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Abstract

BACKGROUND—Freezing of gait (FOG) affects approximately 50% of people with Parkinson 

Disease (PD), impacting quality of life and placing financial and emotional strain on the individual 

and caregivers. People with PD and FOG have similar deficits in motor adaptation and cognition 

as individuals with cerebellar lesions, indicating the cerebellum may play a role in FOG.

OBJECTIVE—To examine potential differences in cerebellar volumes and their relationships 

with cognition between PD with (FOG+) and without FOG (FOG−).

METHODS—Sixty-three participants were divided into two groups, FOG+ (n=25) and FOG− 

(n=38), based on the New Freezing of Gait Questionnaire. Cognitive assessment included Trail 

Making, Stroop, Verbal Fluency, and Go-NoGo executive function tasks. All participants 

completed structural T1- and T2-weighted MRI scans. Imaging data were processed with 

FreeSurfer and the Spatially Unbiased Infratentorial toolbox to segment the cerebellum into 

individual lobules.

RESULTS—FOG+ performed significantly worse on phonemic verbal fluency (F(1, 22)=7.06, 

p=0.01) as well as the Go-NoGo task (F(1, 22)=9.00, p=0.004). We found no differences in 

cerebellar volumes between groups (F(4, 55)=1.42, p=0.24), but there were significant 

relationships between verbal fluency measures and lobule volumes in FOG−.
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CONCLUSIONS—These findings underscore the need for longitudinal studies to better 

characterize potential changes in cerebellar volume, cognitive function, and functional 

connectivity between people with PD with and without FOG.
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Introduction

Freezing of gait (FOG) affects approximately 50% of people with Parkinson disease (PD), 

with increasing prevalence as the disease progresses [1]. FOG is characterized by a 

temporary inability to make a step during walking or turning but can also affect upper limbs, 

speech, and eye movements. FOG increases the risk of falling, which can lead to serious 

health complications such as broken hips or wrists, placing financial and emotional strain on 

the individual and caregivers [2].

Although the underlying mechanisms of FOG remain unclear, the cerebellum has been 

implicated as a potential contributor to FOG. Recent research on cerebellar functional 

connectivity in PD with FOG (FOG+) showed altered connectivity between the cerebellum 

and other subcortical and cortical structures [3, 4]. Notably, diffusion tensor imaging (DTI) 

research showed altered connectivity through the pedunculopontine nucleus (PPN) in FOG+ 

compared to PD without FOG (FOG−) and healthy controls [3]. FOG+ also show decreased 

after effects compared to FOG− following locomotor adaptation [5], indicating impaired 

retention of the learned adaptation. Individuals with cerebellar damage show similar deficits, 

displaying poor adaptation to, and retention after, removal of kinetic or visual perturbations 

[6]. While impaired retention of adaptation in FOG+ may relate to basal ganglia disruption, 

learning in these adaptation paradigms is relatively rapid and likely depends on the 

cerebellum. Therefore, deficits in rapid adaptation performance suggest FOG+ may have 

cerebellar impairment.

In addition to motor adaptation, growing evidence suggests that the cerebellum also has a 

role in cognition. For example, individuals with posterior cerebellar lesions display deficits 

in verbal fluency, spatial cognition, and working memory [7]. Anatomical studies [8] as well 

as functional MRI studies [9] show that the posterior lobe of the cerebellum, particularly the 

crus I and crus II lobules, connects with the frontal cortex. Given this, the cerebellum may 

not only affect FOG in PD but could also affect cognition through its functional and 

anatomical connections with the frontal cortex.

People with PD develop cognitive impairment as the disease progresses , affecting set 

shifting, planning, and attention [10]. Deficits in executive function correlate with disruption 

of the fronto-striatal network [11]; however, dysfunction of the basal ganglia may also 

disrupt connections with the cerebellum, thereby affecting the fronto-cerebellar circuit. 

Further, FOG+ and FOG− differ in cognitive performance, including conflict resolution, 

response control , and verbal fluency [12]. Previous research suggests that dysfunction of the 

cognitive control network [13] may elicit freezing episodes. Specifically, FOG+ may fail to 

utilize frontal regions to respond to perturbations in gait, causing a freezing episode [14]. 

Myers et al. Page 2

J Parkinsons Dis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Therefore, research is needed to determine whether relationships exist between cognitive 

impairment and cerebellar structure and/or function in FOG+.

While several imaging studies examined relationships between cognition and cortical 

volume in PD [15], few studies included the cerebellum. Though one study showed 

decreased cognitive performance correlated with decreased overall cerebellar volume in PD 

[16], no studies examined potential differences in the individual cerebellar lobules between 

FOG+ and FOG− or their relationship to cognition. Each cerebellar lobule connects with 

distinct cortical regions and could therefore be affected by PD to different extents. 

Specifically, crus I and crus II anatomically connect to the prefrontal cortex [8], an area 

associated with executive function. Because FOG and cognition may relate to the 

cerebellum, and FOG+ have decreased cognitive performance, we hypothesized that 

volumes of the crus I and II would be significantly decreased in FOG+ compared to FOG−. 

Additionally, we aimed to examine potential relationships between cerebellar lobule 

volumes and cognition. We hypothesized that crus I and II volumes in the FOG+ group 

would correlate with cognitive performance based on their anatomical connections with the 

frontal cortex.

Materials and Methods

Participants

All participants were part of a larger exercise intervention trial [17]. Study inclusion criteria 

were 1) clinical diagnosis of idiopathic PD, 2) clear benefit from levodopa, 3) Hoehn & Yahr 

stages I-IV, 4) ability to walk independently for at least three meters, and 5) score ≥ 24 on 

the Mini Mental Status Exam (MMSE). For the present analyses, participants needed 1) T1- 

and T2-weighted structural MRI scans, 2) successful cortical and cerebellar segmentation 

with FreeSurfer software (v5.3.0, http://surfer.nmr.mgh.harvard.edu/) and the Spatially 

Unbiased Infratentorial (SUIT) toolbox [18] and 3) a complete cognitive dataset. Of the 120 

participants, 63 participants met all inclusion criteria (Figure 1). Participants were divided 

into FOG+ and FOG−based on the New Freezing of Gait Questionnaire (N-FOGQ) [19]. A 

higher N-FOGQ score indicates a greater quantity and severity of freezing episodes in daily 

life and serves as a measure of freezing severity. Individuals who reported freezing episodes 

in the past month were categorized as FOG+ (n=25). All behavioral assessments and MRI 

scans were performed OFF medications, defined as ≥12-hours without anti-PD medications. 

This study was approved by the Human Research Protection Office of Washington 

University in St Louis, and all participants provided informed written consent.

MRI acquisition and image processing

Participants completed MRI scans while OFF anti-PD medications on a Siemens TRIO 3T 

scanner (Erlangen, Germany) at Washington University School of Medicine. Participants 

completed whole brain structural T1-weighted (TR=2400ms, TI=1000ms, TE=3.16ms, 

FA=8°, 0.9mm3 voxels, 8:09min) and T2-weighted (TR=3200ms, TE=455ms, 1.0mm3 

voxels, 4:43min) scans.
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Structural scans were automatically segmented using FreeSurfer. After FreeSurfer 

processing, scans were visually inspected for proper segmentation and manually edited and 

reprocessed as necessary. Manual edits failed to successfully segment scans from 12 

participants (out of 97), removing them from further analysis (Figure 1).

The cerebellum’s location puts it at risk for spatial warping during atlas normalization, 

making volume estimates of the cerebellum unreliable. To avoid this potential bias, we used 

the SUIT toolbox to segment the cerebellum into individual lobules, providing better 

estimates of the volume of each lobule (Figure 2). The SUIT toolbox provided volume 

measures for individual lobules (bilateral lobules I-IV, V, VI, crus I, crus II, VIIb, VIIIa, 

VIIIb, IX, and X) as well as total cerebellar volume. To optimize SUIT cerebellar 

segmentation for older adults, we applied FreeSurfer’s cerebellar white matter mask from 

each participant’s segmentation to remove white matter voxels, providing grey matter 

volumes for each lobule. In addition, we used the FreeSurfer-generated cortical ribbon and 

the T2-weighted CSF boundary to reduce inclusion of surrounding cortex and CSF during 

SUIT segmentation. Accurate SUIT segmentation was determined through visual inspection 

for each participant. Of the 85 participants’ scans processed, SUIT failed to properly 

segment 12 scans, removing them from further analysis.

Cognitive assessment

Participants completed a short cognitive battery to assess executive function. Specific tests 

included Trail Making to measure attention and set-shifting [20], Delis-Kaplan Executive 

Function System (D-KEFS) Color-Word Interference test (i.e., Stroop) to measure attention 

and inhibition [21], and Verbal Fluency to measure response generation and flexibility [21]. 

As the primary dependent measures of cognitive performance, we computed the difference 

between Trails A and Trails B (Trails B time – Trails A time; Trails), the difference between 

the inhibition and color conditions of Stroop (Inhibition time – color time), and the total 

number of correct responses for each section of Verbal Fluency (Phonemic VF, Semantic 

VF, and Switch Accuracy VF).

In addition to these standard neuropsychological measures, participants completed a 

computerized Go-NoGo (GNG) test of response inhibition. The GNG task requires 

participants to respond to certain stimuli (Go trials) while withholding responses to other 

stimuli (NoGo trials). We calculated discriminability (Pr) and bias (Br) scores as previously 

described [22] using an individual’s hit and false alarm rates. Hit rate equals the number of 

correct responses divided by the total number of Go trials. False alarm rate equals the 

number of incorrect responses divided by the total number of NoGo trials. Discriminability 

measures the ability to differentiate between two trial types. A score of 0 indicates no 

discrimination and a score of 1 indicates perfect discrimination. Bias measures the 

likelihood to make one response over another response (i.e., does the participant make one 

response for all trials, regardless of trial type). A score of 0.5 indicates no bias, whereas a 

score >0.5 indicates a tendency towards responding to No-Go trials [22]. To avoid dividing 

by zero for the calculation of Pr and Br, hit rates of 1 were replaced with (ng − 0.5)/ng and 

false alarm rates of 0 were replaced with 0.5/nng, where ng is the number of Go trials, and 

nng is the number of No-Go trials [23]. Of the 73 participants with successful FreeSurfer and 
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SUIT segmentations, 10 had incomplete cognitive data and were removed from further 

analysis.

Statistical analyses

Statistical analyses were performed with SPSS (IBM Analytics, version 24) with a statistical 

significance threshold of α<0.05. Analyses included the omnibus, multivariate analysis of 

covariance (MANCOVA) as well as follow-up analysis of covariance (ANCOVA). Partial 

correlations were used to control for demographics (age, education, disease duration) and 

estimated total intracranial volume (eTIV) when appropriate. Bonferroni correction was 

used when appropriate to correct for multiple comparisons. Participants with scores on any 

executive function task greater than 2.5 standard deviations above or below the grand mean 

were removed as outliers from analyses involving these data. This criterion excluded four 

participants from each group. To identify outliers in the lobule volumes, each participant’s 

lobule volumes were normalized to the participant’s total cerebellar volume. We set having 

≥25% of normalized lobule volumes (7 lobules or more) being ±2.5 standard deviations from 

the normalized grand mean as our threshold for exclusion as an outlier. No participants met 

the exclusion criterion as no participant had more than 3 out of 28 lobules ±2.5 standard 

deviations from the normalized grand mean.

Results

The two groups were well-matched for demographics (Table 1), except for duration of PD 

diagnosis (t(61)=−2.97, p=0.004), indicating that FOG+ had a longer average disease 

duration. To control for this potential confound, analyses included a disease duration 

covariate when appropriate. As expected, the FOG+ group reported higher scores on the N-

FOGQ compared to FOG− (t(61)=−11.47, p<0.001).

Cognitive Performance

After removing outliers for executive function, the omnibus MANCOVA with the raw scores 

for each cognitive test as dependent variables, age, education, and duration of PD diagnosis 

as covariates, and group (FOG− or FOG+) as a fixed factor, was significant (F(7, 44)=3.35, 

p=0.006). Follow-up univariate ANCOVAs showed significant differences in phonemic VF 

(F(1, 22)=7.06, p=0.01) and Pr (F(1, 22)=9.00, p=0.004) (Table 2).

Cerebellar Lobules

To test for grey matter volume differences in crus I and II between groups, we ran a 

MANCOVA with the SUIT grey matter volumes for crus I and II, bilaterally. The overall 

MANCOVA (covariates: age, disease duration, eTIV) showed no significant differences 

between groups (F(4, 55)=1.42, p=0.24). As an exploratory analysis, we ran a MANCOVA 

for differences in all lobules between groups (covariates: age, disease duration, eTIV), which 

showed a trend towards significance (F(21, 38)=1.65, p=0.09). Additional exploratory 

univariate ANCOVAs for each lobule, using an adjusted significance threshold of α <0.01, 

did not yield significant differences for any lobules (all p>0.02).
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Relationships between cognition, freezing severity, and cerebellar volume

All participants—We first explored possible relationships between volume and cognitive 

performance within PD, regardless of freezing status. A third-order, partial correlation 

controlling for age, education, and eTIV showed a significant relationship between Trails 

and right crus II volume (partial r=−0.30, p=0.03). We also ran exploratory third-order, 

partial correlations for the other lobules controlling for age, education, and eTIV, with 

Bonferroni multiple comparisons correction (α<0.003). This analysis showed significant 

correlations between Switch Accuracy VF and lobule I-IV (left: partial r=−0.48, p<0.001; 

right: partial r=−0.44, p=0.001), lobule V (left: partial r=−0.54, p<0.001; right: partial r=

−0.47, p=0.001), and left lobule VI (partial r=−0.53, p<0.001). To ensure duration of PD 

diagnosis did not act as a confounder, we ran bivariate correlations between disease duration 

and age, education, measures of executive function, lobular and total cerebellar volumes, and 

NFOG-Q total (FOG+ only). No correlations reached significance (all p≥0.09).

FOG+—Next, we ran the same third-order, partial correlations, using only FOG+ data. The 

third-order, partial correlation for cognitive measures and crus I and II volumes revealed a 

trend towards a relationship between Trails and right crus I (partial r=0.42, p=0.08) and 

between Stroop and left crus I (partial r=−0.43, p=0.07). The exploratory, third-order, partial 

correlation for cognitive performance and all lobule volumes showed no significant 

relationships (all p>0.005).

We also ran second-order, partial correlations on the FOG+ data, examining relationships 

between freezing severity, cognitive performance, and cerebellar lobule volumes. A second-

order, partial correlation, controlling for age and education, showed a significant relationship 

between semantic VF and N-FOGQ score (partial r=−0.46, p=0.048).

A second-order, partial correlation, controlling for age and eTIV, found no significant 

relationships between crus I and II volumes and N-FOGQ score (all p>0.22). An exploratory 

second-order partial correlation between all lobules and N-FOGQ, controlling for age and 

eTIV and significant threshold set at α<0.003 (Bonferroni correction for multiple 

comparisons) showed no significant relationships (all p>0.04).

FOG−—We ran the same third-order, partial correlations using only FOG− data. The partial 

correlation between cognitive performance and crus I and II volumes showed a significant 

relationship between Pr and crus II (right: partial r=−0.44, p=0.01; left: partial r=−0.33, 

p=0.07). In addition, Switch Accuracy VF significantly correlated with left lobule I-IV 

(partial r=−0.53, p=0.002), lobule V (left: partial r=−0.62, p<0.001; right: partial r=−0.54, 

p=0.002), and left lobule IV (partial r=−0.62, p<0.001).

Discussion

Based on multiple lines of research implicating the cerebellum in FOG, we investigated 

potential cerebellar volumetric differences between people with PD with and without FOG. 

Improved cerebellar segmentation methods revealed similar total cerebellar volume and 

individual lobular volumes between our groups of FOG+ and FOG−. PD with FOG did not 

have smaller cerebellar volumes, despite obvious motor deficits and impaired cognition. 
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Further, no relationships between cerebellar volume and cognitive function or motor severity 

emerged for PD with FOG. These results suggest that in our sample cerebellar volume did 

not account for either the motor or cognitive deficits associated with FOG in PD.

Though FOG+ and FOG− did not differ in cerebellar volumes, the SUIT toolbox provided 

accurate volumes by using nonlinear normalization methods with a cerebellum-specific 

template rather than whole-brain alignment methods. Our methods prevented spatial warping 

that could bias volume calculations. Because cerebellar volume decreases with age [24], we 

defined the CSF boundary around the cerebellum using T2-weighted scans to optimize SUIT 

cerebellar segmentation for older adult brains. This optimized accuracy of segmentation, 

preventing inclusion of surrounding CSF and cortex into lobule volume calculations. 

Previous research examining volumetric differences in the cerebellum between FOG+ and 

FOG− reports conflicting results. Kostic et al. [25] did not find significant cerebellar volume 

differences between FOG+ and FOG−; however Herman et al. [26] found significantly lower 

cerebellar volume in FOG+ compared to FOG−. Our results may help clarify discrepancies 

in the current cerebellar volumetric literature in FOG+ and FOG−.

Although the present results suggest cerebellar volume is not associated with FOG in PD, it 

remains possible that other aspects of cerebellar pathology and function contribute to FOG 

in PD and its associated cognitive deficits. For example, cerebellar acetylcholinesterase 

activity was significantly reduced in PD compared to controls, which suggests 

disproportionate degeneration of cholinergic pathways compared to overall tissue 

degradation [27]. Cholinergic projections in the PPN are reduced in PD compared to 

controls [28], and DTI in FOG+ showed PPN connectivity with the cerebellum to be non-

existent and corticopontine projections to be increased, suggesting an important function of 

the corticopontine-cerebellar pathways in the manifestation of FOG [3].

Further, reduced acetylcholine receptor density in the cerebellum may contribute to 

cognitive comorbidities in PD [29]. Importantly, dopaminergic replacement therapies have 

heterogeneous effects on cognition and the effects diminish over time [30], suggesting that 

the cholinergic system may also play a significant role in cognition and PD. Altogether, 

while volume of the cerebellum may not predict cognitive performance in FOG+, its 

involvement in freezing of gait requires further research, particularly in measures of 

cholinergic transmission and connectivity with the cerebral cortex

These findings raise the question of whether the tissue measured with structural MRI has the 

same functional integrity in FOG+ and FOG−. Indeed, FOG+ demonstrate reduced 

functional connectivity between the cerebellum and the supplementary motor area 

[31].Therefore, while grey matter volume measures may not capture cerebellar differences 

between FOG+ and FOG−, the pathophysiology of FOG may still involve the cerebellum.

Our results regarding executive dysfunction in FOG+ agree with previous research 

demonstrating cognitive differences between FOG+ and FOG−. Similar to our findings, 

Amboni et al. [32] also reported reduced verbal fluency for FOG+ compared to FOG−. PD 

with FOG also performed worse on the GNG task, consistent with previous reports of 

impaired performance compared to FOG− [33]. However, neither cognitive function nor 
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severity of freezing symptoms correlated with cerebellar volume in our sample of PD with 

FOG. Further, duration of PD diagnosis did not correlate with executive function, indicating 

that disease duration was not a confounding factor in our analyses.

Interestingly, our results show FOG− have negative relationships between cerebellar lobule 

volumes and executive function, indicating decreased volume corresponded with better 

executive function. O’Callaghan et al. [34] found that smaller cerebellar volume correlated 

with increased functional connectivity between the cerebellum and the fronto-parietal 

network in PD compared to controls. Importantly, they used the SUIT toolbox to assess 

cerebellar volume. Combining across studies, these results suggest that better executive 

function may relate to greater functional connectivity between the cerebellum and the 

fronto-parietal network; conversely, worse executive function, as associated with FOG+, 

may relate to reduced functional connectivity between the cerebellum and the fronto-parietal 

network. Reduced connectivity could affect the ability to make corrective movements, 

requiring a higher degree of cognitive effort in order to successfully make necessary 

adjustments. This fits with the theory of “executive function overload” that proposes an 

inability of FOG+ to properly recruit frontal networks, particularly during dual-task 

conditions, leading to a freezing episode [14]. While speculative, this warrants further 

research investigating cerebellar functional connectivity and its relationship with the motor 

and cognitive features associated with FOG in PD.

Our study may have limited generalizability due to inclusion of only mildly to moderately 

affected PD participants. While duration of PD diagnosis did not significantly correlate with 

cerebellar volume in our sample, cerebellar atrophy may occur later in the disease course or 

with greater disease severity. Future research should examine more severe PD participants. 

Further, the use of a cross-sectional design limits the ability to examine changes over time. 

Longitudinal studies that track PD participants over several years may clarify the 

cerebellum’s role in disease progression and whether it influences the development of FOG. 

Additionally, studies may benefit from using a more comprehensive cognitive battery. Other 

aspects of cognition such as memory, attention, and visuospatial processing may also be 

affected in FOG and involve the cerebellum [12].

As freezing of gait can lead to falls and debilitating injuries that decrease a person’s quality 

of life, greater understanding of the mechanisms behind FOG is needed. We used a novel 

approach for measuring cerebellar volumes in PD with and without FOG, examining 

whether individual cerebellar lobule volumes differed between the two groups and whether 

executive function relates to cerebellar volume in PD with FOG. We found no evidence of 

differences in cerebellar volumes between groups, despite having a well-differentiated 

sample. Instead, we found strong negative relationships between executive function and 

cerebellar volume in FOG− that may reflect functional connectivity differences between 

FOG+ and FOG−. By conducting longitudinal studies on volume, cognition, and functional 

connectivity in PD with FOG, the role of the cerebellum in the multifactorial mechanisms 

behind FOG can be ascertained.
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Figure 1. 
Participant flow diagram. Data for the present analyses came from a pool of participants 

who participated in a larger exercise intervention trial. Participants were included if 1) they 

had both a T1- and T2-weighted structural MRI scan; 2) FreeSurfer and the SUIT toolbox 

could properly segment the brain; and 3) they had a complete cognitive dataset.
aFailed FreeSurfer segmentation due to poor MRI quality or motion artifact.
bFailed SUIT segmentation defined as significant volume bleed into CSF or cortex, improper 

lobule segmentation, or exclusion of cerebellar cortex.
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Figure 2. 
SUIT segmentation of the cerebellum. Lobules are bilateral with vermal portions in the 

middle. Lobules shown in (a) transverse, (b) coronal, and (c) sagittal views.

Myers et al. Page 12

J Parkinsons Dis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Myers et al. Page 13

Table 1

Group demographic characteristics.

Demographics FOG− (n=38) FOG+ (n = 25) p-value

Age (years) 63.9 (9.6) 66.7 (10.1) 0.27

Sex (# female) 18 11 1

MMSE (median, range) 29, 27 - 30 29, 24 - 30 0.16

Hoehn & Yahr (stage, n) -- -- 0.58

I, 3 I, 1

II, 30 II, 19

III, 5 III, 4

IV, 0 IV, 1

Duration of Diagnosis (years) 4.3 (3.2) 7.5 (5.2) 0.004*

Education (years) 16.3 (2.4) 15.4 (2.4) 0.14

N-FOGQ 0 9.8 (5.3) <0.001*

Values denote mean (standard deviation), except where noted.

*
statistically significant (p<0.05)
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Table 2

Cognitive performance measures.

ANCOVA Measure FOG−, n=34 FOG+, n = 21 p-value

Trails (seconds) 60.5 (6.3) 71.4 (7.6) 0.21

Stroop (seconds) 32.1 (4.7) 33.8 (4.7) 0.58

Phonemic VF 42.6 (2.2) 33.8 (2.6) 0.01*

Semantic VF 39.7 (1.6) 37.1 (1.7) 0.68

Switch Accuracy VF 12.9 (0.5) 11 (0.6) 0.17

Pr 0.76 (0.03) 0.63 (0.04) 0.004*

Br 0.45 (0.007) 0.46 (0.007) 0.41

Values denote mean (standard deviation) after removing outliers based on cognitive performance.

*
statistically significant (p<0.05)
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