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Abstract

Forced-rate lower-extremity exercise has recently emerged as a potential safe and low-cost therapy for Parkin-
son’s disease (PD). The efficacy is believed to be dependent on pedaling rate, with rates above the subjects’ vol-
untary exercise rates being most beneficial. In this study, we use functional connectivity magnetic resonance
imaging (MRI) to further elucidate the mechanism underlying this effect. Twenty-seven PD patients were ran-
domized to complete 8 weeks of forced-rate exercise (FE) or voluntary-rate exercise (VE). Exercise was deliv-
ered using a specialized stationary bicycle, which can augment patients’ voluntary exercise rates. The FE group
received assistance from the cycle. Imaging was conducted at baseline, end of therapy, and after 4 weeks of
follow-up. Functional connectivity (FC) was determined via seed-based correlation analysis, using activation-
based seeds in the primary motor cortex (M1). The change in FC after exercise was compared using linear
correlation with pedaling rate. Results of the correlation analysis showed a strong positive correlation between
pedaling rate and change in FC from the most affected M1 to the ipsilateral thalamus. This effect persisted after
4 weeks of follow-up. These results indicate that a plausible mechanism for the therapeutic efficacy of high-rate
exercise in PD is that it improves thalamo-cortical connectivity.
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Introduction

The ‘‘Shaking Palsy’’ first described by James Parkin-
son nearly 200 years ago is now known to be a neuro-

degenerative disease that affects 1.5% of adults over 65,
worldwide (Meissner et al., 2011). There is no cure for Par-
kinson’s disease (PD), and current medical and surgical ther-
apies are for symptomatic control. As the disease progresses,
the therapeutic window for medical therapies narrows with
the increasing frequency of side effects. Deep brain stimula-
tion is an effective therapy for late stage PD, but carries sig-
nificant cost as well as risks due to the invasive procedure for
placement of the device. This study focuses on forced-rate
exercise (FE), a potential new, low-cost, and noninvasive
therapy for PD, which has been shown to improve motor
symptoms (Alberts et al., 2011; Ridgel et al., 2009).

Experiments in animal models of PD have shown that exer-
cise can improve motor function and have a neuroprotective

effect (Fisher et al., 2004; Petzinger et al., 2007, 2013; Tajiri
et al., 2010; Tillerson et al., 2003; Zigmond et al., 2009).
These animal models generally utilize either 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine(MPTP)or6-hydroxydopamine
(6-OHDA) lesioning to induce degeneration of dopaminergic
neurons (Petzinger et al., 2013). Tillerson and colleagues
(2003) showed that running rats on a treadmill after lesioning
can preserve striatal dopamine and improve motor function,
compared with rats that were not exercised. A later study by
Poulton and Muir (2005) found that although dopamine levels
were preserved, there were no improvements in motor func-
tion in the exercised rats. Tillerson and colleagues (2003) ex-
ercised the rats sooner after lesioning, and at a faster rate
(Poulton and Muir, 2005). Other studies showing motor and
neurochemical improvement also achieved high rates of exer-
cise (Fisher et al., 2004; Petzinger et al., 2007). These results
indicate that the rate of exercise may be important for the de-
gree of effect seen.
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Attempts to reproduce these results in human studies of
exercise have had mixed results (Smidt et al., 2005). The ap-
parent inconsistency between human and animal studies is
likely related to differences in the type of exercise per-
formed. In animal studies, the subject is forced to exercise
at a rate greater than its voluntary exercise rate, whereas in
human studies, the subjects exercise at their voluntary rate.
The ensuing hypothesis raised in a subsequent study was
that FE would improve motor symptoms compared to
voluntary-rate exercise (VE) (Ridgel et al., 2009). FE is de-
fined as exercise at a rate above a subject’s voluntary (pre-
ferred) rate, maintained using an external system (Ridgel
et al., 2009). In this initial study, FE was delivered via tan-
dem bicycle with the patient behind a personal trainer
(Ridgel et al., 2009). For further study of FE, our laboratory
developed a motor driven stationary cycle that can aug-
ment the rider’s pedaling rate (see Methods section) (Beall
et al., 2013). The cycle monitors multiple physiologic and
exercise-related variables including heart rate and rider-
generated power, allowing manipulation of rate and intensity
semi-independently. For example, if a patient is cycling at
the desired pedaling rate but his heart rate begins to exceed
his target heart rate (THR) range (see Methods section),
the cycle can increase the power contribution from the
motor, in turn decreasing patient-generated power to main-
tain the same pedaling rate, or automatically reduce the resis-
tance to pedaling.

Ridgel and associates (2009) compared the effects of FE
and VE on the symptoms of PD patients in a randomized
study of 10 patients. The average pedaling rate in the FE
group was 43% greater than that in the VE group, and aerobic
intensity was matched between groups. After completing 8
weeks of bicycle exercise, those patients randomized to FE
showed 35% improvement in clinical motor ratings, while
patients randomized to VE did not show improvement
(Ridgel et al., 2009). Other studies have found that improve-
ments in corticomotor excitability and motor performance
may be related to the intensity of exercise (Fisher et al.,
2008), and that patients undergoing intensive exercise
showed increases in striatal dopamine D2 receptor binding
potential measured with positron emission tomography
(PET) imaging (Fisher et al., 2013). The mechanism under-
lying this rate-dependent effect is not fully understood. The
goal of this study is to understand how the neural network
changes that occur after exercise are related to the rate of
that exercise.

Functional connectivity magnetic resonance imaging
(fcMRI) is used in this study to better understand this re-
lationship. We define fcMRI as blood oxygenation level-
dependent (BOLD)-weighted MRI, during which the subject
stimulus (or lack thereof) is constant throughout the entire
acquisition. In resting-state fcMRI (Biswal et al., 1995;
Lowe, 2012; Lowe et al., 1998), BOLD-weighted MRI
data is acquired of the brain while the patient remains at
rest, with no change in stimuli. If the subject is not in a
resting state, but instead performing a continuous-task, low
frequency BOLD fluctuation (LFBF) correlations among re-
gions of the task-related network are altered (Biswal and
Hyde, 1998; Lowe et al., 2000). In continuous task fcMRI
scan, the subject must perform a task continuously through-
out the entire scan, and perform it at a frequency above the
LFBF cutoff frequency (0.08 Hz).

The study of functional connectivity (FC) in PD is rela-
tively young (Baudrexel et al., 2011; Göttlich et al., 2013;
Hacker et al., 2012; Helmich et al., 2010; Luo et al., 2014;
Poston and Eidelberg, 2012; Sharman et al., 2013; Wu
et al., 2009, 2011a, 2012; Yu et al., 2013). An early study
evaluating resting-state FC (rsFC) in PD showed that rsFC
between the pre-supplementary motor area (pre-SMA) and
putamen was decreased, whereas that between the pre-
SMA and primary motor cortex (M1) was increased (Wu
et al., 2011a). A recent study of striatal connectivity in PD
patients (on medication) found decreased striatal connectiv-
ity to the extended brainstem, and weaker anticorrelations to
the sensorimotor cortex, compared with normal controls
(Hacker et al., 2012). Sharman and colleagues (2013) evalu-
ated both anatomical and FC, and found that PD patients
had decreased rsFC from the thalamus to the sensorimotor
cortex, globus pallidus, and substantia nigra, which cor-
responded to decreases in anatomical connectivity. Despite
some differences among these studies, a common finding
in PD patients is decreased connectivity between subcortical
and cortical motor areas, and increased in connectivity be-
tween cortical motor areas that compensate for these deficits.
In a recent cross-sectional study in our laboratory evaluating
connectivity changes after a single session of exercise, we
found that medication and FE have a similar effect on
motor connectivity in PD (Beall et al., 2013). Thus, we hy-
pothesized that exercise rate-related changes in connectiv-
ity would manifest as tending to improve the deficits in
subcortical-cortical connectivity.

To investigate the rate-dependence of exercise-related
changes in connectivity, we undertook a study in which
PD patients were randomized to complete 8 weeks of forced-
rate or voluntary-rate bicycle exercise. Changes in con-
nectivity with the M1 were then analyzed, as a function of
pedaling rate, to determine the effect of exercise therapy
on FC in PD. We show that pedaling rate is highly correlated
to certain changes in motor connectivity after exercise.

Methods

Experimental overview

Patients were consented and enrolled, and baseline stud-
ies were conducted including clinical evaluation, MRI imag-
ing, and cardiovascular testing (described below), in a
protocol approved by the Cleveland Clinic Institutional
Review Board. Subjects were randomized to either FE or
VE. The study involved an 8-week period in which the ran-
domly assigned exercise intervention occurred, and a 4-week
follow-up period without intervention, during which pa-
tients were asked to return to their normal activity levels.
MRI imaging was done at baseline, after 8 weeks of therapy
(end of therapy [EOT]), and 4 weeks thereafter (end of ther-
apy +4 weeks of follow-up [EOT +4]). The patients included
in this study were the subset of patients who underwent both
exercise and imaging within in a larger clinical trial of forced
exercise.

Study sample

Twenty-seven patients with mild-to-moderate idiopathic
PD were enrolled in the study and underwent both exer-
cise and imaging. Primary inclusion criteria included the
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following: clinical diagnosis of idiopathic PD, age between
30 and 65 years, not currently engaged in formal exercise in-
tervention or clinical study, and Hoehn and Yahr stage II–III
(Hoehn and Yahr, 1967) when off PD medication. Primary
exclusion criteria included the following: existing cardio-
pulmonary disease or stroke, presence of dementia, and
any medical or musculoskeletal contraindications to exer-
cise. Potential study candidates were prescreened with the
American Heart Association exercise preparticipation ques-
tionnaire (Balady et al., 1998), to exclude those with major
signs or history of cardiovascular or pulmonary disease.
MRI-related exclusion criteria included the following: severe
claustrophobia, health concerns with exposure to the mag-
netic fields, or MRI-incompatible metal implant.

Exercise intervention

Before randomization, patients underwent cardiopulmo-
nary exercise fitness testing on a cycle ergometer, with EKG
and blood pressure monitoring, to ensure adequate exercise
tolerance and determine their baseline voluntary exercise
rate. After randomization to VE or FE, patients underwent
three exercise sessions per week, separated by at least 1 day,
for 8 weeks. The aerobic exercise intensity was matched for
both groups, as the THR for patients in both groups was in
the range of 60–80% of the age-predicted maximum (220
minus patient’s age) (Karvonen et al., 1957). Each session
comprised a 10-min warm up and cool down period, separated
by a 40 min main exercise set, during which patients were
instructed to keep their heart rate in their THR. Initially, the
40 min main exercise set included ‘‘on the bike’’ rest breaks
of 2 min, every 10 min. Additional breaks were allowed if
requested. This progressed to two 20 min sessions, separated
by a 2 min break, by 4 weeks into the exercise period.

To deliver forced exercise, a specialized stationary cycle
was developed that includes a motor driven pedal system
that can augment patients’ voluntary exercise rate, and
which monitors heart rate, power produced by the subject,
power contribution of the motor, cadence (pedaling rate), ex-
ercise time, and ambient temperature, among other variables.
The motor is controlled by a feedback mechanism responsive
to pedaling rate, patient work, and heart rate. We are cur-
rently completing an engineering white paper in which the
specifications of the exercise cycle, motor parameters, and
interface will be detailed.

Subjects in the VE group operated the cycle without motor
assistance, and voluntarily determined their resistance level
and cadence. Subjects in the FE group received a variable de-
gree of motor assistance to pedal at a rate at least 35% greater
than their voluntary rate, as determined by the preliminary
fitness testing. Both groups were instructed to maintain
their heart rate in the THR.

MRI data acquisition

Patients underwent scanning on three occasions: at base-
line, EOT, and EOT +4. Although subjects were on PD med-
ication for the duration of the study, scans were conducted
while the patients were off medication for 12 h. Subjects
were scanned using a 12 channel receive-only head coil in
a Siemens Trio 3T scanner (Siemens Medical Solutions,
Erlangen, Germany), with the use of a bite bar to reduce
head motion. During each session, scans included.

Scan 1: anatomic 3D whole-brain T1 study: T1-weighted in-
version recovery turboflash (MPRAGE). One hundred twenty
axial slices; thickness = 1.2 mm; field of view (FOV) = 256 ·
256 mm; inversion time (TI)/echo time (TE)/repetition time
(TR)/flip angle (FA) = 1900 msec/1.71 msec/900 msec/8�.

Scan 2: functional MRI motor activation study. One hun-
dred sixty repetitions of thirty-one 4 mm thick axial slices
acquired using a pulse sequence based on the prospective
motion-controlled, gradient-recalled echo, echoplanar acqui-
sition (Thesen et al., 2000); TE/TR/FA = 29 msec/2800 msec/
80�; matrix = 128 · 128; FOV = 256 · 256 mm; bandwidth =
250 kHz. Patients were instructed to perform the complex
finger tapping task described below.

Scan 3: fcMRI continuous-task connectivity study. Whole-
brain LFBF fcMRI study. One hundred thirty-seven repetitions
of thirty-one 4 mm thick axial slices; TE/TR = 29/3000 msec;
matrix = 128 · 128; FOV = 256 · 256 mm; receive bandwidth =
250 kHz. The subject performed a force-tracking motor task
with the most affected hand (MAH) during the entire scan,
as described below.

Scan 4: fcMRI resting-state connectivity study. Whole-
brain LFBF fcMRI study. The purpose of this study was
analysis of the continuous-task connectivity data from scan
3, as it relates to pedaling rate in PD patients undergoing ex-
ercise therapy. However, resting-state connectivity data was
also acquired using the same protocol as scan 3, but with the
subject resting comfortably with eyes closed rather than per-
forming a task.

The subjects performed the following tasks during scanning.

Complex bilateral finger tapping task. The task was per-
formed with a pair of fiber optic data gloves (Fifth Dimen-
sion Technologies, Irvine, CA). Data were collected and
synchronized with MRI scanning using an acquisition system
designed and built in-house (Lowe et al., 2008). Subjects per-
formed a bilateral complex finger tapping task beginning
with a 60 sec rest period, followed by four ‘‘on/off’’ cycles,
each of which comprised 45 sec of tapping and 45 sec of rest
(hereinafter ‘‘block paradigm’’). This task was performed
during scan 2 above.

Continuous fingertip force tracking task. This task was
performed using a customized pinch grip force dynamom-
eter system designed in house (Beall et al., 2013). Data
were acquired at 128 Hz. Subjects applied a pinch grip
(thumb and index finger only) to the device with their
MAH to generate force readings. Immediately before
each scanning session, each subject’s maximum voluntary
contraction force (MVC) was measured using the dynamom-
eter as the average of three trials of 5 sec each, separated by
at least 1 min. Each subject’s target force was set at 5%
MVC. During the task, subjects were given real-time feed-
back of their applied force relative to the target and
instructed to maintain the target force for the entirety of
the scan. Subjects were trained and identical practice trials
were conducted before scanning to ensure comprehension
and minimize differences in practice effect. Task perfor-
mance was analyzed to establish minimum performance cri-
teria for both tasks.
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Image postprocessing

The functional MRI (fMRI) and fcMRI data were postpro-
cessed in a manner similar to Lowe et al. (2008), including
the following steps:

1. Retrospective motion correction using the AFNI 3dvol-
reg routine (Cox, 1996). This step aligns all volumes in
a four-dimensional (4D) data set with the initial vol-
ume, and produces a 6 degree of freedom set of motion
parameters for each volume that is used in later correc-
tion and analysis.

2. Physiologic (cardiac and respiratory) noise source es-
timation and regression using PESTICA (Beall and
Lowe, 2007, 2010).

3. Voxel-specific second-order motion correction to cor-
rect for the effects of voxel-level motion (Beall et al.,
2013; Bullmore et al., 1999).

4. Spatial filtering with a 4-mm full width at half-
maximum (FWHM) Gaussian in-plane filter. Such
spatial filtering is generally not needed at 3T because
it unnecessarily decreases spatial resolution. If it is
done, a Hamming filter should be used because it is a
matched filter designed to increase the signal-to-noise
ratio (Lowe and Sorenson, 1997). The design of this
study was such that each subject’s seed voxel for FC
analysis was propagated to all of their time points via
coregistration, which can result in partial volume ef-
fects at the voxel-level and a resultant shift in the
seed by up to one voxel. Thus, a 4-mm FWHM Gauss-
ian blur was chosen to allow spatial coherence between
study time points without significantly degrading the
spatial resolution of the data.

5. (fcMRI data only) Temporal filtering to remove all
fluctuations above 0.08 Hz (Biswal et al., 1995; Lowe
et al., 1998).

Motion analysis

Second-order motion correction. The motion parameters
generated from the retrospective motion correction (postpro-
cessing step 1) were used to trigonometrically calculate the x,
y, z, and total displacement at each voxel (Bullmore et al.,
1999; Jiang et al., 1995). These displacements and certain
parameterizations of them are known to correlate with sig-
nal change caused by motion and are regressed from the sig-
nal (Bullmore et al., 1999). This method was applied to all
fMRI and fcMRI scans, in a manner similar to Beall et al.
(2013).

Peak to peak displacement exclusions. Motion parame-
ters were also used to calculate the head displacement in
each frame and subtracted to find the peak-to-peak displace-
ment in the fcMRI data ( Jiang et al., 1995). Any study with a
peak to peak displacement above 1.2 mm at any time during
the scan was excluded from further analysis.

Quality assessment of FC maps. Once FC maps were
generated (see Methods section: fcMRI data analysis), they
were evaluated for motion artifact using a combination
of visual assessment and statistical characterization (see
Appendix), and those with significant artifact were excluded
from further analysis.

Image analysis

All activation and FC maps were created in native scan
space, and then transformed to a common space for further anal-
ysis. To do so, each activation map from the three study time
points is first coregistered to a common temporary space,
seed voxels defined here, and this seed is transformed back to
the native scan space of the FC scans at each study time point
and inspected for quality. Here, we describe this procedure.

fMRI data analysis. The fMRI data were analyzed by
computing a least squares fit of the block paradigm described
earlier to the time series data at each voxel (Lowe and Rus-
sell, 1999). This resulted in a whole-brain Student’s t map,
which was thresholded to determine regions of significant in-
volvement in the complex bilateral finger tapping task. For
each subject, fMRI data from all study time points (Baseline,
EOT, EOT +4) were coregistered to the baseline scan, and
this coregistration was applied to the activation maps. The
maps were then averaged to create a single average activa-
tion map for each subject, which was used for seed localiza-
tion in the FC analysis.

fcMRI data analysis. FC analysis was done using the
seed-based correlation method with the seed defined by acti-
vation, similar to the methods used in Lowe et al. (2002,
2008). The FC analysis involved was as follows:

1. Regions of interest (ROIs) were manually drawn for the
left and right hand areas of the M1 based on both ana-
tomical location and activation strength. These were
drawn for each individual activation map and com-
bined across each subject’s multiple study time points
via coregistration and a logical OR operator. The
final ROIs were used in combination with the average
activation map for seed selection.

2. Seed voxels were selected as the single voxel with the
largest average activation within each ROI, after the
ROIs and average activation map were coregistered
to the subject’s baseline fcMRI data.

3. Seed voxels were then propagated to the later fcMRI
scans via coregistration. This was performed so that
the seed would represent the same anatomical region
in every follow-up study of that subject.

4. A reference time series was produced by calculating
the arithmetic average of the time series’ of the seed
voxel and the eight surrounding in-plane voxels in
the fcMRI dataset.

5. The reference time series was correlated with the time se-
ries at every voxel in the brain, and the correlation coeffi-
cient converted to a Student’s t statistic (Press et al., 2007).

6. The Student’s t map is z-score corrected by fitting a nor-
mal distribution to the FWHM of the distribution of Stu-
dents t scores for all voxels as described in Lowe et al.
(1998).

The result is a whole-brain map of z-scores representing
FC to the seed region (FC map).

Second level statistical analysis

Spatial normalization into Talairach space. To perform
group level analyses, FC maps were registered into a com-
mon space. The fcMRI datasets were coregistered with the
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anatomical images acquired in scan 1 using local Pearson
correlation (Saad et al., 2009). Anatomical images were nor-
malized into the standard Talairach-Tournoux space using
the AFNI auto-Talairach tool in combination with a modified
template developed in house to correctly align the anterior
commissure-posterior commissure line (Mathew, 2012).
These transformations were then applied to the FC maps to
normalize them into Talairach space, which involved resam-
pling to 1 · 1 · 1 mm resolution. Normalized FC maps were
then spatially smoothed with a 6-mm FWHM Gaussian filter
in preparation for group-level analysis.

Effect of exercise rate on FC. To determine the change in
FC from baseline, difference maps were created by subtract-
ing the baseline FC map from the EOT or EOT +4 map (i.e.,
DFCEOT = FCEOT � FCBaseline). These could only be calcu-
lated if neither FC map had been excluded. Since patients
performed the task with the MAH, Right M1 FC maps
were used for patients with Left MAH, and vice versa. For
patients with Right MAH, the Left M1 FC maps were mir-
rored to allow group-level analysis across all patients.
Thus, these maps represent FC to the most affected M1
(*M1), but these are all displayed as connectivity to the
right motor cortex. The DFC maps were concatenated into
a 4D dataset (3D· subject) and voxel-wise correlations
were then performed with cadence, after adjusting for age,
to determine regions in which DFC was related to the sub-
ject’s average pedaling rate. The correlation measure used
was a Student’s t statistic. Correction for multiple compari-
sons across voxels was performed using a family wise
error correction, computed via a 10,000 iteration Monte
Carlo simulation, to determine significant cluster sizes.
The significance level was set at p < 0.05, corrected.

In this study, we sought to elucidate rate-related changes
in connectivity. Patients were randomized to FE versus VE
such that the FE group should have a substantially greater
pedaling rate. In the initial study (Ridgel et al., 2009), pa-
tients in the FE group pedaled 43% faster than those in the
VE group (86 vs. 60 rpm), resulting in improvements in clin-
ical motor ratings. Based on these findings, we had set the
forced rate in our study to be 35% greater than the patient’s
own voluntary rate, and expected a similar difference in ped-
aling rates between groups. However, due to variability in
patients’ baseline rates, this did not translate to a sufficient
group difference in pedaling rates (19% greater pedaling
rate in the FE vs. VE group, 86 vs. 73 rpm, with substantial
overlap in pedaling rates). For this reason, we allowed

the independent variable to be the downstream continuous
variable—pedaling rate—to directly elucidate the relation-
ship between pedaling rate and connectivity via correlation,
rather than indirectly via group comparisons.

Results

Study sample

Twenty-seven patients were randomized to the VE (n =
14) or FE (n = 13) groups. All subjects underwent the 3 scan-
ning sessions, except one patient who was lost to follow-up
after EOT and underwent only the first two sessions, bringing
the total number of scanning sessions to 80. During 1 of these
80 sessions, fcMRI data could not be acquired due to techni-
cal difficulties. During another two sessions, the datasets
were corrupted with spikes and could not be used.

Subject demographics are presented in Table 1. Both
groups were comparable with respect to age, gender, handed-
ness, laterality of MAH, disease duration, medication (levo-
dopa equivalent daily dose [LEDD]), and baseline disease
burden as measured by the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS) III—motor score. The pedaling rates
of the two groups were statistically different, as discussed
above in the Methods section.

Task performance analysis

Performance in the complex bilateral finger tapping task
was above minimum criteria during all scanning sessions ex-
cept for 1 of 80 scans, which was excluded from further anal-
ysis. Since seeds were chosen from average fMRI activation
maps (averaged over the study time points), this did not ex-
clude any patients from the analysis. The continuous finger-
tip force tracking task was performed adequately during all
except for one scanning session, in which the patient did
not adequately maintain the target force. This scan was not
included in the group analysis. All patients performed the
task at a frequency above the LFBF cutoff frequency.

Motion analysis

The implementation of second-order motion correction
resulted in all fMRI activation maps being suitable for seed
selection for the connectivity analysis. Peak-to-peak motion
exclusions resulted in the exclusion of five fcMRI scans.
Quality assessment of the FC maps using statistical charac-
terization (see Appendix) led to the identification of seven
left-M1 and five right-M1 FC maps that did not adequately

Table 1. Characteristics of Study Subjects

VE group (n = 14) FE group (n = 13) p Test

Mean age (SD) 57.2 (7.1) 56.5 (9.5) 0.84 Two sample t-test
No. of females, n (%) 5 (36) 5 (38) 1 Fisher exact test
No. of dominant hand = R, n (%) 12 (86) 13 (100) 0.48 Fisher exact test
No. of most affected hand = R, n (%) 8 (57) 3 (23) 0.13 Fisher exact test
Median no. of months PD (IQR) 45.5 (15–86.1) 36 (17.7–61.3) 0.61 Wilcoxon Rank sum
Median LEDD (IQR) 600 (400–750) 303 (100–723) 0.13 Wilcoxon Rank sum
Mean baseline UPDRS III motor (SD) 23.3 (11.4) 26.5 (7.8) 0.42 Two sample t-test
Mean cadence (SD) 72.66 (12.24) 86.12 (6.52) 0.002 Two sample t-test

FE, forced-rate exercise; IQR, interquartile range; LEDD, levodopa equivalent daily dose; PD, Parkinson’s disease; SD, standard devia-
tion; UPDRS, Unified Parkinson’s Disease Rating Scale; VE, voluntary-rate exercise.
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represent motor connectivity. Three of these maps corre-
sponded to the patients’ most affected side, and were ex-
cluded from further analysis. For two subjects in the FE
group, the EOT +4 map was excluded, and for one subject
in the VE group, the baseline map was excluded (thus, the
subject could not be included at either time point). The
final numbers of subjects included in each analysis after all
exclusions are listed in the figure captions.

Effect of exercise rate on FC changes

FC maps of the motor network were created as described
for each patient. For illustrative purposes, the group average
FC map at each time point is shown in Figure 1.

Student’s t maps for the effect of pedaling rate were gen-
erated as described and thresholded/clustered. This identified
regions in which the change in that region’s task related FC
with the *M1 (DFC) was significantly related to cadence,
after adjusting for age. Positive and negative correlations
are displayed as orange and blue regions in the correlation
maps, respectively. Stronger correlation is indicated by a
brighter color. The final numbers of subjects included in
each correlation analysis (after exclusions) are listed in the
figure captions.

Figure 2 shows regions in which DFC from baseline to
EOT (DFCEOT) is significantly related to cadence. The task
related FC between the *M1 and the ipsilateral thalamus
tended to increase in those who cycled faster, whereas that

FIG. 1. Average functional
connectivity (FC) map of all
patients at (A) baseline, (B)
end of therapy (EOT), and
(C) end of therapy +4 weeks
(EOT +4). Most affected pri-
mary motor cortex (*M1) is
displayed on the radiological
right side (image left). z
Coordinates of slices shown:
�1, 7, 15, 23, 31, 39, 47,
55, 63.

FIG. 2. Correlation map of DFCEOT with
cadence. Colored regions represent those in
which changes in task-related FC to the *M1
(at EOT) are correlated with cadence. *M1 is
displayed on the radiological right side
(image left). N = 20. Clusters are significant
to p < 0.05, family wise error (FWE) cor-
rected. z Coordinates of slices shown: �1, 7,
15, 23, 31, 39, 47, 55, 63.
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between *M1 and the medial prefrontal cortex tended to de-
crease. The thalamic effect was strongest in the posterolat-
eral region of the ventral thalamus, but was also seen in
the dorsomedial thalamus. Significant clusters at EOT are
listed in Table 2. At EOT +4, after 4 weeks of follow-up,
the positive correlation in the thalamus was preserved

(Fig. 3). A trend toward positive correlation was also seen
in the contralateral motor cortex, while a trend toward nega-
tive correlation was seen in the SMA. Significant clusters at
EOT +4 are listed in Table 3.

To provide an improved visualization of the relationship,
the DFC values for each patient were extracted from the

Table 2. Coordinates of Clusters Showing Significant Correlation

Between Cadence and Change in FC with *M1 at EOT

Cluster No. of voxels

Coordinates

Locationax y z

1 1702 �2.6 39.2 7.1 Left anterior cingulate
2 1076 20.5 �21.2 17.8 Right thalamus
3 731 �18.4 �65.5 3.2 Left lingual gyrus
4 662 �21.7 43.6 26.4 Left superior frontal gyrus
5 573 �5.7 31.5 21.4 Left anterior cingulate
6 567 �12.7 59.8 �9.7 Left superior frontal gyrus
7 566 �14.6 36.1 50 Left superior frontal gyrus
8 539 3 3.9 36.9 Right cingulate gyrus
9 510 30.7 �29.5 24 Right insula

10 506 1.6 �17.8 19.9 Right thalamus
11 449 23.4 �34.9 35.7 Right cingulate gyrus

aNote that the most affected side is displayed as the right side; right indicates ipsilateral to the most affected side, left indicates contra-
lateral.

EOT, end of therapy; FC, functional connectivity; *M1, most affected primary motor cortex.

FIG. 3. Correlation map of DFCEOT +4

with cadence. Colored regions represent
those in which changes in task-related FC to
the *M1 (at EOT +4) are correlated with
cadence. *M1 is displayed on the radiologi-
cal right side (image left). N = 18. Clusters
are significant to p < 0.05, FWE corrected. z
Coordinates of slices shown: �1, 7, 15, 23,
31, 39, 47, 55, 63.
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DFC maps in the region of high correlation in the thalamus at
EOT and EOT +4. These were adjusted for age (the effect of
age was regressed out), and the adjusted DFC values were
plotted against cadence in Figure 4. There is a strong corre-
lation at both time points, and patients who pedaled above
75–80 rpm were more likely to show increases in thalamo-
cortical connectivity.

Discussion

The primary aim of this study was to investigate the rate-
related neural network changes that occur with exercise in
PD using fcMRI. We found that PD patients who pedaled
faster during their 8 weeks of exercise tended to have in-
creases in cortico-subcortical connectivity during task per-
formance compared to those who pedaled slower. The
active motor cortex in these patients showed a stronger con-
nection to the ipsilateral thalamus (and a trend toward stron-
ger connection to the putamen) after 8 weeks of exercise
therapy. This effect persisted 4 weeks after the end of the ex-
ercise period.

The region of the thalamus in which the high correlation is
seen is a large posterior area, ranging from posterolateral at
the ventral aspect to more medial dorsally. These areas likely
include the pulvinar nucleus and the posterior aspect of the
ventrolateral nucleus. The ventrolateral nucleus serves as a
thalamic relay nucleus for the motor circuit, receiving
input from the basal ganglia and cerebellum, and directing
output to motor cortical regions (Nolte, 2009). The pulvinar
nucleus is an association nucleus of the thalamus that con-
nects largely to the parietal, occipital, and temporal associa-
tion cortices (Nolte, 2009). This is consistent with the fact

that improved connectivity to the pulvinar region was seen
during the performance of a visuomotor feedback task, in
which the subject must integrate visual sensory information
to modulate his/her motor output. Thus, in patients who
pedal faster, there tends to be improvement in thalamo-
cortical task-related connectivity, specifically in regions
of the thalamus important for motor control and sensory
integration.

Such task-related FC is not as commonly studied as
resting-state FC, though several groups have published mea-
sures of effective connectivity (EC) during a task (Helmich
et al., 2009; Palmer et al., 2009, 2010; Wu et al., 2010,
2011b). EC differs from FC in that it is measured during a
traditional fMRI scan (i.e., with alternating task blocks),
rather than in what we refer to as an fcMRI scan, in which
the subject is in a constant state throughout the entire scan.
Further, EC measures the degree to which the activity of
one region contributes to another (Wu et al., 2011b). A
study of particular interest is that by Palmer et al. (2010)
as the force tracking device and task used was similar to
that of this study, though it was applied in a block design.
They reported that EC during the task in PD patients was de-
creased in the striato-thalamo-cortical pathway, and in-
creased in the cerebello-thalamo-cortical pathway, relative
to normal controls (Palmer et al., 2010). Wu and associ-
ates (2011b) reported similar findings of EC during a self-
initiated finger tapping task. They found that task-related
EC between the putamen and cortical motor areas was de-
creased compared with normal controls, and was inversely
associated with UPDRS (a higher UPDRS score indicates
greater symptom burden). They also reported that EC be-
tween M1 and the pre-SMA, premotor cortex, parietal cor-
tex, and cerebellum was increased relative to controls, and
positively related to UPDRS (Wu et al., 2011b). The in-
creases in cortical-cortical EC are proposed to be compensa-
tory mechanisms for the decreases in subcortical-cortical
EC (Palmer et al., 2010; Wu et al., 2011b). These findings
are consistent with our observation of a tendency for in-
creases in subcortical-cortical task-related FC in patients
who pedal faster. This implies that a plausible mechanism
for the therapeutic efficacy of exercise in PD is that it im-
proves thalamo-cortical connectivity during the performance
of a task.

This study was limited by relatively small sample size.
This may be responsible for the regions that did not meet sta-
tistical significance at one time point, but did at another. A
second limitation was the degree of motion in the studies;

Table 3. Coordinates of Clusters Showing

Significant Correlation Between Cadence

and Change in FC with *M1 at EOT +4

Cluster
No. of
voxels

Coordinates

Locationax y z

1 547 55.9 �55.9 15.4 Right superior
temporal gyrus

2 535 24.6 �19.6 15.5 Right thalamus

aNote that the most affected side is displayed as the right side;
right indicates ipsilateral to the most affected side, left indicates con-
tralateral.

EOT +4, end of therapy +4 weeks of follow-up.

FIG. 4. Plot of cadence
versus change in FC between
*M1 and the thalamus, ad-
justed for age, at (A) EOT,
and (B) EOT +4. FC is
presented in units of
z-score ·100.
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several studies had to be excluded due to motion. This is an
important problem in neuroimaging research in PD. To re-
duce the impact of motion, we incorporated more sophisti-
cated motion correction methods, such as voxel-specific
second-order motion correction, which is more effective
than volumetric (non-voxel-specific) second-order motion
correction. Motion was reduced by the use of a bite-bar dur-
ing the MRI sessions, resulting in only a few scans with more
than 1.2 mm motion. This threshold is not ideal, but we stress
that it is much lower than commonly applied thresholds. We
believe a simpler task could reduce motion further. A third
limitation was the lack of an on-medication scanning session.
Previous work in our laboratory has shown that the effects of
PD medication and exercise on FC are related (Beall et al.,
2013), and thus an on-medication scan would be useful in
an analysis of exercise and FC. Thus, ongoing and future
work does involve larger sample sizes, an on-medication
scanning session, and a simplification of the scanning proto-
col to lower the degree of motion.

Conclusion

This work provides important insight into the mechanism
of the therapeutic effect of exercise in PD. The effect may be
driven by strengthening of thalamo-cortical connectivity dur-
ing task performance. These connectivity changes are associ-
ated with pedaling rate during exercise, and are greater in
those who pedal faster. We conclude that increases in
thalamo-cortical motor connectivity are directly related to
pedaling rates of patients undergoing exercise therapy for
PD, and thus these connectivity changes may underlie the
rate-dependent efficacy of exercise therapy.

Acknowledgments

Funding for this study was provided by NIH/NINDS, and
VA Merit Review. Additional support for C.S. was provided
by the Parkinson’s Disease Foundation and the American
Parkinson’s Disease Association. We would also like to ac-
knowledge the Cleveland Clinic Lerner Research Institute
and Mellen Center staff who helped and contributed to this
study: John Cowan, Amy (Liz) Jansen, Blessy Matthew,
Katherine Murphy, and Derrek Tew.

Author Disclosure Statement

J.L.A. has authored intellectual property related to the
motor control algorithm of the forced-exercise cycle. Other-
wise, no competing interests exist.

References

Alberts JL, Linder SM, Penko AL, Lowe MJ, Phillips M. 2011. It
is not about the bike, it is about the pedaling: forced exercise
and Parkinson’s disease. Exerc Sport Sci Rev 39:177–186.

Balady GJ, Chaitman B, Driscoll D, Foster C, Froelicher E, Gor-
don N, Pate R, Rippe J, Bazzarre T. 1998. Recommendations
for cardiovascular screening, staffing, and emergency poli-
cies at health/fitness facilities. Circulation 97:2283–2293.

Baudrexel S, Witte T, Seifried C, von Wegner F, Beissner F,
Klein JC, Steinmetz H, Deichmann R, Roeper J, Hilker R.
2011. Resting state fMRI reveals increased subthalamic
nucleus-motor cortex connectivity in Parkinson’s disease.
Neuroimage 55:1728–1738.

Beall E, Lowe M, Alberts JL, Frankemolle AM, Thota AK, Shah
C, Phillips MD. 2013. The effect of forced-exercise therapy
for Parkinson’s disease on motor cortex functional connectiv-
ity. Brain Connect 3:190–198.

Beall EB, Lowe MJ. 2007. Isolating physiologic noise sources
with independently determined spatial measures. Neuro-
image 37:1286–1300.

Beall EB, Lowe MJ. 2010. The non-separability of physiologic
noise in functional connectivity MRI with spatial ICA at
3T. J Neurosci Methods 191:263–276.

Beall EB, Lowe MJ. 2014. SimPACE: generating simulated mo-
tion corrupted BOLD data with synthetic-navigated acquisi-
tion for the development and evaluation of SLOMOCO: a
new, highly effective slicewise motion correction. Neuro-
image 101:21–34.

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. 1995. Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med 34:537–541.

Biswal BB, Hyde JS. Functional Connectivity During Continu-
ous Task Activation. In Proceedings of the 6th ISMRM,
Sydney, Australia, 1998, p. 1410.

Bullmore ET, Brammer MJ, Rabe-Hesketh S, Curtis VA, Morris
RG, Williams SC, Sharma T, McGuire PK. 1999. Methods
for diagnosis and treatment of stimulus-correlated motion
in generic brain activation studies using fMRI. Hum Brain
Mapp 7:38–48.

Cox RW. 1996. AFNI: software for analysis and visualization
of functional magnetic resonance neuroimages. Comput
Biomed Res 29:162–173.

Fisher BE, Li Q, Nacca A, Salem GJ, Song J, Yip J, Hui JS, Jako-
wec MW, Petzinger GM. 2013. Treadmill exercise elevates
striatal dopamine D2 receptor binding potential in patients
with early Parkinson’s disease. Neuroreport 24:509–514.

Fisher BE, Petzinger GM, Nixon K, Hogg E, Bremmer S,
Meshul CK, Jakowec MW. 2004. Exercise-induced behav-
ioral recovery and neuroplasticity in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-lesioned mouse basal ganglia.
J Neurosci Res 77:378–390.

Fisher BE, Wu AD, Salem GJ, Song J, Lin C-HJ, Yip J, Cen S,
Gordon J, Jakowec M, Petzinger G. 2008. The effect of exer-
cise training in improving motor performance and corticomo-
tor excitability in people with early Parkinson’s disease. Arch
Phys Med Rehabil 89:1221–1229.
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Appendix

Quality Assessment of Functional Connectivity Maps

Motion is especially problematic in functional connectivity
magnetic resonance imaging (fcMRI), because there is no
model for the expected signal, beyond restricting to low fre-
quencies. This is of particular importance in movement disor-
ders such as Parkinson’s disease (PD), as patients with these
disorders tend to move more than controls, as seen in previous
studies (Göttlich et al., 2013; Helmich et al., 2010). Retrospec-
tive motion correction is imperfect, because current methods
use a volumetric approach (Beall and Lowe, 2014). Accord-
ingly, the effects of motion may be passed to the connectivity
analysis. Visual inspection of the FC maps can be helpful in
identifying corrupted maps. However, this is a difficult, subjec-
tive, time-intensive task. Here, we present an objective method
for identifying FC maps likely to be of poor quality through sta-
tistical characterization of their t-score distributions.

z-Score correction is a method to correct for global effects
that bias the t-score distribution. The FWHM of the t-score
distribution is fit to a normal curve, and the fitted mean (lf)
and standard deviation (rf) are used to center and normalize
the distribution (Lowe et al., 1998). lf represents the average
magnitude of the biasing effects, and rf is related to the spatial
variability in those effects. Thus, FC maps with large rf values
may contain artifacts unrelated to neuronal activity. The fit is
restricted to the FWHM because this is assumed to be com-
prised primarily of Gaussian-distributed effects, or the null
component. Meanwhile the tails contain higher order correla-
tions that are non-null (Fig. A1) (Lowe et al.,1998), and may
be of interest, though can also be produced by artifactual sour-
ces, such as motion. Information in the tails can be quantified
by calculating the fifth standardized moment (c) of the distri-
bution [Eq. (A1)], which provides a characterization of asym-
metry that is sensitive further from the mean (i.e., in the tail
regions). It is our hypothesis that while motion artifact is
highly variable in its effects, higher order characteristics of
the t-score distribution are objectively sensitive and specific

FIG. A1. Uncorrected t-score distribution of a functional
connectivity (FC) map (inset). Note departure from normal-
ity in tail regions.

FIG. A2. Map quality ratings plotted against (A) lf, (B) rf,
and (C) c for task-related connectivity scans.
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to the effect of motion. Statistical distributions of lf, rf, and c
were examined to determine whether any relationship existed
with visual assessment of the FC maps.

c =

1

N
+
N

i = 1

(xi� x)5

1

N
+
N

i = 1

(xi� x)2

� �5=2
(A1)

Functional connectivity (FC) data were analyzed from 116
task-related fcMRI scans and 118 resting-state fcMRI scans

in 33 PD patients, including those in this study. Scans were
similar to those described above, and also included a resting-
state fcMRI scan with the parameters of scan 3 above, with
the patient asked to rest comfortably with eyes closed. FC
maps were generated for FC to the left and right M1, using
the methods above. The resultant 468 FC maps were visually
inspected and rated on a 7-point scale (0–6) for both presence
of motion-related artifact and degree to which they resem-
bled prototypical motor connectivity maps. A metric based
on statistical descriptors was devised and optimized to iso-
late nonideal studies (rating 4–6).

Though lf or rf did not have a direct relationship with map
quality, large rf was seen in poor maps (Fig. A2, panels A,
B). There was a direct relationship between c and map qual-
ity with poorer maps tending to have a more negative c (Fig.
A2, panel C). A two-dimensional statistical descriptor space
between rf and c was constructed, with poorer maps appear-
ing primarily in the high- rf, low c subspace. A linear sepa-
rator was optimized to separate this subspace and separate
poor maps (Fig. A3). For the task-related FC maps, 22
were separated out and 21 (95%) of these were rated as non-
ideal. For the resting-state FC maps, 13 of 14 separated maps
(93%) were rated as nonideal.

Thus, t-score distributions that were either very broad or
had heavy negative tails tended to be from poor FC maps.
This is expected for a motor connectivity map, in which
higher-order correlations should be mostly positive. Based
on these statistical characteristics, a metric was created to ob-
jectively assess the quality of an FC map. The metric is not
designed to be a highly sensitive test to identify all maps
assessed as ‘‘poor,’’ and is not recommended to replace vi-
sual quality assessment. Rather, it is a specific test, with a
high positive predictive value, that will provide objective cri-
teria to exclude a map that is subjectively questionable.

FIG. A3. Statistical descriptor space, rf versus c, with linear
separator superimposed for task-related connectivity scans.
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