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A B S T R A C T

Background: Despite the significant impact of lower limb symptoms on everyday life activities in Parkinson’s 
disease (PD), knowledge of the neural correlates of lower limb deficits is limited. 
Objective: We ran an fMRI study to investigate the neural correlates of lower limb movements in individuals with 
and without PD. 
Methods: Participants included 24 PD and 21 older adults who were scanned while performing a precisely 
controlled isometric force generation task by dorsiflexing their ankle. A novel MRI-compatible ankle dorsiflexion 
device that limits head motion during motor tasks was used. The PD were tested on their more affected side, 
whereas the side in controls was randomized. Importantly, PD were tested in the off-state, following overnight 
withdrawal from antiparkinsonian medication. 
Results: The foot task revealed extensive functional brain changes in PD compared to controls, with reduced fMRI 
signal during ankle dorsiflexion within the contralateral putamen and M1 foot area, and ipsilateral cerebellum. 
The activity of M1 foot area was negatively correlated with the severity of foot symptoms based on the Move
ment Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS-III). 
Conclusion: Overall, current findings provide new evidence of brain changes underlying motor symptoms in PD. 
Our results suggest that pathophysiology of lower limb symptoms in PD appears to involve both the cortico-basal 
ganglia and cortico-cerebellar motor circuits.   

1. Introduction

While the pathophysiology of Parkinson’s disease (PD) is not fully
understood, it has been traditionally linked to a reduction in the dopa
mine available to brain regions involved in motor control (Alexander, 
2004; Brooks, 2010; Fahn, 2008; Meder et al., 2019; Obeso et al., 2017; 
Poewe et al., 2017). It is important to note that much of what is known 
about the neural bases of motor deficits in PD is based on task-based 
functional magnetic resonance imaging (fMRI) studies showing 
abnormal motor-related blood oxygen level dependent (BOLD) activa
tion patterns in PD compared to healthy older adults (Burciu and Vail
lancourt, 2018; Herz et al., 2014; Herz et al., 2021; Niethammer et al., 

2012). A recent coordinate-based meta-analysis of functional neuro
imaging studies testing limb movements in PD and healthy individuals 
revealed consistent hypoactivation of the posterior putamen and cere
bellum in PD compared to controls during a variety of motor tasks (Herz 
et al., 2021). The primary motor cortex (M1) and the supplementary 
motor area (SMA) also showed a lower degree of activation in PD across 
multiple studies, whereas areas localized anterior to these structures 
were found to be hyperactive (Herz et al., 2021). 

While the imaging research carried out to date in PD points to 
functional abnormalities along distinct neural pathways, it is important 
to note that most imaging studies in PD are upper limb studies. Despite 
the significant impact of lower limb symptoms on everyday life activities 
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in PD, the neural correlates of lower limb deficits have received little 
attention. This knowledge is limited in part by the technical difficulties 
in performing controlled experiments with currently available fMRI 
methods. First and foremost, head motion is known to have a substantial 
impact on the results of fMRI studies (Friston et al., 1996; Power et al., 
2012), and movements of the feet in a supine position could lead to 
greater disruption of the fMRI signal than movements of the hands. Of 
note, the coordinate-based meta-analysis cited above, upon the appli
cation of strict exclusion criteria, identified only two studies involving 
movement execution in the lower limb in PD out of thirty-nine func
tional studies (Herz et al., 2021). Recently, studies focusing on unique 
PD phenotypes (PD with freezing of gait or PD with postural instability 
and gait disturbances) have emerged, emphasizing the need for better 
understanding of lower limb deficits in PD (Agosta et al., 2017; de Lima- 
Pardini et al., 2017; Gilat et al., 2019; Matar et al., 2019; Piramide et al., 
2020; Sarasso et al., 2021; Shine et al., 2013). 

Due to differences in the tasks employed, PD phenotypes tested, as 
well as the relatively small number of participants in some studies, there 
is no clear consensus regarding the functional brain changes associated 
with lower limb dysfunction in PD has not been reached yet (Agosta 
et al., 2017; de Lima-Pardini et al., 2017; Drucker et al., 2019; Gilat 
et al., 2019; Katschnig et al., 2011; Matar et al., 2019; Piramide et al., 
2020; Sarasso et al., 2021; Shine et al., 2013). Some results point to a 
reduction in activation of the striatum and sensorimotor regions, 
whereas other results indicate an excess of activation in premotor re
gions such as the SMA, pre-SMA, frontal areas and specific subdivisions 
of the cerebellum (Drucker et al., 2019; Katschnig et al., 2011; Piramide 
et al., 2020; Sarasso et al., 2021; Shine et al., 2013). Together, disparate 
results point to a major need to conduct more lower limb studies in PD to 
better understand the pathophysiology of lower limb symptoms in this 
population. Equally important is the need to increase the validity of 
research studies by additionally accounting for task performance. Pa
rameters such as the amplitude of movements or the number of itera
tions can vary between PD and controls, which may account for reported 
differences in activation patterns. 

Given that knowledge about the effect of PD on the neural circuits 
controlling lower limb movements is limited, the purpose of this fMRI 
study was to further investigate the neural correlates of lower limb 
function in PD vs. healthy older adults by using 1) a novel MRI- 
compatible ankle dorsiflexion device that produces minimal head mo
tion and 2) a force control paradigm highly sensitive to PD deficits We 
administered a well-established PD force paradigm (Burciu et al., 2016a; 
Burciu et al., 2016b; Burciu et al., 2015; Chung et al., 2018; Neely et al., 
2015; Planetta et al., 2015; Prodoehl et al., 2010; Spraker et al., 2010) to 
characterize and compare the fMRI correlates of lower limb function in 
PD and a group of matched older adults. We hypothesized that both the 
cortico-basal ganglia and cortico-cerebellar motor circuits will be 
hypoactive in PD compared to healthy older adults. 

2. Methods 

2.1. Participants and clinical assessments 

Twenty-four PD and twenty-one healthy older adults completed this 
study. PD participants were diagnosed by a movement disorder 
specialist using established criteria (i.e., United Kingdom PD Society 
Brain Bank Criteria) and were recruited either from the Christiana Care 
Neurology Specialists Clinic in Newark, Delaware, or the University of 
Delaware Participant Recruitment Registry for Parkinson’s Disease 
Research. PD patients were excluded if they had: concurrent movement 
disorders (e.g., dystonia), an atypical form of parkinsonism, dementia, 
neuropsychiatric disorders, musculoskeletal disorders, a history of 
cancer that required chemotherapy and/or radiotherapy or have un
dergone deep brain stimulation surgery for the treatment of PD symp
toms. T2-weighted MRI scans were also collected as part of this study for 
the purpose of excluding secondary causes of parkinsonism/other 

pathophysiology (e.g., vascular lesions, demyelinating lesions, tumors, 
etc.). Upon inspection of the MRI scans, no participant was excluded 
from the analysis. The older adults in the control group were recruited 
via advertisements in the Newark area and reported no history of 
neurological or neuropsychiatric disorders. Of note, PD and controls 
were matched at the group level for age, sex, cognitive status, and tested 
side (Table 1). PD participants were tested on their more affected side 
which could be either the dominant or non-dominant side. The tested 
side in controls was randomized so that there were no statistically sig
nificant group differences in the ratio of people tested on their left/right 
side or dominant/non-dominant side. Importantly, all testing occurred 
in the morning, with PD patients being tested following an overnight 
withdrawal from antiparkinsonian medication (~12 h after the last dose 
of PD medication). The Montreal Cognitive Assessment Test (MOCA) 
(Nasreddine et al., 2005) was used to screen for cognitive impairment, 
and the motor section of the Movement Disorder Society Unified Par
kinson’s Disease Rating Scale (MDS-UPDRS-III) (Goetz et al., 2008) was 
administered to assess disease severity in PD and to rule out motor 
symptoms in control participants. The items from the MDS-UPDRS-III 

Table 1 
The table lists the sociodemographics, clinical characteristics and several 
behavioral measures for controls and PD. The last column lists the p-values 
corresponding to the statistical analyses described in manuscript. Data represent 
the count or mean ± 1 standard deviation. Ranges are listed in square brackets. 
Of note, all tests were completed by the PD patients in the “off” state, following 
an overnight withdrawal from PD medication. Disease duration is defined as 
time since diagnosis. Abbreviations: H & Y = Hoehn and Yahr Staging Scale; 
LEDD = levodopa equivalent daily dose; MDS-UPDRS-III = the motor section of 
the Movement Disorder Society Unified Parkinson’s Disease Rating Scale; Min =
minute; MVC = maximum voluntary contraction; N = Newtons.; PDQ-39 =
Parkinson’s Disease Questionnaire – 39.  

Clinical Variables Healthy Controls Parkinson’s Disease P- 
Value 

N 21 24 n/a 
Age (Years) 63.71 (±8.30), 

[50–77] 
67.33 (±8.38), 
[49–82] 

0.154 

Sex (Male | Female) 8 | 13 12 | 12 0.423 
Handedness (Left | Right) 8 | 13 12 | 12 0.175 
Tested Side/Foot (Left | 

Right) 
8 | 13 14 | 10 0.175 

Tested Side/Foot 
(Dominant | Non- 
Dominant) 

12 | 9 12 | 12 0.632 

H & Y Stage n/a 1.88 (±0.61), [1–3] n/a 
More Affected Side (Left | 

Right) 
n/a 14 | 10 n/a 

Disease Duration (Months 
Since Diagnosis) 

n/a 54.92 (±41.56), 
[2–156] 

n/a 

Total LEDD n/a 470.63 (±368.27), 
[60–1100] 

n/a  

Non-Motor Measures 
Education Level (Years) 16.63 (±2.33), 

[12–22] 
17.58 (±2.56), 
[14–24] 

0.221 

Montreal Cognitive 
Assessment Test 

27.48 (±2.46), 
[22–30] 

26.75 (±2.38), 
[22–30] 

0.279 

Beck Depression Inventory – 
II 

5.52 (±6.29), 
[0–24] 

8.35 (±4.98), 
[2–19] 

0.225 

PDQ-39 Summary Index n/a 17.14 (±9.67), 
[4–39] 

n/a  

Motor Measures 
MVC Tested Foot (N) 64.00 (±39.58), 

[15–154] 
50.79 (±38.62), 
[12–171] 

0.210 

MDS-UPDRS-III – Total 
Score 

1.95 (±3.17), 
[0–11] 

32.21 (±11.10), 
[13–56] 

<

0.001 
MDS-UPDRS-III – Tested 

Foot 
0.10 (±0.30), 
[0–1] 

4.08 (±2.41), [0–9] <

0.001 
MDS-UPDRS-III – Other 

Foot 
0.24 (±0.62), 
[0–2] 

2.92 (±2.16), [0–2] <

0.001  
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assessing toe taps and leg lifts were summed up to characterize the 
severity of the PD symptoms in the tested vs. other foot. As one can see in 
Table 1, the foot score was greater for the foot tested inside the MRI 
scanner than for the other foot. Mood and quality of life were evaluated 
with the Beck Depression Inventory-II (BDI) and the 39-item Parkinson’s 
Disease Questionnaire (PDQ-39) (Jenkinson et al., 1997; Upton, 2013) 
(Table 1). Written informed consent was obtained from all participants 
in the study. Testing procedures were approved by the local Institutional 
Review Board and conducted according to the Declaration of Helsinki. 

2.2. Force data acquisition 

Participants completed a force control task while laying supine on 
the MRI bed. A custom-made MRI-compatible device and a fiber-optic 
force transducer that could measure up to 700 N were used (Neuro
imaging Solutions, Gainesville, FL) (Fig. 1A). We stabilized the partici
pant’s tested foot with an adjustable strap placed over the metatarsals. 
By fixating the foot and using an isometric force task we minimized the 
head motion which is usually higher when performing tasks that involve 
the lower limb vs. the upper limb. Small cushions were placed around 
the participant’s head to further minimize head motion during data 
collection. To ensure comfort during the MRI procedure, a small cushion 
was placed under the knee. Each time a participant dorsiflexed the 
ankle, a piston at the back of the foot device applied compressive force to 
the force sensor. Online visual feedback of the force output was pro
jected onto a 32′′ 1920 × 1080 widescreen LCD display with a 120 Hz 
refresh rate located behind the MRI bore/participant’s head. The display 

was visible to participants via a mirror mounted on the head coil. Force 
signals were transmitted through a fiber-optic cable to a SI155 Micron 
Hyperion Optical Sensing Interrogator (Micron Optics, Atlanta, Georgia) 
which digitized the force data. Force data were collected using custom 
software written in LabVIEW (National Instruments, Austin, TX). 

2.3. Force paradigm and experimental procedures 

First, for each participant, we measured the maximum voluntary 
contraction (MVC) of the tested foot. A change in color from red to green 
of a horizontal bar visible on the screen instructed participants to dor
siflex their ankle and produce maximum force. The average peak force 
from three 5-s trials was used to normalize force demands across par
ticipants to be 15% of their MVC. A representation of the fMRI paradigm 
is shown in Fig. 1B. Each task began with a 30-s rest block followed by 
four cycles of 30-s of force alternating with 30 s of rest. Each of the four 
force blocks consisted of 10 trials. During the force task, two horizontal 
bars were displayed on the screen. The top bar was white, stationary, 
and represented the target set at 15 % of MVC. The bottom bar repre
sented the participant’s force, it was colored and could move up and 
down the screen based on the amount of force produced by the partic
ipant. Force generation was visually cued by a change in color of the 
force bar. When the force bar was red (for 1 s), participants relaxed, and 
when the force bar was green (for 2 s), participants had to generate 
force. Instructions were to be quick in generating the force, produce 
enough force to bring the green bar on top of the white bar, and then 
relax/produce no force while the bar was red. The choice to provide 

Fig. 1. Experimental setup and fMRI paradigm. (A) 
Custom-designed MRI compatible foot device placed 
on the MRI table along with pictures of the foot sensor 
used for the force production task. During the foot 
task, participants produced force by dorsiflexing the 
ankle. The tested side was the more affected side in 
PD and either the left or the right in controls (testing 
side was randomized in the control group; see 
Table 1). (B) fMRI paradigm. A block design was 
used. The foot task began with 30 s of rest, followed 
by 4 cycles consisting for 30 s force + 30 s rest. Each 
of the four force blocks contained 10 trials. During a 
trial, participants had to produce force for 2 s and 
relax for 1 s. A white bar represented their target and 
was set to be 15% of the effector/limb’s maximum 
voluntary contraction (MVC). Force generation was 
cued by a change in color of a force bar. When the 
force bar located at the bottom of the screen turned 
green, participants dorsiflexed their ankle to bring the 
force bar on top of a white bar (i.e., produce force). 
When the force bar located at the bottom of the screen 
turned red, participants relaxed their ankle to bring 
down the force bar to the bottom of the screen. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   
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online feedback on performance was motivated by the need to ensure 
that one group is not producing more force than the other, which would 
have major implications for the interpretation of any group differences 
in the fMRI activity. Importantly, all participants completed a training 
session prior to beginning data collection to make sure the instructions 
were clear and to prevent a possible learning effect while in the scanner. 

2.4. Force data analysis 

The force data collected inside the MRI was inspected in real time 
while participants were inside the MRI scanner to make sure participants 
followed the instructions and produced 10 trials per block. The analysis 
of the force data was performed using custom scripts in MATLAB 
R2021b (The Mathworks, Natick, MA). First, data were filtered using a 
6th-order Butterworth filter with a cutoff frequency of 15 Hz. Next, for 
each force trial, the following time points were manually marked: 1) the 
onset of the steady period and 2) the offset of the steady period. These 
two time points were used to calculate the following force parameters: a) 
average force amplitude during the steady period and b) the standard 
deviation (SD) of force produced during the stead period (both measures 
expressed as % of MVC). We hypothesized that these measures, which 
could in some cases have an influence on the fMRI signal, would not 
differ between PD and controls. 

2.5. MRI data acquisition 

MRI images were collected at the University of Delaware’s Center for 
Biomedical and Brain Imaging, on a 3 T Magnetom Prisma whole-body 
MRI scanner from Siemens equipped with a 64-channel head coil. 
Functional MRI data were collected using a single-shot gradient echo- 
planar imaging pulse sequence (TR = 2500 ms, TE = 30 ms, 43 slices, 
flip angle = 80◦, GRAPPA parallel imaging factor 2, FOV = 240 × 240 
mm, resolution = 3 × 3 × 3 mm). A total of 108 TRs were collected. 
High-resolution structural MRI scans were collected using a T1- 
weighted sequence (TR = 2000 ms, TE = 2.99 ms, 208 slices, flip 
angle = 8◦, GRAPPA parallel imaging factor 2, FOV = 256 × 256 mm, 
resolution = 0.8 × 0.8 × 0.8 mm). T2-weighted scans were also collected 
(TR = 2500 ms, TE = 371 ms, 208 slices, flip angle = variable, GRAPPA 
parallel imaging factor 3, FOV = 256 × 256 mm, resolution = 0.8 × 0.8 
× 0.8 mm). 

2.6. MRI data analysis 

2.6.1. Functional MRI 

2.6.1.1. Single-subject and group-level analyses. Quality assessments 
were performed on all MRI scans. Consistent with previous research 
testing unilateral movements (Burciu et al., 2016a; Burciu et al., 2015; 
Chung et al., 2018; Planetta et al., 2015; Spraker et al., 2010), the fMRI 
and T1-weighted scans of participants who were tested on their left side 
were flipped in the left–right plane prior to processing. Thus, in the 
results section we refer to the left side of the brain images as contra
lateral to the foot producing force and the right side as ipsilateral to the 
foot producing force. The fMRI data were analyzed using several MRI 
software packages including AFNI (Analysis of Functional Neuro Im
ages; https://afni.nimh.nih.gov), SPM12 (Statistical Parametric Map
ping, https://www.fil.ion.ucl.ac.uk/spm/), as well as custom UNIX shell 
scripts. The fMRI analysis consisted of the following preprocessing steps: 
1) skullstripping the T1-weighted scan, 2) despiking the fMRI scan to 
remove extreme time series outliers, 3) slice-timing correction of the 
fMRI scan for interleaved acquisition, 4) 3D rigid-body motion correc
tion of the fMRI scan, 5) motion scrubbing by removing TR-to-TR mo
tion > 0.5 mm, 6) coregistration of the fMRI and T1-weighted scans, 7) 
division of the fMRI signal in each voxel at each point in the time series 
by the mean signal in that voxel across the scan, 8) spatial normalization 

of the scans to the 152MNI template for a standard whole-brain analysis 
and to the SUIT template (Spatially Unbiased Infratentorial Template; 
https://www.diedrichsenlab.org/imaging/suit.htm) for a cerebellum- 
and brainstem-optimized analysis (Diedrichsen, 2006), 9) smoothing of 
the spatially normalized fMRI scans with a 4-mm Full Width Half Max 
(FWHM) Gaussian kernel to account for inter-subject variability in brain 
anatomy in the group-level analyses. Following preprocessing, the fMRI 
signal during the four 30-s force blocks was modeled using a boxcar 
regressor convolved with the canonical hemodynamic response func
tion. The six head motion parameters estimated during the 3D rigid- 
body motion correction were included in the statistical analysis as re
gressors of no interest. The dependent variable at this level of the 
analysis was the estimated β-coefficient of the regressed time series and 
its associated t-statistic. Finally, we performed a voxel-wise Independent 
T-Test analysis to compare foot-related activity between PD and con
trols. The analysis was corrected for Type I error using a Monte Carlo 
simulation using 3dClustSim in AFNI. Active regions had to meet a 
threshold of p < 0.001 and a cluster size of 54 µL, corresponding to a p <
0.05, corrected for multiple comparisons using the family-wise error 
(FWE) correction. Significant group differences were labeled using the 
basal ganglia human area template (BGHAT), the human motor area 
template (HMAT), the probabilistic atlas of the human cerebellum 
(SUIT), and the automated anatomical labeling atlas (AAL) (Diedrichsen 
et al., 2009; Mayka et al., 2006; Prodoehl et al., 2008; Tzourio-Mazoyer 
et al., 2002). 

2.6.1.2. Correlations between BOLD fMRI percent signal change and dis
ease severity. Percent signal change (PSC) was calculated from the motor 
regions where fMRI activity differed between groups and correlated in 
PD with disease severity expressed as the total MDS-UPDRS-III and the 
MDS-UPDRS-III subscore corresponding to the tested foot. PSC was 
calculated for a 15-s period spanning 6TRs at the end of each force block 
based on previous force control studies in PD (Burciu et al., 2016a; 
Chung et al., 2018; Spraker et al., 2010). The relation between fMRI 
activity and disease severity was assessed with Spearman correlations 
set at a p < 0.05. 

2.6.1.3. Volume of fMRI activation. The mean activity maps for the PD 
and control groups derived from the voxel-wise statistical analysis were 
binarized such that significantly active voxels were assigned a value of 1 
and all other voxels were assigned a value of zero. The three atlases 
corresponding to the main nodes of the motor circuit (basal ganglia – 
BGHAT, cortical motor regions – HMAT, and cerebellum – SUIT were 
also binarized and used to mask the mean activity map for each group. 
The total number of active voxels within the basal ganglia, cortical 
motor areas, and cerebellum was normalized by the size of the atlas and 
plotted for each group. 

2.6.2. Structural MRI 
The T1-weighted scans were submitted to a voxel-based morphom

etry analysis (VBM). This analysis was performed with the purpose of 
determining if the functional brain changes in PD resulting from the 
fMRI analysis are accompanied by structural changes of the gray matter. 
The VBM analysis was conducted using the CAT12 toolbox (Computa
tional Anatomy Toolbox, https://neuro-jena.github.io/cat/) in SPM12 
(Statistical Parametric Mapping, https://www.fil.ion.ucl.ac.uk/spm/), 
which in turn ran in MATLAB R2021b (The Mathworks, Natick, MA). 
Scans were corrected for signal inhomogeneities and segmented into 
three tissue classes: gray matter (GM), white matter (WM), and cere
brospinal fluid (CSF). The GM maps were spatially normalized using the 
Diffeomorphic Anatomic Registration Through Exponentiated Lie 
algebra algorithm (DARTEL) to the MNI space for a standard whole- 
brain analysis (Ashburner, 2007), and to the SUIT template for a cere
bellum- and brainstem-optimized analysis. Following spatial normali
zation, GM maps were modulated using the Jacobian determinant maps 
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to retain pre-normalization volume information, and smoothed with an 
8-mm FWHM Gaussian kernel for the whole-brain analysis and a 4-mm 
kernel for the cerebellum- and brainstem-optimized analysis. To 
compare gray matter volume between PD and controls, a GLM analysis 
was set up with total intracranial volume (TIV) as a covariate. Statistical 
significance was determined using conventional methods available in 
SPM12 (i.e., p < 0.05, corrected for multiple comparisons using the FWE 
correction). 

2.7. Statistical analysis 

Statistical analyses of non-imaging data were performed in SPSS 28.0 
(IBM, New York). Prior to performing any of these statistical analyses, 
outcome measures were assessed for normality and equal variance with 
the Shapiro-Wilk and Levene’s Tests. The results of these tests prompted 
the choice of parametric or non-parametric statistical testing. Categor
ical data (i.e., sex, tested side based on body side or dominance; Table 1) 
were compared between groups using a Chi-Square test. All continuous 
measures except for age were compared between groups using the 
Mann-Whitney U Test. Age differences were compared using an Inde
pendent T-Test. Correlation analyses in PD between the fMRI activity 
extracted from motor regions where group differences were found and 
the severity of motor symptoms based on the MDS-UPDRS-III scores 
were evaluated with Spearman correlations. Results were significant if p 
< 0.05. 

3. Results 

3.1. Clinical and force measures 

There were no significant differences between groups in age, sex, 
tested side based on body side (left vs. right) or dominance (dominant 
vs. non-dominant), education level, cognitive status, and depression 
score (p values > 0.05; Table 1). As expected, group differences were 
found in the total MDS-UPDRS-III score and the MDS-UPDRS-III sub
scores for the tested foot and other foot (p values < 0.001; Table 1). 
There were no differences between groups in the MVC (p = 0.210). As 
for the force measures, there were no significant differences between 
groups in the normalized force amplitude during the steady period (p =
0.720; mean force controls = 15.00 ± 2.87, mean force PD = 13.47 ±
2.02) or force variability measured as the SD of the force produced 
during the steady period (p = 0.539; mean SD controls = 1.37 ± 0.62, 
mean SD PD = 1.31 ± 0.50). 

3.2. fMRI results 

Importantly, the head motion averages across the three planes did 
not differ between groups (p = 0.909; controls = 0.09 mm ± 0.04 mm, 
PD = 0.10 mm ± 0.06 mm). The number of TRs included in the voxel- 
wise fMRI analysis following the head motion scrubbing procedure 
also did not differ between groups (p = 0.235; maximum TRs per task =
108; controls = 103.95 ± 5.41, PD = 103.54 ± 8.77). 

Fig. 2 shows the mean fMRI activity for controls and PD. In controls, 
the performance of the ankle dorsiflexion task resulted in robust acti
vation of the basal ganglia, motor and premotor cortices, thalamus, and 
cerebellum. In PD, the task engaged the same brain regions but to a 
lesser extent. The voxel-wise statistical analysis revealed an extensive 
pattern of hypoactivation in PD compared to controls in the contralat
eral posterior putamen, contralateral M1 foot area, contralateral thal
amus, ipsilateral caudate, and the temporal and occipital cortices 
bilaterally (Fig. 3A, Table 2). In the cerebellum, PD had reduced motor- 
related activity compared to controls in the ipsilateral lobules I-VI, 
ipsilateral deep cerebellar nuclei including the dentate nucleus, ipsilat
eral lobules VIIIa-b, IX, and Crus I, and vermis VIIIa-b (Fig. 3A, Table 2). 

Spearman correlations were run between total MDS-UPDRS-III/ 
MDS-UPDRS-III subscore for the tested foot and the PSC in the 

contralateral posterior putamen, contralateral M1 foot area, and the 
largest ipsilateral cluster in the cerebellum spanning lobule IX, vermis 
VIIIa/b/IX, and the deep cerebellar nuclei. We found a negative corre
lation between PSC during the foot task in contralateral M1 foot area 
and total MDS-UPDRS-III (rho = − 0.517, p = 0.010) and between M1 
foot area and the MDS-UPDRS-III subscore for the tested foot (rho =
− 0.475, p = 0.019) (Fig. 3B). No other correlations were detected (p 
values > 0.05). 

The intersection of the mean activity maps for controls and PD with 
the motor atlases resulted in a normalized activation volume per motor 
node (Fig. 4). While this analysis is exploratory and does not represent 
the main focus of this study (limitations are being addressed in the 
discussion), it suggests that a large portion of the cerebellum is engaged 
by the foot task compared to the basal ganglia and cortical motor areas. 

3.3. VBM results 

No significant differences in GM volume were found between PD and 
controls. 

4. Discussion 

The results of this study contribute to the PD literature in several 
ways. First, we revealed an extensive pattern of hypoactivity during 
ankle dorsiflexion in PD compared to controls that encompasses the 
primary nodes of the motor circuit: basal ganglia, cerebellum, and M1. 
Second, our results showed that the fMRI activity within the M1 foot 
area was markedly lower in those PD exhibiting more severe symptoms 
based on the clinical examination. 

While the functional activation profile for upper limb motor control 
in PD has been widely explored using various paradigms (Burciu et al., 
2015; Eckert et al., 2006; Herz et al., 2014; Herz et al., 2021; Kraft et al., 

Fig. 2. The figure illustrates the results of the whole-brain and cerebellum/ 
brainstem-optimized analyses. Data represent the mean fMRI activity during 
the ankle dorsiflexion task for the PD and control groups. Brain data is overlaid 
on the MNI template. The color bars indicate the intensity of the fMRI results in 
t-values. 
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2009; Martin et al., 2019; Pinto et al., 2011; Prodoehl et al., 2010; 
Sabatini et al., 2000; Spraker et al., 2010; Wu et al., 2010), the same is 
not true for lower limb control. Here, the current ankle dorsiflexion task 
revealed a significant change in force-related fMRI activity in PD (i.e., 
hypoactivation) that encompass all the primary nodes of the motor 
network: basal ganglia, M1 and cerebellum. It is important to note that 
these results were found in the absence of significant head motion or 
group differences in head motion and performance on the force task. 
Reductions in the activity of basal ganglia nuclei and sensorimotor re
gions have been found before in heterogeneous PD groups as well as in 
specific PD phenotypes (e.g., PD with freezing of gait or PIGD) using 
either upper limb tasks, virtual reality gait paradigms or dual tasks (Herz 
et al., 2014; Herz et al., 2021; Matar et al., 2019; Sarasso et al., 2021; 
Shine et al., 2013). In a study including both active and passive ankle 
dorsiflexion, the SMA and pre-SMA were found to be hyperactive in PD 

Fig. 3. (A) The figure depicts group differences in 
the fMRI activation during the ankle dorsiflexion 
task. The color scale uses warm colors for depicting 
brain regions where controls have greater activity 
than PD. Blue colors are used for any region where 
brain activity is greater in PD than in controls. Re
sults are overlaid on the MNI template. Regions dis
playing activation had to meet a threshold of p <
0.001 and a cluster size of 54 µL, corresponding to a 
p < 0.05, corrected for multiple comparisons using 
the family-wise error (FWE) correction. (B) Correla
tion plots illustrating the relation in PD between PSC 
in the contralateral M1 foot area during the foot task 
and the severity of the disease expressed as the total 
MDS-UPDRS-III score and MDS-UPDRS-III subscore 
for the tested/more affected foot. Abbreviations: C =
contralateral to the foot producing force; I = ipsilat
eral to the foot producing force; M1 = primary motor 
cortex; MDS-UPDRS-III = the motor section of the 
Movement Disorder Society Unified Parkinson’s Dis
ease Rating Scale; PSC = percent signal change. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   

Table 2 
The table describes fMRI results in terms of anatomical location, side of acti
vation, cluster size, and intensity (t-value). Only brain regions surviving a height 
threshold of p < 0.001 (cluster size correction using 3dClustSim in AFNI 
providing an FWE-corrected p < 0.05). MNI coordinates for the voxel with the 
highest intensity in each cluster are provided. Abbreviations: C = contralateral 
to the foot producing force; I = ipsilateral to the foot producing force; MNI =
Montreal Neurological Institute.  

Anatomical Regions Side Cluster 
Size (µL) 

Peak X Y Z 
MNI 
Coordinates 

T- 
Value 

Healthy Controls > Parkinson’s Disease 
Primary motor cortex (foot area) C 351 − 2, –22, 54  4.08 
Posterior putamen C 54 − 30, − 12, 6  3.33 
Caudate I 54 12, 14, 0  3.37 
Cerebellum: lobule IX, vermis 

VIIIa/b/IX; deep cerebellar 
nuclei: dorsal/motor dentate, 
fastigial, interposed 

I 664 10, − 54, − 36  4.86 

Cerebellum: lobules I-IV (foot 
area), V, VI, Crus I 

I 632 28, − 38, − 26  3.63 

Cerebellum: lobule VI I 264 26, − 68, − 20  3.90 
Cerebellum: lobule VIIIb I 160 28, − 42, − 50  3.41 
Cerebellum: lobules I-IV,V I 144 2, − 54, − 4  3.78 
Cerebellum: vermis VIIIa I 40 2, − 70, − 44  3.47 
Cerebellum: lobule VIIIb C 160 –22, − 52, 

− 46  
3.93 

Thalamus C 162 − 12, − 12, 8  3.32 
Thalamus C 108 − 4, − 6, 2  3.46 
Lingual gyrus C 243 − 4, − 66, 0  4.24 
Calcarine gyrus C 189 − 16, − 78, 6  3.73 
Superior temporal gyrus I 270 68, − 36, 14  3.47 
Insula I 324 42, − 4, − 10  3.32 
Superior occipital gyrus C 216 − 12, − 88, 8  3.79 
Superior occipital gyrus I 162 26, − 88, 12  3.49 
Superior temporal gyrus C 162 − 64, − 24, 12  3.43  

Parkinson’s Disease > Healthy Controls 
– – – –  –  

Fig. 4. The figure depicts the normalized activation volume for each group, 
calculated for the main nodes of the motor circuit (i.e., basal ganglia, cortical 
motor regions and cerebellum). Values were obtained by masking the mean 
activity maps for each group derived from the voxel-wise statistical analyses 
with the following atlases: BGHAT, HMAT, and SUIT. The total number of 
active voxels was normalized by the size of the atlas. Results should be inter
preted with caution due to the lack of a statistical analysis. 
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compared to controls (Katschnig et al., 2011). More recently, in a study 
that tested internally guided rhythmic foot tapping (slow, slow, quick, 
quick, slow tango rhythm) and externally guided rhythmic foot tapping 
using a tactile cue, PD had less activation in the striatum and motor 
cortex compared to controls (Drucker et al., 2019). Also, a task-by-group 
interaction was found in the cerebellum, with increased activation of the 
cerebellum for the internally guided condition in the PD group. A 
combination of hypoactivation and hyperactivation appears to be more 
prominent in PD phenotypes. In PD with freezing of gait for instance, 
there is often a decrease in activity of the basal ganglia and an increase 
in activity in cerebellar, fronto-parietal, or parieto-occipital areas 
(Agosta et al., 2017; Piramide et al., 2020; Sarasso et al., 2021). 

An important aspect to consider when interpreting the different 
patterns of fMRI activity in both the lower limb but also the upper limb 
literature is motor performance. Parameters such as the force level 
produced during the task, the degree of dorsiflexion if the lower limb 
task is not isometric, variability or the number of trials could be ac
counting for differences in task activation, especially in repetitive tap
ping movements. The force task used here is instrumented, and has been 
widely used and validated in upper limb fMRI studies in PD (Burciu 
et al., 2016a; Burciu et al., 2015; Prodoehl et al., 2010; Spraker et al., 
2010), and is known to control well for these potentially confounding 
factors. Here, in the first lower limb imaging study utilizing this well- 
validated isometric force control paradigm, we showed that PD per
formed in a similar way to controls, with no statistically significant 
differences between them in the amount of force produced inside the 
scanner or the variability of the generated force. These results 
strengthen the imaging findings as often, differences in task perfor
mance between a clinical cohort and healthy individuals can influence 
the directionality of fMRI group differences. For instance, a hypoactivity 
or hyperactivity pattern could be at times related to one group pro
ducing less or more force, respectively. 

Taken together, the results presented in this study contribute to the 
existing imaging literature in PD by showing that the cortico-basal 
ganglia and cortico-cerebellar motor circuits are impaired not only 
during upper limb movements but also during lower limb movements 
(Burciu et al., 2016a; Burciu et al., 2015; Herz et al., 2014; Herz et al., 
2021; Prodoehl et al., 2010; Spraker et al., 2010). While most imaging 
studies focus on the amplitude of the BOLD fMRI response as the main 
outcome measure, it may be useful in future studies to consider evalu
ating not only the magnitude of the activation but also the extent of the 
activation. Here, we performed a secondary exploratory analysis that 
calculated the normalized activation volume for the basal ganglia, 
cortical motor areas and cerebellum based on the intersection of the 
group-level mean activity maps with the BGHAT, HMAT, and SUIT 
atlases (Fig. 4). While this calculation has not been submitted to statis
tical analysis and is not considered to be the main priority of this study, 
it suggests that the cortico-basal ganglia and cortico-cerebellar motor 
circuits may be engaged to a different extent. It would seem (by visual 
inspection only) that a large percentage of the cerebellum was activated 
by the foot task in healthy older adults and not as much in PD. Although 
differences in activation volume across the two cortical-subcortical 
motor pathways could contribute to a better understanding of the 
lower limb activation profile in PD, such findings need to be interpreted 
with caution due to the lack of statistical analysis. 

Importantly, while the current cross-sectional study design does not 
permit testing causality, on a speculative note, our group differences in 
fMRI activity during ankle dorsiflexion suggest that the pathophysiology 
of lower limb symptoms in PD possibly expands outside the nigrostriatal 
circuit to include the cerebellum and M1. Despite the controversial role 
of the cerebellum in PD (Lewis et al., 2013; Solstrand Dahlberg et al., 
2020; Wu and Hallett, 2013), it is a structure with a heavy influence on 
the motor output (Caligiore et al., 2017; Kishore et al., 2014). There has 
been a continuous debate on whether the cerebellum plays a compen
satory role or is part of the pathophysiology of PD. Our cerebellar 
findings are in line with the results of a recent coordinate-based meta- 

analysis that demonstrated a consistent pattern of hypoactivation of the 
cerebellum in PD (Herz et al., 2021). However, there are also studies in 
the literature that report hyperactivation of the cerebellum and support 
the hypothesis that the cerebellum plays a compensatory role in PD 
(Solstrand Dahlberg et al., 2020; Wu and Hallett, 2013). This compen
satory hypothesis cannot be ruled out and may be related to a greater 
engagement of the cerebellum in more complex tasks that require 
increased cognitive demands. However, more evidence for this hy
pothesis is needed, ideally from longitudinal fMRI studies. As for the 
activity of cortical motor areas, the M1 foot area was found to be both 
reduced in PD and related to the severity of motor symptoms including 
those in the tested foot. This suggests that the functional integrity of the 
main brain region responsible for generating the signal to control the 
lower limb likely deteriorates with disease progression. A relatively 
recent longitudinal study in PD employing task-based fMRI during an 
isometric force control task found that the PD showed a decline in 
functional activity over the course of 1 year in the putamen and M1 
compared to controls (Burciu et al., 2016a). Here, the correlation be
tween the activity level of the M1 foot area and foot symptoms based on 
the MDS-UPDRS-III, together with previous findings in the hand, re
inforces the theory that the pathophysiology of PD is not confined to the 
nigrostriatal dopaminergic pathway but propagates along the basal 
ganglia-thalamo-cortical neural network. Based on these collective 
findings it could be that non-pharmacologic interventions involving the 
cerebellum itself or nodes of the cerebello-thalamo-cortical pathways 
such M1 foot area may be desirable, particularly since the positive effect 
of acute levodopa was shown to be limited to the putamen and thalamus 
in an fMRI study involving active ankle movements (Schwingenschuh 
et al., 2012). 

Finally, it is important to note that fMRI changes in PD were found in 
the absence of any structural changes in the gray matter layer as 
determined by VBM analysis. The VBM analysis confirms prior work in 
PD with normal cognition. Changes in the gray matter volume are not 
commonly observed in non-demented patients, with some changes 
occurring either in the more advanced stages of the disease or in patients 
with cognitive impairment (Burciu and Vaillancourt, 2018; Fioravanti 
et al., 2015; Pyatigorskaya et al., 2014; Sterling et al., 2016). 

In conclusion, this study demonstrates extensive functional changes 
within the cortico-basal ganglia and cortico-cerebellar motor circuits 
during lower limb movements in PD but also the feasibility of a novel 
MRI-compatible ankle dorsiflexion apparatus in providing robust and 
reliable motor-related brain activity patterns with minimal head motion. 
The device along with the force protocol could help future longitudinal 
studies assessing the progression of lower limb symptoms in PD and/or 
responsiveness to pharmacologic and non-pharmacologic interventions. 
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