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Abstract

Introduction: Cognitive deficits occur in Parkinson’s disease (PD). Cardiorespiratory fitness 

(CRF) is associated with better cognitive performance in aging especially in executive function 
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(EF) and memory. The association between CRF and cognitive performance is understudied 

in people with PD. Brain structures underlying associations also remains unknown. This cross­

sectional study examined the associations between CRF and cognitive performance in PD. We 

also examined associations between CRF and brain structures impacted in PD. Mediation analysis 

were conducted to examine whether brain structures impacted in PD mediate putative associations 

between CRF and cognitive performance.

Methods: Individuals with PD (N=33) underwent magnetic resonance imaging (MRI), CRF 

evaluation (estimated VO2max), and neuropsychological assessment. Composite cognitive scores 

of episodic memory, EF, attention, language, and visuospatial functioning were generated. 

Structural equation models were constructed to examine whether MRI volume estimates (thalamus 

and pallidum) mediated associations between CRF and cognitive performance (adjusting for age, 

education, PD disease duration, sex, MDS-UPDRS motor score, and total intracranial volume).

Results: Higher CRF was associated with better episodic memory (Standardized β=0.391; 

p=0.008), EF (Standardized β=0.324; p=0.025), and visuospatial performance (Standardized 

β=0.570; p=0.005). Higher CRF was associated with larger thalamic (Standardized β=0.722; 

p=0.004) and pallidum (Standardized β=0.635; p=0.004) volumes. Thalamic volume mediated 

the association between higher CRF and better EF (Indirect effect=0.309) and episodic memory 

(Indirect effect=0.209) performance (p<0.05). The pallidum did not significantly mediate 

associations between CRF and cognitive outcomes.

Conclusion: The thalamus plays an important role in the association between CRF and both EF 

and episodic memory in PD.
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1. Introduction

Motor deficits, such as gait and balance dysfunction, are the most frequently recognized 

characteristics of Parkinson’s disease (PD); however, non-motor features such as cognitive 

impairment are prominent and associated with poor quality of life. Approximately 20 to 

40% of patients in early PD meet criteria for Mild Cognitive Impairment (MCI) while 

almost 80% of individuals with PD will develop dementia eight years after PD diagnosis 

[1, 2]. Although Executive function (EF) is the most common cognitive domain affected 

by PD; other cognitive domains such as visuospatial function, episodic memory, attention 

and language are also impacted. The pathophysiological basis for cognitive decline in PD 

includes alterations in dopamine, serotonin, acetylcholine, and glutamate neurotransmission, 

as well as the neurodegeneration of a number of important cortical structures such as 

the prefrontal cortex (PFC) and cerebellum. Hallmark neuropathology in PD is evidenced 

by changes in deep grey matter structures, in the basal ganglia (caudate, putamen, and 

pallidum), hippocampus, anterior cingulate, and thalamus [3, 4]. Furthermore, in persons 

with PD, impairments in EF are associated with decreased volumetric size in the PFC, 

as well as the basal ganglia. Increasing evidence supports the important role of the 

thalamus and its connections with the PFC and associated cognition, since thalamic lesions 
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are concomitant with EF impairments observed in PFC neurodegeneration. Functional 

and structural pathophysiological changes in the thalamus have also been associated 

with impaired EF, attention, memory, and visual spatial processing and overall cognitive 

functioning in PD. Currently there are no effective treatments for cognitive deficits in PD. 

Thus, identifying therapeutic interventions that may attenuate cognitive decline and the 

onset of dementia and slow pathophysiological changes in affected brain regions, such as 

deep grey matter structures, including the thalamus, may improve quality of life [5].

In PD, different forms of physical exercise, including aerobic exercise (e.g. treadmill 

training) and motor skill training (e.g. yoga), improve motor performance particularly gait 

and balance. However, the impact of exercise on cognitive function in PD remains relatively 

understudied. A small number of aerobic exercise intervention studies using brisk walking, 

treadmill training, or recumbent bike-training have reported improvements in CRF along 

with moderate improvement in EF [6–10]. In healthy older adults, both aerobic exercise 

and CRF have been demonstrated to benefit EF and memory along with improvements in 

attention and visuospatial function [11–15]. In addition, investigations in cognitive aging 

have also revealed that cognitive benefits may be due in part to the association of CRF 

(defined as V02max) on grey matter volumetric (GMV) changes in the basal ganglia, PFC, 

hippocampus, and thalamus [16]. However, the role of aerobic exercise, and in particular the 

association of CRF and domain-specific cognitive performance such as attention, memory, 

visuospatial function, and language remain relatively unexplored in PD [6]. Furthermore, the 

underlying exercise- and fitness-related structural brain changes that may account for these 

cognitive benefits have yet to be elucidated in PD.

The aim of this cross-sectional study was to investigate the association of CRF (defined 

as estimated VO2max) and performance in the cognitive domains of attention, language, 

visuospatial function, EF, and episodic memory in individuals with PD. We hypothesized a 

significant association would be seen between CRF and EF, as well as CRF and episodic 

memory, given reports of significant associations in cognitive aging. Next, we examined the 

association of CRF and GMV in brain structures associated with cognitive deficits in PD. 

Regarding brain structures of interest, we focused on deep grey matter structures (caudate 

nucleus and putamen, nucleus accumbens, globus pallidus, thalamus, anterior cingulate, 

and hippocampus), as well as the PFC, and cerebellum. These brain regions were selected 

based on at least one of the following: (i) associated neuropathological changes observed 

in PD; (ii) regions of exercise-induced neuroplasticity as reported in animal models; and 

(iii) association with increased CRF and GMV reported in cognitive aging populations. 

Mediation analyses were conducted to investigate whether brain regions of interested 

implicated in PD mediated putative associations between CRF and cognitive performance.

2. Methods

2.1. Participants

The study sample consisted of 33 individuals with idiopathic PD who were enrolled in a 

cross-sectional study investigating associations between CRF, cognitive performance, and 

neuroanatomical volumetrics using magnetic resonance imaging (MRI). All participants had 

a diagnosis of PD using criteria used by the UK Brain Bank criterium [17]. Participants 
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completed a structured interview and the Movement Disorder Society Unified Parkinson’s 

Disease Rating Scale (MDS-UPDRS) [18] with a movement disorder specialist (GP). 

Exclusion criteria included deep brain stimulation surgery, or a diagnosis of dementia 

based on MDS-PD dementia criteria [1]. Participants were recruited from the University 

of Southern California (USC) Movement Disorder Clinic, the Michael J. Fox trial finder, 

radio advertisements, and local PD patient support groups. All participants were optimally 

medicated during the completion of the study assessments. The USC Institutional Review 

Boards (IRB) approved study procedures and participants provided written informed 

consent.

2.2. Fitness assessment

CRF was quantified by estimating the maximum oxygen uptake volume (estimated 

VO2max) as measured by the Ebbeling Single Stage Submaximal Treadmill Walking Fitness 

Test [19], a reliable and valid way to estimate VO2max [20]. Briefly, participants first 

underwent a 4-minute warm-up, walking at a brisk, but comfortable pace ranging from 

2.0 to 4.5 mph, and 0% grade, eliciting a heart rate within 50 to 70% of age-predicted 

maximum, followed by a single testing stage of treadmill walking for 4 minutes at 5% grade. 

The steady state heart rate was determined from the average of the final 30 seconds at 5% 

grade. The equation to estimate VO2max (ml kg-1 min-1) from a single stage 4-minute, 

5% grade submaximal treadmill test is as follows: VO2max = 15.1 + 21.8*SPEED (mph) - 

0.327*HEART RATE (bpm) - 0.263*SPEED*AGE (yr) + 0.00504*HEART RATE*AGE + 

5.98*GENDER (0 = female; 1 = male).

2.3. Neuropsychological assessment

The neuropsychological battery administered followed the Level-II guidelines from the 

PD-MCI MDS taskforce for assessing cognition [21]. The neuropsychological battery 

consisted of tests that measured cognitive performance across multiple domains including 

attention, language, visuospatial function, EF, and episodic memory. To reduce the number 

of comparisons a composite score was created capturing performance within each domain. 

Scores were transformed as needed so that for all tests higher scores represented better 

performance. Composite and raw scores on each test were z-score standardized based on 

the sample mean and standard deviation. Attention was measured by (i) the Delis Kaplan 

Executive Function System (D-KEFS), Color Word Interference Test (CWIT), with the 

number of seconds to complete the color naming and word reading subtests, (ii) the total 

score for the forward digit span condition of the Adaptive Digit Ordering Test (DOT-A), 

and (iii) the total raw score from the digit sequencing condition of the DOT-A. Language 

ability was measured by (i) the total raw score from the 4th edition of the Wechsler 

Adult Intelligence Scale (WAIS-IV) Similarities subtest, (ii) the total correct number of 

words produced on the D-KEFS Letter Fluency test, and (iii) the total correct number 

of words on the D-KEFS Category Fluency test. Episodic memory was measured by (i) 

the total number of correct words recalled across the five immediate recall trials of the 

2nd Edition of the California Verbal Learning Test (CVLT-II), (ii) the total number of 

words recalled on the long-delayed free recall condition of the CVLT-II, (iii) the total 

points on the immediate recall subtest of the Wechsler Memory Scale-Third Edition Visual 

Reproduction test (WMS-III), and (iv) the total points on the delayed recall condition of 
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the WMS-III Visual Reproduction test. Visuospatial ability was measured by (i) total raw 

score on the Judgment of Line Orientation Test (JLO) and (ii) the total raw score on the 

Hooper Visual Organization Test (HVOT). EF was measured using the number of errors 

on the Wisconsin Card Sorting Test (WCST), (ii) the number of seconds to complete the 

color-word inhibition subtest of the D-KEFS CWIT, (iii) the number of seconds to complete 

the inhibition/switching subtest from the D-KEFS CWIT, (iv) the number of correct words 

produced on the verbal fluency switching subtest from the D-KEFS verbal fluency test, and 

(v) the total move score from the Tower of London-Drexel University test. For descriptive 

purposes participants were classified as meeting criteria for mild cognitive impairment 

(PD-MCI) by consensus (VF, AP, MG) based on Level II MDS Task Force Criteria.

2.4. Structural Magnetic Resonance Imaging (MRI) Acquisition

The structural MRI was completed on a 3.0 Tesla MRI system (Siemens, Erlangen, 

Germany) fitted with a 12-channel receive-only phased array head coil at the UCLA Staglin 

IMHRO Center for Cognitive Neuroscience. A high-resolution whole-brain structural MRI 

scan was acquired using a T1-weighted 3-dimensional (3D) magnetization prepared rapid 

gradient echo (MPRAGE) protocol with the following parameters: TR = 2300 ms, TE = 2.98 

ms, flip angle = 15°, 176 axial slices; 1 mm slice thickness, 256 × 256 matrix; 256 mm field 

of view. Participants were instructed to remain still as possible during the MRI acquisition 

to obtain good image quality. FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/; 

version v 5.1.0) was used for volumetric measurements. Briefly, preprocessing steps 

included conversion of MPRAGE images to FreeSurfer format, motion, non-uniformity and 

intensity correction, skull stripping using a hybrid watershed/surface deformation procedure, 

automated registration to a standard Talairach atlas space, and tissue segmentation (white 

matter, grey matter and cerebrospinal fluid). The white/gray matter boundary (i.e., white 

surface) and gray matter/cerebrospinal fluid boundary (i.e., pial surface) were identified 

and transformed into surfaces and the distance between the white and pial surfaces 

calculated at each point across the curtail mantle. Each participant’s cortex was anatomically 

parcellated, labeled, and aligned to the FreeSurfer’s standard averaged cortical surface 

template (FSaverage template) and smoothed on the level of the sphere using a 5-mm full­

width half-maximum Gaussian spatial smoothing kernel. No obvious errors in parcellation 

and automatic labelling were observed for any participant upon inspection, and so no manual 

intervention was performed. Following automatic cortical and subcortical segmentation (i.e., 

recon-all function in FreeSurfer), volumetric measurements were collected for dorsolateral 

PFC, anterior cingulate, caudate nucleus, putamen, nucleus accumbens, pallidum, thalamus, 

cerebellum, and hippocampus based on the Desikan-Killiany atlas and were extracted from 

FreeSurfer for further statistical analysis. All brain volumes of interest were bilateral and 

scaled with respect to total intracranial volume (TICV) using the ICV-ANCOVA approach 

[22].

2.5. Statistical analysis

A multivariable linear regression analyses was used to first estimate associations between 

CRF and performance within each cognitive domain. The CRF was z-score standardized 

(mean=0; standard deviation=1) based on the sample mean and standard deviation and used 

for all statistical analysis. Cognitive domain estimates were adjusted for age, sex, years since 
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PD diagnosis, UPDRS Motor Score, and years of education. Multivariable linear regression 

analyses were conducted to examine the association between CRF and brain volumes of 

interest (including PFC, anterior cingulate, caudate nucleus, putamen, nucleus accumbens, 

pallidum, thalamus, cerebellum, and hippocampus). Extracted brain volumes of interest 

were corrected for intracranial volume and z-score standardized using the sample mean and 

standard deviation. The effect of CRF on brain volumes of interest were adjusted for age, 

sex, years of education, UPDRS motor score, and years since PD diagnosis. To decrease the 

false-discovery rate a Benamini-Hochberg (B-H) p-value adjustment was applied.

Structural equation models (SEMs) were constructed to estimate whether structural MRI 

brain volumes of interest mediated any putative associations between CRF and cognitive 

performance. The SEM tested mediation using standard approaches by estimating three 

parameter effects of CRF on cognitive performance termed the Direct, Indirect, and total 

effects. The Direct effect (denoted by the pathway “c’” in Figure 1 and 2) is defined as the 

effect of CRF on cognitive performance that is independent of brain volume of interest and 

covariates. The Indirect effect of CRF on cognitive performance is defined as effect of CRF 

on cognitive performance mediated by the structural MRI brain volumes of interest. The 

Indirect effect is a product of the effect of CRF on structural MRI brain volumes of interest 

(represented by Figure 1 and 2 path “a”) and MRI brain volumes of interest on cognitive 

performance (Figure 1 and 2 path “b”). The total effect of CRF on individual cognitive 

performance is calculated by adding the Direct and Indirect effects. All parameter effect 

estimates were adjusted for covariates, including age, sex, years since PD diagnosis, UPDRS 

motor score, and years of education. The 95% confidence interval of the Indirect effect 

was estimated using bootstrapping sampling (with 5,000 samples). Analyses were run with 

the SEM modeling software MPLUS in the R environment using the MPLUS Automation 

package.

3. Results

Participants were on average 64.6 (SD=9.6) years old, 70% male, diagnosed with PD 

approximately five years (SD=3.7) prior to the study and had an MDS-UPDRS motor score 

of 24.15 (SD=9.8) (Table 1). Fifty two percent met criteria for PD-MCI. The age-based 

normative performance on individual cognitive tests within each cognitive domain are shown 

on Supplement Table S1. Multivariable linear regression analyses revealed that higher CRF 

was associated with better performance on tests of visuospatial function (standardized 

β=0.570; 95% confidence interval (CI) = .238, .901; Benjamini-Hochberg adjusted [B-H] 

p=0.005), episodic memory (standardized β=0.391; 95% CI = .129, .653; B-H p=0.008) and 

EF (standardized β=0.324; 95% CI = .064, .585; B-H p=0.025), (Table 2A). Associations 

were all adjusted for covariates. CRF was not significantly associated with performance 

on tests of attention or language ability. Regarding brain structures of interest, CRF was 

positively associated with larger volumes of the thalamus (standardized β=0.722; 95% CI 

= .430, 1.015; B-H p=0.004) and pallidum (standardized β=0.635; 95% CI = .354, .916; 

B-H p=0.004) (Table 2B). CRF was not significantly associated with volumes of the caudate 

nucleus, putamen, PFC, nucleus accumbens, anterior cingulate, hippocampus, or cerebellum.
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Mediation analyses were conducted to examine whether thalamic volume mediated putative 

associations between CRF and performance on tests of episodic memory (Figure 1, Panel 
A), EF (Figure 1, Panel B), and visuospatial function (Figure 1, Panel C). The Indirect 

effect of CRF on episodic memory was statistically significant demonstrating that the 

thalamus partially mediated observed associations between higher CRF and better episodic 

memory. In addition, the Indirect effect of CRF on EF was statistically significant, 

demonstrating that the thalamus partially mediated observed associations between higher 

CRF and better EF. The Indirect effect of CRF on visuospatial function mediated by the 

thalamus was a trend to significance as indicated by the 95% confidence interval.

In contrast to the thalamus, the pallidum was not significantly associated with performance 

on either EF, episodic memory, or visuospatial function (Figure 2, Panels ABC). In addition, 

the resulting Indirect effect of CRF on performance across the three domains mediated by 

the pallidum was not statistically significant.

4. Discussion

The relationship between CRF and brain structure has been extensively studied in the 

context of cognitive aging, through its contribution in neurodegenerative disorders such as 

PD has been relatively under-investigated. Findings from our study showed that greater CRF 

is associated with better performance on tests of EF, episodic memory, and visuospatial 

function in individuals with PD. Although the associations between CRF with EF and 

episodic memory are well established in older adults without PD [15], our findings are the 

first to link CRF with specific cognitive domains impacted in PD, including EF, memory, 

and visuospatial function. Higher CRF was also associated with greater GMV of the 

thalamus, consistent with studies in cognitive aging [23], and in the pallidum as reported in 

children [24]. Unlike findings in older adults without PD, we did not observe an association 

between CRF and hippocampal or PFC volumes, which could be an artefact of the relative 

sparing of the hippocampus in the pathogenesis of PD, compared to subcortical regions.

We also found that thalamic volume mediated the association of higher CRF and EF and 

episodic memory, but not visuospatial function in PD. The thalamus and its connections 

to the PFC and the hippocampus are well known to play an important role in cognition 

[25]. In PD and its animal models, thalamic volume loss has been associated with 

behavioral deficits, including cognitive impairment [4, 26]. Published studies in animal 

models demonstrating that aerobic exercise can elicit functional reorganization of several 

brain regions including the thalamus, may provide insight to the mechanisms by which 

CRF may influence thalamic volume [27, 28]. Studies by Holschneider and colleagues 

[29] have demonstrated that exercised rats compared to their sedentary counterparts show 

increased functional activation during motor challenge in the mediodorsal thalamus (MD). 

The MD demonstrates dense connections to frontal cortical regions, including prefrontal, 

anterior cingulate and premotor cortex, and plays a central role in behavioral flexibility, 

memory, and working memory [25]. In addition, exercise increases functional activation 

in the midline thalamus (inter-mediodorsal, retrouniens, rhomboid nuclei) and intralaminar 

thalamus (central medial, central lateral, paracentral, parafascicular), whose nuclei have 

strong connections to the medial PFC, striatum, and hippocampus, and play a role in 
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spatial working memory, the temporal organization of memory, and executive functions 

[30–32]. Exercise also elicits functional adaptations in motor thalamic nuclei (ventrolateral, 

ventromedial, central medial) [29] which may contribute to the association of CRF with 

thalamic volume. Adaptations of the motor thalamus have been proposed to reflect 

neuroplasticity in the cerebellar-thalamocortical circuit, with changes noted especially at 

the level of the ventrolateral nucleus (VL), which constitutes a target for efferent fibers 

from the cerebellum [33, 34]. Similar functional adaptations to exercise in these motor 

nuclei of the thalamus are also observed in the 6-OHDA rat model of Parkinsonism [35], 

with evidence for exercise-related increased functional connectivity between the motor 

thalamic nuclei and their connections to primary motor cortex, basal ganglia and cerebellum 

[28]. Prior research from Greenough and colleagues has demonstrated increased cerebral 

angiogenesis in healthy rats undergoing aerobic exercise [36]. Although the precise role 

of angiogenesis in neuroplasticity and structural change remains to be fully elucidated, 

exercise-induced changes in regional blood flow may reflect localized molecular changes in 

enhanced neuronal synaptic connectivity including dendritic spine morphology, metabolism, 

as well as non-neuronal alterations in astrocyte structure and function.

While there was an association between CRF and the pallidum, there was no significant 

association between the pallidum with EF, memory, or visuospatial function. Thus, there was 

no mediating effect of the pallidum on CRF and its association with cognitive performance. 

Differences between the mediating effects observed with thalamus but not pallidum volume 

may indicate that pathophysiological changes of the pallidum contribute more to PD motor 

deficits than to cognitive deficits [37]. There was also no association between CRF and 

volumes of the hippocampus and PFC. This is in contrast to findings in healthy aging 

studies involving principally aerobic exercise interventions where increases in CRF and 

both hippocampal volume and PFC were reported [38]. In this case, the cross-sectional 

nature of our study design may be one limitation to our findings, and support the need for 

larger, long-term aerobic exercise studies. Alternatively, differences between studies may be 

related to the level of cognitive function as over half of our participants were experiencing 

some decline in cognitive function and met diagnostic criteria for PD-MCI. However, our 

novel findings could potentially highlight focal specificity of CRF effects in PD patients but 

warrants replication in a larger PD sample.

The present study suffers from certain limitations which include: (i) cross-sectional aspect 

of the study which limits the ability to make any inferences of causality, (ii) we used an 

automated ROI approach to analyzing sMRI data which may not be sensitive to examining 

subtle effects compared to high-dimensional neuroimaging approaches, and (iii) participants 

were mostly Caucasian and well-educated potentially limiting the generalizability of our 

results, thereby limited the generalizability of our findings to other cultures, ethnicities, and 

socioeconomic groups.

In summary, we demonstrate that higher CRF is associated with better cognitive 

performance in multiple domains, including memory, visuospatial function, and EF in 

individuals with PD. While the underlying mechanisms by which CRF impacts the thalamus 

are unknown, individuals with PD who had higher CRF demonstrated better cognitive 

performance and larger GMVs of the thalamus and pallidum. The thalamus partially 
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mediated the observed associations between CRF and both episodic memory and EF. These 

findings support the role of CRF and the critical importance of increasing physical aerobic 

exercise in promoting neurocognitive health in PD to maintain quality of life and daily 

functioning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thalamic Volume Mediates the Association Between VO2max and Episodic Memory 
and Executive Function.
Panel A illustrates the structural equation mediation model with parameter effects, 

estimates, and 95% confidence intervals (CI). Thalamic volume is a significant mediator of 

the association between VO2max and episodic memory, as demonstrated by the significant 

Indirect effect (grey box) of the thalamus on this association. The Indirect effect is the 

product of the effect of VO2max on the thalamic volume (Path a) and the effect of thalamic 

volume on episodic memory (Path b). The Direct effect (Path c’) is not significant and 
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is defined as the effect of VO2max on episodic memory while adjusting for the effect 

of thalamic volume and covariates. The total effect of VO2max on episodic memory is 

significant and is calculated by adding the Direct and Indirect effects. Episodic memory is 

a composite of the total number of correct words recalled on the immediate and long-delay 

free recall trials from the California Verbal Learning Test-II, and visual reproduction one 

and two scores from the Wechsler Memory Scales. Panel B illustrates a similar structural 

equation mediation model as in Panel A and demonstrates that thalamic volume is a 

significant mediator (Indirect effect, grey box) of VO2max on executive function. The total 

effect of VO2max on executive function is also significant. Executive function is a composite 

of the number of seconds to complete the inhibition and inhibition-switching subtests of the 

D-KEFS Color-Word Interference test, the number of errors on the Wisconsin Card Sorting 

Test, total number of correct words on the switching fluency subtest from the D-KEFS 

Verbal Fluency test, and the total move score on the Tower of London-Drexel University 

test. Panel C illustrates a similar structural equation mediation model as in Panel A and 

demonstrates that thalamic volume is not a significant mediator (Indirect effect, grey box) 

of the association between VO2max on visuospatial function. The total effect of VO2max on 

visuospatial function is significant. Visuospatial function is a composite score of visuospatial 

ability consisting of the Judgement of Line Orientation and Hooper Visual Organization 

Test. All parameter effect estimates were adjusted for covariates. Dashed pathways represent 

effects of covariates Bolded estimates are significant at p < .05. The 95% confidence 

intervals for parameter estimates are presented in brackets.
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Figure 2. Pallidum Volume Does Not Mediate the Association Between VO2max and Cognitive 
Performance.
Panel A illustrates the structural equation mediation model with parameter Effects, 

Estimates, and 95% Confidence Intervals (CI). Pallidum volume does not significantly 

mediate the association between VO2max and episodic memory, as demonstrated by the 

non-significant Indirect effect (grey box) of the pallidum on this association. The Indirect 

effect is the product of the effect of VO2max on the pallidum volume (Path a) and the effect 

of pallidum volume on episodic memory (Path b). The Direct effect (Path c) is significant 
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and is defined as the effect of VO2max on episodic memory while adjusting for the effect 

of pallidum volume and covariates. The total effect of VO2max on episodic memory is 

significant and is calculated by adding the Direct and Indirect effects. Episodic memory is 

a composite of the total number of correct words recalled on the immediate and long-delay 

free recall trials from the California Verbal Learning Test-II, and visual reproduction one 

and two scores from the Wechsler Memory Scales. Panel B illustrates a similar structural 

equation mediation model as in Panel A and demonstrates that pallidum volume is not a 

significant mediator (Indirect effect, grey box) of VO2max on executive function. The total 

effect of VO2max on executive function is significant. Executive function is a composite 

of the number of seconds to complete the inhibition and inhibition-switching subtests of 

the D-KEFS Color-Word Interference test, the number of errors on the Wisconsin Card 

Sorting Test, total number of correct words on the switching fluency subtest from the 

D-KEFS Verbal Fluency test, and the total move score on the Tower of London-Drexel 

University test. Panel C illustrates a similar structural equation mediation model as in Panel 

A and demonstrates that pallidum volume is not a significant mediator (Indirect effect, grey 

box) of the association between VO2max on visuospatial function. The Direct effect of 

VO2max on visuospatial function is significant. The total effect of VO2max on visuospatial 

function is significant. Visuospatial function is a composite score of visuospatial ability 

consisting of the Judgement of Line Orientation and Hooper Visual Organization Test. All 

parameter effect estimates were adjusted for covariates. Dashed pathways represent effects 

of covariates bolded estimates are significant at p < .05. The 95% confidence intervals for 

parameter estimates are presented in brackets.

Petkus et al. Page 15

Parkinsonism Relat Disord. Author manuscript; available in PMC 2021 August 19.

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

Petkus et al. Page 16

Table 1.

Sample characteristics (N = 33)

Mean or N SD or % Min Max

Demographics

   Age (years) 64.61 9.55 49 88

   Sex N (%)

    Male 23 70%

    Female 10 30%

   Years of education 16.88 1.95 13 20

Clinical characteristics

   Years since PD diagnosis 4.98 3.69 1 15

   Hoehn and Yahr stage N (%)

    Two 29 88%

    Three 4 12%

   Part 3 of MDS-UPDRS 24.15 9.88 4 45

  Dopamine equivalence 10.12 7.73 1 23

   Meets MDS criteria for PD-MCI N (%) 17 52%

Cardiorespiratory fitness

   Maximum VO2 (ml/min/kg) 30.35 4.51 22.90 40.83

Bolded estimates denote p < .05

UPDRS=Unified Parkinson’s Disease Rating Scale
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Table 2.

Associations between maximum VO2
a
 and domain-specific cognitive performance

b
 are presented in panel A 

while association between maximum VO2 and structural magnetic resonance imaging derived brain volumes 

are presented in panel B (N = 33).

Panel A: Associations between max VO2 and domain-specific cognitive performance

95% Confidence Interval

Estf
c

Lower Upper B-H p 
d

 Executive function
d

.324 .064 .585 .025

 Episodic memory
e

.391 .129 .653 .008

 Visuospatialf .570 .238 .901 .005

 Attentiong .081 −.241 .403 .623

 Languageh .243 −.164 .651 .302

Panel B: Associations between max VO2 and structural magnetic resonance imaging 

derived brain volumes
e

95% Confidence Interval

Est
c

lower upper B-H p 
d

 Thalamus .722 .430 1.015 .004

 Pallidum .635 .354 .916 .004

 Caudate nucleus .155 −.260 .571 .464

 Putamen −.248 −.585 .088 .395

 Dorsolateral prefrontal cortex .095 −.326 .516 .813

 Nucleus accumbens .119 −.242 .479 .813

 Anterior cingulate −.113 −.409 .183 .813

 Hippocampus −.081 −.511 .348 .813

 Cerebellum .024 −.245 .294 .859

Bolded estimates denote p < .05

a
maximum VO2 was estimated by the Ebbling Single State Submaximal Treadmill Walking Test and z-score standardized (mean = 0; standard 

deviation=1) based on the sample mean and standard deviation.

b
all cognitive outcomes were z-score standardized (mean = 0; standard deviation =1).

c
parameter estimates were adjusted for covariates.

d
p value represents the Benjamini-Hochberg adjusted p value to correct for multiple comparisons.

e
brain volumes were derived from structural magnetic resonance imaging, were corrected for intracranial volume and were z-score standardized 

using the sample mean and standard deviation.
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