
Association between Greater Cerebellar Network Connectivity 
and Improved Phonemic Fluency Performance after Exercise 
Training in Older Adults

Junyeon Won1, Yasmeen Faroqi-Shah2, Daniel D. Callow3, Allison WIlliams1, Adewale 
Awoyemi1, Kristy A. Nielson4,5, J. Carson Smith1,3,†

1 Department of Kinesiology, University of Maryland, College Park, MD

2 Department of Hearing and Speech Sciences, University of Maryland, College Park, MD

3 Program in Neuroscience and Cognitive Science, University of Maryland, College Park, MD

4 Department of Psychology, Marquette University, Milwaukee, WI

5 Department of Neuropsychology, Medical College of Wisconsin, Milwaukee, WI

Abstract

Purpose: Little is known about the effects of exercise training (ET) on lexical characteristics 

during fluency task and its association with cerebellum functional connectivity. The purposes 

of this study were (1) to investigate whether ET alters response patterns during phonemic and 

semantic fluency tasks; (2) to assess the association between ET-related changes in cerebellum 

functional connectivity (FC) and lexical characteristics during fluency tasks.

Methods: Thirty-five older adults (78.0±7.1 years; 17 mild cognitive impairment (MCI) 

and 18 healthy cognition (HC)) underwent a 12-week treadmill ET. Before and after ET, 

cardiorespiratory fitness tests, phonemic and semantic fluency tests, and resting-state fMRI scans 

were administered. We utilized a seed-based correlation analysis to measure cerebellum FC and 

linear regression to assess the association of residualized ET-induced Δcerebellum FC with Δtask 

performance.

Results: Improved mean switches and frequency during the phonemic fluency task were 

observed following ET in all participants. There were significant associations between ET-induced 

increases in cerebellum FC and greater phonemic fluency task log frequency, increases in mean 

switches, and a reduction in the number of syllables in HC. Lastly, there was a significant 

interaction between group and cerebellar connectivity on phonemic fluency mean log frequency 

and number of syllables.
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Conclusion: A 12-week walking ET is related to enhanced phonemic fluency lexical 

characteristics in older adults with MCI and HC. The association between ET-induced increases 

in cerebellum FC and enhanced response patterns after ET suggests that cerebellum may play an 

important role in ET-related improvement in phonemic fluency performance in cognitively healthy 

older adults.
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INTRODUCTION

Declining phonemic and semantic fluency is one of the most noticeable age-related 

cognitive deficits [1]. Difficulties in finding and remembering words during spontaneous 

speech are often exhibited as verbal fluency degeneration in older individuals [2]. 

The inability to complete phonological information and decline in the size of the 

pool of semantic knowledge engender ineffective communication subsequently leading 

to difficulties in receiving proper care [3]. Moreover, phonemic and semantic fluency 

dysfunction due to aging serves as a presymptomatic biomarker for Alzheimer’s disease 

(AD) transition and mild cognitive impairment (MCI) [1] which is a prodromal stage of 

AD, characterized by the presence of cognitive impairment while maintaining activities of 

independent daily living [4].

Widely used in neuropsychological test batteries, the phonemic fluency test is a word 

generation task that measures the verbal component of executive control [5]. The test 

assesses participant’s ability to select words in compliance with a predetermined word 

retrieval cue (e.g., F, A, S) [6]. The semantic fluency test scoring the total number of 

correct words produced within a given semantic category (e.g., animals) is also widely 

accepted in neuropsychological assessment as a measure of executive function and semantic 

memory [7]. These tests are straightforward to administer [8] and can evaluate phonological/

semantic process and word searching strategy [9]. Hence, it is an useful tool to identify 

lexico-semantic impairments [10,11]. Older adults generally produce fewer words during 

the phonemic and semantic fluency tests [12,13]. Furthermore, older individuals with MCI 

performed poorer compared to their cognitively healthy counterparts in all categories of 

phonemic fluency tasks [14].

Emerging evidence suggests exercise training (ET) and higher cardiorespiratory fitness are 

associated with improved phonemic and semantic fluency performance in older adults. 

In a cross-sectional study, cognitively normal older individuals who frequently engage in 

intense physical activity demonstrated better phonemic fluency test performance [15]. Also, 

improved aerobic fitness V̇O2max) in response to 12-weeks of spin ET was linked to enhanced 

semantic fluency task performance in sedentary older individuals [16]. In older adults with 

MCI, those completing 6-months of aerobic ET compared to a stretching intervention saw a 

significant increase in word generation during the phonemic fluency task [17]. Similarly in 

our prior investigation, improved phonemic fluency performance was found following a 12-

week walking exercise regimen in older adults with healthy cognition (HC) and MCI [18]. 
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In the present study, using the phonemic and semantic fluency performance data collected in 

the same sample, we investigated the effects of a 12-week walking ET intervention on the 

response patterns of the words produced during fluency tasks. Discerning the task response 

pattern is essential to understand how ET alters fluency task processing in older adults. 

These findings will add to the current body of research as no work to date has examined 

the ET-related changes in lexical characteristics during the phonemic and semantic fluency 

tasks. Our hypothesis was that both HC and MCI groups will demonstrate improved lexical 

characteristics during the phonemic and semantic fluency tasks after ET.

To understand the neural mechanism underpinning alterations in lexical characteristics 

during fluency task following ET, we further explored the cerebellum functional 

connectivity (FC). Based on the coherence of fMRI blood oxygenation level-dependent 

(BOLD) signals [19], resting-state FC analysis is a non-invasive approach to understand the 

patterns of functional interaction between spatially remote brain regions during a period 

of wakeful rest [20]. It has been reported that regular participation in exercise promotes 

increased communications between regions (i.e., elevated connectivity) in the aging brain 

[21]. Exercise-elicited adaptation in greater functional brain connectivity reflect enhanced 

ability to withstand to the age-related changes or increased recruitment of alternative 

networks required by the age-related changes in the brain [22].

Despite its well-established roles of motor control and coordination, evidence supports 

the notion that cerebellum is a part of cognitive functional networks via its anatomical 

connection to prefrontal and parietal cortices [23–25]. Through this anatomical substrate, 

the cerebellum receives and sends information to prefrontal and parietal cortices, engaging 

in higher cognition such as executive function, language, and working memory [26]. 

Specifically, cerebellar subregions including bilateral Crus II and Lobule VI, midline 

Lobule VII, and right Crus I were associated with language and Lobule VI, VIIB, and 

left Crus I were relevant to verbal working memory [27]. Studies have proposed the 

linkage between cerebellum and phonemic and semantic fluency task performance. For 

example, impaired verbal fluency task performance was found in those with cerebellar 

infarction [28]. According to neuroimaging studies, greater cerebellar gray matter density 

was related to better semantic fluency task performance [29] and consistent fMRI activation 

patterns have been identified in cerebellum during phonemic word generation task [30]. 

Importantly, greater functional synchronization between cerebellum and thalamus was found 

to be relevant to better phonemic fluency performance [31].

Earlier investigations demonstrated that ET resulted in greater brain derived neurotrophic 

factor (BDNF) expression in the rat cerebellum [32,33] and increased cerebellum gray 

matter volume in humans [34]. Despite this converging evidence of beneficial effects of 

ET on cerebellum, it has not been established whether ET-related changes in functional 

network of cerebellum is accompanied by alteration in fluency task performance. This is a 

critical knowledge gap since cerebellum is increasingly recognized as a brain area involved 

in fluency task performance. Furthermore, whether ET alters cognition through functional 

changes in the neural circuitry of cerebellum remains unknown. To address this gap in the 

literature, the second purpose of this study was to investigate the link between changes 

in cerebellum FC and fluency performance (both phonemic and semantic) following ET. 
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We hypothesized that ET-related increase in cerebellum network connectivity would be 

associated with improved fluency task performance.

MATERIALS AND METHODS

Participants

Our study sample consisted of thirty-five older adults from the local community (17 MCI 

and 18 healthy older adults; ages 60–88) who were recruited by newspaper advertisements, 

in-person informational sessions at local retirement communities, and physician referrals. 

A standardized telephone interview was administered for those who volunteered for 

this study to determine preliminary eligibility (e.g., preclusive health conditions and 

MRI contraindications). Final eligibility was determined after participants underwent a 

neurological assessment. Qualified participants provided written consent form, obtained 

physician approval to participate in moderate-intensity exercise, and reviewed all study 

procedures. The present study was approved by the Institutional Review Board of the 

Medical College of Wisconsin and was conducted in compliance with the Declaration of 

Helsinki.

Inclusion and Exclusion Criteria

Older adults who are not physically active (i.e., engaging in moderate-intensity physical 

activity < 3 days/week for the past six months based on their self-report) were included 

to the study. We previously reported a complete list of eligibility criteria used in 

the present study [35]. Briefly, individuals were excluded if they reported neurological 

or cerebrovascular conditions (e.g., Parkinson’s disease, Huntington’s disease, multiple 

sclerosis, and epilepsy), untreated Axis I psychiatric disturbance meeting DSM-IV Axis 

I criteria, severe depressive symptoms, history of cardiovascular disease (e.g., stroke), MR 

contraindications (e.g., metal implants, pacemakers, and a history of claustrophobia), left-

handedness (i.e., < 50 of laterality quotient [36]), history of ischemic attack, > 15 score on 

the Geriatric Depression Scale [37] or relatively impaired activities of daily living [38].

Cognitive Status Testing

A team of clinical investigators evaluated each participant’s cognitive status (i.e., HC or 

MCI). The core clinical criteria for the diagnosis of MCI by NIH-Alzheimer’s association 

workshop on MCI due to AD [39] was used to make this determination. MCI was defined as 

a subjective cognition-related concerns, impaired in at least one cognitive domain, preserved 

activities of daily living, and absence of dementia. Further examination by a neurologist was 

administered on individuals with probable MCI to exclude other possible causes of cognitive 

decline.

Phonemic and Semantic Fluency Tasks

Before and following a 12-week ET, participants completed the Controlled Oral Word 

Association Task (COWAT) and semantic fluency task as part of a larger neuropsychological 

battery (administered between 7 AM and 11 AM). The average day between the last day 

of ET intervention and reassessment was 5.3±3.9 days across participants. The COWAT is 

designed to examine phonemic fluency and participants were instructed to produce words 
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that begin with given letters (e.g., F, A, S) within 60 seconds [40]. During the semantic 

fluency task, participants were instructed to generate as many words within the animal 

category as possible under the time constraint of 60 seconds [41]. The responses were 

transcribed by experimenter during the tests.

The total number of words produced during the tests were reported in our past work 

[18]. For the current analysis, we evaluated the lexical characteristics (e.g., average size of 

clusters, number of switches, word frequency, age of acquisition, and syllable length) for 

each unique word produced. Cluster size was calculated based on the number of words 

within a subcategory where two words were considered as a cluster size of one. For 

example, the animals were considered one cluster (e.g., dog, cat; pet). The cluster sizes 

were computed after a second word of the same subcategory if generated in sequence (e.g., 

cluster size = total of animals in a given cluster −1). The mean cluster size is the sum of all 

clusters sizes generated divided by the number of clusters [7]. Switching refers to the ability 

to shift efficiently to a new category when a subcategory is exhausted and was calculated 

by counting the number of transitions between clusters. For example, if a participant said 

dog, cat (pet); lady bug, worm (insect), one switching occurred as there was a changing 

from the clusters of pet to a cluster of insect [7]. Word frequency was calculated based on 

how frequently the word occurs out of 1 million words in American English [42]. Age of 

acquisition indicates the age at which the words are acquired and was obtained based on 

the age of acquisition scale [43]. Syllable length was determined by counting the number of 

syllables.

Cardiorespiratory Fitness Test

To assess cardiorespiratory fitness, all subjects underwent a modified submaximal stress test 

before and immediately after the 12-week exercise intervention. The test was performed on 

a General Electric (GE) motorized treadmill (Milwaukee, WI) using a modified Balke-Ware 

protocol (initial exercise speed = 3.2 km/h at 0° grade and grade increase 1°/min). Measures 

of ventilation, rate of oxygen (O2) consumption, rate of carbon dioxide (CO2) production, 

and the respiratory exchange ratio (RER; CO2 production/O2 consumption) were obtained 

using a calibrated metabolic measurement system (Parvo Medics, Salt Lake City, UT). The 

ratings of perceived exertion (RPE) scale [44] was used to monitor subjective effort every 

minute. Heart rate (HR) and blood pressure were measured every 2 min. The test was 

terminated upon reaching 85% of the participant’s maximal heart rate reserve (HRR) or 

upon observation of absolute exercise contraindications (e.g., diastolic blood pressure > 110 

mmHg), or if the participant requests to stop the test. The highest V̇O2 (ml/kg/min) value 

during the test was determined as V̇O2peak.

Exercise Intervention

Participants underwent a 12-week treadmill walking intervention under the supervision of 

a certified personal trainer or exercise physiologist. The frequency of the training was 4 

sessions/week and the duration of each session was 30 min. The exercise session occurred 

either individually or in a group of two in local recreation centers. HR monitor (Polar 

Electro, Kempele, Finland) and RPE scale were used to assess exercise intensity during 

the training sessions. During the first 4 weeks, the exercise duration and frequency were 
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gradually increased. During the remaining weeks (5–12), the exercise intensity was targeted 

at 50–60% of HRR. The treadmill speed and grade were modified each session based on 

HR and RPE to personalize the exercise intensity for each participant. The exercise session 

began with a 10-min warm-up and ended with a 10-min cool-down consisted of light 

walking and flexibility exercise.

MRI Acquisition

All MRI data were acquired on a 3.0 Tesla GE (Waukesha, WI) MR scanner. A 

high-resolution T1-weighted anatomical image was acquired for co-registration with the 

following sequence parameters: 3D Spoiled Gradient Recalled at steady state protocol 

(SPGR), field of view (FOV) = 240 mm, voxel size = 0.94 × 0.94 × 1.00 mm, number 

of excitations (NEX) = 1, slice thickness = 1 mm, repetition time (TR) = 9.6 ms, echo time 

(TE) = 3.9 ms, inversion recovery preparation time = 450 ms, flip angle = 12°, resolution 

= 256 × 224, and sequence duration = 6 min. The resting state BOLD data were acquired 

using the following sequence parameters: gradient echo planar images, FOV = 240 mm, 

NEX = 1 mm, slice thickness = 1.0 mm, TR/TE = 2000/25 ms, axial slices = 36, flip angle 

= 77°, resolution = 64 × 64, and sequence duration = 6 min. During the resting state scan, 

participants were instructed to remain still and to look at a fixation cross projected in the 

monitor.

MRI Data Processing

The T1-weighted anatomical image was processed using FreeSurfer’s (version 5.3.0) 

automated pipeline (recon-all) for removing non-brain tissue and generating surface models 

of the cortical and subcortical reconstructions based on tissue-specific intensities and atlas 

probabilities [45]. All estimated reconstructions were visually inspected for segmentation 

errors. To mitigate magnetization disequilibrium, the first three volumes of the functional 

image time-series were discarded using Analysis of Functional NeuroImage’s (AFNI, 

version 17.2.10) 3dTcat function [46]. The truncated time-series were realigned using Slice-

Oriented Motion Correction (SLOMOCO) for slice-wise motion parameter estimation and 

correction [47]. Next, the motion-corrected functional volumes were aligned to FreeSurfer-

processed anatomical images using AFNI’s Local Pearson Correlation cost function 

(align_epi_anat). The aligned anatomical and functional data were visually inspected for 

quality assurance before being further processed using AFNI’s single-subject preprocessing 

stream (proc.py). Functional data were despiked (using 3dDespike) and each volume of 

the time series were time-shifted to the beginning of the TR (using 3dTshift). TRs with 

excessive motion (outlier fraction > 10%) were censored. Non-linear transformation of 

each participant’s anatomical volume to the standard space (AFNI’s MNI152_T1_2009c 

template) was then performed (using 3dQwarp). Lastly, nuisance physiological artifacts 

were removed by eroding the motion derivatives and signals from ventricles and white 

matter estimated by Freesurfer segmentation. The resolution of the resulting transformation 

matrix had a grid spacing of 2 × 2 × 2 mm3 and was used in the subsequent connectivity 

analyses. The percentage of censored TRs between scans occurred at before (0.86±0.27%) 

and after ET (0.94±0.34%) did not significantly differ (p = 0.079), suggesting that the effects 

of head movement did not confound our fMRI data interpretation.
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Cerebellum Functional Connectivity Analysis

We utilized a seed-based analysis to interrogate the cerebellum FC. Cerebellar seed 

regions were selected based on a meta-analysis studying the functional topography in the 

human cerebellum neuroimaging studies [48]. From this meta-analysis, the peak cerebellar 

coordinates of the clusters related to verbal and language function were identified including 

cluster 1 (MNI 37.9 −63.7 −29.7), cluster 2 (MNI 12.5 −86.1 −32.9), and cluster 3 

(MNI −42 −58 −24). The peak coordinates from each cluster were further evaluated using 

Neurosynth [49] where we measured the number of studies that demonstrated seed-based 

network correlation of each coordinate. A total of 18 findings identified the association 

between the clusters and verbal/language function. Next, the cerebellar seed regions of 

interest were defined as spherical seed masks (10 mm in diameter) positioned on each of 

the cluster coordinate (Seed 1 MNI 37.9 −63.7 −29.7; Seed 2 MNI 12.5 −86.1 −32.9; Seed 

3 MNI −42 −58 −24), respectively. The mean functional time-series were then extracted 

from each seed and cross-correlated with all voxels in the brain to isolate a FC brain map. 

These maps were created for each participant and each experimental time point (e.g., before 

and after ET). Lastly, using a Fisher’s r-to-z transformation, correlation coefficients were 

standardized for group-level analysis.

Gray Matter Voxel-Wise Group Analysis

For group-level analysis, the whole-brain anatomical mask containing only voxels defined 

as gray matter from FreeSurfer segmentation was created for each participant. White matter 

and ventricle segmentations were excluded from this mask. The gray matter mask was 

then merged across participants for a group-level intersection mask. Subject-level z-scored 

correlation maps were submitted to AFNI’s linear mixed model function (3dLME) to 

compute the main effects of time and group by time interaction. To correct for multiple 

comparisons, family-wise error rate (FWER) was controlled using AFNI’s 3dClustSim 

where an uncorrected voxel-wise threshold of p < 0.001 and a FWER-corrected alpha value 

of 0.05 engendered a cluster-size threshold of k ≥ 41 voxels (NN = 1).

A Priori Region of Interest FC Analysis

Using an anatomically defined region of interest, we also examined the effect of ET on 

the FC between cerebellum and inferior frontal gyrus (LIFG), based on previous evidence 

regarding the engagement of IFG in lexical decision and semantic fluency [40,50]. AFNI’s 

MNI reference dataset (MNI152_T1_2009c) was processed using FreeSurfer’s recon-all 

function [45]. Using the Desikan-Killiany aparc+aseg segmentation [51], a structurally 

defined LIFG and RIFG masks were created based on the resulting Freesurfer parcellation 

using AFNI’s voxel-by-voxel arithmetic computation function (3dcalc). Using this mask, 

the mean connectivity signals between LIFG and each cerebellar seed as well as RIFG and 

each cerebellar seed were extracted from participants’ parametric maps for before and after 

ET, respectively. The difference between before and after ET was determined using a paired 

t-test (p < 0.05).
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Statistical Analysis

Before evaluating the baseline demographic characteristic of the participants, the Shapiro-

Wilk test was performed to determine normality. The group differences (MCI vs HC) in 

the baseline demographic characteristics were analyzed using independent sample t-tests (or 

Wilcoxon signed-rank tests) and Fisher’s exact test (for categorical variables). Normality of 

fluency test results was also tested using the Shapiro-Wilk test. As we observed that mean 

frequency data for both phonemic and semantic fluency tasks were not normally distributed, 

log transformation was performed. Repeated measures of ANOVA were utilized to compute 

the main effects of time (i.e., after ET minus before ET) and group (HC vs MCI) × time 

(before vs after ET) interaction on the phonemic and semantic fluency test performances.

We used multivariable linear regression to investigate the association between ET-

induced changes in fluency task performance (Δfluency performance) and cerebellar FC 

(ΔCerebellum-FC). Bivariate correlation tests revealed no significant correlations between 

demographic characteristics (age, sex, education) and variables of interest (Δfluency 

performance and ΔCerebellum-FC); thus, the correlation analyses were not adjusted. ET-

related changes were computed by subtracting before from after ET values. Regression 

models included ΔCerebellum-FC as independent variables and Δfluency performance as 

a dependent variable. Subsequently, we conducted a post-hoc analysis to determine the 

interaction between group (MCI vs HC) and ΔCerebellum-FC on Δfluency performance. To 

accomplish this, among the results displaying significant associations between ΔCerebellum-

FC and Δfluency performance, we performed ANCOVA, with group and ΔCerebellum-FC 

as independent variables, and Δfluency performance as a dependent variable. Lastly, group × 

ΔCerebellum-FC interaction term was modeled into the analysis. The statistical significance 

was determined using a two-tailed alpha = 0.05. All statistical tests were conducted using 

SPSS (v. 26.0).

RESULTS

Demographic Characteristic

Of the 407 older adults who responded to study recruitment and advertisement, 92 signed 

the informed consent and underwent neurological examination, 39 individuals started the 

exercise program, and 35 individuals (17 MCI and 18 HC) completed the entire study 

protocol. Detailed information on recruitment and enrollment has been reported in our 

prior work [35]. Overall, the participants averaged 78 years of age (71% female; 12 total 

apolipoprotein E epsilon 4 allele (APOE-ε4) carriers) and 16 years of education. There were 

no significant differences between MCI and HC in the baseline demographic characteristics 

including age, sex, education, percentage of APOE-ε4 carriers, and V̇O2peak. The mean 

adherence rate to the exercise session was 96.1±5%. The mean intensity during the ET 

were HRR of 54.7±11.0% and RPE of 10.8±2.0 (assoicted with verbal anchor ‘Light’). 

Demographics, cardiorespiratory fitness, depression, activities of daily living, and cognitive 

data for all participants are illustrated in Table 1.
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Cardiorespiratory Fitness and Task Performance

V̇O2peak was significantly increased from before to after ET across participants (missing data 

2 MCI and 1 HC) [F(1,30) = 9.735, p = 0.004, η2
p = 0.245], confirming the success of our 

12-week walking exercise intervention. In all participants, mean switches [F(1,33) = 4.679, 

p = 0.038, η2
p = 0.124] (Figure 1; Panel A) and mean log frequency [F(1,33) = 6.407, p = 

0.016, η2
p = 0.163] (Figure 1; Panel B) during the phonemic fluency task were significantly 

increased in response to ET. Whereas none of the significant main effects of time were 

found in the semantic fluency task after completion of ET (Table 2). There were significant 

group by time interaction on the number of syllables during the phonemic fluency test 

[F(1,33) = 4.868, p = 0.034, η2
p = 0.129] (Figure 1; Panel C), mean switches [F(1,30) = 

5.036, p = 0.032, η2
p = 0.144] (missing data 3 MCI; Figure 1; Panel D), and mean cluster 

size during the semantic fluency test [F(1,30) = 5.036, p = 0.032, η2
p = 0.144] (missing 

data 3 MCI; Figure 1; Panel E). As we reported previously [52], there were significantly 

increased total number of words during the phonemic fluency task [F(1,30) = 10.986, p = 

0.005, η2
p = 0.423], but no changes were found in the semantic fluency task performance 

[F(1,30) = 0.136, p = 0.717, η2
p = 0.009] across participants.

Post-hoc within-group analyses revealed that none of the groups demonstrated significantly 

altered phonemic fluency mean number of syllables following ET (MCI p = 0.121, η2
p = 

0.144; HC p = 0.162, η2
p = 0.111). Conversely, while HC group demonstrated significant 

improvements in semantic fluency mean switches and cluster size (both mean cluster size 

and switches p = 0.006, η2
p = 0.372), there were no significant changes in MCI group (both 

mean cluster size and switches p = 0.711, η2
p = 0.011) after ET. Cardiorespiratory fitness 

and fluency task performance data are presented in Table 2.

Voxel-Wise Cerebellum FC Analysis

Thirty-three participants’ data were included for the cerebellum FC analysis (missing data 

1 MCI and 1 HC). Although there were no significant main effects of time and group by 

time interaction across participants, a significantly greater connectivity between the Seed 1 

(MNI 37.9 −63.7 −29.7) and the right inferior parietal lobule (IPL; MNI 37 −55 47 [LPI], 

BA 40, 864 mm3) was found after ET in HC participants (Figure 2; Panel A). Also, there 

was an ET-related increased connectivity between the Seed 2 (MNI 12.5 −86.1 −32.9) and 

the bilateral precuneus (MNI −1 59 35 [LPI], BA 7, 512 mm3) in HC participants (Figure 2; 

Panel B). None of the effects were observed in MCI participants. Lastly, the Seed 3 (MNI 

−42 −58 −24) did not show any significant effects following ET.

A Priori Voxel-Wise Cerebellum FC Analysis

As none of the significant results were found in the cerebellar seed 3, cerebellar seed 1 

and 2 were used for this priori analysis. We did not observe significant connectivity pattern 

between cerebellum and LIFG/RIFG in the whole-brain analysis; thus, we further conducted 

a priori cerebellum-IFG connectivity analysis. In HC, there were no significant main effects 

of time on the changes in the connectivity between cerebellar Seed 1 and LIFG connectivity 

[t(16) = −0.281, p = 0.782, d = −0.068, 95% of d = −0.543, 0.408], cerebellar Seed 2 and 

LIFG [t(16) = 0.259, p = 0.798, d = 0.063, 95% of d = −0.413, 0.537], cerebellar Seed 1 

and RIFG [t(16) = 0.318, p = 0.754, d = 0.077, 95% of d = −0.400, 0.522], and cerebellar 
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Seed 2 and RIFG [t(16) = 1.625, p = 0.123, d = 0.394, 95% of d = −0.105, 0.882]. Similarly 

in MCI, none of significant main effects of time on the changes in the connectivity between 

cerebellar Seed 1 and LIFG [t(15) = 0.686, p = 0.503, d = 0.171, 95% of d = −0.325, 0.662], 

cerebellar Seed 2 and LIFG [t(15) = −0.780, p = 0.447, d = −0.195, 95% of d = −0.686, 

0.302], cerebellar Seed 1 and RIFG [t(15) = 0.140, p = 0.889, d = 0.035, 95% of d = −0.455, 

0.524] and cerebellar Seed 2 and RIFG [t(15) = −0.842, p = 0.412, d = −0.210, 95% of d = 

−0.702, 0.288].

Associations of Changes in Cerebellum FC and Fluency Performance

As the significant changes in cerebellum FC were observed only among HC, the association 

between ET-related changes in cerebellum FC and fluency performance was assessed only 

in HC individuals. 17 HC participants’ data were included for this analysis (1 missing 

fMRI data). Average z-scored connectivity within the Seed 1 and Seed 2, respectively, were 

extracted from subject-level correlation maps in order to quantify the ET-induced changes 

in cerebellum FC. Results revelated that variances in the Seed 1 ΔCerebellum-FC explained 

38.1% of the phonemic fluency Δmean log frequency [R = 0.618, R2 = 0.381, F(1, 15) = 

9.27, p = 0.0082] (Figure 3; Panel A), 41.2% of Δmean switches [R = 0.643, R2 = 0.412, 

F(1, 15) = 10.55, p = 0.0054] (Figure 3; Panel B), and 44.4% of Δmean cluster size [R = 

0.666, R2 = 0.444, F(1, 15) = 11.99, p = 0.0035] (Figure 3; Panel C). In addition, variances 

in the Seed 2 ΔCerebellum-FC explained 28.9% of variances in the phonemic fluency 

Δmean number of syllable [R = 0.537, R2 = 0.289, F(1, 15) = 6.100, p = 0.026] (Figure 3; 

Panel D). None of the significant relationship between cerebellum FC and semantic fluency 

performance was found.

Post-hoc Group × Cerebellum FC on Fluency Performance

To assess the group × cerebellum FC on fluency performance, the average z-scored 

connectivity within the Seed 1 and Seed 2 that displayed a significant correlation between 

ET-related changes in cerebellum FC and verbal fluency in HC, respectively, were also 

extracted from subject-level correlation maps of MCI participants. Our post-hoc interaction 

analyses results showed a significant interactive effect between group and ΔCerebellum-FC 

(Seed 1 and right IPL) on Δmean log frequency during the phonemic fluency task [F(1,29) 

= 5.181, p = 0.022, η2
p = 0.167] (Figure 4; Panel A). There was also a significant group × 

ΔCerebellum-FC (Seed 2 and right precuneus) on the phonemic fluency Δmean number of 

syllables [F(1,29) = 4.500, p = 0.042, η2
p = 0.134] (Figure 4; Panel B).

DISCUSSION

The present study investigated the effects of ET on fluency task response patterns and 

its association with cerebellar connectivity in older adults. There were two major findings 

from the current analyses. First, a 12-week walking intervention significantly enhanced 

cardiorespiratory fitness (approximately 9% increase in V̇O2peak) and frequency and switches 

of the words produced during the phonemic fluency task across groups. ET was also 

associated with significantly increased mean switches and cluster size during the semantic 

fluency task, which was specific to HC. Second, there were significant associations between 

ET-induced increased cerebellum FC and improvements in lexical characteristics during the 

Won et al. Page 10

Cerebellum. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phonemic fluency task in cognitively healthy older adults. In contrast, this relationship was 

not found in those with MCI.

In our past work using the same cohort, there was a significant ET-related improvements 

in the number of words produced during the phonemic fluency task [18]. Here, we extend 

the previous study by revealing the improved lexical characteristics of the phonemic fluency 

responses. According to Troyer et al., participants begin to access the mental lexicon and 

retrieve words that are frequently encountered. Typically, word searching and switching 

strategies tend to be smoothly executed during the early phase of the test (~15 seconds) [7]. 

When exemplars with high frequency are exhausted, participants search for more difficult 

and less-frequently-used words from the mental lexicon [53]. Hence, the improved mean 

switches and frequency after ET are indicatives of delayed exhaustion of the high-frequency 

words and quick shifts to search for and retrieve new words. Particularly, the greater 

switches reflect better cognitive flexibility, which is corroborated by the evidence of ET-

elicited improvements in task-switching performance in older adults [54]. Taken together, 

the present results, in conjunction with our previous findings, propose that ET-induced 

enhancements in switches and frequency are key components contributing to increased total 

number of words produced during the phonemic fluency task in older adults.

Of note, there were significant associations between ET-related greater recruitment of 

cerebellar connectivity and enhanced lexical characteristics during the phonemic fluency 

task. A key ability required during fluency task is constantly comparing prior and ongoing 

stimuli (i.e., sequencing ability) to avoid repeated words [55]. To accomplish this, the 

last word is sequentially coupled with the new words throughout the fluency task. 

Cerebellum plays an important role in the sequencing procedure as well as in accelerating 

the phonemic cue retrieval [55,56]. It is hypothesized that the cerebellum’s contribution 

to cognitive function occurs through cerebello-cerebrocortical pathways which connect 

cerebellum to the cognitive networks such as the executive control network (e.g., prefrontal 

and parietal cortices) [57] and the default mode network (DMN; e.g., cingulate gyrus 

and precuneus) [58]. This pathway demonstrates topographically organized feedforward 

projections to the cerebral cortex [59] that enable cerebellum to engage in the higher-order 

cognitive behaviors including language [60]. Indeed, neuroimaging evidence delineates that 

cerebellum is functionally connected to the prefrontal and parietal regions [23,24] and 

the DMN [58]. Given the IPL is a key anchor of the executive control network [61] 

and both IPL and precuneus are highly connected hubs of the DMN [62], our findings 

of augmented cerebellar connectivity with IPL and precuneus offer evidence that the ET-

elicited increased connectivity between cerebellum and key hub regions of the cognitive 

networks. Furthermore, both involvement of IPL [63] and precuneus [64] are implicated 

during verbal fluency task. Thus, the ET-related greater connectivity between cerebellum 

and the cognitive networks may be determinants of enhanced lexical characteristics (i.e., 

increased cluster size), cognitive flexibility (i.e., increased switches), and efficiency of 

word processing (i.e., increased frequency and decreased number of syllables in order to 

generate more words under time constraints) during the phonemic fluency task. Moreover, 

two indicators of efficiency during the phonemic fluency task (mean log frequency and 

number of syllables) were not statistically correlated (correlation between Δlog frequency 

and Δnumber of syllables p = 0.608, data not presented), further suggesting that functional 

Won et al. Page 11

Cerebellum. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cerebellar connection with IPL (associated with enhanced frequency; Figure 3, Panel A) 

and precuneus (associated with lower number of syllables; Figure 3, Panel D) may be 

distinctively contributing to the improved fluency task performance after ET.

Because of the well-documented role of IFG in verbal fluency task [40,50] and selective 

exercise-induced enhancement in the frontal regions of the brain [65,66], we conducted 

a priori analysis to compute the resting-state connectivity between cerebellum and IFG. 

However, none of the significant main effects of time and group by time interaction were 

found in resting-state connectivity between cerebellar seeds with IFG. This suggests that 

ET-related alterations in functional connectivity between cerebellar regions involved in 

processing verbal function and IFG may not be the underlying neural changes associated 

with ET-induced improvements in the fluency task performance in older adults.

Notably, the association between ET-related changes in cerebellar FC and improvements in 

fluency performance was specific to the phonemic fluency task. Although both phonemic 

and semantic fluency tests share many common attributes, there are key differences between 

the two tasks. Suppressing semantically relevant words and novel retrieval strategies under 

the given verbal cue are essential to successfully accomplish the phonemic fluency task [67]. 

Conversely, the ability to retrieve the linkage between members under a given category is 

important for semantic fluency task performance [67]. As such, our results indicate that 

the ET-related functional changes in the cerebellar network may be associated with the 

improvements in novel retrieval strategies, not with retrieval of the link between associative 

concepts.

Using the same sample analyzed in the current study, we previously reported that older 

individuals diagnosed with MCI demonstrated an augmented synchronization in the default-

mode network (DMN) [68], greater neural efficiency during semantic memory task [35], and 

increased cortical thickness [69] after ET. Based on these neuroprotective effects of ET, we 

expected ET-related cerebellar hyperconnectivity in MCI, suggesting maintenance of neural 

reserve by elevating age-related compensatory responses [68], which was not supported in 

the present analyses. According to a prior evidence, there was an altered cerebero-cerebellar 

network in older adults with MCI compared to the age-matched cognitively healthy control 

[70]. In the present results, such differences were not found in the baseline cerebellar 

connectivity between HC and MCI. Given the enhanced phonemic fluency task performance 

in older adults with MCI following ET, the neural mechanism responsible for the ET-related 

verbal fluency improvements may differ between HC and MCI. However, this interpretation 

should be viewed with caution since our current results are limited due to small sample size.

Potential Mechanisms

Earlier exercise neuroimaging work observed a decreased fMRI BOLD activation in the IFG 

during the fluency task in those who completed the ET in comparison with the control group 

[71]. Similarly, during the semantic fluency task, physically active older adults exhibited 

reduced functional activations in the brain regions related to attention-language compared 

to their age-matched sedentary counterparts [72]. These fMRI findings consistently suggest 

the ET-induced neural efficiency improvement through attenuated BOLD activation during 

the successful cognitive task performance [73]. Chronic exercise may facilitate increased 
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capacity within the neural networks, through repeated upregulation and expression of 

neurotransmitters and neurotrophic factors [74,75]. In rodent work, ET has shown to 

induce angiogenesis [76] and upregulation of neurotrophins (e.g., serum insulin like growth 

factor-1 (IGF-1)) [77] in cerebellum. These neural adaptations to ET promote survival 

and maintenance of neurons through the growth and development of dendritic connections 

and building of a stronger neural scaffolding [73], ultimately resulting in more efficient 

and resilient neural capacity to withstand the age-related decline in brain function [78,79]. 

Collectively, this underlying neural mechanism may elucidate the ET-induced stronger task-

independent functional connectivity and reduced task-induced neural activation to efficiently 

perform cognitive tasks. However, this hypothesis is speculative and further mechanistic and 

translational evidence are warranted to robustly test this hypothesis.

Strengths and Limitations

We evaluated the effects of ET on lexical characteristics, contributing to the existing 

literature that was limited to the analysis of the number of words produced during 

fluency tasks. Additionally, our participants had a high adherence rate to the exercise 

program (96.1±5%) and their cardiorespriatory fitness was succesfully improved after 

the training (approximately 9%). We also tested older adults with MCI who have been 

understudied in the aging neuroscience literature. Lastly, we used a stringent voxel-wise 

probability threshold (e.g., p < 0.001) in accordance with the current fMRI thresholding 

recommendations to reduce the vulnerability to noise and possibility of cluster-level false 

positive rate [80].

The present study has several limitations. Due to relatively small (n = 35) and homogenous 

characteristic of the sample (women 71% and highly educated), our results may not be 

generalizable to the entire older population. Additionally, our exercise intervention was 

relatively short (12 weeks) that might have prevented us to from observing potential 

effects acquired after longer exercise intervention (e.g., 6 months). The present study is 

subject to the limitations of lacking non-exercise control group, warranting some caution in 

interpretation of the results. Although we cannot directly account for the effects possibly 

induced by the passage of time or other nonspecific intervention, pretest-posttest designs 

are commonly used to examine intervention effects over time and the present results are in 

line with our prior studies using the same sample demonstrating the beneficial effects of 

ET on brain function [18,68]. Next, because of using the same version of phonemic and 

semantic fluency tests at before and after ET, some improvement due to a practice effect 

might be expected. However, the familiarity effect in older individuals is typically observed 

as a stable performance over time. Thus, the cognitive improvement in our sample may 

exceed what could be expected with repeated test administration [81]. Despite lacking a 

non-exercise control condition, the improvement in phonemic fluency task performance after 

ET compared to before ET reflects significant effects induced by ET. Indeed, achieving 

cognitive stability in older adults is considered a marker of treatment success in ET 

interventions [82]. Moreover, the improvement in phonemic fluency performance among 

HC participants co-occurred with the changes in cerebellum FC, supporting the hypothesis 

that ET may impact on the neural networks related to phonemic fluency performance. 

In addition, due to potential bias in seed selection, the interpretation of the seed-based 
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correlation analyses should be viewed cautiously [83]. However, we selected the seeds based 

on the prior meta-analysis that rigorously examined cerebellum functional network based 

on existing neuroimaging literature [48]. Lastly, transcription of the words in verbal fluency 

data was in writing rather typing which could have led to systematic bias. To reduce this 

bias, independent raters performed cross-checked the transcription.

CONCLUSIONS

In older adults with both intact and impaired cognition, 12 weeks of regular walking ET 

improved frequency and switches during the phonemic fluency task. Moreover, increased 

cerebellar functional network connectivity may be an important determinant of the ET-

induced behavioral enhancements during the phonemic fluency performance among older 

adults with HC. The increased neural synchronization in cerebellar network may have been 

induced by the ET-related adaptations to the building of a stronger neural scaffolding. 

Conversely, the associations between ET-stimulated increased cerebellar connectivity and 

improved lexical characteristics were not found in those with MCI. This suggests that 

there may be different neural mechanisms in MCI for the phonemic fluency improvements 

induced by ET. However, interpretation of the results warrants some caution due to relatively 

small sample size, lack of control group, and using same form of fluency tasks. An 

important direction for future studies is to replicate the findings presented in this study 

using a larger sample size, non-exercise control group, and alternates form of fluency task at 

before and after ET intervention.
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Fig 1. 
Bar graphs (±SEM) illustrate increased (A) mean switches and (B) mean log frequency 

during the phonemic fluency task following ET in all participants (n = 35). Significant 

Group (HC vs MCI) × Time (before vs after ET) interactions were found in the (C) 

phonemic fluency mean number of syllables, (D) semantic fluency mean switches, and (E) 

semantic fluency cluster size. p-values above bar graphs indicate the effects of time (Panels 

A and B) and Group by Time interaction (Panels C, D, and E), respectively. Notes: PF, 

phonemic fluency task; SF, semantic fluency task.
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Fig 2. 
Resting-state functional cerebellum connectivity was increased from before to after ET 

among individuals with HC; (A) Increased connectivity between the cerebellum seed 1 

(MNI 37.9 −63.7 −29.7) and region within the right inferior parietal lobule (t(16) = 5.612, 

p < 0.0001, Cohen’s d = 1.361); (B) Increased connectivity between the cerebellum seed 2 

(MNI 12.5 −86.1 −32.9) and region within bilateral precuneus (t(16) = 5.059, p = 0.0001, 

Cohen’s d = 1.226). Adjacent bar graphs indicate the connectivity between cerebellar seeds 

and each region (±SEM) for before and after ET, respectively. p-values above bar graphs 

indicate statistical difference from before to after ET. Notes: S1, seed 1; S2, seed 2.
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Fig 3. 
Positive associations of exercise-related increase in cerebellum-FC (seed 1 and right IPL) 

and lexical characteristics during the phonemic fluency task in cognitively healthy older 

adults (Panel A, B, and C). Panel D shows a negative association of exercise-related increase 

in cerebellum-FC (seed 2 and bilateral precuneus) and decreased mean number of syllables 

during the phonemic fluency task in cognitively healthy older adults. Dotted curves indicate 

95% confidence interval around the mean. Notes: PF, phonemic fluency task; S1, seed 1; S2, 

seed 2.
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Fig 4. 
Significant interaction bewteen group (MCI vs HC) and cerebellum-FC on the phonemic 

flunecy task performance. The r2 and p-values reflect the correlation of cerebellum-FC and 

fluency performance for each group. Notes: PF, phonemic fluency task; S1, seed 1; S2, seed 

2.
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