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This study compared 30 older musicians and 30 age-matched non-musicians to
investigate the association between lifelong musical instrument training and age-
related cognitive decline and brain atrophy (musicians: mean age 70.8 years, musical
experience 52.7 years; non-musicians: mean age 71.4 years, no or less than 3 years
of musical experience). Although previous research has demonstrated that young
musicians have larger gray matter volume (GMV) in the auditory-motor cortices and
cerebellum than non-musicians, little is known about older musicians. Music imagery
in young musicians is also known to share a neural underpinning [the supramarginal
gyrus (SMG) and cerebellum] with music performance. Thus, we hypothesized that older
musicians would show superiority to non-musicians in some of the abovementioned
brain regions. Behavioral performance, GMV, and brain activity, including functional
connectivity (FC) during melodic working memory (MWM) tasks, were evaluated in
both groups. Behaviorally, musicians exhibited a much higher tapping speed than non-
musicians, and tapping speed was correlated with executive function in musicians.
Structural analyses revealed larger GMVs in both sides of the cerebellum of musicians,
and importantly, this was maintained until very old age. Task-related FC analyses
revealed that musicians possessed greater cerebellar-hippocampal FC, which was
correlated with tapping speed. Furthermore, musicians showed higher activation in the
SMG during MWM tasks; this was correlated with earlier commencement of instrumental
training. These results indicate advantages or heightened coupling in brain regions
associated with music performance and imagery in musicians. We suggest that lifelong
instrumental training highly predicts the structural maintenance of the cerebellum and
related cognitive maintenance in old age.
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INTRODUCTION

Normal aging accompanies the age-related decline in various
cognitive and motor functions, especially in processing speed,
episodic and working memory, and motor speed (Park et al.,
2002; Seidler et al., 2010; Nyberg et al., 2012). Magnetic resonance
imaging (MRI) studies have shown that the volumes of the
cerebellum, hippocampus, basal ganglia, and frontal cortex
decrease with normal aging (Raz et al., 2004, 2010; Ramanoël
et al., 2018). In a progressively aging society, it is important to
identify lifestyles that effectively mitigate age-related cognitive
decline and brain atrophy. Playing musical instruments is a
candidate for such a lifestyle because it is associated with a
reduced risk of dementia (Verghese et al., 2003; Bugos et al.,
2007; Hall et al., 2009). Cross-sectional behavioral studies have
shown that older instrumental musicians have higher levels
of non-verbal visual memory, naming, executive function, and
auditory attention compared to non-musicians (Hanna-Pladdy
and MacKay, 2011; Parbery-Clark et al., 2011; Hanna-Pladdy
and Gajewski, 2012; Amer et al., 2013; White-Schwoch et al.,
2013; Zendel and Alain, 2014; Strong and Mast, 2019). Such
superiority of musicians may be accounted for by their vigorous
musical training with complex physical and mental operations
such as the translation of visually presented musical symbols
into auditory-motor imagery, high speed and skillful execution
of finger movement to realize melodies and musical impressions,
and memorization of long musical phrases. However, little is
known about the neural characteristics of older musicians, that
is, how their brain structure and activity benefit from lifelong
training and playing of a musical instrument.

Previous studies on musicians’ brains have focused on young
musicians. These studies have found larger gray matter volume
(GMV) in the auditory cortex, motor cortex, cerebellum, and
putamen in young musicians compared to non-musicians (Gaser
and Schlaug, 2003; Vaquero et al., 2016; Acer et al., 2018).
Among the various brain regions where young musicians show
gray matter enlargement, the cerebellum seems to be particularly
relevant to behavioral functions. For example, Hutchinson
et al. (2003) reported that compared to non-musicians, young
keyboard players had a larger cerebellar volume, and there was a
correlation between the cerebellar volume and the daily practice
intensity. Furthermore, a recent study on young musicians
reported that larger GMV in the cerebellum was associated
with higher performance in temporal discrimination of musical
tones (Paquette et al., 2017). These findings indicate that
the cerebellum is critically associated with instrumental music
training and musically relevant cognitive skills. As the cerebellum
has been implicated in motor control (Buhusi and Meck, 2005;
Stoodley and Schmahmann, 2018), accumulating daily training
of musical skills may strongly influence the cerebellum. However,
investigations of musicians’ brains have been limited to young
participants. Do the brain regions where enlargement has been
found in young musicians (the auditory cortex, motor cortex,
cerebellum, and putamen) maintain the musician’s superiority
into old age? As aging greatly affects the cerebellum (Raz et al.,
2010; Ramanoël et al., 2018), it is possible that the musicians’
increase in cerebellar volume is not retained in old age.

In addition, there is a growing body of evidence regarding
brain activation patterns in young musicians. These studies
have reported that compared to non-musicians, musicians show
increased activation in various cortical regions during passive
listening to piano melodies (Bangert et al., 2001, 2006; Baumann
et al., 2007). This increase in activation affected not only auditory-
related areas but also motor-related areas such as the primary
motor and premotor cortices and the cerebellum, suggesting a
degree of audiomotor transformation when listening to music.
In addition, musician-specific activation of the supramarginal
gyrus (SMG) was observed during passive listening, suggesting
the involvement of linguistic processing (Bangert et al., 2006;
Baumann et al., 2007). Moreover, Notter et al. (2020) reported
that the SMG is a core region of auditory perception. One notion
from these findings is that the coupling between audiolinguistic
and motor circuits is stronger in the brains of musicians
(Bangert et al., 2006; Zatorre et al., 2007; Patel and Iversen,
2014), perhaps because of musical training and practice. In
fact, a longitudinal study revealed that young non-musicians
showed increased co-activation of the auditory and motor-
related areas (supplementary motor area and premotor cortex)
not only in instrumental training but also when listening to a
learned melody after training (Wollman et al., 2018). Moreover,
the notion that auditory-motor coupling is involved in music
performance and listening emphasizes the use of music imagery
in musicians (Lotze et al., 2003; Meister et al., 2004; Herholz
et al., 2012). In general, the way in which music imagery
is used by musicians can take several forms, such as mental
practice away from the instrument (Johnson, 2011), silent reading
of musical scores (Brodsky et al., 2008), and thinking of the
ideal sound during the performance (Trusheim, 1991). Meister
et al. (2004) revealed activations in the SMG and cerebellum in
musicians both when they played a presented piano piece on
the keyboard and when they imagined playing the presented
piece. This evidence suggests a great overlap between the neural
substrates involved in music imagery and music performance,
and it contributes to music excellence in collaboration with daily
music performance. In addition, the SMG has been implicated
in phonological processing (Rauschecker, 2011), suggesting
a role in converting auditory pitch information into note
names. Given these multimodal properties in music, musical
instrument training enhances co-activation of audiolinguistic
and motor-related areas, so that the connected circuit is triggered
by the auditory input alone. Interestingly, previous studies
revealed that young musicians exhibited enhanced resting-
state functional connectivity (FC) between the motor and
multisensory cortices (e.g., auditory, visual, somatosensory, and
multisensory integration regions) compared to non-musicians
(Luo et al., 2012; Klein et al., 2016). However, little is known about
the functional characteristics of older musicians.

Collectively, the brain structure and activity of instrumental
musicians are reorganized through instrumental training over
a long period. However, most studies have focused on young
musicians, whereas the brain structure and activity of older
musicians have received scant attention. Given the superiority
in cerebellar volume in young musicians and brain atrophy,
especially in the cerebellum and hippocampus, in normal aging, it
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is important to clarify whether lifelong involvement in playing an
instrument is effective in counteracting age-related brain atrophy.

The present study addresses two research questions. First, is
the superiority in brain structure and increased co-activation
of audiolinguistic and motor-related areas observed in young
musicians maintained in older musicians? Second, if these
characteristics are retained in older musicians, does this lead
to the superiority of cognitive function measured by using
behavioral assessments? To answer these, we investigated brain
structure and activity, including FC, during a melodic working
memory (MWM) task by comparing older musicians with non-
musicians. Although a passive listening task is often used to assess
brain activations for music imagery, this study used the MWM
task to increase the attentiveness of participants to melodic
stimuli. We hypothesized that musicians would have increased
activation in one or more of the regions where differences
between musicians and non-musicians have been found in
young populations, such as the auditory and motor cortices,
cerebellum, and SMG.

MATERIALS AND METHODS

Participants
The Psychological Research Ethics Committee of Kyoto
University approved the protocol (29-P-7), and all study
participants gave their informed consent. Seventy older adults
(36 musicians and 34 non-musicians, aged 65–81 years)
participated in this study. Musicians who had received musical
instrument training for at least 20 years were recruited through
a music conservatory, an amateur orchestra, and private or
volunteer-supported music schools. Non-musicians with no or
less than 3 years of musical experience were recruited from the
Kyoto City Silver Human Resources Center, a theatrical club,
and personal connections in the neighborhood. All participants
were right-handed, had no cognitive impairment (Table 1;
Mini-Mental State Examination [MMSE] score ≥ 27), no history
of neurological, cardiovascular, or psychiatric illness, and no
contraindication for MRI. Six musicians were excluded from
the analysis because of claustrophobia during the MRI scan, the
presence of a brain lesion, or the use of a tranquilizer. Four non-
musicians were excluded because of physical deconditioning
and hearing deterioration based on age-appropriate normal
hearing threshold levels (35 decibels or less at frequencies of
500, 1,000, 2,000, and 4,000 Hz). In the final analysis, there were
30 instrumental musicians (19 women and 11 men) and 30
non-musicians (17 women and 13 men).

The musicians had commenced musical instrument training
between the ages of 3 and 16 years (Table 2; mean = 8.6 years).
They had at least 22 years of experience playing a musical
instrument on a regular basis (Table 2; mean = 52.7 years,
range 22–70 years) and had been playing a musical instrument
for more than 10 years at the time the study was conducted
(Table 2; mean = 46.4 years, range 10–70 years). All musicians
were actively playing an instrument at the time of this
study. The instruments included piano, violin, cello, electric
guitar, mandolin, wood bass, ukulele, viola, electronic clarinet,

TABLE 1 | Demographics of musicians and non-musicians.

Total
(n = 60)

Musicians
(n = 30)

Non-musicians
(n = 30)

P-value

Sex (male/female) 11/19 13/17 0.598

Age (years) 70.8 (4.0) 71.4 (4.6) 0.595

Education (years) 15.7 (1.6) 14.9 (2.2) 0.130

Years of cognitive activity 12.7 (19.2) 18.7 (22.6) 0.274

Years of exercise 11.3 (10.6) 7.1 (10.8) 0.142

Frequency of cognitive activity 0.9 (1.6) 1.7 (2.3) 0.116

Frequency of exercise 2.9 (2.4) 2.1 (2.3) 0.154

Frequency of work 2.5 (2.1) 1.8 (1.9) 0.173

Frequency of family care 2.3 (2.9) 2.2 (3.0) 0.923

Frequency of volunteering 0.4 (1.0) 0.4 (1.0) 0.832

MMSE (score) 29.5 (0.9) 29.6 (0.6) 0.868

Parameters are indicated as the mean (SD). P-values for age, education,
cognitive activity, exercise, work, family care, volunteering, and MMSE are from
t-tests for group differences. P-value for sex ratio is from Chi-square test
for group differences. Frequency, days per week; MMSE, Mini-Mental State
Examination; SD, standard deviation.

TABLE 2 | Musical instrument training status in musicians.

Instrumental musicians (n = 30) Mean (SD) Range

Age of commencement 8.6 (3.3) 3–16

Years of musical training 52.7 (14.6) 22–70

Years of continuous musical training 46.4 (20.2) 10–70

Current playing time (hours/day) 1.8 (1.7) 0.1–8.5

SD, standard deviation.

and alto saxophone. To control for the influences of other
activities, the amount of time spent performing physical exercise
and cognitive activities were assessed. The types of physical
exercise and cognitive activities per group is elaborated in
Supplementary Table 1.

Goldsmiths Musical Sophistication Index
To assess musical skills and behaviors in both instrumental
musicians and non-musicians, we used the Japanese translated
version of the Goldsmiths Musical Sophistication Index (Gold-
MSI) version 1.0 (Müllensiefen et al., 2014). This 39-item
scale measures six musical sophistication dimensions: active
engagement (e.g., I spend a lot of my free time doing music-
related activities), perceptual abilities (e.g., I can compare and
discuss differences between two performances or versions of the
same piece of music), emotions (e.g., Pieces of music rarely evoke
emotions for me), singing abilities (e.g., I only need to hear a
new tune once and I can sing it hours later), musical training
(e.g., At the peak of my interest, I practiced ___ hours per day
on my primary instrument), and general sophistication (e.g., I
enjoy writing about music, for example, on blogs and forums).
Participants provided responses to each statement on a seven-
point scale (1 = not at all to 7 = very). The results showed
that the musicians had higher musical abilities than the non-
musicians (Table 3).
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TABLE 3 | Musical abilities according to the Gold-MSI in both groups.

Total
(n = 60)

Musicians
(n = 30)

Non-musicians
(n = 30)

P-value

Active engagement (score) 36.9 (9.1) 20.9 (7.7) <0.001

Perceptual abilities (score) 47.5 (7.0) 31.9 (10.2) <0.001

Musical training (score) 34.3 (6.6) 11.6 (4.6) <0.001

Singing ability (score) 29.2 (7.1) 16.9 (7.7) <0.001

Emotions (score) 28.3 (5.7) 20.4 (6.2) <0.001

General sophistication (score) 81.8 (14.7) 40.5 (15.6) <0.001

Melody memory accuracy (%) 73.3 (13.0) 65.4 (14.9) 0.033

Memory confidence (score) 18.2 (3.1) 14.6 (3.4) <0.001

Data are presented as the mean (SD). P-values are from t-tests on between-
group differences. Gold-MSI, Goldsmiths Musical Sophistication Index; SD,
standard deviation.

Moreover, we administered a memory test using melodies
from the Gold-MSI.1 The melodic memory task consisted of
eight-pair trials of two short melodies (containing 10–17 notes
per melody), and the second melody was always presented at a
different pitch level than the first one. Participants were required
to judge whether the two melodies had an identical pitch interval
structure and to estimate how confident they felt about their
judgment on a three-point scale (1 = I am guessing, 2 = I
think so, 3 = I am totally sure). Melodic memory accuracy was
defined as the percentage of correct answers. In addition to the
identity judgment for the pair of melodies, confidence rating of
the judgment was obtained on a three-point scale. The results
showed that the melodic memory accuracy and confidence were
higher in the musicians than in the non-musicians (Table 3).
Overall, musicians in this study were shown to have higher
levels of musical sophistication and skills. Of note, this melodic
memory task in the Gold-MSI was conducted only for behavioral
performance (and confidence), and not used in brain imaging,
which will be described later.

Behavioral Measurements
Cognitive and motor functions were measured to compare
musicians and non-musicians. The cognitive and motor tests
consisted of many neuropsychological tests that are likely to
detect differences between musicians and non-musicians (Jäncke
et al., 1997; Bugos and Mostafa, 2011; Hanna-Pladdy and
MacKay, 2011; Hanna-Pladdy and Gajewski, 2012; Amer et al.,
2013; Fauvel et al., 2014; Strong and Mast, 2019). Cognitive tests
consisted of the Japanese versions of the verbal (letter) fluency
task (Lezak et al., 2012), logical memory-I and –II subtests of
the Wechsler Memory Scale-Revised edition (WMS-R), visual
reproduction-I and –II subtests of the WMS-R (Wechsler, 1997;
Sugishita, 2000), and parts A and B of the trail making test
(TMT) (Reitan and Wolfson, 1993). Motor tests consisted of
finger-tapping and pegboard tasks.

The verbal fluency task was conducted to assess verbal
functioning. Participants were given a word-initial sound “KA”
and asked to generate as many words as possible in 60 s. The
logical memory-I and –II subtests of the WMS-R were conducted

1https://www.gold.ac.uk/music-mind-brain/gold-msi/download/

to evaluate verbal memory. In the logical memory-I subtest,
participants were asked to immediately recall two stories, one
after the other. In the logical memory-II subtest, participants
were asked to recall the two stories 30 min later. The visual
reproduction-I and –II subtests of the WMS-R were conducted
to assess non-verbal visual memory. In the visual reproduction-
I subtest, participants were presented with a geometric figure on
a card (A) for 10 s and asked to draw it immediately after the
presentation. Another three cards (B, C, and D) were presented in
the same way. In the visual reproduction-II subtest, participants
were asked to draw these geometric figures on four cards 30 min
later. Parts A and B of the TMT were conducted to evaluate
executive function. In TMT-A, participants were asked to draw
lines, sequentially connecting 25 numbers in ascending order.
In TMT-B, participants were asked to draw lines alternately
between numbers and letters (1, A, 2, B, etc.). The finger-tapping
and pegboard tasks were conducted to evaluate functional finger
dexterity. In the finger-tapping test, by using the MIDI sequencer
software Domino version 1.432, participants were asked to tap
a computer mouse with the index finger of each hand as fast
as possible for 20 s. In the pegboard task, participants were
asked to turn over 20 pegs (diameter 0.5 cm × height 3.5 cm)
in 20 holes carved on a square board (length 15 cm × width
18 cm × thickness 2 cm; SAKAI Medical Co., Ltd., Japan)
using just one hand.

Statistical Analysis of Behavioral Data
Behavioral data were compared between musicians and non-
musicians using the unpaired two-sample t-test for each of the
11 measures by using IBM SPSS statistics for windows, version
25 (IBM corporation, Armonk, NY, United States).

However, multiple tests may induce type I errors,
overestimating significant effects under no correction, or type
II errors, underestimating significant effects under conservative
correction such as that using the Bonferroni method. The
resampling method (e.g., permutation) can be used to estimate
adjusted P-values while avoiding parametric assumptions about
the joint distribution of the test statistics (Dudoit et al., 2003).
Here, we conducted a permutation test (Camargo et al., 2008)
using MATLAB R2020a with a statistics and machine learning
toolbox. For each behavioral measure, all 60 observed samples
(30 musicians and 30 non-musicians) were randomized together
and were resampled to obtain a dummy t-value. This procedure
was repeated 10,000 times for each of the 11 behavioral measures.
We pooled 110,000 t-values (10,000 resamplings × 11 behavioral
measures) and created a unique permutation t-distribution
to obtain the single adjusted α-level threshold (the top five
percentile rank in the distribution).

Finally, correlation analyses (only for behavioral tests in
which group differences were significant) were conducted by
calculating Spearman’s rank-order correlation coefficients using
IBM-SPSS. For these multiple coefficients, validation tests for
correlations were performed with a permutation test using
MATLAB R2020a. To examine the correlation in a given pair
of variables (e.g., tapping and TMT-B), a dummy coefficient

2http://takabosoft.com/domino
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was obtained by correlating the two variables randomly across
participants. This procedure was repeated 10,000 times for each
of the 11 correlations. We pooled a total of 110,000 dummy
coefficients (10,000 resamplings × 11 correlations) and created
a unique permutation coefficient distribution to obtain the
single adjusted α-level threshold (the top five percentile ranks
in the distribution). For all analyses, P < 0.05 was considered
statistically significant.

Image Acquisition
Scanning was performed using a 3-T Siemens Magnetom
Verio MR scanner (Siemens, Erlangen, Germany). The
participant’s head was immobilized in a scanner head coil
(12 channels). Functional images were acquired with a
T2-weighted echo-planar image (EPI) (repetition time,
2,000 ms; echo time, 25 ms; flip angle, 75◦; acquisition
matrix, 64 × 64; field of view, 224 × 224). The EPI volume
was acquired in interleaved order and consisted of 39 axial
slices with a slice thickness of 3.5 mm (in-plane resolution:
3.5 mm × 3.5 mm). The EPIs were acquired during the MWM
task. The first five scans in each run were discarded to allow
for T1 equilibration. After the MWM task, a high-resolution
structural image was acquired using an axial T1-weighted
magnetization-prepared rapid gradient-echo pulse sequence
(field of view: 256 × 256; matrix size: 256 × 256; voxel size:
1 mm × 1 mm × 1 mm; 208 slices).

Functional Magnetic Resonance Imaging
Tasks
A block-design functional magnetic resonance imaging (fMRI)
experiment was conducted with three conditions (1-back:
working memory for melodies, 0-back: hearing a melody, and
rest). Melodic stimuli were presented with various three-tone
equal-interval sequences of piano sounds through a pair of
headphones. In the 0-back task, participants were instructed to
respond when the melody had finished playing. In the 1-back
task, participants were asked to judge whether the melody item
was identical to the one immediately preceding it. Thus, there
was no working memory required for the 0-back task, while the
1-back task required maintenance of melody information for a
short time. During rest, participants were asked to relax and
keep their attention on the central fixation point. Instruction
and practice for the n-back tasks (0-back, 1-back, and rest tasks)
for the fMRI experiment were given prior to the scanning,
outside the scanner.

Each melody item appeared for 2,000 ms. A central fixation
cross was presented throughout the inter-item interval for
2,000 ms. The task period contained twelve task blocks in total,
comprising four blocks each for the 0-back and 1-back tasks,
and four rest blocks; the blocks were alternated in one fMRI run.
Each block lasted for 32 s, and each task block consisted of eight
trials. All responses were indicated with either the index (“yes”) or
middle (“no”) finger of the right hand using an MRI-compatible
keypad. Participants were instructed to respond as quickly and
accurately as possible.

Image Pre-processing and Statistical
Analysis of Structural Data
Voxel-based morphometry (Ashburner and Friston, 2000) was
performed by using the statistical parametric mapping software
SPM12 (Wellcome Department of Cognitive Neurology,
London) and MATLAB R2018a (The Mathworks Inc.,
United States). First, the structural T1-weighted images
were segmented to separate the different types of tissues: gray
matter, white matter, cerebrospinal fluid, soft tissue, and skull.
Thereafter, the segmented images (gray matter and white matter)
were spatially normalized with DARTEL, the Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra
(Ashburner, 2007). To preserve the absolute volume of the
gray matter, modulation was performed on the normalized
gray matter images by multiplying the Jacobian determinants
derived from the spatial normalization. Finally, the modulated
gray matter images were smoothed with an 8-mm full-width at
half-maximum (FWHM) Gaussian kernel.

The individual smoothed gray matter images were entered
into a second-level analysis employing a random-effects analysis
within the general linear model. Previous studies have shown that
brain volume is related to age, sex, education, exercise, cognitive
activity, and social interaction (Erickson et al., 2011; Duan et al.,
2012; Mortimer et al., 2012; Cheng, 2016; Boller et al., 2017;
Firth et al., 2018; Chen et al., 2019). In order to prevent the
potential influence of these factors on brain volume, the two-
sample t-test was conducted after controlling for the effects of sex,
age, educational level, and the levels of cognitive activity, exercise,
work, family care, and volunteering (Table 1), as previously
reported (Ramanoël et al., 2018; Wu et al., 2021). In addition, the
total volume of gray matter was included as a nuisance variable
to correct for global differences in gray matter, as previously
reported (Vaquero et al., 2016). Moreover, an explicit mask
was used to exclude noisy voxels in the statistical analysis. The
statistical thresholds were set at P < 0.001, uncorrected for
multiple comparisons at the voxel levels, and P < 0.05 family wise
error (FWE) corrected for multiple comparisons at the cluster
level. Thereafter, we identified the cluster location obtained from
structural data using the anatomy toolbox in SPM12 (Eickhoff
et al., 2005).

In addition, we investigated associations between age and
GMV in regions of interests (ROIs). Based on the difference
for structural results between groups, we extracted the ROIs
of a cluster using the MarsBaR software (Brett et al., 2002).
Correlation analyses were conducted using Spearman’s rank-
order correlation coefficients. For these multiple coefficients,
validation tests for correlation were performed using the
same permutation method as described for the behavioral
analyses. For correlation analyses, P < 0.05 was considered
statistically significant.

Image Pre-processing and Statistical
Analysis of Task-Related Functional
Connectivity
CONN toolbox version 18b (Whitfield-Gabrieli and Nieto-
Castanon, 2012) was used to analyze task-related FC during
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the MWM tasks (1-back and 0-back). By using default pre-
processing, the possible confounding effects of head motion
artifacts, as well as cerebrospinal fluid and blood oxygen level-
dependent (BOLD) signals, were defined and addressed. For
denoising, signals from the white matter, cerebrospinal fluid, and
motion parameters were regressed from the functional data. Data
were bandpass-filtered (0.008–0.09 Hz), as previously reported
(Wollman et al., 2018).

The FC analysis was conducted by using seed-to-voxel
analysis. Thereafter, the seeds were set, and the ROIs were
obtained from the results of the structural analysis, as previously
reported (Wang et al., 2018). For the seed-to-voxel analysis,
individual correlation maps were generated throughout the
brain by extracting the mean task BOLD time course of
each seed and calculating their correlation coefficients with
the BOLD time course of each voxel. The correlation was
obtained by applying the general linear model and bivariate
correlation analysis weighted for the hemodynamic response
function. This analysis was conducted directly in the CONN
toolbox using the Fisher-transformed connectivity value. In
addition to this first-level analysis for each participant, a
second-level analysis was conducted for the differences in
connectivity between musicians and non-musicians by using
the two-sample t-test after controlling for the effects of sex,
age, educational level, and the levels of cognitive activity,
exercise, work, family care and volunteering (Table 1). The
statistical thresholds were set at P < 0.001 uncorrected for
multiple comparisons at the voxel levels, and P < 0.05 FWE
corrected for multiple comparisons at the cluster level. Finally,
correlation analyses were conducted between the FC value and
behavioral measures using IBM-SPSS after controlling for the
effects of age, educational level, and the levels of cognitive
activity and exercise. For these multiple correlation coefficients,
validation tests for correlation were performed by using the
same permutation method as described for the behavioral
analyses. For correlation analyses, P < 0.05 was considered
statistically significant.

Image Pre-processing and Statistical
Analysis of Functional Data
The fMRI data pre-processing was carried out using SPM12 and
MATLAB R2018a. First, the origin of the EPI was manually set
to the anterior–posterior commissure for each participant. The
fMRI data were spatially realigned to the first volume of the series
and subsequently to the across-run mean volume, after which
they were co-registered with the anatomical data. The anatomical
data were normalized to the Montreal Neurological Institute
(MNI) space using a unified segmentation procedure. Afterward,
the resulting deformation parameters were applied to the fMRI
data that were resampled into 3 mm × 3 mm × 3 mm voxels and
smoothed with an 8-mm FWHM Gaussian kernel.

Activated voxels during MWM activation were identified
using a statistical model containing a boxcar function convolved
with a canonical hemodynamic response function. A high-pass
filter (1/128 Hz) was used to remove low-frequency noise, and
an autoregressive (AR (1)) model was employed to correct

temporal autocorrelations. The data were analyzed using the two-
way ANOVA with groups (musicians and non-musicians) and
tasks (0-back, 1-back, and rest tasks) after controlling for the
effects of sex, age, educational level, and the levels of cognitive
activity, exercise, work, family care and volunteering (Table 1),
as previously reported (Huang et al., 2020). The statistical
thresholds were set at P < 0.001 uncorrected for multiple
comparisons at the voxel level, and P < 0.05 FWE corrected for
multiple comparisons at the cluster level. Afterward, we identified
the cluster location as described for the structural data analysis.

In addition, we investigated associations between musical
traits and task-related parameter estimates of BOLD values in
ROIs. Based on the differences between groups for functional
results, we extracted the ROIs of a cluster using the MarsBaR
software. Significance in Spearman’s rank-order correlation
coefficients was assumed at P < 0.05 in IBM-SPSS. For these
multiple correlation coefficients, validation tests for correlation
were performed using the same permutation method as described
for the behavioral analyses.

RESULTS

Demographics
Demographic data are shown in Table 1. There were no
significant group differences in age (musicians: 70.8 ± 4.0 years;
non-musicians: 71.4 ± 4.6 years), years of education (musicians:
15.7 ± 1.6; non-musicians: 14.9 ± 2.2), MMSE (musicians:
29.5 ± 0.9; non-musicians: 29.6 ± 0.6), sex ratio, or time spent on
cognitive activity, exercise, work, family care, and volunteering.
These results indicate that the two groups did not significantly
differ demographically.

Behavioral Scores
Behavioral data are shown in Figure 1 and Table 4 as the
mean ± standard deviation (SD). Student’s t-test showed
significant differences between groups in right tapping
(Figure 1A: t(58) = 4.11, P < 0.001, d = 1.06), left tapping
(Figure 1B: t(58) = 4.46, P < 0.001, d = 1.15), and verbal fluency
(Table 4: t(58) = 2.14, P = 0.036, d = 0.55). For TMT-B, Welch’s
t-test was used due to heteroscedasticity, and the results showed a
significant difference between the groups (Table 4: t(44.94) = 2.33,
P = 0.024, d = 0.60). These t-values were higher than the
adjusted significance level threshold t(58) = 1.99 obtained in
the permutation test. In contrast, there were no significant
between-group differences in the logical memory-I and –II
subtests, visual reproduction-I and –II subtests, TMT-A, and
pegboard task (Table 4). These results indicate that musicians
had higher levels of verbal functioning, executive control, and
tapping speed compared to non-musicians.

In subsequent correlation analyses, tapping scores were
negatively correlated with time to perform the TMT-B in
musicians (right: ρ = −0.59, P < 0.001; left: ρ = −0.49, P = 0.006;
Figure 2). These Spearman’s ρ-values were higher in absolute
value than the adjusted significance level threshold |ρ| = 0.36
obtained in the permutation test. By contrast, non-musicians did
not show such a correlation (right: ρ = −0.32, P = 0.082; left:
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FIGURE 1 | Skillful tapping in musicians. Compared to non-musicians,
musicians showed enhanced performances in right tapping speed (A) and left
tapping speed (B). Parameters are indicated as the mean (SD). ***P < 0.001
vs. non-musicians. SD, standard deviation.

TABLE 4 | Behavioral results in both groups.

Total
(n = 60)

Musicians
(n = 30)

Non-musicians
(n = 30)

P-value

Verbal fluency (words) 14.1 (4.0) 12.1 (3.5) 0.036

TMT-A (second) 32.6 (10.5) 38.3 (12.2) 0.059

TMT-B (second) 70.1 (17.9) 85.9 (32.7) 0.024

Logical memory-I (score) 23.9 (6.7) 25.7 (7.4) 0.339

Logical memory-II (score) 20.9 (7.7) 21.4 (8.6) 0.789

Visual reproduction-I (score) 35.2 (5.0) 35.6 (5.6) 0.771

Visual reproduction-II (score) 34.4 (6.1) 32.1 (8.7) 0.235

Right pegboard (second) 37.1 (10.5) 39.1 (6.3) 0.375

Left pegboard (second) 39.9 (9.3) 42.0 (7.1) 0.331

Data are presented as the mean (SD). P-values are from t-tests on
group differences. TMT, trail making test; Logical memory-I, immediate recall;
Logical memory-II, delayed recall; Visual reproduction-I, immediate recall; Visual
reproduction-II, delayed recall; SD, standard deviation.

ρ = −0.16, P = 0.399; Figure 2). These results indicate that for
the musicians, higher tapping speeds were linked to more rapid
executive control.

Musical Instrument Experience-Related
Structural Changes
Whole-brain voxel-based gray matter analyses in both groups
showed significantly larger GMVs in crus I of the left
and right cerebellum of musicians compared to those of
non-musicians (Figures 3A,B, and Supplementary Table 2).
Subsequently, we investigated associations between the GMV
of ROIs in bilateral crus I of both sides of the cerebellum

and age (Figures 3C,D). In non-musicians, the GMVs of
crus I of both sides of the cerebellum were negatively
correlated with age (left: ρ = −0.50, P = 0.005; right:
ρ = −0.66, P < 0.001), indicating that in non-musicians,
these bilateral regions of the cerebellum are more subject
to age-dependent atrophy. These Spearman’s ρ-values were
higher in absolute value than the adjusted significance level
threshold |ρ| = 0.36 obtained in the permutation test. By
contrast, such correlations with age were not significant in
musicians (left: ρ = −0.27, P = 0.147; right: ρ = −0.35,
P = 0.058). These results show that crus I of both sides of
the cerebellum exhibited differential age-related GMV changes
between musicians and non-musicians.

Task-Related Functional Connectivity
Structural analyses revealed larger GMVs in both sides of the
cerebellum in musicians compared to non-musicians. Therefore,
we used ROIs in both sides of the cerebellum as the seed
for the FC analyses of the task-related fMRI data. The group
differences in FC are shown in Figure 4A and listed in
Supplementary Table 3. Compared to non-musicians, musicians
had enhanced FC between the left cerebellum and the right
hippocampus. In addition, we investigated the correlation
between cerebellar-hippocampal FC and behavioral functions
(Figure 4B). The task-related cerebellar-hippocampal FC and
left tapping speed were significantly correlated in musicians
(ρ = 0.42, P = 0.039). This Spearman’s ρ was higher in absolute
value than the adjusted significance level threshold |ρ| = 0.36
obtained in the permutation test. By contrast, non-musicians
did not show such a correlation (ρ = −0.23, P = 0.284).
These results indicate that in musicians, enhancement of the
cerebellar-hippocampal FC in MWM processing is linked to a
higher tapping speed.

Task-Related Activation
Contrast images for 1-back vs. rest were computed to assess
the brain activity during the MWM task in both groups. Non-
musicians had increased activation in limited brain regions,
whereas musicians had increased activation in extensive brain
regions (Figures 5A,B). In terms of behavioral performance
during the MWM task, there were no significant between-
group differences in 1-back task performance (Figure 5C). The
other between-group differences are shown in Figure 6A and
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FIGURE 2 | Correlation between tapping and TMT-B. In musicians, the numbers of right (A) and left (B) tapping (in 20 s) were negatively correlated with the time to
complete the TMT-B. By contrast, these correlations with tapping were not statistically significant in non-musicians. **P < 0.01, ***P < 0.001, Mus, musicians; Non,
non-musicians; TMT, trail making test.
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FIGURE 3 | Structural changes related to musical instrument experience.
(A,B) Musicians had larger GMVs in both sides of the cerebellum compared to
non-musicians. (C,D) For the cerebellar ROIs in both hemispheres, the
non-musicians displayed negative correlations between their GMV and age. In
musicians, such correlations (age-related volume reductions) were not
significant. **P < 0.01, ***P < 0.001, Mus, musicians; Non, non-musicians;
GMV, gray matter volume; ROI, region of interest; L, left; R, right; a.u., arbitrary
units.

listed in Supplementary Table 4. Musicians showed greater
activation within the left SMG than non-musicians. However,
contrast images for 0-back vs. rest and 1-back vs. 0-back did
not show a significant difference between groups. Subsequently,
we extracted parameter estimates in the ROI of the left
SMG in musicians and investigated the associations between
its activation and musical traits (Figure 6B). No correlation
was found between SMG activation and scores of behavioral
performances. One trait, i.e., the age at the commencement of
musical training, was negatively correlated with SMG activation
(ρ = −0.41, P = 0.026). This Spearman’s ρ was higher in
absolute value than the adjusted significance level threshold
|ρ| = 0.36 obtained in the permutation test. The activation
during the MWM task was higher for the musicians with earlier
training commencement, indicating an influence of childhood
instrumental training.

DISCUSSION

The present work aimed to investigate the association between
lifelong instrumental training and age-related cognitive decline
and brain atrophy. The main findings revealed that compared
to non-musicians, musicians (i) showed enhanced performance
in several constructs such as tapping speed (Figure 1), verbal
fluency, and executive control (Table 4); (ii) had larger
GMVs in both sides of the cerebellum (Figure 3); (iii)
exhibited higher task-related FC between the left cerebellum
and right hippocampus, with FC being correlated with tapping
speed (Figure 4); and (iv) exhibited increased activation
of the left SMG during the MWM task, with its greater
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FIGURE 4 | Task-related FC. (A) Using ROIs in both sides of the cerebellum
as the seed (where musicians showed greater GMV than non-musicians, as
illustrated in Figure 3), musicians exhibited enhanced FC between the left
cerebellum and right hippocampus during the MWM task compared to
non-musicians, but no change in FC of the right cerebellum and other regions.
(B) In the associations between cerebellar-hippocampal FC and behavioral
functions, task-related cerebellar-hippocampal FC and left tapping speed
were positively correlated in musicians. *P < 0.05, Mus, musicians; Non,
non-musicians; FC, functional connectivity; ROI, region of interest; GMV, gray
matter volume; MWM, melodic working memory; Hip, hippocampus; Cb,
cerebellum.

activation being associated with earlier commencement of
musical training (Figure 6).

The Effect of Lifelong Musical Training:
From Skillful Tapping to Cognition
The behavioral results revealed that musicians had higher verbal
fluency, TMT-B, and finger-tapping performances compared
to non-musicians. Previous studies have reported that young
musicians have higher levels of tapping speed (Jäncke et al.,
1997), finger tap-related rhythm synchronization (Karpati et al.,
2016), and executive function (Bugos and Mostafa, 2011)
than young non-musicians. Further studies indicated older
musicians’ superiority in letter fluency and executive function
in cognitive aging (Hanna-Pladdy and MacKay, 2011; Hanna-
Pladdy and Gajewski, 2012; Amer et al., 2013; Fauvel et al.,
2014; Strong and Mast, 2019; Chan and Alain, 2020), which our
results support. Moreover, we provided a correlation between
tapping speed of simple finger movement and executive function
measured by using the TMT-B in older musicians, in line
with a previous study that displayed simple finger taps and
executive control association for non-musicians (Mak et al.,
2016). In contrast, some studies have reported that complex
finger taps in non-musicians had a high load in executive
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FIGURE 5 | Task-related brain activity in each group. (A) Musicians have
increased activation of extensive brain regions. (B) Non-musicians have
increased activation of limited brain regions. (C) There were no significant
between-group differences in 1-back task performance. For significant
between-group differences, see Supplementary Table 4, Figure 6, and the
main text.

function compared to simple finger taps (Harding et al., 2017;
Holm et al., 2017). Because these studies showed within-non-
musicians differences in levels of load of executive function for
different complexity of tapping, the relationship between the
previous findings and our between-groups difference cannot be
clearly interpreted. Since musical performance requires motor
planning and monitoring of finger movement (Palmer and Drake,
1997; Moreno et al., 2011; Shen et al., 2019; Colombo et al.,
2020; Guo et al., 2021), we suggest that musicians perform
finger taps with higher executive involvement compared to
non-musicians even when they are simple ones. The higher
levels of executive function in musicians can be maintained by
the same processes to enable masterful temporal and ordinal
precision of finger movements, together with fine-grained finger
force control. Although aging degrades processing speed and
working memory associated with executive function (Park
et al., 2002; Nyberg et al., 2012), the preservation of skillful
tapping abilities through instrumental training may mitigate such
declines in older adults.

In addition, the musicians in our study displayed behavioral
superiority in verbal (letter) fluency, in line with previous
studies that addressed music and language associations (Anvari
et al., 2002; Patel and Iversen, 2007; Wong et al., 2007; Kraus
and Chandrasekaran, 2010). Letter fluency has been shown to
involve phonological processing (Heim et al., 2008; Shao et al.,
2014). Patel and Iversen (2007) reported that musical training
strengthens the processing of auditory features common to music
and language. Based on these associations, musicians’ superior
verbal fluency in our study may be explained by the common
phonological features in music-making and language production
(Patel and Iversen, 2007; Wong et al., 2007). As learning about
the acoustic structure of musical pieces involves phonological
processing, music-making may facilitate the higher performance
of letter fluency in musicians compared to non-musicians.
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FIGURE 6 | Task-related brain activity. (A) Musicians exhibited increased
activation of the left SMG during the MWM task (1-back vs. rest), whereas no
change was seen in auditory and motor regions. (B) Using ROIs in the left
SMG, age at commencement of musical training was negatively correlated
with task-related SMG activation in musicians. *P < 0.05, SMG,
supramarginal gyrus; MWM, melodic working memory; ROI, region of interest.

Another study emphasized that music training involves a high
working memory load, maintenance of selective attention skills,
and learning of the acoustic rules that bind musical sounds
together (Kraus and Chandrasekaran, 2010). These cognitive
skills are also crucial for speech production (Strait et al., 2011);
such an overlap may partly explain this intriguing positive
transfer effect from music to language.

Older Musicians’ Cerebellar
Maintenance
Whole-brain voxel-based GMV analyses revealed significantly
larger bilateral GMVs in crus I of the cerebellum in musicians
compared to non-musicians. Moreover, we found that the
two groups showed different age-related volume changes in
cerebellar ROIs; whereas non-musicians’ cerebellar GMVs in the
ROIs sharply decreased with age, musicians did not show a
significant correlation between volume and age. These findings
indicate that musical instrument training possibly induces neural
structural advantages in two key ways. First, consistent with
previous findings of a larger cerebellar GMVs in young musicians
compared to non-musicians (Gaser and Schlaug, 2003; Acer
et al., 2018), we demonstrated the superiority of older musicians
compared to age-matched non-musicians. Second, the cerebellar
volume is known to decrease with age (Raz et al., 2010;
Ramanoël et al., 2018), and it is important to verify whether
lifelong engagement in playing a musical instrument suppresses
this reduction. We found that musicians may maintain their
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cerebellar volume into old age, whereas the cerebellum of a non-
musician is relatively vulnerable to age-related atrophy. These
results suggest that the lifelong practice of a musical instrument is
associated with structural maintenance of cerebellum in old age.

The cerebellum is known to be involved in some cognitive
control processes and play an important role in fine motor
activity (Buhusi and Meck, 2005; Hautzel et al., 2009; Stoodley
and Schmahmann, 2018). In addition, several studies have
proposed that there is a functional topographic organization in
the cerebellum such that sensorimotor function is represented
predominantly in the anterior lobe (lobules I–V), cognitive
processing is associated with posterior lobules VI and VII
(including crus I, II, and VIIB), and the cerebellar vermis and
fastigial nuclei constitute the limbic cerebellum (Schmahmann,
2004, 2019; Stoodley and Schmahmann, 2009). The cluster of
cerebellar GMV that showed between-group differences in our
study was located in crus I according to the coordinate system of
Eickhoff et al. (2005). Some studies have reported that reduction
in GMV of crus I is associated with executive dysfunction (Olivito
et al., 2018; Tse et al., 2020), suggesting that such structural
changes play an important role in the maintenance of motor
planning and monitoring (D’Agata et al., 2011; Stoodley, 2012;
Stoodley and Schmahmann, 2018), which are needed for skillful
execution of finger movement during music-making. This region
also corresponds to an area of musically relevant temporal
discrimination in the cerebellum (Baer et al., 2015; Paquette
et al., 2017). For efficient predictive adaptation of behavior, the
cerebellum is thought to play key roles in the precise encoding
of perceived temporal structures (Schwartze and Kotz, 2013).
Several studies have pointed out that the cerebellum is involved
in optimizing sensory input from the auditory system when
stimulated by music (Gao et al., 1996; Penhune et al., 1998). These
aspects of musical training could contribute to the structural
superiority in crus I of the cerebellum in old age. In particular,
crus I enlargement may help to coordinate auditory and motor
systems in musicians.

Interestingly, although increased GMVs of the auditory
and motor cortices has been reported in young professional
musicians (Gaser and Schlaug, 2003; Groussard et al., 2010;
Vaquero et al., 2016; Acer et al., 2018), the present study
did not find such between-group differences in these regions
in older participants. This inconsistency may be explained by
differences in the expertise level of musicians (e.g., professional
vs. amateur). Of note, our results, based on an uncorrected
threshold (P < 0.001), showed that older musicians had a
larger GMV in the right hippocampus compared to non-
musicians (Supplementary Figure 1A and Supplementary
Table 5). Moreover, the hippocampal GMV in the ROIs decreased
with age in older participants, including both musicians
and non-musicians (Supplementary Figure 1B). Although
the uncorrected results should be interpreted with caution,
these results suggest the possibility that musical instrument
training suppresses the reduction in hippocampal volume. Such
suppression may be explained by the role of the hippocampus
in temporal processing and consonance/dissonance detection
(Wieser and Mazzola, 1986; James et al., 2008; Groussard et al.,
2010). The regular and sustained practice of musical instruments

may affect the cerebellum and hippocampus in old age more
strongly than the auditory and motor cortices, presumably
because their function in temporal processing is essential for
playing an instrument.

Activation of the
Cerebellar-Hippocampal Network and
Supramarginal Gyrus in Musicians
We found that musicians had enhanced FC between the left
cerebellum and right hippocampus in the MWM task compared
to non-musicians. Moreover, higher cerebellar-hippocampal FC
was associated with greater left tapping speed in musicians,
indicating a musician-specific link between processes controlling
finger movements and cerebellar-hippocampal FC during the
MWM task. This result suggests that musicians try to
maintain their MWM by associating a melody with imaginary
finger movements.

A few fMRI studies have reported that activation of the
cerebellum was observed in imagery tasks involving specific
timing and sequential finger coordination, such as imagery of
playing the piano and a finger-tapping task (Hanakawa et al.,
2003; Meister et al., 2004), suggesting a role of the cerebellum
in the imagery of music-related finger movements. Anatomically,
the fiber bundles of the posterior cerebellum (e.g., crus I)
project to the hippocampus where they play a role in motor
control and cognitive function (Arrigo et al., 2014; Bohne
et al., 2019). The heightened cerebellar-hippocampal FC and
its association with tapping speed in musicians in our study
suggest that during MWM tasks, musicians may encode melodies
to sequences of finger movements for memory maintenance.
Alternatively, the heightened cerebellar-hippocampal FC may
be related to music imagery. Alonso et al. (2016) reported that
non-musicians had increased activation in the left cerebellum
and right hippocampus in a music imagery task in which
participants were instructed to bind lyrics and melodies together
to encode a song. This finding supports the involvement of
the cerebellar-hippocampal FC in music imagery. Thus, it
is natural to anticipate that such a music imagery-related
network would be strengthened in musicians through musical
instrument training.

Another feature of musicians’ fMRI data was increased
activation of the left SMG in the MWM task compared to
non-musicians. Moreover, in musicians, greater activation of
the left SMG was associated with earlier commencement of
instrumental training. That is, learning a musical instrument
from childhood is closely linked to increased activation of the left
SMG in MWM processes.

In fMRI studies of music imagery and performance (using
fingers), activation of the SMG and cerebellum has been observed
in musicians during both imagery and performance conditions
(Lotze et al., 2003; Meister et al., 2004; Herholz et al., 2012),
indicating that music imagery shares the same neural substrates
in these regions with executed music performance. The increased
SMG activation in our musicians suggests that musicians evoked
music imagery during the MWM task. The SMG has also been
implicated in auditory perception (Rauschecker, 2011; Notter
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et al., 2020), such as phonological processing. A previous study
reported that in young developing children aged 5–6 years,
specialization of the left SMG in phonological processing is
already evident (Weiss et al., 2018). In addition, several studies
have shown that activation of the left SMG is associated with the
phonological short-term memory task (Paulesu et al., 1993; Gaab
et al., 2003, 2006; Lerub et al., 2021), suggesting that the left SMG
is the primary location of the phonological store. Furthermore,
SMG activation was observed during both linguistic auditory
imagery and listening to novel piano melodies (Hickok et al.,
2003; Tsai et al., 2018). In our study, we think that musicians
may have encoded auditory pitch information into linguistic
labels, such as note names (“C,” “D,” and “E”) during the
MWM task for working memory maintenance, more so than
non-musicians. This interpretation is also consistent with the
correlation between SMG activation and earlier commencement
of instrumental training.

Although increased activation of the auditory and motor
cortices during melody-listening has been reported in young
musicians (Bangert et al., 2001, 2006; Baumann et al., 2007),
we did not find such between-group differences in these regions
during the MWM task in the older participants of the present
study. One possible reason is the difference in stimuli: stimuli
in our MWM task were not long phrases from existing musical
pieces as in previous studies, but short sequences of three tones
in a uniform rhythm, which may have evoked less musical
processing. Another possibility is the difference in tasks: the
previous studies used a passive listening task, but we used a
working memory task.

Taken together, cerebellar-hippocampal FC and the SMG
seem to play a role in encoding the melodies to motor
(finger movements) and phonetic (note names) information,
respectively. This notion indicates musicians’ advantages or
heightened coupling in brain regions associated with music
performance and imagery.

Our study has some limitations. First, our study was cross-
sectional; thus, the superiority of musicians observed in several
aspects cannot be attributed to musical instrument training
in a causal manner. However, our careful control of various
confounding factors together with observed correlations between
musical traits and cognitive or neural characteristics increase the
likelihood that the results support the hypothesis that lifelong
musical training is useful in maintaining cognitive function in
old age. Second, the musicians in our study started their musical
training in relatively early periods, by the age of 16 years at
the latest. Therefore, the superiority of brain functions in older
individuals who started their musical instrument training beyond
the age of 16 remains unknown. Third, the present study was
unable to recruit a sufficient number of musicians for each
instrument to investigate the effects of musical instrument type
on the brain and cognitive functions. Therefore, it is unclear
how the musical instrument type influenced the results in this
study. However, the participation of a heterogenous group of
musicians in our study may improve the generalizability of
our results relative to those of previous studies (Gaser and
Schlaug, 2003; Hutchinson et al., 2003; Bangert et al., 2006;
Acer et al., 2018). Furthermore, as a musicians age, they may

display training-related mitigation of subcortical atrophy in
additional regions such as the hippocampus. To investigate this
hypothesis, longitudinal studies of the brain structure of older
musicians are needed.

CONCLUSION

For the first time, we found neural advantages in older musicians
compared to age-matched non-musicians. The musicians showed
lower levels of age-related cognitive decline and brain atrophy in
the cerebellum. Behaviorally, cerebellum-related skillful tapping
was associated with the maintenance of executive function
in musicians. Moreover, fMRI results during the MWM task
indicated musician-specific heightened cerebellar-hippocampal
FC and SMG activation, suggesting that musicians may encode
melodies into motor and phonetic information for memory
maintenance. The present results demonstrate that lifelong active
engagement in musical instrument training is related to structural
and functional advantages in the neural system involving the
cerebellum. The main findings of the present study shed new
light on how lifelong musical instrument training potentially
influences brain maintenance in old age.
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