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Abstract

To aid the development of symptomatic and disease modifying therapies in Parkinson's disease
(PD), there is a strong need to identify non-invasive measures of basal ganglia function that are
sensitive to disease severity. This study examines the relation between blood oxygenation level
dependent (BOLD) activation in every nucleus of the basal ganglia and symptom-specific disease
severity in early stage, de novo PD. BOLD activation measured at 3 Tesla was compared between
20 early stage de novo PD patients and 20 controls during an established precision grip force task.
In addition to the basal ganglia nuclei, activation in specific thalamic and cortical regions was
examined. There were three novel findings. First, there were significant negative correlations
between total motor Unified Parkinson's Disease Rating Scale (UPDRS) and BOLD activation in
bilateral caudate, bilateral putamen, contralateral external segment of the globus pallidus, bilateral
subthalamic nucleus, contralateral substantia nigra, and thalamus. Second, bradykinesia was the
symptom that most consistently predicted BOLD activation in the basal ganglia and thalamus.
Also, BOLD activation in the contralateral internal globus pallidus was related to tremor. Third,
the reduced cortical activity in primary motor cortex and supplementary motor area in de novo PD
did not relate to motor symptoms. These findings demonstrate that BOLD activity in nuclei of the
basal ganglia relates most consistently to bradykinesia. The findings demonstrate that functional
magnetic resonance imaging has strong potential to serve as a non-invasive marker for the state of
basal ganglia function in de novo PD.
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Introduction

Methods
Subjects

Obijective biomarkers of Parkinson's disease (PD) are pivotal to therapeutic development to
confirm diagnosis (trait), and track disease progression (state). Based on research advances
in the 1990's, new technologies for in vivo brain imaging are now available. In the case of
PD, both positron emission tomography (PET) and single photon emission computed
tomography (SPECT) have been developed as biomarkers of striatal function, and these
techniques meet many of the criteria for a viable biomarker.1 However, these techniques
rely on radioactive tracers which often have short half lives, remain expensive, and have
limited availability.2 In recent work using diffusion tensor imaging (DTI) in the substantia
nigra (SN), it was shown that hand-drawn regions of interest in the ventral and lateral SN
differentiated individual patients with PD from healthy individuals on a patient-by-patient
basis.3 However, DTI in the ventrolateral SN did not correlate with the severity of PD.

Another technique that has the potential to serve as a non-invasive state biomarker of the
basal ganglia in PD is functional magnetic resonance imaging (fMRI). During resting state
fMRI, it was found that the only nucleus of the basal ganglia (BG) that correlated with the
severity of PD in the off state was the putamen.4 However, since PD is classically a motor
disorder, it is possible that fMRI during a motor task is required to detect a relationship
between activation in other BG nuclei and the severity of PD. In a recent study using fMRI,
we provided the first in-vivo evidence that every nucleus of the BG is hypoactive in
untreated (de novo) patients with early stage PD during a 2-second grip force task which
required switching force on and off.5 It remains unclear however if fMRI during a motor
task can be used as a state measure relating specific symptoms to activity in the BG,
thalamus, and cortex in early stage, de novo PD using a cross-sectional design. As such, the
current study tests the hypothesis that fMRI in specific nuclei of the BG relates to the
severity of PD during a robust 2-s visually-guided grip force task. Based upon previously
identified factor loadings from the motor examination of the Unified Parkinson's Disease
Rating Scale (UPDRS),6 the current study also determines which motor symptoms
(bradykinesia, tremor, rigidity, and axial function/balance/gait) relate most closely to the
fMRI signal in every nucleus of the BG.

This research was a prospective case-controlled study that included 20 patients with PD and
20 controls. Patients were included if they had never been treated with antiparkinsonian
medications, and had a Mini Mental State Examination greater than 26. Antiparkinsonian
medication was defined to include any drug designed to alter symptoms of PD or posited to
slow the progression of PD. All patients were diagnosed with PD by one of eight movement
disorder Neurologists, and the diagnosis was confirmed by the other seven using the PD
Society Brain Bank diagnostic criteria.7+ 8 Table 1 shows the characteristics of each patient.
Healthy control subjects were matched for age, sex, and handedness to each patient with PD.
The age of the PD group (mean=57.9 years) was not different from the control group
(mean=58.3 years) (t=-0.12, df=38, p=0.90). The control participants had no history of
neuropsychiatric or neurological disease. On the day of scanning the control participants
were also evaluated using questions 20, 21, 23, 24, 27, 28, and 29 from the UPDRS. All
control subjects scored a 0 on these items. All subjects gave written informed consent
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consistent with the Declaration of Helsinki, which was approved by the Institutional Review
Boards at Rush University Medical Center and the University of Illinois at Chicago.

Force Data Acquisition

Figure 1A shows that subjects produced force against a custom fiber optic force transducer
(Aither Engineering). PD patients used their most affected limb. Since control subjects were
matched for handedness, each control subject used the same hand as the matched patient.
The Si425 Fiber Optic Interrogator digitized the force data at 125 Hz and customized
software written in LabView collected the force data and converted it to Newtons. Force
output was presented to the subject using a visual display inside the MRI scanner (Figure
1B).9

MRI Data Acquisition

Magnetic resonance images were collected using a quadrature volume head coil inside a 3
Tesla MR Scanner (GE Healthcare 3T94 Excite 2.0). The subject's head was stabilized using
padding. The functional images were obtained using a T2*-sensitive, single shot, gradient-
echo echo-planar pulse sequence (echo-time 25ms; time to repeat (TR) 2500ms; flip angle
90°; field of view 200mm?; imaging matrix 64x64; 42 axial slices at 3mm thickness; Omm
gap between slices). T, anatomical scans were obtained using a Tq-weighted fast spoiled
gradient echo pulse sequence (echo-time 1.98ms; repeat-time 9ms; flip angle 25°; field of
view 240mm?; imaging matrix 256x256; 120 axial slices at 1.5mm thickness; Omm gap
between slices).

Experimental Design

Before scanning, each subject participated in a 1-hour training session outside the scanner.
Each subject's maximum voluntary contraction (MVC) was calculated using a separate force
transducer (Jamar Hydraulic Pinch Gauge) before entering the MR environment. The MVC
was calculated as the peak force amplitude.

During the fMRI rest blocks, subjects fixated on a stationary red target and stationary white
cursor but did not produce force. There were five rest blocks and four task blocks. During
task blocks, subjects completed 2s pulse-hold contractions using a pinch grip followed by 1s
of rest (Figure 1C). The target represented 15% of the individual subject's MVC and was
displayed on the screen as a horizontal bar (Figure 1B). A force cursor was displayed on the
screen as a white bar that moved vertically related to the force produced by the subject. Each
force pulse began as the target bar turned green and remained green for 2s. The force pulse
ended when the target bar turned red for 1s, indicating rest. This sequence was repeated 10
times per task block.

Data Analysis

The supplemental material describes the force data analysis and results. The following
describes the voxel-wise fMRI analyses. AFNI, the public domain software
(http://afni.nimh.nih.gov/afni/), was used to analyze the fMRI data. Before analysis, the
fMRI data were transposed for those subjects that used their left hand so that the left and
right hemispheres in all datasets were contralateral and ipsilateral to the tested hand,
respectively. Head motion was less than 1mm in the X, y, and z directions for all subjects.

We previously found that the fMRI signal was hypoactive in the BG, thalamus, and motor
cortex when comparing 14 patients with PD to 14 control subjects.5 As such, the first
analysis was to confirm that we replicate these previous findings when 6 additional subjects
are added to each group. A voxel-wise analysis was performed on the whole brain fMRI
data in order to identify group differences in BOLD activation. Motion-corrected individual
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datasets were normalized by dividing the instantaneous signal in each voxel at each point in
the time series by the mean signal in that voxel across each scan. After this, a Gaussian filter
was applied to the resultant datasets (full-width half-maximum at 3mm). Then, the time
series data were regressed to a simulated hemodynamic response function for the task
sequence (3Ddeconvolve, AFNI). Before group analysis, each subject's anatomical and
functional datasets were transformed to Talairach space using AFNI.

The data were analyzed using a mixed-effect two-way ANOVA with the group (control, PD)
as a fixed factor and the subject as a random factor. This yielded the estimated difference in
group means (control-PD) for task minus rest for the 2-second task. These data were
corrected for Type | error using a Monte Carlo Simulation model (AFNI, Alphasim). The
datasets were thresholded to remove all voxels with t<3 with an activation cluster minimum
of 205uL (p<0.05, corrected).

Disease Severity Analysis

Results

To examine the relation between percent signal change in each region of interest (ROI) and
disease severity, correlation analyses were performed using Pearson's correlation coefficient
from which the coefficient of determination (r2) was computed. All BG, thalamic, and
cortical ROIs were drawn a priori from templates in standardized space based on the Basal
Ganglia Human Area Template,10 Human Motor Area Template,11 and previous work on
PD.5 The supplemental material describes the details for percent signal change
quantification for the ROI analysis. The average percent signal change for each ROI across
subjects was correlated with the total score from the motor section (Part I11) of the UPDRS.
The UPDRS ratings were performed by a Neurologist who specializes in movement
disorders, and the Neurologist was blinded to the imaging data. The total score from the
motor section of the UPDRS was broken down into previously identified factor loading
subscales for bradykinesia (items 23-26), rigidity (item 22), tremor (items 20-21), and axial
function/balance/gait (items 18,19, 27-31).6 The current study differed from the study of
Stebbins and colleagues6 in that we combined resting and postural tremor into one subscale.
The scores used in the disease severity subscale analyses are shown in Table 1. Following
correlation analysis, forward stepwise multiple regression analysis was performed. The
dependent variable was percent signal change in each ROI and the predictor variables were
the four UPDRS subscales of bradykinesia, rigidity, tremor, and axial function/balance/gait.
Separate multiple regression was performed for each ROI.

fMRI Results

The voxel-wise analysis indicated that PD patients had less activity in all nuclei of the BG,
cortex, and thalamus (Table 2). No other group differences were identified in other regions.
Figure 2 shows mean percent signal change (PSC) in each BG ROI, medial thalamus, and
cortical ROI for the control and PD groups. The central panel of Figure 2 shows the BG and
cortical ROIs. Compared with control subjects, patients with PD had reduced PSC in all
contralateral and ipsilateral nuclei of the BG (Figure 2, Table 2). Patients with PD also had
reduced PSC in the medial and lateral thalamus, M1, and SMA.

Disease Severity

Figure 3 shows there were significant r? values for the relation between total motor UPDRS
score and PSC in the bilateral caudate, bilateral anterior and posterior putamen, contralateral
GPe, bilateral STN, contralateral SN, and thalamus. The relation between disease severity
and percent signal change was always negative (ie. negative correlation coefficient). Within
the BG, all contralateral regions except STN showed higher r2 values for the relation
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between total motor UPDRS and PSC than ipsilateral ROIs. The r2 values for M1 and SMA
did not approach significance. It is important to note that the significant r2 values in the BG

and thalamus were achieved in spite of the fact that this group of patients had relatively mild
disease severity.

Correlation among the UPDRS subscales was first examined. The bradykinesia subscale
correlated significantly with both rigidity (r = 0.74) and axial function/balance/gait (r =
0.70), and rigidity correlated significantly with axial function/balance/gait (r = 0.71). There
were no significant correlations between tremor and the other subscales. These correlation
values are within an acceptable range so as to not produce multicollinearity in multiple
regression.12 Multiple regression analysis revealed that bradykinesia contributed
significantly to the BOLD signal in all contralateral basal ganglia nuclei except SN, and to
the BOLD signal in all ipsilateral basal ganglia nuclei except ipsilateral GPi and SN (Table
3). Bradykinesia also contributed significantly to the BOLD signal in the thalamus. Rigidity
and axial function did not contribute significantly to the BOLD signal in any ROI. Tremor
significantly predicted the BOLD signal in contralateral GPi. It is important to note that the
beta coefficients were positive for bradykinesia and negative for tremor (Table 3). No
UPDRS subscale contributed significantly to the BOLD signal in SMA or M1. Since the
bradykinesia subscale had a larger potential range of scores (range 0-32) than the other
subscales (range 0-28 for tremor, 0-20 for rigidity, and 0-28 for axial function/balance/gait)
we determined if the results for bradykinesia and the BOLD signal were simply due to a
range effect. We computed a reduced range bradykinesia score, which included scores from
bradykinesia items 23-25 with a range of scores from 0-24. Overall, the pattern of results did
not change suggesting that the range of scores was not the driving factor.

Discussion

There were three novel findings in this study. First, there were significant negative
correlations between total motor UPDRS score and fMRI BOLD activation in bilateral
caudate, bilateral anterior and posterior putamen, contralateral GPe, bilateral STN,
contralateral SN, and thalamus in early stage de novo PD. Second, using multiple regression
analysis to identify which UPDRS factors significantly predicted the BOLD signal in each
ROI, it was found that bradykinesia significantly predicted the BOLD signal in all basal
ganglia nuclei except ipsilateral GPi and bilateral SN. Also, bradykinesia significantly
predicted the BOLD signal in the thalamus. In contralateral GPi, tremor significantly
predicted the BOLD signal with a negative beta coefficient. Third, while BOLD activation
in M1 and SMA was reduced in PD, none of the UPDRS subscales significantly predicted
the BOLD signal in these cortical areas. These novel findings suggest that fMRI has the
potential to serve as a non-invasive state marker that relates symptom-specific disease
severity with BG function in de novo PD.

Previous studies have used other imaging modalities such as SPECT and PET to examine
brain function and disease severity in early stage PD. For example, SPECT performed on
thirty six de novo PD patients showed a significant negative correlation between
contralateral putaminal binding potential and increased UPDRS score (r2= 0.18).13 PET
using 18F-fluorodeoxyglucose has been used to examine regional glucose utilization and
spatial covariance patterns using network analysis and their relationship to disease
progression.14 At baseline testing, PD patients who were within two years of initial
diagnosis showed no difference from controls in glucose metabolism in the STN and GPi.
When scanning was repeated 48 months later, PD patients showed significantly increased
metabolism in the STN and GPi compared to controls. Changes in the PD-related motor
metabolic covariance pattern (a measure of abnormal network activity in PD) correlated
with increased motor UPDRS scores (2 = 0.38). Other studies which have used either
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SPECT or PET to examine the degree of correlation between overall striatal or putaminal
binding potential and UPDRS motor scores have shown r2 values ranging from 0.14 to
0.38.15: 16 17 18 However, the study sample in each of these studies included a mixture of
de novo and treated patients. The results from the present study which examined only de
novo patients with PD are within this range of r2 values and, in the case of the anterior
putamen, slightly better. Therefore, when using a robust behavioral task, BOLD activation
in specific nuclei of the BG examined with fMRI can be significantly correlated with total
motor UPDRS even in early stage de novo PD.

Bradykinesia, tremor, rigidity, and axial functional/balance/gait are symptoms that impair
the normal daily activities of patients with PD, and are recognized as factors in the UPDRS.
6 The clinical presentation of these symptoms in each patient can be different in terms of
their distribution and progression. This, taken together with evidence that each symptom can
respond differently to therapeutic intervention, makes it seem likely that the
pathophysiology underlying each symptom may be different.19 A previous neuroimaging
study of patients more advanced in the disease process who were already taking anti-
parkinsonian medication examined the metabolic substrate of bradykinesia and tremor.20
Using PET and 18F-fluoro-2-deoxyglucose in seventeen patients, they found that the severity
of bradykinesia was related to higher cerebral glucose metabolic rate in the putamen and
globus pallidus. In contrast, resting tremor was related to lower cerebral glucose metabolic
rate in the putamen and cerebellar vermis. Within the putamen there was a large overlap of
active voxels in the putamen bilaterally that were both negatively correlated with tremor
scores and positively correlated with bradykinesia scores. The current findings are consistent
with these findings for bradykinesia since bradykinesia significantly predicted the BOLD
signal with a positive beta coefficient in both bilateral putamen and bilateral GPe and
contralateral GPi. In addition, the current study found that bradykinesia subscales
significantly predicted BOLD activation in bilateral caudate and bilateral STN. The only
other UPDRS subscale that significantly predicted the BOLD signal in any BG nucleus was
tremor. Both bradykinesia and tremor significantly predicted the BOLD signal in
contralateral GPi, and the regression coefficient was positive for bradykinesia whereas it
was negative for tremor. Taken together, these data provide support for the general
hypothesis that major clinical features of PD, particularly bradykinesia and tremor, are
related to distinct neuronal systems.19

Previous studies using F-6-Fluorodopa PET have begun to shed some light on which clinical
signs best reflect the nigrostriatal lesion in PD. For example, Vingerhoets and colleagues21
used F-6-Fluorodopa PET in thirty five patients with moderately advanced PD in the off
medicated state to provide an in vivo measure of nigrostriatal dopaminergic deficit. They
correlated the PET results with clinical measures of function. They found that the
nigrostriatal dopaminergic lesion correlated best with bradykinesia as measured by both the
bradykinesia subscale of the modified Columbia score and the Purdue pegboard test.
Inclusion of rigidity and postural disturbance scores in a regression model did not improve
correlation with nigrostriatal lesion. This is in agreement with our findings where rigidity
and axial function/balance/gait were not significant predictors in the regression model in any
ROI. Given that there was some degree of correlation between the UPDRS subscales of
bradykinesia, rigidity, and axial function/balance/gait, including clinical measures of rigidity
and axial function/balance/gait to predict the BOLD signal may be redundant. One possible
explanation is that these variables scored over a reduced range in our sample and therefore
the bradykinesia results are due to a larger range effect. However, by computing a new
bradykinesia variable which had a lower range, we found that he pattern of results did not
change suggesting that a range effect does not explain the results of the current study.
Another possibility is that the reliability of the rigidity and axial function/balance/gait scales
of the UPDRS is lower than for bradykinesia.22724
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While bradykinesia may be a direct result of the nigrostriatal dopaminergic lesion that
impairs cortical function via the BG-thalamocortical loop,21 tremor may have a different
neural substrate. Intermittent oscillations of neurons in the motor cortex, ventrolateral
thalamus, GPi, and STN have been shown to correlate temporarily with tremor, while
lesioning of these regions can suppress tremor.25 In addition, resting state cerebral
metabolic rate of glucose in specific voxels within the putamen has been shown to be
negatively correlated with tremor.20 The results of the current study did not find that tremor
significantly predicted the BOLD signal in putamen. Our ROI analysis was performed by
averaging the BOLD signal across voxels, which may have affected our ability to find
voxel-wise correlations between the BOLD signal and tremor in the putamen. Nevertheless,
our findings for a significant regression model between tremor and the BOLD signal in GPi
is consistent with measures of dopamine levels using high performance liquid
chromatography in autopsy PD brains. Rajput and colleagues26 found that dopamine levels
were greater in GPi of tremor-dominant PD patients compared with akinetic rigid PD
patients.

An interesting observation was that bradykinesia subscales were generally better related to
BOLD activation in BG nuclei (Table 3) than the relation between total motor UPDRS and
BOLD activation (Figure 3). For example, the percent variance accounted for in the BOLD
signal in contralateral caudate by bradykinesia was r2 = 0.46 whereas the relation between
total UPDRS and BOLD signal in contralateral caudate had an r2 = 0.32. Lozza and
colleagues20 found that tremor was negatively correlated with metabolic measures from
PET and we found that the regression coefficient for predicting contralateral GPi BOLD
activation was positive for bradykinesia whereas it was negative for tremor. These findings
raise the possibility that measures of tremor may detract from the overall level of correlation
between total motor UPDRS and BOLD activation. As such, neuroimaging biomarkers of
the state of PD may be better suited to reflect specific symptoms of the disease, such as
bradykinesia, rather than the total motor section of the UPDRS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A, grip force transducer and fiber optic device used to collect force data. B, visual display
seen during the scan for the grip force task at rest and during force production. The arrow

shows movement direction of the white force cursor but was not part of the visual display.
C, actual force traces of the motor task performed by one control subject (top) and one PD
patient (bottom).

PD

30s
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Figure 2.
The center diagram shows the basal ganglia and cortical ROIs used. Surrounding plots show

percent signal change in the contralateral basal ganglia, medial thalamus, and cortical ROls
for control subjects (black bars) and PD patients (red bars). Error bars indicate standard error
for the group mean.
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Figure 3.

Percent variance accounted for in disease severity from percent signal change in each basal
ganglia, medial thalamus, and cortical ROI. r? values for the total motor UPDRS score for
contralateral ROIs (black bars) and ipsilateral ROIs (red bars) are shown.
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Table 2

Control>PD

ROI Center of Mass (X,Y,Z)  Group (df=1,38)

Basal Ganglia

C Caudate (-11.2,9.0,11.2) F=10.45, p<0.01

| Caudate (12.2,9.0,11.3) F=7.91, p<0.01

C A Putamen (-22.3,7.0,6.8) F=12.07, p<0.01

I A Putamen (22.3,7.0,6.8) F=11.16, p<0.01

C P Putamen (-26.7,-5.4,3.8) F=12.67, p<0.01

| P Putamen (26.7,-5.4,3.8) F=10.48, p<0.01

CGPe (-19.8,-4.0,3.9) F=14.10, p<0.001

1 GPe (19.8,-4.0,3.9) F=11.37, p=0.01

C GPi (-16.0,-4.4,1.6) F=9.16, p<0.01

| GPi (16.0,-4.4,1.6) F=8.17, p<0.01

CSTN (-10.7,-13.7,-3.4) F=10.91, p<0.01

ISTN (10.1,-13.3,-3.4) F=9.10, p<0.01

CSN (-13.9,-19.8,-5.1) F=18.27, p<0.001

I SN (13.6,-19.0,-5.6) F=6.05, p<0.05

Thalamus

C Medial (-19.2,-23.1,13.4) F=11.66, p<0.01

C Lateral (-23.0,-24.6,13.5) F=9.55, p<0.01

Cortex

cMm1 (-37.0,-22.2,44.4) F=12.81, p<0.001

SMA (6.8, 19.1, 58.5) F=11.34, p<0.01

Page 14

Bold type indicates a significant result p<.05. Methods for region of interest analysis are described in the supplemental section. ROl = region of
interest; Center of Mass = the X,Y,Z coordinates in Talairach space of the center of mass of each ROI; df = degrees of freedom; C = contralateral; |
= ipsilateral; GPe = external segment of the globus pallidus; GPi = internal segment of the globus pallidus; STN = subthalamic nucleus; SN =

substantia nigra; M1 = primary motor cortex; SMA = supplementary motor area.
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