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Abstract

Background—The basal ganglia-thalamo-cortical and cerebello-thalamo-cortical circuits are 

important for motor control. As yet, it is not clear whether their functioning is affected in a similar 

or different way by progressive supranuclear palsy (PSP) and Parkinson's disease (PD).

Methods—A functional MRI force production paradigm and voxel-based morphometry were 

used to assess differences in brain activity and macrostructural volumes between PSP, PD, and 

healthy age-matched controls.

Results—We found that PSP and PD share reduced functional activity of the basal ganglia and 

cortical motor areas, but this is more pronounced in PSP than in PD. In PSP the frontal regions are 

underactive, whereas the posterior parietal and occipital regions are overactive as compared to 

controls and PD. Furthermore, lobules I-IV, V, and VI of the cerebellum are hypoactive in PSP 

and PD, while Crus I and lobule IX are hyperactive in PSP only. Reductions in gray and white 

matter volume are specific to PSP. Finally, the functional status of the caudate as well as the 

volume of the superior frontal gyrus predict clinical gait and posture measures in PSP.

Conclusions—PSP and PD share hypoactivity of the basal ganglia, motor cortex, and anterior 

cerebellum. PSP patients also display a unique pattern, such that anterior regions of the cortex are 

hypoactive and posterior regions of the cortex and cerebellum are hyperactive. Together, these 

findings suggest that specific structures within the basal ganglia, cortex, and cerebellum are 

affected differently in PSP relative to PD.
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Introduction

Progressive supranuclear palsy (PSP) is a tauopathy characterized by neurofibrillary tangles 

in several cortical and subcortical brain structures (1,2). Patients present with progressive 

parkinsonism associated with early gait disturbances, frequent falls, vertical gaze palsy, 

speech difficulty, and cognitive dysfunction (3–5). Although there are accepted clinical 

criteria for PSP, the diagnosis is not always straightforward, in particular early in the course 

of the disease when parkinsonian symptoms are sometimes mistaken for idiopathic 

Parkinson's disease (PD) (4,6). In general, PSP tends to progress more rapidly than PD 

(4,7,8).

To date, functional magnetic resonance imaging (fMRI) has expanded our understanding of 

of the functioning of the basal ganglia-thalamo-cortical and cerebello-thalamo-cortical 

circuits in PD. Specifically, PD is associated with functional changes within all the basal 

ganglia nuclei, sensorimotor cortex, and cerebellum (9–15). Whether functional activity of 

the basal ganglia, cortical motor areas or cerebellum in PSP is characterized by changes 

similar to those observed in PD is not yet clear. More is known about brain morphology 

rather than brain function in PSP, with degeneration of the midbrain and superior cerebellar 

peduncles being the most common neuroradiological and neuropathological features (16,17). 

Least known, yet equally important, is how functional and structural brain differences 

between these two diseases relate to gait and posture, motor behaviors known to be affected 

earlier in PSP, and later in PD (4,18,19).

Here, we investigated how motor-related brain activity and macrostructural volumes differ 

between PSP and PD. Task-based fMRI consisted of a force generation task that has been 

shown to elicit robust and reproducible results in PD (9–13). For quantifying differences in 

macrostructural volumes we used voxel-based morphometry (VBM). Since PSP shares 

parkinsonian features with PD, we hypothesized that both diseases will present with an 

underactive basal ganglia and cortical motor areas during force production. Given the well-

documented atrophy of the superior cerebellar peduncle in PSP, we expected that the 

cerebellum of these patients will be extensively driven, playing a potential compensatory 

role. Finally, we sought to determine how functional and structural brain differences 

between the two patient groups relate to clinical measures of gait and posture. We tested the 

hypothesis that brain regions involved in higher-order aspects of motor control would 

provide the best prediction of clinical measures of gait and posture.

Methods

Participants

Sixty individuals participated in this study: 20 PSP, 20 PD, and 20 healthy control 

individuals (Table 1). The experiment was approved by the Institutional Review Board. All 
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participants provided informed consent. PSP and PD patients were diagnosed and referred 

by a fellowship-trained movement disorders specialist at the University of Florida. The 

degree of their motor impairment was evaluated using the motor section of the MDS-

UPDRS (MDS-UPDRS-III) (20). An additional gait and posture composite score was 

calculated based on items 9-13 of the MDS-UPDRS-III. Participants also completed the 

Montreal Cognitive Assessment (MoCA) (21). The three groups did not statistically differ 

for age and gender, and the two patient groups were further matched on symptom severity 

based on the total MDS-UPDRS-III score. Patients were tested after overnight withdrawal 

from dopaminergic medication, ca. 12-14 hours after the last dose. Eighteen PD patients 

presented with a tremor dominant (TD) phenotype, whereas the remaining two had a 

postural instability/gait difficulty (PIGD) phenotype. The PSP cohort included both the PSP-

Parkinsonism and PSP-Richardson subtypes. Additional details on the Hoehn and Yahr 

stage and disease duration are provided in Table 1. Of note, any interpretation of the current 

PSP results with respect to disease duration should be made with caution, because disease 

duration reflects time since diagnosis and not symptom onset. Establishing an accurate 

clinical diagnosis in PSP takes more time in general, making the estimation of disease 

duration potentially unreliable.

Apparatus

Grip force control was measured using a custom-designed MRI-compatible fiber optic 

transducer with a resolution of 0.025 N (Neuroimaging Solutions, Gainesville, FL). Force 

data were sampled at 125 Hz by a sm130 Fiber Optic Interrogator (Micron Optics, Atlanta, 

GA) and recorded using LabVIEW (National Instruments, Austin, TX).

Force generation task

We used a well-established force control paradigm (9,10,12,13). Patients produced force 

with their more affected hand. Controls used either the left or right hand (Table 1). Prior to 

entering the MRI scanner, all participants were trained on the task and had their maximum 

pinch grip force (maximum voluntary contraction, MVC) measured.

The fMRI session consisted of a block-design, alternating 30-s force and 12.5-s rest blocks. 

This sequence was repeated four times. Instructions were presented on an LCD monitor that 

participants could see through a mirror mounted on the head coil. Two bars were constantly 

displayed on a black background: a white/stationary target bar, and a colored force bar. 

Participants were required to move the force bar (by pushing on the force sensor) on top of 

the target bar. A green force bar instructed participants to generate and maintain force for 2s, 

and a red force bar instructed the subject to release force for 1s (Fig. 1A). The task was 

administered under two conditions: a feedback condition where participants could observe 

the force bar moving across the screen according to the force they applied, and a no-

feedback condition where participants could still see the two bars and the change in color 

that instructed them to push or release, but could not see the force bar moving. In total, there 

were two feedback and two no-feedback blocks. Target force levels were set at 15% of their 

MVC.
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Force data analysis

Force output was filtered using a 10th order Butterworth filter with a cutoff frequency of 15 

Hz. Custom algorithms in MATLAB (The MathWorks, Inc., Natick, MA) were used to 

calculate the mean force produced across the 30-s force blocks (Fig. 1B). A repeated 

measures ANOVA with group (PSP, PD, controls) as a between-subjects factor and 

condition (feedback, no feedback) as a within-subjects factor was applied to mean force. 

Alpha was set at p < 0.05. All statistical analysis was performed using IBM SPSS Statistics 

22 (SPSS Inc., Chicago, IL, USA).

Clinical data analysis

Pearson's chi-squared test was applied to categorical data (Table 1). Differences between 

groups in age, MVC, MDS-UPDRS-III, gait and posture composite MDS-UPDRS-III score, 

and MoCA were assessed using Kruskal-Wallis H tests. Significant effects were followed up 

with post-hoc Mann-Whitney U tests. Alpha was set at p < 0.05. Corrections for multiple 

comparisons were applied at a false discovery rate (FDR) of p < 0.05 using the Benjamini-

Hochberg-Yekutieli method available at http://www.mathworks.com/matlabcentral/

fileexchange/27418-benjamini-hochbergyekutieli-procedure-for-controlling-false-discovery-

rate/content/fdr_bh.m.

MRI data acquisition

MRI was performed on a 3-T system (Achieva, Philips Medical Systems) equipped with a 

32-channel SENSE head coil. Functional images were obtained using a T2*-weighted, single 

shot, echo-planar pulse sequence with the following parameters: repetition time = 2500 ms, 

echo time = 30 ms, flip angle = 80°, field of view = 240 mm2, acquisition matrix = 80 × 80, 

voxel size = 3 mm isotropic with no gap between slices (n = 46). The structural imaging 

protocol consisted of a 3D T1-weighted sequence: repetition time = 8.2 ms, echo time = 3.7 

ms, flip angle = 8°, field of view = 240 mm2, acquisition matrix = 240 × 240, voxel size = 1 

mm isotropic with no gap between slices (n = 170).

MRI data analysis

MRI data analysis was carried out using the Analysis of Functional NeuroImages software 

package (AFNI) for functional data and Statistical Parametric Mapping (SPM8) in 

combination with the VBM8 toolbox for structural data. Since the hand used to produce 

force was not consistent across participants, prior to performing any further preprocessing, 

functional and structural MRI data of those participants who performed the task with their 

left hand were flipped along the midline.

Data analysis steps were consistent with those used in our previous studies (9,10,12,13). For 

each MRI modality, we performed a standard whole-brain analysis as well as a cerebellum-

optimized analysis (SUIT, (22,23). Preprocessed fMRI scans were analyzed within the 

framework of the general linear model, using the six head motion parameters calculated 

during preprocessing as regressors of no interest. 2 x 2 mixed-effects ANOVA with group 

(controls vs. PD, controls vs. PSP, and PD vs. PSP) and condition (feedback vs. no-

feedback) were applied. Functional data were corrected for Type I error using a Monte Carlo 
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simulation. The significance level of the contrasts of interest was set at p < 0.005, with a 

minimum cluster size of 324 mm3, the equivalent of a p < 0.05 corrected using the family-

wise error rate (FWER). The dependent variables in our VBM analysis were modulated gray 

(GM) and white (WM) matter segmentations. Independent-samples t-tests were used to 

compare brain morphology between the groups (controls vs. PD, controls vs. PSP, PD vs. 

PSP). The significance level of all structural contrasts was set at p < 0.05, corrected for 

multiple comparisons using FWER.

Finally, significant fMRI and VBM clusters were anatomically labeled using the Human 

Motor Area Template (HMAT, (24)), Basal Ganglia Human Area Template (BGHAT, (25)), 

Automated Anatomical Labeling (AAL; (26)), and probabilistic MRI Atlas of the Human 

Cerebellum (23).

MRI predictors of gait and posture were tested in a multiple regression analysis with 

backward stepwise selection. First, we computed percent signal change (PSC) from the 

functional data in a way consistent with previous work (9, 11). A mean PSC was calculated 

for each region of interest (ROI) resulting from the PD vs. PSP comparison, based on 10 

TRs (i.e., 22.5s) corresponding to the middle section of the force task (an average of the four 

force blocks). The PSC values corresponding to the functional ROIs were input in the 

regression model as predictors, while the gait and posture score from MDS-UPDRS-III was 

treated as a dependent variable. A similar regression analysis was performed for the 

structural data. The clusters that differed between PD and PSP were used as masks to extract 

volumetric information that was input in the regression model as predictor while keeping the 

gait and posture score as the dependent variable. Regression analyses were performed across 

PD and PSP, as well as separately for each group.

Results

Clinical data

Gender, handedness, hand tested, age, and MVC did not differ between the three groups, and 

no differences were found in MDS-UPDRS-III between PD and PSP (p FDR values > 0.05). 

Kruskal-Wallis H tests showed that the gait and posture composite MDS-UPDRS-III score 

and MoCA differed across the three groups (p FDR values < 0.05) (Table 1). Post-hoc Mann-

Whitney U tests revealed that gait and posture and MoCA were significantly reduced in PSP 

as compared to PD and controls (p FDR values < 0.05). Gait and posture was also impaired in 

PD relative to controls (p FDR = 0.001), but the MoCA was not (p FDR = 0.056).

Mean force over 30-s blocks

Figure 1B illustrates force output of one healthy control, one PD patient and one PSP patient 

during a feedback block. There was a significant condition effect on mean force expressed in 

percentage of MVC (F1, 57 = 25.90, p FDR < 0.001), with greater force produced during no-

feedback [controls = 10.8 (4.6), PD = 8.3 (3.0), PSP = 15.9 (19.3)] vs. feedback [controls = 

7.9 (1.2), PD = 7.3 (1.7), PSP = 11.9 (13.9)]. There was no group effect or group by 

condition interaction (p values > 0.05). Similar results were found when examining 

differences in mean force expressed in Newtons, where a condition effect (F1, 57 = 15.66, p
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FDR < 0.001) indicated greater force during no-feedback [controls = 7.4 (3.7), PD = 5.6 

(2.6), PSP = 7.01 (4.2)] than feedback [controls = 5.4 (1.7), PD = 4.9 (1.6), PSP = 5.1 (2.7)]. 

There was no group effect or group by condition interaction on mean force in Newtons (p

FDR values > 0.05).

fMRI data

The effect of feedback greater than no-feedback within each ANOVA model was expressed 

in bilateral BOLD activity in the primary and associative visual cortices, premotor and 

posterior parietal cortices, as well as midline structures of the cerebellum, consistent with 

previous studies (27–29). As the group by condition interaction was not significant, and in 

order to increase statistical power, we report changes in the BOLD signal averaged across 

feedback and no-feedback. Importantly, the within-group analyses evidenced significant 

activity for each group in brain areas that are typically involved in motor control (e.g. 

primary and secondary cortical motor area, basal ganglia, cerebellum; see Supplementary 

Figure 1), suggesting that patients just like controls performed the task and engaged force-

related brain networks.

As shown in Figure 2A, PD and PSP patients had a bilateral reduction in BOLD signal 

compared with controls throughout the basal ganglia and within cortical motor and premotor 

regions (Table 2). Although the basal ganglia was hypoactive in both patient groups 

compared with controls, PSP patients had a significantly more reduced functional activity of 

the contralateral caudate and ipsilateral putamen compared with PD. Also, PSP had reduced 

BOLD signal in the lateral portion of the contralateral PMv/M1 compared with PD. The 

SMA (bilaterally) was hypoactive in PSP compared with controls, whereas the contralateral 

SMA was hypoactive in PSP compared with PD (Figure 2A, Table 2). Other regions of 

reduced functional activity in PSP compared with both controls and PD included the frontal 

and temporal cortices (bilaterally), and ipsilateral thalamus. Compared with PD, PSP also 

had reduced BOLD activity in the contralateral anterior cingulate cortex, and contralateral 

inferior parietal lobule. PSP also had an increased BOLD signal compared with controls and 

PD in the parietal-occipital cortex: lingual and calcarine gyri, cuneus and precuneus, and 

superior parietal lobule.

BOLD signal in lobules I-IV, V, and VI of the cerebellum was reduced in both PD and PSP 

compared with controls (Figure 2A, Table 2). Additional hypoactivity in PD was observed 

in the posterior vermis. A medial cluster spanning the posterior vermis VI and vermis 

VIIIa/b, and extending into lobule IX (bilaterally) and Crus I/II (contralateral) was 

hyperactive in PSP compared with PD (Figure 2A). Finally, ipsilateral lobule IX and 

contralateral Crus I were found to be hyperactive in PSP compared with controls. Panel B in 

Figure 2 shows the percent signal change during the force task for the ipsilateral SMA, 

contralateral caudate, ipsilateral superior parietal lobule, and posterior medial cerebellum.

A multiple regression using the backward elimination approach was run in order to 

determine the functional activity (i.e., percent signal change) of which brain region best 

predicts gait and posture across PSP and PD, but also separately for each group. For this 

analysis, all regions that differed between PSP and PD were included in the regression 

analysis as explanatory variables (n = 14, Table 2), whereas the gait and posture composite 
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score from MDS-UPDRS-III was set as the dependent variable. A significant model was 

identified with the percent signal change from the contralateral caudate predicting gait and 

posture across PSP and PD (F1,39 = 9.44, p FDR = 0.004, R2 = 0.199). Specifically, the lower 

the functional activity of the caudate, the greater the gait and posture impairment. When 

performing the regression analysis separate for PSP and PD, the caudate was the only region 

to predict gait and posture in PSP (F3,19 = 3.34, p FDR = 0.046, R2 = 0.385). None of the 

regions input in the regression analysis predicted gait and posture in PD (p FDR values > 

0.05).

VBM data

No significant differences in local GM or WM volume were identified between PD and 

controls. Compared with controls, PSP patients had reduced GM volume of the contralateral 

PMd, PMv, putamen, and ipsilateral superior frontal and temporal gyri, and reduced WM 

volume of the ventral tegmental area (VTA) and ipsilateral superior cerebellar peduncle 

(SCP) (Figure 3A, Supplementary Table 1). PSP patients had less GM volume than PD in 

the ipsilateral superior frontal gyrus, and less WM volume in the VTA, and ipsilateral SCP 

(Figure 3A). Figure 3B depicts the volume of the regions found to differ significantly 

between PD and PSP (Supplementary Table 1), for each of the three groups. Finally, a 

multiple regression using backward elimination revealed that the model including the 

volume of the ipsilateral superior frontal gyrus predicted gait and posture across PSP and PD 

(F1,39 = 20.97, p FDR < 0.001; R2 = 0.356). The same result was found separately in PSP 

(F1,19 = 6.44, p FDR < 0.021; R2 = 0.264), but not in PD (p FDR values > 0.05). That is, the 

more reduced the volume of the superior frontal gyrus, the more impaired the gait and 

posture in PSP.

Discussion

The current findings demonstrate different patterns of motor-related brain activity across the 

basal ganglia-thalamo-cortical and cerebello-thalamo-cortical circuits in PSP compared with 

PD. The results show that PSP and PD share reduced basal ganglia and motor and premotor 

cortical activity, but this is more pronounced in PSP than in PD. In PSP the frontal regions 

of the brain are less active, whereas the posterior parietal and occipital cortices are 

hyperactive relative to controls and PD. Furthermore, lobules I-IV, V, and VI of the 

cerebellum are hypoactive in PSP and PD, while Crus I and lobule IX are hyperactive in 

PSP only. As for structural brain differences, PSP have extensive gray and white matter 

atrophy as compared to PD patients who presented with no volumetric abnormalities. 

Finally, reduced functional activity of the caudate and reduced volume of superior frontal 

gyrus predict clinical gait and posture impairment across PSP and PD.

Functional MRI analysis revealed widespread hypoactivity within the basal ganglia circuit 

and sensorimotor cortex in both PSP and PD as compared with controls. A key finding was 

that functional activity of the caudate and PMv (extending into M1) contralateral to the 

tested hand, and the ipsilateral putamen were further decreased in PSP compared with PD. 

Precision-grip paradigms are known to engage multiple brain networks (30,31), as evidence 

in Supplementary Figure 1. Given that both sides of the basal ganglia are involved in the 
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precision task, it follows that PSP patients could have deficits on both sides of the basal 

ganglia. It is possible that both corticostriatal and interhemispheric interactions are altered in 

PSP as compared to PD.

The basal ganglia results parallel that of Brooks and colleagues (32) who demonstrated 

lower caudate [18F]DOPA uptake in PSP relative to PD, collectively suggesting greater 

dopamine denervation within the basal ganglia of PSP patients, but also dysfunction within 

the cognitive circuits of the basal ganglia (33,34). We also provide new evidence that 

caudate activity was a significant predictor of clinical measures of gait and posture in PSP, 

but not in PD. Alterations of the striatal dopamine and cerebral glucose metabolism have 

been previously reported in PD patients with freezing of gait, who showed a significantly 

reduced uptake of 18[F]-6-fluoro-levodopa (FDOPA) and 18[F]-fluordesoxyglucose (FDG) 

in the caudate nucleus (35). Furthermore, evidence for the involvement of the caudate in 

maintaining posture and gait comes from elderly, where shape abnormalities of the caudate 

nucleus correlated with poorer gait and balance (36). With the caudate nucleus being 

interconnected with the dorso- and ventro-lateral prefrontal areas (37,38), gait and postural 

control may be related to impaired cognitive control of complex movement sequences. The 

significant relationship between the volume of higher-order structures such as the superior 

frontal gyrus and gait and posture appears to favor the hypothesis of dysfunction at the 

interface of motor and cognitive processes.

It is important to note that although the PD patients tested in this study were predominantly 

tremor-dominant. The PD patients still had gait and posture impairments, but to a lesser 

degree than PSP. This could potentially explain the lack of a significant correlation between 

caudate activity and gait and posture in this cohort. Although speculative, it may well be that 

gait and posture in PD will deteriorate with disease progression and result in functional brain 

changes similar to those observed in PSP. Given that we used clinical ratings of gait and 

posture pertaining to the MDS-UPDRS-III, it would be useful in the future to examine the 

association between functional brain differences in PSP and PD and more specific and 

quantifiable parameters (e.g. stride length, swing time, or variability), and how these 

measures change with time.

Consistent with prior studies (9,10,39), the BOLD signal in the SMA was reduced in PD 

compared with controls. Similar to the basal ganglia results, the SMA activity was further 

reduced in PSP as compared to PD. The basal ganglia and SMA are critical for both self-

initiated and externally triggered movements (40), and these results point to a greater 

dysfunction within the basal ganglia-SMA circuit in PSP than in PD. Another interesting 

finding in PSP is a combination of hypoactivity of the prefrontal cortex with hyperactivity of 

the posterior parietal and occipital cortices, relative to both PD and controls. Hypoactivity of 

the anterior regions in PSP may be related to impairment of the frontal-subcortical circuits 

known to mediate aspects of cognition (41). Hyperactivity of the posterior parietal cortex in 

PSP as compared to PD and controls may indicate a pathological state. An imaging study of 

power grip in healthy participants revealed a stronger parietal activity at 10% MVC as 

compared to 20% MCV, and more variability was observed at the individual level for lower 

force ranges (42). In the same study, activity of the posterior cerebellum seemed to mirror 

that of the parietal cortex, with a slightly higher activity at lower forces than higher forces. 
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Force variability was recently linked in healthy individuals to an increased electrical activity 

of the parietal cortex during a precision grip task (43). Therefore, it cannot be excluded that 

the hyperactivity of the parietal cortex in PSP is related to the higher variability of force 

observed in this group. Another potential hypothesis is the compensatory one. Importantly, 

the posterior parietal cortex represents a node in the fronto-parietal network, and has been 

linked not only to sensory integration but also attentional control of task goals (44,45). 

Therefore, it is possible that the parietal node increases its processing demands and becomes 

more engaged in aspects of cognitive control of movement which is typically associated 

with the frontal brain structures shown to be underactive in this population.

With respect to the cerebellum, we confirmed the hypothesis of increased functional activity 

in PSP as compared to PD and controls. However, we also found evidence for reduced 

cerebellar activity in PSP relative to controls. Lobules I-IV, V, and VI are known to be 

involved in the control of voluntary hand movements (46–48), and interestingly, lobules I-V 

are underactive in essential tremor patients during a similar task (12). Here, functional 

activity of Crus I, lobule IX, vermis VI, and vermis VIIIa/b was increased in PSP compared 

with PD. The hypoactivity of the anterior structures of the cerebellum in PD and PSP may 

arise from a similar mechanism. Given the known connections of the anterior motor 

structures to the primary motor cortex (49–51), it could be that lobules V-VI are receiving 

diminished input from the supratentorial structures. From previous studies mapping the 

connections of the cerebellum to the cerebrum (49,51–53), there is a functional gradient 

within the cerebellum such that caudal cerebellar regions are connected to regions related to 

higher levels of motor control. Also, a review of fMRI studies (48) proposes a functional 

somatotopy of the cerebellum, with posterior and inferior regions of the cerebellum involved 

in more complex motor tasks. Since we observed that caudate BOLD activity was reduced in 

PSP and was a significant predictor of gait and posture, it could be that the posterior and 

inferior regions of the cerebellum are attempting to compensate for this deficit.

With respect to brain structure, PSP patients had significant gray matter volume reduction in 

the premotor cortex, putamen, superior frontal gyrus, results that is consistent with 

previously published work (54–57). In addition, atrophy of ventral tegmental area and 

superior cerebellar peduncle was detected, reinforcing previous findings (58–60). In 

particular, atrophy of white matter tracts in PSP relative to PD and controls suggests 

disruption of the dentate-thalamo-cortical pathways. As for PD, no gray or white matter 

volumetric abnormalities were found. These results confirm some of the previous findings 

(61), and suggest that gross morphological (volumetric) changes in PD could emerge later in 

the disease course when patients present with additional non-motor symptoms (62,63).

Finally, no group differences were found in the mean force data. Of note, the analysis 

performed in this study consisted of assessing the mean force produced during the entire 

force blocks. Prior work by our group (64) has described in greater detail characteristics of 

the individual force pulses in PSP and PD patients relative to controls. For instance, it has 

been shown that rate of contraction and relaxation is slower in both PD and PSP as 

compared to controls, which is consistent with both groups experiencing bradykinesia.
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In summary, both patient groups share an underactive basal ganglia, motor cortex, and 

anterior cerebellum. In addition, PSP patients display a unique pattern, such that the more 

rostral regions of the cortex are hypoactive, whereas the posterior regions of the cortex are 

hyperactive. Furthermore, the posterior inferior cerebellum is hyperactive in PSP. These 

new findings suggest that a distinct brain network across the basal ganglia, cortex, and 

cerebellum is uniquely impaired in PSP relative to PD.
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Fig. 1. 
(A) Visual displays presented during the grip force task, in which participants were required 

to pinch the force transducer in order to move a colored bar on top of a stationary white bar 

and hold it there for 2 s. Green meant “go/force” and red meant “stop/no force”. Intertrial 

interval duration (rest period) was 1 s. Here, the feedback condition is shown, with visual 

feedback on the force produced (i.e. moving force bar). The no-feedback condition (not 

shown) lacked visual feedback on the moving force bar and consisted of memory-guided 

force generation. (B) Force traces of a representative healthy control (CON), Parkinson's 

disease (PD) patient, and progressive supranuclear palsy (PSP) patient for one block of the 

feedback condition. MVC, maximum voluntary contraction.
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Fig. 2. 
(A) Between-group force-related activation differences in the cortex (results of the whole-

brain analysis) and cerebellum (results of SUIT analysis). Results are thresholded at p < 

0.005 (cluster size correction using 3dClustSim in AFNI, providing a FWER corrected p < 

0.05) and shown with respect to location in MNI space, and side. Positive values, 

represented by warm (red) colors indicate where BOLD activity was greater for controls 

compared to PD/PSP, and for PD compared to PSP. Negative values, represented by cool 

(blue) colors indicate where BOLD activity was greater for PSP compared to controls/PD. 

(B) Task-related percent signal change in the contralateral SMA, contralateral caudate, 

ipsilateral SPL, and posterior medial cerebellum, for controls, PD, and PSP. C, contralateral; 

CON, controls; I, ipsilateral; PD, Parkinson's disease; PSP, progressive supranuclear palsy; 

SMA, supplementary motor area; SPL, superior parietal lobule.
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Fig. 3. 
(A) VBM results showing between-group differences in regional GM/WM volume at a 

threshold of p < 0.05 (FWER corrected). Results are shown with respect to location in MNI 

space, and side. The color bar reflects t-values. (B) Volume of the ipsilateral superior frontal 

gyrus, ventral tegmental area, and ipsilateral superior cerebellar peduncle, ploted for 

controls, PD, and PSP. AU, arbitrary unit; C, contralateral; CON, controls; GM, gray matter; 

I, ipsilateral; PD, Parkinson's disease; PSP, progressive supranuclear palsy; SCP, superior 

cerebellar peduncle; SFG, superior frontal gyrus; VTA, ventral tegmental area; WM, white 

matter.
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