The patients were also scanned with 18F-fluoropropyl-β-CIT to quantify dopamine 

transporter binding in the caudate and putamen, which served as an index of presynaptic 

nigrostriatal dopaminergic dysfunction. We noted that PDRP activity increased linearly over 

time, and was significantly elevated compared to control values at all three timepoints (Fig. 

2). These changes correlated with reductions in UPDRS motor ratings and dopamine 

transporter binding in the putamen.9 The magnitude of these correlations was modest, and 

no more than a third of the variability in any one of the biomarkers of progression, such as 

clinical ratings, dopaminergic imaging, and PDRP was explained by either of the remaining 

two biomarkers. Thus, these measures are not interchangeable; rather each captures a unique 

feature of the neurodegenerative process. Further studies with both approaches will be 

needed to assess their comparative sensitivity to disease progression in the presymptomatic 

period of PD.

On the other hand, PDCP activity increased (P < 0.0001) at a different rate than the PDRP, 

starting out slow and then accelerating at later timepoints (Fig. 2). Unlike PDRP expression, 

which was abnormal at baseline, PDCP expression did not reach abnormal levels until the 
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final time point. Moreover, PDCP expression was not associated with a worsening of motor 

ratings or dopamine transporter binding in the caudate or putamen. Thus, the effects of 

disease progression differ between the motor and cognitive pathways and different 

therapeutic approaches may be needed to slow the development of functional disturbances in 

each pathway.

EFFECTS OF THERAPY ON GLUCOSE METABOLISM

The quantification of network activity during therapeutic interventions for PD may provide 

an objective means of assessing the effects of treatment on brain function. This network 

imaging approach may be particularly useful for screening new forms of symptomatic 

therapy in that significant network modulation has been detected with as little as seven 

subjects.20,27 Over the past several years, we have studied the effects of L-dopa and 

stereotaxic surgical interventions on resting glucose metabolism. By quantifying the activity 

of multiple covariance patterns in FDG PET scan data, we studied the differential effects of 

treatment on parallel neural systems mediating the motor and cognitive manifestations of 

PD.

L-Dopa

Imaging studies conducted with PD patients on L-dopa therapy have revealed changes in 

glucose metabolism, particularly reductions in cerebellar vermis, putamen, GP, thalamus, 

and precentral gyrus.16,28 Additionally, other researchers have reported treatment-mediated 

metabolic reductions in the ventral orbitofrontal cortex and in the thalamus and lentiform 

nucleus.29,30 Interestingly, we have found that L-dopa infusion significantly suppresses the 

expression of the motor-related PD network, but not that of the cognition-related 

pattern.16,17,28 The changes observed in PDRP activity correlated significantly with clinical 

improvement in UPDRS motor ratings.16,28 This suggests that the underlying 

pathophysiology of the motor and cognitive symptoms of PD are distinct. Quantitative 

measurements of PDCP activity may therefore prove useful for future investigations aimed 

at treating the cognitive symptoms of this disorder. Moreover, L-dopa therapy has had only a 

minimal effect on pontine metabolism, perhaps explaining the typical lack of improvement 

in gait, locomotion, autonomic function, or sleep disturbances with dopaminergic therapy.19 

That said, oral L-dopa may improve gait impairment and locomotion difficulties when used 

in conjunction with PPN DBS.31

Although not significant, the results of an FDG PET study with apomorphine, a mixed 

D1/D2 receptor agonist, showed similar metabolic reductions in the lenticular nucleus, 

occipital cortex and thalamus.32 In animal models of PD, L-dopa administration normalized 

elevations in pallidothalamic glucose utilization33,34 and decreased GPi firing rates.35,36 

These findings, along with the PET results, support the notion that L-dopa treatment can lead 

to a deactivation of excitatory projections to the GPi.

Subthalamic Nucleus Lesioning, Deep Brain Stimulation, and Gene Therapy

In a unilateral subthalamotomy study a group of patients with PD underwent FDG PET 

scanning preoperatively, as well as 3 and 12 months following surgery.37,38 When compared 
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with baseline, 3-month postoperative cerebral metabolism was significantly reduced in the 

ipsilateral midbrain (larger than actual ablation site), GPi, ventral thalamus, and 

pedunculopontine nucleus (PPN), with increased metabolism in the cerebellum.37 Although 

elevated at baseline, PDRP activity was significantly reduced ipsilateral to subthalamotomy, 

but not contralateral to the lesion, and was unchanged 12 months after surgery. Reductions 

in PDRP expression at 12 months, relative to baseline, correlated with improvement in 

contralateral bradykinesia and rigidity, whereas tremor ratings only demonstrated a trend. 

Sustained metabolic reductions in GPi, pons, and ventral thalamus were observed at 12-

month follow-up scanning, while clinical evaluation demonstrated a worsening of tremor, 

gait, and postural stability.38 By contrast, GPe metabolism increased between the two 

postoperative visits, nearly rising to preoperative baseline levels. As demonstrated by these 

PET data, subthalamotomy resulted in changes in metabolic activity of STN projections to 

GPi/SNr with subsequent reductions in inhibitory outflow to PPN. These physiological 

changes may explain the clinical improvement seen in contralateral limb and axial 

symptoms with this intervention. Because STN-GPe microcircuitry is the central pacemaker 

of the basal ganglia, it may also contribute to the pathophysiology of tremor.39,40

Bilateral STN Deep Brain Stimulation (DBS) has been found to be associated with reduced 

rest-state glucose utilization in the putamen, globus pallidus, and primary motor and 

prefrontal cortex, as well as in the cerebellar vermis.16 Indeed, reductions in PDRP activity 

induced by this intervention correlated with the degree of postoperative motor benefit that 

was observed.16,41 Hilker et al.42 have also demonstrated similar PET findings in patients 

with STN DBS. These findings are in line with the results of a 2-deoxyglucose study of 

parkinsonian primates in which STN DBS reversed baseline metabolic elevations in the GPi 

and ventral thalamus, while concomitantly giving rise to local increases in the STN.43 

Although PDRP activity can be modulated by STN DBS, the reduction in network 

expression is less than that seen with subthalamotomy.16 Indeed, the extent to which PDRP 

expression is reduced appears to be dependent on the surgical target or the mode of 

treatment (Fig. 3). Our metabolic imaging data as well as clinical observations made by 

other researchers25,44 suggest that the treatment effects obtained by targeting the STN are 

greater in magnitude than those targeting the GPi.

The PDRP network has recently been demonstrated to be a useful in vivo marker of 

treatment response in trials of novel PD therapies. This approach was used in a phase I 

clinical trial of unilateral STN adeno-associated virus-glutamic acid decarboxylase (AAV-

GAD) gene therapy for advanced PD.6,45 Twelve patients were scanned with FDG PET at 

baseline as well as 6 and 12 months following gene therapy. In this unblinded dose-

escalation study, there was a significant change in motor-related PDRP activity on the 

treated side when compared with the unoperated hemisphere (Fig. 4, left). These changes 

correlated with improvement in UPDRS motor ratings. By contrast, gene therapy did not 

alter the activity of the cognitive-related PDCP network in either of the two hemispheres 

(Fig. 4, right), in concordance with the results of concurrent neuropsychological 

evaluations.45 These results indicate the potential use of network quantification in the 

objective assessment of novel PD therapies.
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METABOLIC IMAGING AND DIFFERENTIAL DIAGNOSIS OF ATYPICAL 

PARKINSONIAN SYNDROMES

Although PD is the most common form of parkinsonism, there is a wide-range of other 

etiologies that present similarly at the clinical level. This can lead to misdiagnosis and 

implementation of incorrect treatment strategies in approximately one quarter of patients.46 

Nevertheless, neuroimaging modalities such as PET and MRI have revealed that each 

atypical variant bears a distinct underlying brain pathology and specific metabolic pattern, 

which can be applied to differential diagnosis.47–49 Using FDG PET and voxel-based spatial 

covariance analysis, we have recently identified specific metabolic patterns associated with 

multiple system atrophy (MSA) and progressive supranuclear palsy (PSP) (Fig. 5).49 The 

metabolic pattern for MSA is characterized by reductions in the putamen and cerebellum. 

By contrast, PSP is associated with metabolic decrements in midline frontal regions, 

superior frontal, anterior cingulate area, medial thalamus and caudate nuclei, and brainstem. 

In a recent validation study, we computed MSAand PSP-related pattern expression on an 

individual scan basis in two independent patient groups and a subsequent control group.50 

Both patterns were stable and accurately discriminated patients from controls. Indeed, we 

have recently implemented a fully automated diagnostic procedure based upon these 

disease-related covariance patterns and the PDRP. This approach, involving FDG PET scans 

from 150 patients, allowed for the correct diagnosis to be reached in ~90% of patients.51

Neuroimaging can also help minimize the introduction of potential confounds to clinical 

trials designed to assess the effects of antiparkinsonian treatments. Used as a screening tool 

for study enrollment into neuroprotective trials, FDG PET can potentially minimize the 

inclusion of subjects who do not have classical PD.52 Earlier studies have found 

dopaminergic imaging to be normal in up to 21% of parkinsonian patients enrolled in 

therapeutic trials.53–56 Such cases have been termed “scans without evidence of 

dopaminergic deficit (SWEDD)”. Characteristics of these patients with SWEDD include 

poor L-dopa response, lack of progression on sequential dopaminergic imaging, unlikely 

diagnosis of PD upon follow-up clinical examination, and withdrawal of antiparkinsonian 

medication without an observable worsening of symptoms.54,57 In fact, with FDG PET, we 

found that patterns of metabolic abnormality in the patients with SWEDD were inconsistent 

with classical PD, as well as MSA, PSP, and CBGD, the most common atypical 

neurodegenerative parkinsonian variant conditions.52

SUMMARY

The identification and prospective validation of characteristic disease-related spatial 

covariance patterns has enabled investigators to develop automated computational 

procedures to differentiate between PD and atypical forms of parkinsonism. These new 

diagnostic approaches are potentially more objective and have broader applicability than 

routine radiological assessments. Likewise, the evaluation of changes in pattern expression 

following treatment may provide a useful means of assessing the utility of new therapeutic 

agents for PD and related disorders.
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FIG. 1. 
Left: Parkinson’s Disease-Related Pattern (PDRP). This motor-related metabolic spatial 

covariance pattern is characterized by hypermetabolism in the thalamus, globus pallidus 

(GP), pons, and motor cortex, associated with relative metabolic reductions in the lateral 

premotor and posterior parietal areas.14 Right: Parkinson’s Disease-Related Cognitive 

Pattern (PDCP). This cognition-related metabolic spatial covariance pattern is characterized 

by hypometabolism of dorsolateral prefrontal cortex, rostral supplementary motor area 

(preSMA), and superior parietal regions, associated with relative metabolic increases in the 

cerebellum.17 [In the representative slices, relative metabolic increases are displayed in red; 

relative metabolic decreases are displayed in blue. For both patterns, the slices were overlaid 

on a standard MRI brain template.]
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FIG. 2. 
Mean network activity at baseline, 24 and 48 months. Z-transformed values for the PD-

related motor and cognitive spatial covariance patterns (PDRP and PDCP; see Figure 1) 

were computed at each timepoint and displayed relative to the mean for 15 age-matched 

healthy subjects.19 Network activity increased significantly over time for both patterns, with 

the PDRP progressing faster than the PDCP. [Bars represent the standard error at each 

timepoint.] [Brain 130(Part 7), 1834–1846 Copyright © 2007 by Oxford University Press].
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FIG. 3. 
Bar graph illustrating treatment-mediated changes (±SE) in the expression of the PD-related 

metabolic covariance pattern. Difference values from the levodopa infusion (LD), STN 

stimulation (DBS), and the test–retest control (CN) groups are presented in the left panel.16 

These measures were compared with those from previous PET studies of patients with PD 

undergoing unilateral stereotaxic procedures of the internal globus pallidus (GPi) or the 

subthalamic nucleus (STN).41,58 The latter data are presented in the right panel. [ON/OFF 

PDRP differences in the DBS cohorts are displayed as black bars. Treatment-mediated 

differences in the LD cohort and the stereotaxic lesioning cohorts are displayed as filled and 

dotted gray bars, respectively. Asterisks represent P-values with respect to the untreated 

condition (paired Student’s t-test).] *P < 0.05, **P < 0.01.
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FIG. 4. 
Changes in mean network activity following gene therapy for the operated (filled circles) 

and the unoperated (open circles) hemispheres.6 There was a significant difference (P < 

0.002) in the time course of PDRP activity across the two hemispheres (left). In the 

unoperated hemisphere, network activity increased continuously over the 12 months after 

surgery. By contrast, in the operated hemisphere, a decline in network activity was evident 

during the first 6 months. Over the subsequent 6 months, network activity on this side 

increased in parallel with analogous values on the unoperated side. There was no change (P 

= 0.72) in PDCP activity over time in either of the two hemispheres (right). [The dashed line 

represents one standard error above the normal mean value of zero]. [Proc Natl Acad Sci 

USA, 104, 19559–19564 Copyright © 2007 National Academy of Sciences, U.S.A.]
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FIG. 5. 
Disease-related spatial covariance patterns associated with MSA (left) and PSP (right).50 For 

MSA, the disease-related pattern is characterized by covarying metabolic decreases in the 

putamen and the cerebellum. For PSP, the disease-related pattern is characterized by 

covarying metabolic decreases in the medial prefrontal cortex (PFC), the frontal eye fields, 

the ventrolateral prefrontal cortex (VLPFC), the caudate nuclei, the medial thalamus, and the 

upper brainstem. For both diseases, individual measures of pattern expression (subject 

scores) accurately discriminated patients from controls in the original network analysis and 

in prospectively scanned patient and control cohorts. [In the representative slices, relative 

metabolic decreases are displayed in blue. For both patterns, the slices were overlaid on a 

standard MRI brain template.] [Revised illustration based on Mov Disord 23: 727–733 

Copyright © 2008 John Wiley & Sons Inc.]
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