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Abstract

Parkinson’s disease (PD) is associated with abnormal activity in spatially distributed neural 

systems mediating the motor and cognitive manifestations of this disorder. Metabolic PET studies 

have demonstrated that this illness is characterized by a set of reproducible functional brain 

networks that correlate with these clinical features. The time at which these abnormalities appear 

is unknown, as is their relationship to concurrent clinical and dopaminergic indices of disease 

progression.

In this longitudinal study, 15 early stage PD patients (age 58.0 ± 10.2 years; Hoehn and Yahr 

Stage 1.2 ± 0.3) were enrolled within 2 years of diagnosis. The subjects underwent multitracer 

PET imaging at baseline, 24 and 48 months. At each timepoint they were scanned with [18F]-

fluorodeoxyglucose (FDG) to assess longitudinal changes in regional glucose utilization and in the 

expression of the PD-related motor (PDRP) and cognitive metabolic covariance patterns (PDCP). 

At each timepoint the subjects also underwent PET imaging with [18F]-fluoropropyl βCIT (FP-

CIT) to quantify longitudinal changes in caudate and putamen dopamine transporter (DAT) 

binding. Regional metabolic changes across the three timepoints were localized using statistical 

parametric mapping (SPM). Longitudinal changes in regional metabolism and network activity, 

caudate/putamen DAT binding, and Unified Parkinson’s Disease Rating Scale (UPDRS) motor 

ratings were assessed using repeated measures analysis of variance (RMANOVA). Relationships 

between these measures of disease progression were assessed by computing within-subject 

correlation coefficients.

We found that disease progression was associated with increasing metabolism in the subthalamic 

nucleus (STN) and internal globus pallidus (GPi) (P<0.001), as well as in the dorsal pons and 

primary motor cortex (P<0.0001). Advancing disease was also associated with declining 
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metabolism in the prefrontal and inferior parietal regions (P<0.001). PDRP expression was 

elevated at baseline relative to healthy control subjects (P<0.04), and increased progressively over 

time (P<0.0001). PDCP activity also increased with time (P<0.0001). However, these changes in 

network activity were slower than for the PDRP (P<0.04), reaching abnormal levels only at the 

final timepoint. Changes in PDRP activity, but not PDCP activity, correlated with concurrent 

declines in striatal DAT binding (P<0.01) and increases in motor ratings (P<0.005). Significant 

within-subject correlations (P<0.01) were also evident between the latter two progression indices.

The early stages of PD are associated with progressive increases and decreases in regional 

metabolism at key nodes of the motor and cognitive networks that characterize the illness. 

Potential disease-modifying therapies may alter the time course of one or both of these abnormal 

networks.
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Introduction

Accurate and comprehensive descriptions of the natural history of Parkinson’s disease (PD) 

are critical to the assessment of new therapies for this disorder. Knowledge of the rate of 

disease progression, particularly at early phases of the illness, is essential for the design of 

clinical trials aimed at evaluating potential neuroprotective treatment strategies. However, 

such determinations can be difficult when based solely upon clinical assessments, especially 

if different manifestations of disease do not evolve in parallel. For instance, the rate of 

progression in standardized clinical ratings is different for PD patients with tremor- and gait-

predominant presentations (Jankovic and Kapadia, 2001). These subpopulations also appear 

to differ in their propensity to develop cognitive impairment (Zetusky et al., 1985; Alves et 

al., 2006). Additionally, the rate of progression for a given clino-pathological feature may 

not be constant. Indeed, this phenomenon has been observed in PD, with accelerated nigral 

dopamine loss at early stages of the disease (Fearnley and Lees, 1991; cf. Morrish et al., 

1998; Hilker et al., 2003). Furthermore, at a specific clinical stage, progression can vary 

across individual subjects depending upon demographic factors such as age of onset (cf. 

Nakamura et al., 2001; Alves et al., 2005). The observed rate of clinical deterioration can 

also be affected by concurrent symptomatic therapy, especially when the effects of treatment 

are long lasting (Fahn et al., 2004).

Because of these considerations, attention has turned toward the use of imaging biomarkers 

as a potentially more objective and accurate means of gauging disease progression (see e.g. 

Brooks et al., 2003; Au et al., 2005 for reviews). Radiotracer-based imaging assessments of 

presynaptic nigrostriatal dopaminergic functioning have been included in several recent 

clinical trials designed to evaluate disease modifying therapies (Marek et al., 2003; Whone 

et al., 2003; Fahn et al., 2004). However, the conflicting nature of the findings has suggested 

a complex relationship between the clinical and imaging-based measures (Ravina et al., 

2005). Furthermore, while suitable for the in vivo assessment of nigrostriatal function, these 
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radiotracer approaches are not designed to capture the effects of disease on physiologically 

relevant neural systems, including non-dopaminergic pathways.

Other imaging strategies can be used to assess changes in brain function with advancing 

disease. Network analysis has been used extensively with metabolic imaging to study the 

pathophysiology of parkinsonism and its treatment (e.g. Asanuma et al., 2006; Trošt et al., 

2006; for reviews see Carbon et al., 2003a; Eckert and Eidelberg, 2005). The motor features 

of PD are associated with the expression of an abnormal metabolic pattern characterized by 

increased pallidothalamic and pontine activity, associated with relative reductions in cortical 

motor regions (Eidelberg et al., 1994; 1997; cf. Carbon et al., 2003a). This PD-related 

spatial covariance pattern (PDRP) has thus far been detected in eight independent patient 

populations (Moeller et al., 1999; Feigin et al., 2002; Lozza et al., 2004; Asanuma et al., 

2005; Eckert et al., 2007). Moreover, we have recently demonstrated that PDRP expression 

is highly reproducible in individual subjects, with stable network activity over hours to 

weeks (Ma et al., 2007). In addition to providing accurate discrimination between PD 

patients and controls (Asanuma et al., 2005; Eckert et al., 2007; Ma et al., 2007), PDRP 

expression has been found consistently to correlate with standardized motor ratings (Lozza 

et al., 2004; Asanuma et al., 2006; cf. Eidelberg et al., 1994, 1995) as well as with symptom 

duration (Moeller and Eidelberg, 1997). Thus, this measure of pathological network activity 

can provide a useful quantitative descriptor of advancing motor dysfunction in PD.

Network analysis has also provided unique insights into the mechanisms underlying 

abnormal cognitive functioning in PD. In a study of regional glucose metabolism in non-

demented patients, we used a covariance mapping approach to identify a significant pattern 

associated with executive dysfunction (Mentis et al., 2002). These FDG PET data were the 

basis for a recent comprehensive spatial covariance analysis in which neuropsychological 

performance in PD patients was found to be correlated with the activity of a distinct 

metabolic network that was topographically unrelated to the PDRP (Huang et al., 2007; cf. 

Lozza et al., 2004). This PD-related cognitive pattern (PDCP) was characterized by reduced 

metabolic activity in prefrontal and parietal cortex, associated with relative increases in the 

cerebellum and dentate nuclei. PDCP expression in individual patients correlated 

consistently with performance on tests of memory and executive function and has recently 

been found to be elevated in PD patients with neuropsychologically defined criteria for 

minimal cognitive impairment (Huang et al., in press). These network values were also 

found to be highly reproducible over an 8-week period and were not altered by routine 

antiparkinsonian therapies such as levodopa or subthalamic nucleus (STN) deep brain 

stimulation (Huang et al., 2007; cf. Asanuma et al., 2006). These findings suggest that this 

network may have utility as an objective biomarker of cognitive functioning at early clinical 

stages of the disease.

Although substantial information exists linking these metabolic networks to the motor and 

cognitive manifestations of PD, little is known about the actual time course of their 

evolution during the early phases of the illness. In this regard, it would be useful to measure 

the rate at which their expression changes with time, as well as to examine the relationship 

between these changes and concurrent clinical and dopaminergic imaging measures of 
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disease progression. To address these issues, we performed a longitudinal multi-tracer PET 

imaging study of early stage PD patients followed over a 4-year period.

Material and Methods

Subjects

Fifteen right-handed PD patients [11 males and 4 females, age: 58.0 ± 10.2 years (mean ± 

SD)] participated in this longitudinal study. A diagnosis of PD was made according to the 

UK Brain Bank criteria (Hughes et al., 1992); patients were enrolled within 2 years of 

diagnosis. At baseline, the patients had predominantly unilateral motor signs (Hoehn and 

Yahr Stage: 1.2 ± 0.3, mean ± SD). Nine patients had predominant right-sided limb 

involvement; the remaining six had predominant involvement of the left limbs. Clinical and 

imaging evaluations were conducted at the first visit and were repeated approximately 2 

years later (mean interval 2.1 ± 0.6 years). Ten of the participants returned for further 

assessment at a third timepoint approximately 4 years from baseline (mean interval 3.9 ± 0.7 

years). Of the five subjects who did not return for the final timepoint, three relocated and 

two refused to participate in further testing.

Of the 15 original subjects, eight were drug-naïve at baseline; the remaining seven patients 

were chronically treated with anti-parkinsonian medication at the time of enrollment. The 

medicated patients were on levodopa singly (n = 1), levodopa in combination with selegiline 

and/or dopamine agonists (n = 3), or on mono-therapy with either selegiline (n = 1) or 

dopamine agonists (n = 2). Seven of the initially unmedicated patients required treatment by 

the second timepoint, receiving either levodopa (n = 3) or dopamine agonists (n = 4). By the 

third timepoint, all participants required levodopa singly or in combination with a dopamine 

agonist.

Positron emission tomography

At each timepoint, subjects underwent PET imaging with 18F-fluorodeoxyglucose (FDG) to 

quantify regional glucose metabolism and 18F-fluoropropyl βCIT (FPCIT) to measure 

caudate and putamen dopamine transporter (DAT) binding (Kazumata et al., 1998; Ma et 

al., 2002). At each timepoint, the two scans were separated by an average interval of 

approximately 3 weeks (mean interval: 27, 16 and 13 days for the three timepoints, 

respectively). They fasted overnight before each imaging session; all antiparkinsonian 

medications were held for at least 12 h before the PET procedures. The subjects were 

evaluated according to the Unified Parkinson’s Disease Rating Scale (UPDRS, Fahn et al., 

1987) immediately prior to imaging.

PET imaging was performed in 3D mode using a GE Advance tomograph (General Electric; 

Milwaukee, WI, USA). The 18-ring bismuth germanate scanner provide 35 image planes 

with an axial field of view of 14.5 cm and an intrinsic resolution of 4.2 mm (FWHM) in all 

directions. PET scans were conducted in a dimly lit room with minimal auditory stimulation 

with eyes open. Patients were positioned in the scanner using a stereoadapter with 3D laser 

alignment with reference to the orbitomeatal line; identical stereoadapter and laser settings 

were used in each imaging session. Ethical permission for these procedures was obtained 
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from the Institute Review Board of North Shore University Hospital. Written consent was 

obtained from each subject with detailed explanation of the procedures.

Data analysis

Striatal DAT binding—The FPCIT PET scans from each subject were realigned to the 

image frame acquired at 40 min post injection to correct for possible motion artefact (Ma et 

al., 2002). Regions-of-interest (ROIs) were placed on the caudate and putamen bilaterally 

and on the occipital cortex (Carbon et al., 2004). The ROIs were defined on a single slice 

summed over the striatal sections and were individually adjusted for each subject. All three 

scans were realigned to the baseline scan so that the same ROI template was used across the 

three timepoints. At each timepoint, caudate and putamen DAT binding was estimated for 

each hemisphere by the striatal-to-occipital ratio (SOR), defined as (striatum –-occipital)/

occipital counts in a single 10 min frame beginning at 90 min after the tracer injection 

(Kazumata et al., 1998; Ma et al., 2002). These values were averaged across hemispheres 

and compared with analogous values from 10 healthy volunteers (4 males and 6 females; 

age 60.0 ± 9.9 years).

Regional glucose metabolism—Regional and global rates of glucose metabolism were 

computed on a voxel basis for each FDG PET scan utilizing a single arterial sampling 

method (Takikawa et al., 1993). The metabolic images were then processed using SPM99 

(Wellcome Department of Cognitive Neurology, Institute of Neurology, London) running on 

Matlab 6.5 (Mathworks, Inc., Natick, MA). The scans from each subject were realigned and 

spatially normalized to a Talairach-based FDG PET template. The normalized data were 

then smoothed using a Gaussian kernel at FWHM = 10 mm. Global normalization was 

performed using proportional scaling.

Longitudinal changes in regional metabolism for the entire cohort (n = 15) were assessed 

across the three timepoints using the ‘multisubjects, conditions and covariates’ model in 

SPM. Contrasts defined as ‘−1 0.5 0.5’ and ‘1 −0.5 −0.5’ were used to assess increasing and 

decreasing brain metabolism over time, respectively. Changes were considered significant at 

a threshold of P<0.05 corrected at the cluster level, as well as at a false discovery rate 

(FDR)-corrected threshold of P<0.05 at the voxel level. Coordinates were reported in the 

standard anatomical space developed at the Montreal Neurological Institute. The localization 

of each reported cluster was confirmed using the Talairach space utility (available at http://

www.ihb.spb.ru/~pet_lab/TSU/TSUMain.html). We used the atlas of Schmahmann (2000) 

to localize clusters within the cerebellum and related structures.

For each significant cluster, we performed a post hoc analysis in which metabolic activity at 

each timepoint was measured within a sphere (radius = 4 mm) centred on the peak voxel. 

Each regional value was ratio normalized by the global metabolic rate measured in that scan. 

These measures were then adjusted to the group mean by multiplication with the average 

global value across subjects. The data were plotted and displayed with respect to reference 

values from 15 healthy volunteer subjects (8 males and 7 females; age 56.7 ± 12.3 years).

Huang et al. Page 5

Brain. Author manuscript; available in PMC 2015 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ihb.spb.ru/~pet_lab/TSU/TSUMain.html
http://www.ihb.spb.ru/~pet_lab/TSU/TSUMain.html


Network analysis

Using a network quantification approach (Ma et al., 2007; Spetsieris et al., 2006), we 

assessed longitudinal changes in the expression of the two disease-related spatial covariance 

patterns that we had previously identified and validated in the metabolic data of PD patients. 

The first pattern was identified during a voxel-driven principal components analysis (PCA) 

of FDG PET scans from a combined group of PD patients and age-matched healthy 

volunteers (Ma et al., 2007). This PD-related motor pattern (PDRP; Fig. 1A) was 

characterized by increased pallidothalamic and pontine metabolic activity associated with 

relative metabolic reductions in the premotor and supplementary motor areas and parieto-

occipital association regions. We have recently described a separate spatial covariance 

pattern that is associated with memory and executive functioning in non-demented PD 

patients (Huang et al., 2007). This PD-related cognitive pattern (PDCP; Fig. 1B) was 

characterized by reductions in prefrontal and parietal metabolism associated with relative 

increases in the cerebellum and dentate nuclei.

In all subjects, the expression of the PDRP and PDCP networks was separately quantified at 

each timepoint using a fully automated voxel-based algorithm (software available at http://

neuroscience-nslij.org/Methods/software.html, Spetsieris et al., 2006; Ma et al., 2007). All 

network computations were performed blind to subject, timepoint (0, 24 or 48 months), 

baseline treatment status (drug naïve or initially treated) and disease severity (UPDRS motor 

ratings). Reference values for PDRP and PDCP expression were computed in the same 

group of 15 age-matched healthy volunteer subjects that was used for the post hoc analysis 

of the SPM results (see earlier). Subject scores for the entire cohort (PD patients and healthy 

controls) were z-transformed and offset so that the control mean was zero.

Statistical analysis

PDRP and PDCP scores computed in the baseline scans (n = 15) were separately compared 

with control values using two-tailed Student’s t-tests. One-way repeated measure analysis of 

variance (RMANOVA) was performed on the data of all 15 subjects acquired at the three 

timepoints to evaluate longitudinal changes in UPDRS motor ratings, mean left–right 

caudate/putamen DAT binding, regional metabolic measures and PDRP/PDCP network 

activity. These analyses were performed using an iterative method to fit a mixed model for 

each RMANOVA (Searle et al., 1992). This approach allowed for the inclusion of subjects 

with missing data to provide a more precise and reliable estimation of the data at each 

timepoint, thereby increasing the power of the whole model (cf. Ellis et al., 2000). Post hoc 

comparisons were performed between timepoints (e.g. 2–1, 3–2, 3–1) using Tukey’s HSD 

tests. To examine the effects of initial medication status on baseline motor ratings, striatal 

DAT binding and network expression, we compared these measures in the drug-naïve and 

initially medicated subgroups. We also determined whether progression rates for each of 

these measures differed for these two subgroups. This was accomplished by using a two-

way RMANOVA that included initial medication status as the between-subject variable and 

timepoints as the repeated within-subject variable.

The degree of linearity in the changes in the clinical, dopaminergic imaging and network 

measures with disease progression was assessed by fitting a simple linear regression model 
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to the data from the 10 participants who were scanned at all three timepoints. R2 values were 

computed by regression for each subject; the mean value was used to represent the overall 

linearity of change in each measure over time. If linearity was evident (i.e. mean R2>0.9), 

the annual rate of change for each individual was computed by dividing the difference in the 

measure between timepoints 1 and 3 by the corresponding time interval. The mean rate of 

change across subjects was used to represent the rate of change per year for the PD group. 

Additionally, we used the Wilcoxon signed rank test to compare the R2 values for the PDRP 

and PDCP scores as a means of assessing the relative linearity of the trajectories of the two 

measures.

Lastly, we computed within-subject correlation coefficients (Bland and Altman, 1995) to 

determine the relationship between changes in the clinical and imaging progression indices 

over the three longitudinal timepoints. For all analyses, the significance level was set at 

P<0.05. Statistical analyses were performed using SAS 9.1 (SAS Institute Inc.).

Results

Clinical ratings

Off-state UPDRS motor ratings at the three timepoints are presented in Fig. 2. These values 

increased significantly over time [F(2,17) = 23.2, P<0.0001; RMANOVA]. Post hoc testing 

with respect to baseline revealed significant increases in motor ratings at both the second 

(P<0.001) and third timepoints (P<0.0001), with a trend toward an increase between these 

timepoints (P = 0.08). Overall, the increase in UPDRS motor ratings was linear over time 

(mean R2 = 0.91), with an average rate of 2.1 points per year.

Striatal DAT binding

Caudate and putamen DAT binding values at the three timepoints are presented in Table 1 

and Fig. 3. At baseline, DAT binding was 97.3% (P = 0.79) and 54.7% (P<0.001) of the 

normal mean for the caudate and putamen, respectively. DAT binding for the two measures 

fell to 88.5% (P = 0.21) and 48.1% (P<0.001) of normal at 24 months, and 77.4% (P<0.02) 

and 40.0% (P<0.001) at 48 months. These measures declined significantly over time 

[caudate: F(2,17) = 10.2; putamen: F(2,17) = 8.4, P<0.003; RMANOVA]. Post hoc testing 

revealed significant reductions in DAT binding at the third timepoint relative to baseline 

(caudate: P<0.001; putamen: P<0.005), with a trend toward decline at the second timepoint 

(caudate: P = 0.06; putamen: P = 0.07). Declines in striatal DAT binding between the 

second and third timepoints were not significant (caudate: P = 0.12; putamen: P = 0.23).

The decline in caudate and putamen DAT binding was linear (mean R2 = 0.94 for both 

regions), corresponding to an average rate of 5.2 and 3.9% of normal per year for the two 

regions, respectively. Declines for the caudate and putamen were highly intercorrelated (r = 

0.91, P<0.0001), and both correlated with concurrent increases in UPDRS motor ratings 

(caudate: r = −0.60, P<0.01; putamen: r = −0.59, P<0.01).
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Regional glucose metabolism

Global rates of glucose metabolism in the PD patients did not differ from normal (P>0.3) at 

any of the three timepoints (PD: 7.31 ± 1.55, 6.91 ± 1.32, 6.40 ± 1.90 mg/min/100 g at 

baseline, 24 months and 48 months; normal: 7.03 ± 1.38 mg/min/100 g). These measures did 

not change significantly over the 4-year period of follow-up [F(2,23) = 0.9, P = 0.44; 

RMANOVA]. Regions with significant metabolic changes over time are presented in Table 

2 and Fig. 4. Progressive metabolic increases (P<0.001; Fig. 4A, top) were detected in the 

left STN, and in the right internal globus pallidus (GPi) and the adjacent subthalamic region. 

Continuous increases (P<0.0001) were also present in the dorsal pons, in the vicinity of the 

pedunculopontine nucleus (PPN) and the adjacent cerebellar hemisphere. Additionally, 

regional metabolism in the left primary motor cortex and the adjacent supplementary motor 

area (SMA) increased between the first and second timepoints, remaining stable throughout 

the rest of the follow-up period. At baseline, significant elevations relative to controls were 

present only in the dorsal pontine region (P<0.05). Regional metabolism in the GPi and 

motor cortex reached abnormal levels (P<0.05 and P<0.01, respectively) at the second 

timepoint. All the increasing regions, including the STN, attained supernormal levels of 

metabolic activity (P<0.01) by the final timepoint.

Declines in regional metabolism with advancing disease (P<0.001; Fig. 4A, bottom) were 

present bilaterally in the prefrontal region (BA 9/10) and in the inferior parietal lobule (BA 

40). Despite the highly significant decline in the former region, local metabolic activity did 

not fall to subnormal levels during the course of the study. In the latter region, metabolic 

reductions reached significance (P<0.05) only at the final timepoint. Although all the 

reported regions exhibiting longitudinal change (Table 2) were localized to a single 

hemisphere, in each case significant metabolic progression (P<0.005) was noted in 

homologous areas of the opposite hemisphere.

Network analysis

Mean values for PDRP and PDCP expression at the three timepoints are displayed in Fig. 5. 

At baseline, PDRP expression was significantly higher in the PD patients relative to controls 

(t = 2.24; P<0.04), whereas PDCP expression did not differ across the two groups (t = 0.75; 

P = 0.46). Both networks exhibited significant changes in activity over time [PDRP: F(2,23) 

= 29.9, PDCP: F(2,23) = 15.3; P<0.0001 for both networks; RMANOVA]. Post hoc testing 

revealed an increase in PDRP expression from baseline to the second (P<0.05) and third 

timepoints (P<0.0001), and between the second and third timepoints (P<0.0001). In 

contrast, PDCP expression did not change between baseline and the second timepoint (P = 

0.31), but was elevated at the third timepoint with respect to baseline and second timepoint 

values P<0.005), and with respect to healthy control values (P<0.001).

Although a significant correlation was noted between changes in PDRP and PDCP 

expression over time (r = 0.81, P<0.0001), the two network trajectories proved to be 

different (mean R2 = 0.77 and 0.56 for the PDRP and PDCP, respectively; P<0.04, 

Wilcoxon signed rank test). This is consistent with the relatively faster increase in PDRP 

activity that was observed over time. The progressive increases in PDRP expression 

significantly correlated with concurrent increases in UPDRS motor ratings (r = 0.62, 

Huang et al. Page 8

Brain. Author manuscript; available in PMC 2015 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



P<0.005) and declines in striatal DAT binding (caudate: r = −0.69, P<0.001; putamen: r = 

−0.56, P<0.01). Longitudinal changes in PDCP expression did not correlate with advancing 

motor disability or with concurrent changes in striatal DAT binding.

Effect of initial treatment

At baseline, there were no significant differences between treated and drug-naïve patients in 

PDRP/PDCP expression or caudate/putamen DAT binding (P>0.19). However, the baseline 

medicated subjects exhibited lower off-state UPDRS motor ratings than their drug-naïve 

counterparts (P<0.02). Two-way RMANOVA revealed no significant main effect of initial 

treatment status (P>0.27) and no interaction effect of initial medication status and time 

(P>0.14) for the UPDRS motor ratings, caudate/putamen DAT binding and PDRP/PDCP 

network activity. Thus, rates of progression in these measures are similar for drug-naïve and 

initially treated patients.

Discussion

In this longitudinal PET study, we found that early stage PD is associated with progressive 

changes in regional metabolism at key nodes of the two functional brain networks that 

characterize this disorder. Increasing regional metabolism was observed within elements of 

the motor-related PDRP network, which evolved in parallel with deterioration in striatal 

DAT binding and UPDRS motor ratings. In contrast, the declines in cortical metabolism that 

were seen with advancing disease were associated with changes in the activity of the 

cognition-related PDCP network. Significant elevations in PDCP activity occurred late in 

the follow-up period, and did not correlate with motor ratings or with dopaminergic imaging 

measures of disease progression. These findings indicate that the functioning of motor- and 

cognition-related neural systems is dissociated at the earliest symptomatic phases of the 

disease.

Changes in glucose metabolism with disease progression

A whole-brain search of the longitudinal FDG PET data revealed progressive increases in 

the metabolic activity of the STN, GPi, PPN and motor cortex, regions that have been 

demonstrated experimentally to mediate the motor manifestations of parkinsonism (Parent 

and Hazrati, 1995; Middleton and Strick, 2000; Wichman and DeLong, 2003). In contrast, 

declining metabolic activity was observed in prefrontal and parietal association cortex, areas 

associated with cognitive dysfunction in this disorder (Huang et al., 2007; see Carbon and 

Marié, 2003 for review).

The role of the STN in the pathophysiology of PD and its treatment has been reviewed 

elsewhere (Hamani et al., 2004; cf. Asanuma et al., 2006; Trošt et al., 2006). Increased 

neural activity in the STN is a consistent feature of both clinical and experimental 

parkinsonism. Nonetheless, regional glucose metabolism has been found to be reduced in 

this region when measured in animal models (Palombo et al., 1990; Carlson et al., 1999). 

Regional glucose utilization predominantly reflects local synaptic activity and the 

biochemical maintenance processes of the rest state (Jueptner and Weiller, 1995; Eidelberg 

et al., 1997). Therefore, the decline in STN metabolism in experimental parkinsonism has 
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been viewed as a consequence of a reduction in inhibitory afferents from the external 

pallidum. However, other lines of evidence have pointed to an increase in STN metabolic 

activity in parkinsonism (Hirsch et al., 2000), attributed to overactivity of excitatory 

projections to this region from the PPN, intralaminar thalamus and the motor cortex (cf. 

Parent and Hazrati, 1995). Our observation of steady increases in STN metabolism with 

advancing disease supports the latter notion. In this vein, the progressive increases in GPi 

metabolism that were also observed in the current study are likely the consequence of 

increased STN output to this area. Although these pallidal increases were discerned in the 

rest state, they appear to correlate with changes in the neural activity of this region during 

movement. Indeed, we have recently reported progressive increases in pallidal activation 

during the performance of a motor task that was kinematically controlled across the first two 

timepoints (Carbon et al., 2007).

It is noteworthy that the primary motor cortex and the PPN, two prominent sources of 

excitatory input to STN, also exhibited increases in glucose utilization with advancing 

disease. Hypersynchrony of motor cortical neuronal activity has been observed as a 

prominent feature of nigral dopamine depletion in parkinsonian primates (Goldberg et al., 

2002). This phenomenon may be the basis for the localized increases in metabolism in this 

region that we have observed in untreated PD patients (Asanuma et al., 2006). The time 

course data indicated that metabolic increases in the motor cortex reached significance with 

respect to healthy control values at the second timepoint, while in the STN regional 

metabolism attained an abnormal level only at the end of the study. This is consistent with 

the notion that in parkinsonism, the STN functions as a modulator of this cortically 

generated synchronous high-frequency oscillation (Levy et al., 2002).

Unlike the other regions with increasing glucose consumption in the course of disease 

progression, regional metabolism in the primary motor cortex and SMA did not rise 

continuously over time (see Fig. 4B, middle right panel). Rather, metabolic activity in this 

region rose initially and then remained stable at an elevated value relative to the healthy 

controls. Interestingly, these changes were more closely associated with concurrent UPDRS 

tremor ratings (r = 0.73, P<0.001; Bland–Altman correlation coefficient) than those 

occurring in the other regions with longitudinal increases in metabolic activity (r = 0.49, 

0.48 and 0.32 for the PPN, STN and GPi, respectively). We note that tremor ratings in our 

subjects also reached an early plateau (mean ± SE: 0.4 ± 0.2; 1.9 ± 0.8; 2.2 ± 0.6 for the 

three timepoints). It is therefore likely that the metabolic changes in the primary motor 

cortex/SMA reflected progression in this specific disease manifestation.

The origin of the progressive metabolic increases in the PPN is less clear. Similar changes 

have been observed in both primate and rodent models of parkinsonism (Palombo et al., 

1990; Carlson et al., 1999), and have been attributed to overactive input to this structure 

from the globus pallidus/substantia nigra pars reticularis (SNr), or from the STN. It is 

interesting however, that the PPN was the only progressively increasing brain region in 

which glucose metabolism was abnormal at baseline, while in GPi and STN, metabolism 

reached supernormal levels only at subsequent timepoints. Indeed, it is possible that this 

early change in PPN metabolic activity is a compensatory response to nigral disease by 

which dopamine release in the striatum is enhanced (Blaha and Winn, 1993). In contrast, 
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such an early metabolic effect is not present in the STN to support a compensatory role for 

this structure in the presymptomatic period (cf. Bezard et al., 2003). Although ventral 

thalamic metabolic activity has been found to correlate consistently with spontaneous GPi 

firing rates in PD patients (Eidelberg et al., 1997), firm physiological inferences cannot 

always be made based upon in vivo metabolic measurements. Conclusions regarding the 

localization and time course of potential compensatory responses in PD patients will require 

the assessment of early and late changes in metabolic activity in the hemispheres ipsilateral 

and contralateral to the initially affected body side.

Our voxel-based approach also revealed several areas in which metabolic activity declined 

significantly with advancing disease. These regions, the prefrontal cortex and inferior 

parietal lobule, are involved mainly in cognitive functioning and metabolic reductions, and 

both areas have been found to correlate with impaired memory and executive function in 

non-demented PD patients (Huang et al., 2007; cf. Carbon and Marié, 2003). Also relevant 

is that despite highly significant progressive declines over time, metabolic activity in these 

regions declined to only marginally abnormal levels by the end of the study. This is 

consistent with the early, mild disease that typified our patients. Indeed, although serial 

psychometric testing was not performed in this study, there was no gross indication of 

cognitive impairment in these subjects. Nonetheless, the continuous decline in neural 

function that was observed in these regions is compatible with an evolving cortically based 

neurodegenerative process, the histopathological basis for which is currently unknown (see 

Emre, 2004; Braak et al., 2005; cf. Huang et al., 2007). Alternatively, these focal metabolic 

changes may reflect alterations in the activity of cognition-related neural networks involving 

these brain areas (cf. Carbon et al., 2003b; 2004).

Development of abnormal network activity

In addition to identifying areas with progressively increasing or decreasing metabolism in 

early stage PD, we assessed longitudinal changes in the activity of functional networks 

associated with this disorder. Although motor signs were comparatively mild in our patient 

cohort, PDRP activity was abnormally elevated throughout the period of observation, even 

at the initial timepoint. Thus, despite a paucity of regional abnormalities at baseline (see 

earlier), functional connectivity within motor pathways is likely to have been altered by this 

time.

In previous studies, we have consistently found that PDRP scores correlate with clinical 

severity ratings (e.g. Eidelberg et al., 1995; Feigin et al., 2002; Lozza et al., 2004; Asanuma 

et al., 2006). Thus, it is not surprising that network activity in individual patients increased 

over time and correlated with concurrent measures of disease progression obtained by 

clinical assessment and by dopaminergic imaging. Specifically, longitudinal changes in 

PDRP expression were associated with increases in motor UPDRS ratings and declines in 

striatal DAT binding. Although these indices of disease progression were inter-correlated, 

no more than 40% of their variability was shared between any two of them. Thus, these 

progression measures are not interchangeable; each one is likely to provide unique 

information concerning the disease process. We also note that although PDRP activity is 

reduced by effective antiparkinsonian therapy (e.g. Asanuma et al., 2006; cf. Eckert and 
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Eidelberg, 2005), the 12-h medication washout that was used in this study was adequate for 

the assessment of progression with this measure. In other words, our data suggest that the 

influence of disease progression on PDRP expression outweighs the residual effects on 

network activity that may be present following incomplete washout. Rigorous washout 

studies of chronically treated patients will be needed to determine the time course of these 

residual effects on network activity.

PDCP scores also increased with advancing disease, correlating significantly with 

concurrent changes in PDRP expression. Nonetheless, the trajectories of the two networks 

over time were different, with significant increases in the former becoming evident only 

between the second and third timepoints. Indeed, PDCP activity reached abnormal levels 

only at the final timepoint, whereas PDRP activity was abnormal at baseline. It is 

conceivable that the relatively late increase in PDCP expression observed in this study is a 

reflection of incipient cognitive impairment (cf. Huang et al., in press). Further follow-up 

with serial psychometrics and network quantification will be needed to explore this 

possibility. In any event, the distinctive trajectories of the two PD-related networks suggest 

that discrete pathophysiological mechanisms underlie the motor and cognitive features of the 

disease. This notion is further supported by the dissociation of these patterns in response to 

antiparkinsonian therapy (Asanuma et al., 2006; Huang et al., 2007). These findings suggest 

a role for FDG PET imaging in monitoring both motor and cognitive features of disease 

progression.

Relationship to clinical and dopaminergic progression measures

In this study, we also measured longitudinal changes in UPDRS motor ratings and striatal 

DAT binding. Our findings accord with the results of other studies in which rates of disease 

progression were assessed using the UPDRS, striatal DAT binding indices or both. In our 

cohort, off-state motor ratings deteriorated at a rate of 2.1 points per year, which was 

comparable to the findings of other prospective imaging studies (Hilker et al., 2002; cf. 

Parkinson-Study-Group, 1993). While our regression-based estimate was consistent with a 

linear process, the rise in the motor ratings was comparatively steeper during the first 2 

years of the study. We note that this rate, approximating 3 points per year, is slower than 

that reported for placebo-treated patients in a recent clinical trial of the effects of levodopa 

on disease progression (Fahn et al., 2004). We attribute this difference to the younger age of 

onset and longer duration of symptoms in our study (Jankovic and Kapadia, 2001; Alves et 

al., 2005). This suggests that slowing in the rate of clinical deterioration may occur with 

advancing disease.

Likewise, the decline in striatal DAT binding in our cohort was in line with other 

longitudinal PET studies in PD employing this measure of presynaptic nigrostriatal function 

(see Au et al., 2005 for review). Our estimates of loss in striatal binding resembled those 

measured with 2β-carbomethoxy-3β-(4-[18F]-fluorophenyl)tropane ([18F]-CFT), another 

radioflourinated PET ligand for quantifying DAT binding (Nurmi et al., 2003). We note that 

in the prior study, all patients were drug-naïve at baseline and that levodopa therapy was 

initiated in nearly all during the follow-up period. Similarly, in our study, all the initially 

untreated participants required levodopa by the time of the final imaging session. It has been 
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suggested based upon the results of the recent ELLDOPA trial (Fahn et al., 2004) that 

chronic levodopa therapy can reduce estimates of striatal DAT binding obtained with 

radiotracer-based imaging (cf. Ravina et al., 2005). Therefore, it is conceivable that the 

decline in this measure observed in longitudinal studies of initially untreated subjects may 

be a reflection of this pharmacological effect, rather than of true disease progression. 

Nonetheless, the presence of a significant negative correlation between changes in caudate/

putamen DAT binding and motor UPDRS ratings argues against this possibility. Indeed, our 

findings are consistent with the results of previous cross-sectional studies in which 

correlations of similar magnitude (R2 ~ 35%) were reported between these measures of 

disease progression (Seibyl et al., 1995; Asenbaum et al., 1997; Kazumata et al., 1998). 

Thus, as with PDRP, imaging descriptors of dopaminergic dysfunction correlate with motor 

disability ratings, but not to a degree that would make one or the other measure redundant.

As with the clinical ratings, the serial assessments of striatal DAT binding that were 

obtained were consistent with a linear process. Interestingly, the decline in putamen DAT 

binding between the first and final visits correlated significantly with baseline values (R2 = 

0.87, P<0.0005). We note that the presence of such a correlation is typically indicative of a 

non-linear process (e.g. Hilker et al., 2005), which would explain the relatively greater rate 

of DAT binding loss seen in the caudate and the ipsilateral putamen. However, at this stage 

of disease, the between-subject variability in putamen DAT binding was relatively small, 

with progressive declines in the coefficient of variation (COV) over time (see Table 1 and 

error bars in Fig. 3). Thus, individual differences in baseline binding values were perhaps 

less likely to influence the rate of change than at earlier disease stages. In other words, our 

study was conducted at a time in the disease process when between-subject variability was 

declining, while the within-subject rate of change was relatively constant. This scenario is 

compatible with an incipient floor effect. In contrast, during the same time period, there was 

only minimal decline in COV for caudate DAT binding. The absence of an observed floor 

effect on the caudate measure may explain why the correlation with PDRP change was 

stronger for DAT binding decrements in this region relative to the putamen. Longer term 

assessment of these patients with FP-CIT PET will help determine whether such an effect is 

truly present in our data.

Although the number of patients followed in our study was comparatively small, the 

progression data were overall quite robust. Nonetheless, certain aspects of the findings will 

require further validation. Specifically, we found that baseline UPDRS motor ratings were 

significantly lower in the seven participants who were on chronic antiparkinsonian therapy 

at the time of enrollment. Six of these subjects were treated with selegiline and/or dopamine 

agonists, of whom three were also on levodopa. Thus, residual central effects of any of these 

medications could account for the lower degree of disability that was observed at baseline, 

even following a 12-h washout.

Despite this difference in baseline motor ratings, comparable effects were not observed in 

the imaging measures. Thus, in this limited, heterogenous treatment cohort, there was no 

effect of initial treatment status on baseline measures of striatal DAT binding or PDRP 

expression. Nonetheless, as discussed above, subtle effects of chronic therapy on either 

measure cannot be excluded (cf. Fahn et al., 2004). Our data also suggest that initial 
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treatment status did not influence subsequent disease progression, whether assessed 

clinically or by imaging. Although based on a relatively small number of subjects, this 

observation is consistent with a recent study of the long-term UPDRS data collected in 

neuroprotection trials (Guimaraes et al., 2005). Additionally, despite the major changes in 

medication regimen that occurred in the course of the study, the presence of consistent 

correlations between the progression indices suggests that chronic treatment did not 

selectively influence any one of these measures. Indeed, it appears that these biomarkers are 

more sensitive to disease progression than to residual treatment effects that might persist 

following a 12-h washout. Further studies will be needed to determine the optimal period of 

washout needed to minimize this potential confound.
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Fig. 1. 
Parkinson’s Disease-Related Spatial Covariance Patterns. (A) Parkinson’s Disease-Related 

Pattern (PDRP). This motor-related metabolic pattern was identified by network analysis of 

[18F]-fluorodeoxyglucose (FDG) positron emission tomography (PET) scans from 33 PD 

patients and 33 age-matched healthy volunteers (Ma et al., 2007). This pattern was 

characterized by relative increases in pallidothalamic, pontocerebellar and motor cortical/

supplementary motor area (SMA) metabolic activity (top), associated with reductions in the 

lateral premotor and posterior parietal areas (bottom). PDRP expression was significantly 

increased in the PD cohort (P<0.001) compared to controls. (B) Parkinson’s Disease-Related 

Cognitive Pattern (PDCP). This cognition-related metabolic pattern was identified in the 

network analysis of FDG PET scans from 15 non-demented PD patients with mild-moderate 

motor symptoms (Huang et al., 2007). This pattern was characterized by relative 

hypometabolism of dorsolateral prefrontal cortex, rostral supplementary motor area 

(preSMA) and superior parietal regions, associated with relative cerebellar/dentate nucleus 

metabolic increases. PDCP expression correlated significantly (P<0.01) with psychometric 

indices of memory and executive functioning. [The displays represent voxels that contribute 

significantly (P<0.001) to each of the two networks. Voxels with positive region weights 

(metabolic increases) are colour-coded from red to yellow; those with negative region 

weights (metabolic decreases) are colour-coded from blue to purple.]
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Fig. 2. 
Mean off-state Unified Parkinson’s Disease Rating Scale (UPDRS) motor ratings at 

baseline, 24 and 48 months. These scores increased linearly over time (P<0.0001; 

RMANOVA), at a rate of 2.1 units per year (see text). [Bars represent the standard error at 

each timepoint.]
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Fig. 3. 
Mean striatal DAT binding at baseline, 24 and 48 months. Values for the caudate (squares) 

and putamen (triangles) are represented as percent of the normal mean value for each region 

(see text). In both regions, DAT binding declined linearly over time (P<0.003; 

RMANOVA). [Bars represent the standard error at each timepoint.]
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Fig. 4. 
(A) Voxel-based analysis of longitudinal changes in regional metabolic activity. Metabolic 

increases with disease progression (top) are displayed using a red–yellow scale. Progressive 

metabolic declines (bottom) are displayed using a blue–purple scale. Both displays were 

superimposed on a single-subject MRI brain template and thresholded at t = 3.48, P = 0.001 

(peak voxel, uncorrected). (B) Displays of the metabolic data for these individual regions at 

each timepoint (Table 2). The significance level (P-value) of the repeated measures analysis 

of variance (RMANOVA) is presented for each region (see text). [The coordinates refer to 

the Montreal Neurological Institute (MNI) standard space. GPi: internal globus pallidus, 

STN: subthalamic nucleus, BA: Brodmann area.]
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Fig. 5. 
Mean network activity at baseline, 24 and 48 months. Values for the PD-related motor and 

cognitive spatial covariance patterns (PDRP and PDCP; see Fig. 1) were computed at each 

timepoint and displayed relative to the mean for 15 age-matched healthy subjects (see text). 

Network activity increased significantly over time for both patterns (P<0.0001; 

RMANOVA), with the PDRP progressing faster than the PDCP (P<0.04). Relative to 

controls, PDRP activity in the patient group was elevated at all three timepoints, while 

PDCP activity reached abnormal levels only at the final timepoint. [Bars represent the 

standard error at each timepoint.]
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Table 1

Striatal dopamine transporter binding at baseline, 24 and 48 months

Baseline 24 Months 48 Months Controls

Caudate 2.69 ± 0.84a 2.45 ± 0.66 2.14 ± 0.56* 2.77 ± 0.44

Putamen 1.30 ± 0.51** 1.15 ± 0.44** 0.95 ± 0.32** 2.38 ± 0.29

a
Mean striato-occipital ratio (SOR) values ± SD (see text).

*
P<0.05,

**
P<0.001, compared to age-matched healthy control values (Student’s t-tests).
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