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Abstract

Aging is associated with declines in attentional control. While most studies have

explored the relationship between brain structure and attention at the cortical level,

subcortical structures remain largely overlooked. Leisure activities, such as musical

practice, are thought to promote brain reorganization and help preserve cognitive

function in aging. However, evidence for such effects at the subcortical level remains

limited. In this cross-sectional study, we examined the relationship between age, sub-

cortical gray matter, and attentional control in amateur musicians and nonmusicians.

A total of 108 adults (20–88 years) were recruited, including 34 singers, 37 instru-

mentalists, and 37 active nonmusicians. Participants completed an auditory selective

attention task and a visual inhibition task. Anatomical magnetic resonance imaging

(MRI) images were acquired to examine the relationship between subcortical volumes

and attentional measures. Our results indicate that aging is associated with worse

attentional control and smaller subcortical volumes. While no group differences in

subcortical volume were observed, significant interactions emerged between musical

activity and subcortical volume in relation to attentional control, particularly in inhi-

bition. Notably, in singers, greater musical experience and smaller subcortical volumes

were linked to better inhibition. These results refine our understanding of subcortical

contributions to attentional control in agingmusicians and nonmusicians.

KEYWORDS

aging, amygdala, attention control, basal ganglia, cerebellum, musicians, thalamus

INTRODUCTION

Attentional control involves selecting specific stimuli, shifting focus

based on the salience of a stimulus, and inhibiting distractions. While

several models like the Attention System1 and the Ventral and Dor-

sal Attention Pathways2 describe the cortical dynamics of attention,

subcortical mechanisms remain less well understood. A recent review

highlighted this knowledge gap, noting that most studies investigat-

ing neurocognitive mechanisms have primarily focused on the cortex,

while overlooking subcortical structures.3
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Emerging evidence suggests that the caudate nucleus, the putamen,

the pallidum, different thalamic nuclei and the cortico–centro–medial

nuclear group of the amygdala play a role in attention.3 The cerebel-

lum, especially in lobules VI, VIIB, VIIIA, and crus I-II, has also been

implicated.4 Thecerebellum is reported tobe functionally connected to

the ventral and dorsal attentional network.4 It has also been proposed

that the basal ganglia, especially the pallidum, would be implicated

in attention switching.5,6 The thalamus is thought to link memory

and attentional processes, as evidenced by studies in rodents7 and
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humans.8–10 Specific nuclei, including the anterior, intralaminar, ven-

tral lateral, lateral dorsal, pulvinar, and lateral geniculate (LGN) nuclei,

are associatedwithmemory-drivenandorientationof attention.More-

over, larger medial thalamic nuclei volume was found in children and

teenagers with attention deficit hyperactivity disorder,11 suggesting

thesenuclei play a central role in attentionprocesses. Finally, the amyg-

dala is also believed to play a role in attention. Animal studies have

suggested that the central12 and the anterior nuclei13 of the amyg-

dala are implicated in bottom-up attention. Others have suggested a

role in top-down attention and selective attention.14 In sum, the sub-

cortical attentional system is complex and wide-ranging, with multiple

structures interacting to support various aspects of attention.

Attentional control, like most cognitive abilities, declines in older

age, often impacting older adults’ autonomy.15 Several studies have

suggested that practicing a cognitively demanding leisure activity, like

musical activities, could reduce age-related cognitive decline (for a

review, see ref.16). Salthouse17 developed a framework that is helpful

to interpret the impact of practicing a cognitively demanding activ-

ity on cognitive aging. The first hypothesis proposed by Salthouse, the

differential–preservation hypothesis, suggests that the practice of a cog-

nitively demanding activity reduces the rate of age-related decline,

observable through an interaction between age and group (those

who practice a cognitively demanding activity and those who do not).

The preserved differentiation hypothesis, in contrast, proposes that the

practice of a cognitively demanding activity is associated with bet-

ter cognitive performance but not with a reduced rate of age-related

decline, observable through a main effect of group. According to

Salthouse, only patterns that are consistent with the differential–

preservationhypothesis are indicativeof a reductionof cognitive aging.

This general paradigmwas later adapted tomusicians.18

While these cognitive models help characterize how musical prac-

tice might influence cognitive trajectories in aging, they do not

account for the underlying neurobiological mechanisms. Complemen-

tary frameworks have been developed to examine the effects of leisure

activities on brain structure and function, providing a neural-level

perspective on plasticity in aging. According to the Scaffolding The-

ory of Aging and Cognition (STAC-r),19,20 life experiences, such as

leisure activity, can moderate brain decline by having positive effects

on brain structure and function, as well as triggering compensatory

scaffolding.19,20 The concept of compensatory scaffolding, or com-

pensatory plasticity, refers to the expansion of networks to include

homologue regions of the other hemisphere and strengthened within-

network connectivity. The brain reserve (BR) hypothesis proposes that

engaging in a cognitively demanding activity can mitigate, at least

in part, age-related atrophy.21 According to this view, brain regions

that benefit from practicing an activity should be larger in those who

engage in an activity compared to those who do not. In contrast, the

Expansion–Renormalization model (ERM) proposes that learning ini-

tially induces structural expansion, followed by a return to baseline

once performance stabilizes.22 Consequently, a person with extensive

experience in an activity would not have a larger regional brain volume

compared to a person of the same age with no experience. In a pre-

vious study, we found evidence of structural plasticity at the cortical

level in amateur singers, consistent with the ERM. In contrast, results

in nonmusicians were aligned with the BR hypothesis while findings in

instrumentalists were consistent with neither model.23 In that study,

a global experience score (EXP) was used as a proxy of performance,

under the assumption that individuals with higher experience would

be closer to their peak performance. Interestingly, despite having the

lowest EXP, singers showed the least age-related cortical decline in

specific structures, including the bilateral superior frontal sulcus and

the right superior temporal sulcus. Another study also reported find-

ings consistent with the ERM.24 In this study, professional musicians

with higher proficiency in an absolute pitch task had a thinner cor-

tex in several frontal and parietal regions compared to less proficient

musicians. However, most studies have shown higher gray matter vol-

umes in professional musicians than nonmusicians in specific regions

in the frontal, temporal, somatosensory, and auditory cortices as well

in the cerebellum,24–28 supporting the BR hypothesis. A study com-

paring professional and amateur musicians to nonmusicians reported

evidence of coexisting positive (BR) and negative (ERM) effects of

expertise on gray matter density.29 In sum, while some evidence sug-

gests a pattern of plasticity resembling BR in professional musicians,

too fewstudies have exploredplasticity in amateur singers to draw firm

conclusions about the nature of the neural changes associated with an

amateur-level musical practice—whether expansion, renormalization,

or both.

Musical practice, with its high attentional demand, provides a valu-

able model for studying experience-induced plasticity in the subcorti-

cal attention system.Beyondattentional control, the role of subcortical

structures in processing tempo and pitch suggests thatmusical training

may further enhance plasticity in these regions. Brown et al.30 pro-

posed that the basal ganglia are engaged in perceiving and controlling

predictable temporal sequences, while the cerebellum would process

less predictable sequences. Both structures interact with other motor

regions, such as the supplementary motor area, which is important in

rhythm and pitch processing, via the cortico–subcortical loop. Accord-

ing to Brown et al., all musicians engage this system, with greater

interactions between these regions as expertise increases from ama-

teur to professional. Further, it has been shown that musical practice is

associated with stronger connectivity between the left thalamus and

the precuneus and the posterior cingulate cortex.31 Finally, for the

amygdala, a study found that the superficial, medial, central, and lat-

erobasal nuclei of the amygdala were larger in professional musicians

compared to nonmusicians.32 In sum, musical practice may promote

structural and functional plasticity in these subcortical and cortical

regions, potentially supporting enhanced attentional capacities.

The first objectiveof this studywas toexamine the agingof subcorti-

cal graymatter in the thalamus, caudate, putamen, pallidum, amygdala,

and cerebellar cortex, in singers, instrumentalists and nonmusician

active controls. The first hypothesiswas that agingwould be negatively

associated with the structure of the subcortical executive network,

with reduced age effects in musicians, consistent with the differen-

tial preservation perspective.17 The second objective was to examine

the relationship between the subcortical attention network and atten-

tional control in these groups. The second hypothesis was that the
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negative impact of aging on brain structure would be associated with

worse attention/inhibition performance. The third hypothesis was that

the relationships between brain structure, attentional performance,

and musical experience would be activity-specific rather than domain-

specific. This hypothesis is based on a previous study with the same

sample that focused on the cortex.23 Specifically, singers would show

a pattern consistent with the ERM, nonmusicians would show a pat-

tern consistent with the BR hypothesis and instrumentalists would

show a pattern inconsistent with both models. To achieve these goals,

healthy adults engaged in amusical activity (singingorplaying amusical

instrument), were compared to healthy adults engaged in a nonmusical

activity, like knitting, golfing, and billiards.

METHOD

This study is part of the PICCOLO Project (Projet de recherche sur les

effets de la Pratique d’un Instrument ou du Chant sur la COgnition, le

Langage et l’Organisation cérébrale),23,33–35 approved by the Comité

d’éthique de la recherche sectoriel en neurosciences et santé mentale,

Institut Universitaire en Santé Mentale de Québec (#2019-1733). All

participants provided written informed consent.

Participants

A total of 122 healthy adults between 20 and 88 years old were

recruited. All wereQuebec French speakers, with normal or corrected-

to-normal vision, no diagnosed language, speech, hearing, neurode-

generative, psychological or psychiatric disorder. According to the

EdinburghHandedness Inventory,36 all participantswere right-handed

or ambidexter writing with their right hand. All participants passed the

Montreal Cognitive Assessment (MoCA)37 using the Quebec norms

for middle-aged and elderly Quebec French speakers.38 Although it

was not an exclusion criteria, all participants were administered the

15 items geriatric depression screening scale (GDS)39 to assess their

mood.

Participants were separated in three groups based on their main

activity: singers, instrumentalists, and people practicing a nonmusical

cognitive-motor activity. To be included, participants had to practice at

least 3 h per week for the past 5 years. Participants could not engage

in any other activity, musical or not, more than half the time they spent

on their main activity. The activity needed to be practiced at an ama-

teur level, meaning that their main source of income was not tied to

the practice of this activity. Because 13 participants did not complete

the magnetic resonance imaging (MRI) visit, they were not included

in the present study. One instrumentalist was removed as an outlier

(<Q1 − 1.5 × IQR, where IQR stands for intraquartile range) for the

experience score (the participant had a very low amount of experience

compared to the rest of the sample). The final sample for this study

(N = 108) is therefore composed of 34 singers (mean age = 61.62 ±
16.19; 23–88; 65% females), 37 instrumentalists (mean age = 52.05

± 18.90; 20–88; 30% females), and 37 controls (mean age = 55.57 ±

18.97; 20–87; 49% females). Participants’ characteristics are provided

in Table 1. The groups were comparable in terms of age, education,

number of spoken languages, cognition (MoCA), depression symptoms

(GDS), self-reported health, life habits score (LHS), and pure tone hear-

ing. The LHSwas used as a general life habits index and is based on nine

of the twelve potentially modifiable risk factors identified by the 2020

Lancet Commission for dementia, intervention, and care.40 Details of

the calculations are presented in Supporting Information 1. The groups

were also comparable in terms of the number of years of practice of

their main activity and the average number of hours of weekly prac-

tice in the last 5 years. However, the instrumentalists had significantly

more experience, measured by a global experience score (EXP), com-

pared to controls and singers. The EXP is a composite score that takes

into account the age of onset (AO) and the ratio between the number

of years of practice and the age of the participant (RP):
1

AO −(AO × RP)
.

A higher EXP means that a person has more experience, meaning that

they have started to practice early in life and have been practicing dur-

ing a large proportion of their life. To achieve a normal distribution, the

raw scores were transformed using the natural logarithm.

Procedures

The study included two visits. The first visit took place at the Speech

and Hearing Neuroscience Laboratory in Quebec City, Canada and

was divided into two parts, for a total of approximately 3 h. The first

part took place in a quiet interview room where questionnaires and

cognitive tests were administered. The second part took place in a

double-walled sound-attenuated room where an audiometric assess-

ment and a second set of cognitive assessment (computer tasks) were

administered, aswell as speech, language and voice tasks not discussed

here.34 The full cognitive assessment analysis has been published

elsewhere.33 This study revealed a significant group difference mainly

in two tasks: the Test of Attention in Listening (TAiL), a selective audi-

tory attention computer task, and the Color-Word Interference Test

(CWIT), a visual inhibition task. Therefore, only these two tasks will be

analyzed in this study. The second visit was a multimodal MRI session

at the IRMQuébec Clinic in Quebec City, Canada.

Audiometric assessment

Audiometric assessment consisted of finding the pure tone thresholds

in dB HL with a calibrated clinical audiometer (AC40, Interacoustic).

For each ear, the pure tone average (PTA) was computed with the

thresholds of six different frequencies (0.5, 1, 2, 3, 4, 6 kHz).

Test of Attention in Listening

The French version of the TAiL41 was used to assess auditory selec-

tive attention. The TAiL is a computer task that is composed of three

tests: auditory processing speed (Cued RT), attend frequency (AF),
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TABLE 1 Participants’ characteristics.

Characteristics

Controls Singers Instrumentalists

ANOVAN= 37 (49% ♀) N= 34 (65% ♀) N= 37 (32% ♀)

M SD Min Max M SD Min Max M SD Min Max F p

Age 55.57 18.97 20 87 61.62 16.19 23 88 52.05 18.90 20.00 88.00 2.511 0.0861

Education (years)a 14.7 2.22 11 18 14.85 2.44 10 18 15.22 2.30 11.00 21.00 0.478 0.621

Nb languagesb 2.16 0.55 1 4 2.35 0.6 1 3 2.32 0.53 1.00 3.00 1.224 0.298

MoCAc (/30) 27.41 1.57 25 30 27.82 1.77 24 30 27.95 1.75 22.00 30.00 1.029 0.361

GDSd (/15) 1 1.62 0 7 0.97 1.57 0 7 0.78 0.98 0.00 3.00 0.253 0.777

Self-reported healthe 5.15 0.82 3 7 5.27 1.14 3 7 5.21 1.05 3.00 7.00 0.133 0.875

Life habits score (/100) 9.48 6.55 0 28.39 9.83 7.47 0 29.82 8.07 4.93 0.00 16.20 0.775 0.463

Right ear PTAg 19.19 15.08 −4.17 59.17 19.44 13.63 −0.83 54.17 16.60 9.71 −2.50 33.33 0.532 0.589

Left ear PTAg 19.8 15.33 −3.33 70.83 19.85 14.16 0 53.33 17.84 12.39 −0.83 51.67 0.245 0.783

Better ear PTAh 16.82 13.09 −4.17 50 17.57 13.28 −0.83 53.33 14.71 10.00 −2.50 33.33 0.536 0.587

Years of practicei 25.07 15.99 8 80 27.62 16.23 5.08 72 32.19 17.77 6.00 65.00 1.722 0.184

Ratio of praticej 0.47 0.24 0.11 0.92 0.45 0.22 0.08 0.83 0.61 0.21 0.14 0.86 5.374 0.006

Intensity of activityk 10.04 8.26 2.5 40 9.71 8.18 1.38 45.6 8.28 8.28 1.80 50.80 0.475 0.623

Age of onsetl 25.97 19.34 5 62 27.51 19.17 3 69 12.82 7.31 5.00 40.00 9.031 0.0002

Experiencem −2.17 1.35 −4.01 0.91 −2.35 1.09 −4.09 −0.34 −1.37 0.88 −3.46 0.15 7.889 0.0006

Musical practice

intensityn
0.18 0.32 0 1.36 4.64 3.56 0.64 16.75 6.32 6.79 0.25 35.44 18.72

<0.0001

Note: M, mean; SD, standard deviation of the mean; N, number of participants per group; ♀, female participants. p-values in bold indicate a statistically

significant group difference.
aNumber of years of education, standardized. Elementary=6;High school=11;CEGEP (general)=13;CEGEP (technique)=14;Undergraduate=16;Master

= 18 (includesmedical doctors); PhD= 21;Medical doctors with specialization= 23.
bNumber of spoken languages.
cMoCA,Montreal Cognitive Assessment. Higher scores indicate better cognitive functions.
dGDS, geriatric depression scale. The GDS-15 includes 15 yes/no questions. Each “negative” answer is worth one point; thus, a higher score indicates a more

depressed state. For example, question one asks whether the person is globally satisfied with his/her life. A “no” answer is worth one point, whereas a “yes”

answer is worth no point. The normal score is 3 ± 2, a score of 7 ± 3 suggests a mild depression, and a score of 12 ± 2 indicates a severe depression. No

participant scored above 7.
eSelf-reported health= self-reported physical health status on a scale of 0–7 (0 being lowest physical health level).
fLife habits score=measureof life habits dementia protection (LHS) basedon the2020LancetCommission for dementia prevention, intervention, and care.40

Nine of the 12 factors were measured in our sample, corresponding to low education, hearing loss, traumatic brain injury, depression, social isolation, Type 2

diabetes, physical inactivity, alcohol consumption, and obesity. The details of the calculation are provided in Supporting Information 1.
gPTA, pure tone average thresholdsmeasured in decibels at 0.5, 1, 2, 3, 4, 6 kHz for each ear.
hBetter ear PTA= pure tone average thresholds (PTA) at 0.5, 1, 2, 3, 4, 6 kHz for the better ear, measured in decibels (dB).
iYears of practice= total years of active practice of signing, playing amusical instrument or practicing a cognitive-motor activity.
jRatio of practice= ratio between years of practice and age.
kIntensity of activity = mean number of hours spent singing, playing a musical instrument or practicing a cognitive-motor activity (principal activity) each

week over the past 5 years.
lAge of onset= age at which singers, instrumentalists or control participants began to practice their activity.
mExperience (EXP) = combination of the age of onset (AO) and the ratio of practice (RP) of the main activity. It consists of the multiplicative inverse of the

subtraction between the age of onset and the product of the age of onset and the ratio of practice (1/(AO − (AO × RP)). A natural logarithm transformation

was then performed to achieve normal distribution. A higher score indicates that a person started practicing early and has practiced for a large proportion of

his life.
nMusical practice intensity=mean number of hours spent practicing amusical activity eachweek over the past 5 years.

and attend localization (AL). Each test consists of 40 pairs of pure

tones, identical or not, presented in the same or different ears. In the

Cued RT test, participant needed to press on a button as fast as they

heard the second tone of the pair. In the AF test, the participant is

asked to indicate if the two sounds of each pair are identical, that is,

the same frequency, or not. To avoid perceptual difficulties, the spec-

tral gap between the two tons of each trial was between 2 and 8

equivalent rectangular bandwidths, which is well above the frequency

discrimination threshold. In the AL test, the participant is asked to

indicate if the two sounds of each pair are presented in the same ear

or not. Before each test, the sound level was adjusted at a comfort-

able level and a five-trial practice was performed. For the three tests,
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the reaction time (RT) of the corrects trials and the error rate (ER)

was obtained. According to TAiL directives, trials with a RT over 2 s

in Cued RT was considered a failure. For the three tests, trials with a

RT over or below ±3 SD than the participant’s mean were excluded;

none were removed. The TAiL provides measurements of two com-

ponents of selective attention: distractibility and conflict resolution.

Each component is calculated for each task as a cost in RT and ER. The

distractibility score represents the cost of attention when there is a

change in a distracting modality (different localization in AF, different

frequencies in AL). The conflict resolution score represents the cost of

attentionwhen there is incongruence between bothmodalities. For AF

and AL, there is congruence when two identical tones are presented in

the sameear (same–same) andwhen twodifferent tones are presented

in different ears (different–different). There is incongruencewhen two

identical tones are presented in different ears (same–different) and

when two different tones are presented in the same ear (different–

same). A higher distractibility or conflict resolution scores indicate a

higher cost of attention. Equations to obtain both scores are presented

in Supporting Information 2. Based on previous analysis with the same

sample,33 group effects were observed only in AF. Therefore, only

scores from the AF test are analyzed here.

Color-Word Interference Test

The French version of the CWIT42 was used to assess inhibition. The

CWIT is a version of the well-known Stroop test.43 The CWIT con-

sists of four conditions that increase in difficulty from the first to the

last: color naming (C1), word reading (C2), inhibition (C3), and inhibi-

tion/switching (C4). Each condition includes 50 stimuli presented on a

white background paper. In the color naming condition (C1), squares of

color, red, blue, and green, were presented and the participant had to

name the color. In theword reading condition (C2),words of colors, red,

blue, and green, printed in black ink are presented and participants are

asked to read the words. In the inhibition condition (C3), words of col-

ors, red, blue, and green, printed in amismatching ink (e.g., theword red

printedwithblue ink) arepresented. Participants are asked toname the

color of the ink. In the inhibition/switching condition (C4), the stimuli

are presented as C3, but some of the words were inside a box. The par-

ticipants are asked to name the color of the ink, but if theword is inside

a box, the participants are asked to read theword aloud. Each condition

starts with a 10-stimulus practice. For each condition, the time of com-

pletion (RT) and the number of errors, corrected or not, was extracted.

Prior analysiswith the same sample33 showed group effect in C4. Thus,

the only measure from this condition is analyzed here.

MRI data acquisition

Structural MR images were acquired on a 3T Achieva TX Philips MRI

Scanner with a T1-weighted 3D-MPRAGE sequence (repetition time

= 8.3 ms, echo time = 4.0 ms, field-of-view = 240 mm, flip angle =
8◦, 240 × 240 acquisition matrix, 180 slices/volume, no gap, voxel size

= 1 mm3). The MRI session had a duration of approximately 50 min

and included two blood oxygenation level–dependent (BOLD) fMRI

sequences, a resting state and a speech in noise perception task, and

a diffusion sequence. Only the T1w images were analyzed.

MRI data processing

FreeSurfer software 7.2.0 (https://freesurfer.net/) was used for struc-

tural MRI data processing. The FreeSurfer process includes motion

correction and conformation, intensity normalization, nonbrain tissue

removal, gray and white matter segmentation, and tessellations with

automated topology correction. Manual verifications were performed

by the two authors and followed FreeSurfer guidelines.44 Subcortical

segmentation of the caudate, putamen, and pallidum was performed

using the Aseg atlas.45 A probabilistic atlas for the thalamus46 and the

amygdala47 were used to segment these structures, into 25 and nine

bilateral nuclei, respectively. For the thalamus,we grouped somenuclei

to form nuclei groups of interest based on the atlas grouping: anterior

(anteroventral nucleus), intralaminar (central medial and lateral, cen-

tromedian, and parafascicular nuclei), medial (reuniens, mediodorsal

medial magnocellular, and lateral parvocellular nuclei), ventral lateral

(ventral lateral anterior and posterior), and pulvinar (pulvinar anterior,

medial, lateral and inferior). For the amygdala, we have grouped the

medial, the central and the cortical nuclei, and the cortico–amygdaloid

transition into the cortico–centro–medial nuclei group. Figure 1 illus-

trates all structures of interest and Supporting Information 3 indicates

nuclei included in grouping. The bilateral volume, in mm3, of the cau-

date, the putamen, the pallidum, the thalamus and its anterior (ant),

intralaminar (intT), medial (medT), pulvinar (Pu), ventral lateral (VL),

laterodorsal (LD), and LGN nuclei, and the amygdala and its cortico–

centro–medial nuclei (CCMA) were extracted. The bilateral volume of

themedial geniculate nuclei (MGN) of the thalamus was also extracted

because of its involvement in auditory processing. Because the volume

of brain regions is highly correlated with the total head volume, the

estimate total intracranial volume (eTIV) in mm3 was extracted and

used as a covariate in the statistical analysis.

The DeepCERES pipeline48 of the volBrain platform49 was used for

the cerebellum segmentation. DeepCERES is an automatic pipeline

that includes inhomogeneity correction, intensity normalization,

super-resolution extrapolation, cerebellum isolation, and atlas gener-

ation and segmentation. The bilateral volume of the lobules VI, VIIB,

and VIIIA, and the crus 1–2, as well as for the whole cerebellum were

first extracted in cm3, then transform inmm3.

Statistical analyses

Analyses were conducted in R studio (v 4.3.1).50 For each subcortical

structure, nuclei group, cerebellum lobules, and crus, and for eTIV, the

volume difference to the average of all participants was calculated. To

achieve a normal distribution, a natural logarithm transformation was

applied to the CWIT-C4 RT. For the CWIT-C4, the transformed RT and
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6 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 1 Subcortical structures of interest. (A)Medial and ventral view of the basal ganglia, thalamus, and amygdala of the average left brain
calculated from the entire sample. (1) Caudate nucleus, (2) putamen, (3) pallidum, (4) anterior thalamic nucleic group (antT), (5) intralaminar
thalamic nucleic group (intT), (6) medial thalamic nucleic group (medT), (7) pulvinar nucleus (Pu), (8) ventral lateral nucleus (VL), and (9)
cortico–centro–medial nuclei of the amygdala (CCMA). Note that themedial geniculate nucleus (MGN), the lateral geniculate nucleus (LGN), and
the laterodorsal nucleus (LD) were not observable on the average brain. (B) Posterior view of the cerebellum of a participant. (10) lobule VI, (11)
crus I, (12) crus II, (13) lobule VIIB, and (14) lobule VIIIA.

the number of errors were analyzed. For the TAiL, we could not obtain

a normal distribution for the cost in RT, thus only distractibility and

conflict resolution in cost in ERwere analyzed.

The analytical pipeline is presented in Figure 2. Linear mixed mod-

els (LMM) were used for all analysis. The buildmer package (v 2.9)51

and the lme4 package (v. 1.1-34)52 were used. For post hoc analy-

sis, the emmeans package (v 1.8.8)53 and the interactions packages

(1.1.5)54 were used to decompose interactions. Two LMM were cre-

ated to address our objectives. The first (Model 1) was used to identify

group differences in brain structure as a function of age (objective 1).

The second (Model 2) was used to determine whether the subcorti-

cal structure was associated with attention and inhibition, and if that

relationship was moderated by group and age (objective 2). Both mod-

els included sex, LHS, and eTIV (to control for head size) as covariates

and participants as a random factor. Sex was included because the

groups were not balanced on this variable (X2 = 7,3978; p = 0.02475).

LHS is a composite index that captures nine factors known to influ-

ence brain health in aging: education, audition, traumatic brain injury,

obesity, depression, social isolation, diabetes, physical inactivity, and

alcohol consumption. Rather than including each variable separately,

we used the LHS as a summary covariate to limit model complexity

and reduce the risk of overfitting, especially given our sample size,55—

while accounting for protective and risk factors that could confound

group comparisons. The eTIV covariate is a well-established covariate

in volumetric analysis andwas used to control head size.56

Therefore, the full (initial) Model 1 was as follows:

Volume ∼ Age × Group × EXP + Sex + LHS + eTIV + 1|Participant.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 7

F IGURE 2 Analytic pipeline. ER, error rate; EXP, global experience score.

The full (initial) Model 2 was as follows:

Behavior ∼ Volume × Age × Group + Volume

× Age × EXP + Volume × Group × EXP

+ Sex + LHS + eTIV + 1|Participant.

For Model 2, the behavior included the TAiL distractibility (cost in

ER), TAiL conflict resolution (cost in ER), CWIT-C4 errors, and CWIT-

C4 RT. Although no group effect was found for TAiL distractibility in

cost in ER and CWIT-C4 errors in our previous analysis,33 they were

included in this study. The absence of group differences at the behav-

ioral level does not imply that there are no morphological differences.

Previous analyses of the same dataset found interaction between cor-

tical thickness and group for both measures.23 For each structure, a

Benjamini–Hochberg false discovery rate (FDR)57 was applied to con-

trol for multiple comparisons on all tests of interest. In Model 1, the

tests of interest were all effects and interactions possible; in Model

2, the tests of interest were the effects and interactions that included

regional volumes.

Outliers, defined as belowQ1 – 1.5 × IQR or above Q3 + 1.5 × IQR,

were removed before analysis from all variables (subcortical volume,

cerebellum volume, attention, and inhibition measures). For Model 1,

outliers in volume measures were removed independently for each

brain structure. For Model 2, outliers in each behavioral variable were

identified and excluded separately. Importantly, participants removed

fromModel 1were also removed fromall subsequentmodels (Model 2)

to ensure consistency. However, exclusion in one submodel of Model 2

did not propagate across the others. Removal of outliers did not exceed

two participants per group in Model 1, except for the left amygdala

and bilateral crus II and lobule VIIB in which up to three partici-

pants per group was removed. Removal of outliers did not exceed two

participants, mainly none, per group inModel 2, except that five instru-

mentalists were constantly removing from conflict resolution and four

singers were constantly removing fromCWIT errors.

RESULTS

The results are presented by regions starting with the basal ganglia,

followed by the thalamus, the amygdala, and ending with the cerebel-

lum. Significant effects and interactions are displayed as heatmaps for

each model (Figures 3 and 4). Only effects and interactions surviving

the FDR correction are discussed. Main effects and post hoc analysis

Tables are displayed in Supporting Information 4–8.

Basal ganglia

For Model 1, a main effect of Age was found in the bilateral caudate,

putamen and pallidum while controlling for head size. Only the right

putamen showed an Age × Group interaction. In instrumentalists, Age

was more negatively associated with Volume compared to controls

(Figure 5A).

For Model 2A and B, the bilateral pallidum showed a Volume ×
Group interaction for the TAiL (Figure 5B,C). In both cases, controls

showed a positive relationship between regional volume and TAiL
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8 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 3 Heatmap of the significant main effects and interactions on subcortical volume. Contrasts between instrumentalists and singers
are not shown, as they are absent from themain analysis Tables. β= standardized estimate. Positive β values are illustrated with red shades, while
negative β values are illustrated with blue shades. Gray-colored cells indicate insignificant effect/interaction. Black dots indicate that the
effect/interaction survived the false discovery rate (FDR) correction. C, controls; eTIV, estimated total intracranial volume; EXP, global experience
score; I, instrumentalists; S, singers.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 9

F IGURE 4 Heatmap of the significant main effects and interactions ofModel 2. (A) Results for distractibility. (B) Results for conflict resolution.
(C) Results for Color-Word Interference Test (CWIT)-C4 reaction time (RT). (D) Results for CWIT-C4 errors. Contrasts between instrumentalists
and singers are not shown, as they are absent from themain analysis Tables. β= standardized estimate. Positive β values are illustrated with red
shades, while negative β values are illustrated with blue shades. Gray-colored cells indicate insignificant effect/interaction. Black dots indicate that
the effect/interaction survived the false discovery rate (FDR) correction. C, controls; EXP, global experience score; I, instrumentalists; S, singers.
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10 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 5 Results for the basal ganglia volume. (A) Age ×Group interaction on volume for the right putamen. (B) Volume ×Group interaction
on distractibility for the bilateral pallidum. (C) Volume ×Group interaction on conflict resolution for the bilateral pallidum. (D) Volume ×Age
interaction on Color-Word Interference Test (CWIT)-C4 reaction time (RT) for the bilateral pallidum and right caudate. (E) Volume × EXP×Group
interaction on CWIT-C4 RT for the bilateral putamen and right caudate.Note: Volume expressed inmm3. EXP, global experience score; Instr.,
instrumentalist.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 11

scores, whereas no such relationship was observed for instrumental-

ists and singers, apart from two nonsignificant contrasts in the left

pallidum (p = 0.058): control—singer for distractibility and control—

instrumentalist for conflict resolution. For Model 2C, a Volume × Age

interaction was observed in the right caudate and bilateral pallidum.

Across all structures, the relationship between volume and RT shifted

from positive to negative with increasing age (Figure 5D). A Volume

× EXP × Group interaction was also observed in the bilateral puta-

men and the right caudate. In the bilateral putamen, in singers and

instrumentalists, the relationship betweenVolumeandRT shifted from

a negative to a positive relationship as EXP increased, whereas the

opposite was found for controls (Figure 5E). In the right caudate,

a similar pattern was observed for singers and controls, but there

was no relationship between Volume, RT and EXP in instrumentalists

(Figure 5E).

Thalamus

For Model 1, a negative main effect of age was observed on thalamic

volumesbilaterally. An age effectwas also observed in all nuclei groups,

except in the right antT, right LGN, and the bilateral MGN. A main

effect of groupwas found in the bilateral VL. In instrumentalists, lower

volume was observed compared to singers and controls (Figure 6A).

A significant EXP × Group interaction was found in the right MGN.

In singers, EXP was positively associated with Volume, whereas no

relationship was observed in controls. Instrumentalists did not differ

significantly from either group (Figure 6B).

For Model 2, an Age × Volume interaction on CWIT-C4 RT was

observed in the left thalamus, and in the left antT, intT and VL, and in

the right Pu and LGN. Results showed that the relationship between

Volume and CWIT RT shifted from positive to negative with increasing

Age (Figure 6E). Another interaction, Volume×Group, onCWIT-C4RT

was also observed. In singers, medT volume was positively associated

with RT, whereas a negative relationship was observed for controls.

Instrumentalists did not differ from either group (Figure 6D). Other

effects and interactions were observedwith the other behavioral mea-

sures. A Volume × Group interaction on conflict resolution was found

in the bilateral medT. In singers, Volumewas positively associated with

conflict resolution, with a significantly different relationship compared

to controls and instrumentalists. A nonsignificant trend was observed

in the left medT for the singer—control contrast (p= 0.059; Figure 6C).

A main effect of volume on CWIT-C4 errors was observed in the

bilateral medT and left Pu. Errors were positively associated with left

medTandPuvolumebut negatively associatedwith rightmedTvolume

(Figure 6F).

Amygdala

For Model 1, a negative effect of Age was observed in the bilateral

amygdala as a whole, as well as in the bilateral CCMA; no associa-

tion with group was found. For Model 2, a Volume × EXP × Group

interaction on CWIT RT (Model 2C) was observed in the left amygdala

as a whole. In singers and instrumentalists, the relationship between

Volume and RT shifted from negative to positive as EXP increased,

whereas the opposite was found in controls (Figure 7B). A Volume ×
Age × Group interaction on conflict resolution was observed in the

right CCMA. In singers, the relationship between Volume and Conflict

resolution shifted from negative to positive as age increased, whereas

the opposite pattern was observed in controls (Figure 7A). In the right

CCMA, a Volume × Group interaction on both CWIT measure was

observed. For CWIT RT, singer showed a positive relationship between

volume and RT, contrasting with the negative relationship in controls

(Figure 7C). For CWIT errors, singers exhibited a positive relation-

ship between volume and errors, whereas instrumentalists showed a

negative relationship (Figure 7D).

Cerebellum

For Model 1, a negative main effect of age was observed in both cere-

bellar hemispheres, and in bilateral lobuleVI and crus I, right crus II and

left lobule VIIB. An Age× EXP×Group interactionwas observed in the

left lobule VIIIA. In instrumentalists, the relationship between age and

volume shifted frompositive to negative as EXP increased,whereas the

opposite pattern was observed in controls (Figure 8A).

For Model 2, two interactions were observed in the bilateral cere-

bellum as a whole: a Volume × Age × Group interaction on conflict

resolution and a Volume × EXP × Group interaction on CWIT RT.

For the Volume × Age × Group interaction, in singers, the relation-

ship between volume and conflict resolution shifted from negative to

positive as age increased, whereas in controls this relationship was

positive across all ages (Figure 8C). For the Volume × EXP × Group

interaction, also observed in the right crus II, in singers, the relation-

ship between volume and RT shifted from negative to positive as EXP

increased, whereas, in controls, this relationship was negative across

all ages (Figure 9A). Other interactions and main effect were observed

in specific cerebellar structures. A Volume × Group interaction on dis-

tractibility was observed in the bilateral crus II. In singers, volume was

negatively associated with distractibility, whereas no relationship was

observed in instrumentalists and controls (Figure 8B). A Volume× EXP

× Group interaction on conflict resolution was observed in bilateral

crus II. In instrumentalists, the relationship between right crus II vol-

ume and conflict resolution shifted from positive to negative as EXP

increased, whereas the opposite was found in singers and controls

(Figure 8D). In the left crus II, the same pattern was observed as in the

right crus II, but only instrumentalists and singers differed (Figure 8D).

A positive association between the right lobule VI volume and conflict

resolution was found (Figure 8E). A Volume × Age ×Group interaction

on CWIT RT was found in the bilateral crus I. In instrumentalists and

singers—more prominently in singers—the relationship between vol-

ume andRT shifted frompositive to negative as age increased,whereas

the opposite pattern was observed in controls (Figure 9B). A Volume

× EXP interaction on CWIT RT was observed in the left crus II; in all

participants, the relationshipbetweenvolumeandRTshifted fromneg-

ative to positive as EXP increased (Figure 9C). A negative effect of
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12 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 6 Results for the thalamus volume. (A)Main effect of Group on Volume for the bilateral ventral lateral (VL). (B) EXP ×Group
interaction on volume for the right medial geniculate nucleus (MGN). (C) Volume ×Group interaction on conflict resolution for the bilateral medT.
(D) Volume×Group interaction on Color-Word Interference Test (CWIT)-C4 reaction time (RT) for the rightmedT. (E) Volume×Age interaction on
CWIT-C4 RT for thewhole left thalamus, ant, intT and VL, and right pulvinar (Pu) and lateral geniculate nucleus (LGN). (F)Main effect of Volume on
CWIT-C4 errors for the bilateralMEDT and left Pu.Note: Volume expressed inmm3. Instr., instrumentalist.
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F IGURE 7 Results for the amygdala volume. (A) Volume ×Age×Group interaction on conflict resolution for the right cortico–centro–medial
nuclei of the amygdala (CCMA). (B) Volume × EXP×Group interaction on Color-Word Interference Test (CWIT)-C4 reaction time (RT) for the left
amygdala. (C) Volume ×Group interaction on CWIT-C4 RT for the right CCMA. (D) Volume ×Group interaction on CWIT-C4 errors for the right
CCMA.Note: Volume expressed inmm3. EXP, global experience score; Instr., instrumentalist.

volume on RT was observed in the left lobule VI (Figure 9D). Finally, a

Volume×Age×Group interaction onCWIT errorswas observed in the

left crus II. In instrumentalists, the relationship between volume and

errors shifted from negative to positive as age increased, whereas the

opposite pattern was observed in controls (Figure 9E).

DISCUSSION

This study aimed to examine age-related effects on the subcortical

attentional system in singers, instrumentalists, and active nonmusi-

cians, aswell as their relationship to attentional control capacities. Our

three key results are as follows: (1)Whilemusical activities do notmiti-

gate age-relateddecline in subcortical volume, theyareassociatedwith

distinct relationships between subcortical volume and attentional con-

trol compared to nonmusicians. (2) Attentional control is associated

with bilateral subcortical volumes and (3) associations with subcorti-

cal volumes are strongest with inhibition compared to attention. These

findings are discussed below.

Subcortical aging and musical activities

In almost all structures, controlling for head size, the expected negative

effect of age on volume was found in all three groups, in line with pre-

vious studies (for a review, see refs.58–60). Furthermore, our results did

not reveal a global positive effect of practicing amusical activity on the

subcortical attentional system. Out of the 40 structures investigated,

only five showed a group difference. In three of these—the bilateral

VL and the right putamen—practicing amusical instrument was associ-

atedwith lower volume compared to singing or practicing a nonmusical

activity. Moreover, greater experience with a musical instrument was

associated with a smaller left lobule VIIIA volume compared to less

experience. This finding supports the ERM,22 which stipulates that

better performance is associated with lower volume. Our results also

revealed that more experienced singer had a larger right MGN com-

pared to controls. These findings contrast with our previous analysis

of the impact of musical activities on the cortical attention network

in the same sample.23 In that study, although relatively few in abso-

lute terms, more interactions were observed between age and group,

as well as between experience and group. Specifically, at cortical level,

singing was associated with lesser age-related thinning in approxi-

mately 10% of the investigated regions, and distinct activity-specific

mechanisms compared to controls and instrumentalists in about 6% of

the regions. Taken together, these findings indicate that practicing any

cognitive-motor activity, musical or not, lead to similar aging effect at

the subcortical level.However,without apassive control group,wecan-

not determine whether aging is reduced compared to not engaging in

any activity.
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14 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 8 Results forModels 1, 2A and B of cerebellum volume. (A) Age × EXP ×Group interaction on left lobule VIIIA Volume. (B) Volume ×
Group interaction on distractibility for bilateral crus II. (C) Volume ×Age×Group interaction on conflict resolution for bilateral cerebellum. (D)
Volume × EXP ×Group interaction on conflict resolution for bilateral crus II. (E)Main effect of Volume on conflict resolution for right lobule VI.
Note: Volume expressed inmm3. EXP, global experience score; Instr., instrumentalist.

While the literatureon the combinedeffect of aging andexperience-

induced plasticity on subcortical structures is limited, our results

nevertheless align with prior studies that did not report positive effect

of practicing a physical activity on the volume of the cerebellum, basal

ganglia, thalamus, and amygdala.61–63 However, some studies have

reported protective effects of engaging in various kinds of musical or

nonmusical activities in healthy older adults. For example, amateur

instrumentalists have shown less pronounced age-related decline in

cerebellar crus I volume compared to nonmusicians.64 Additionally, a

study found higher volume in the bilateral cerebellar lobules VIII and

XI, and in the right caudate nucleus, in older adults who participated in

piano or musical culture lessons for 6 months.65 However, no greater

volume increase was observed in the piano group compared to the

musical culture group. Similarly, reduced age-related decline in subcor-

tical volume has also been reported following cognitive66 and physical

training.67 Importantly, however, these findings were observed in a

limited set of structures, which varied across studies. Overall, few

studies have investigated the effect of activity engagement in healthy

older adults, as most studies have focused on clinical populations. The

observed positive effects are modest. One possible explanation is that
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 15

F IGURE 9 Results forModel 2C andD of cerebellum volume. (A) Volume × EXP ×Group interaction on Color-Word Interference Test (CWIT)
reaction time (RT) for bilateral cerebellum and right crus II. (B) Volume ×Age×Group interaction on CWIT RT for bilateral crus I. (C) Volume× EXP
on CWIT RT for left crus II. (D)Main effect of Volume on CWIT RT for left lobule VI. (E) Volume ×Age×Group interaction on CWIT Errors for left
crus II.Note: Volume expressed inmm3. EXP, global experience score; Instr., instrumentalist.
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16 ANNALSOF THENEWYORKACADEMYOF SCIENCES

activity-related changes in subcortical gray matter are too subtle to

detect, especially given the well-documented strong negative effects

of aging.

One distinctive feature of our study is that it focused on ama-

teur, rather than professional musicians. While most previous studies

have examined professional musicians—who typically engage in more

intensive and prolonged training—few have included amateurs, and

even fewer have directly compared both groups. When such com-

parisons have been made, stronger effects are often reported in

professional.25,29 However, focusing on amateur musicians is impor-

tant for understanding the potential benefits of more accessible,

nonprofessional forms of musical engagements. The fact that we did

not observe clear subcortical differences may reflect the subtler neu-

roplastic changes associated with amateur practice, which may not be

detectable with structural measures alone. Nevertheless, the inclusion

of amateur musicians increases the ecological validity of our findings

and highlights the need for further research examining the thresh-

old and dose-response relationships betweenmusical engagement and

brain plasticity.

The effect of subcortical volume on attentional
control

Although age-related structural decline was similar across groups,

there were group differences in the relationship between volume

and attention control. In general, better performance was associated

with lower subcortical volume in singers. In some structures, this was

observed only in older singers or in singers with more experience, a

pattern that is aligned with the ERM.22 In contrast, in controls, those

with better performance had a larger volume, a pattern that is aligned

with the BR hypothesis. One could argue that since the BR hypothesis

is an aging hypothesis, it is irrelevant when age is not a factor. How-

ever, this hypothesis can also be interpreted from the point of view of

experience. The concept of BR is tightly associated with the concept of

cognitive reserve.21,68,69 The BR is the physical reserve of the brain—

its volume and synaptic density—while the cognitive reserve refers to

the flexibility and adaptability of cognitive networks to resist negative

age effects.68 Thus, preserving the brain should allow for an enhanced

cognitive reserve. Therefore, in the context of practicing a cognitively

demanding activity, having more experience should be associated with

higher BR, thus with better cognitive reserve. In instrumentalists, the

brain-behavior patterns did not follow a clear or consistent pattern.

These findings are in linewith our analysis of the cortical attention sys-

tem in the same sample.23 However, a key difference from previous

findings is the greater bilaterality of the current results. Specifically,

of the 40 associations between volume and attentional control, 20

involved homologous structures (i.e., a right structure and its left coun-

terpart are associatedwith ameasure; Table 2). This bilaterality ismost

evident in the basal ganglia (pallidum and putamen) and the cerebel-

lum (as a whole and crus I-II). At the cortical level, bilaterality was also

present but not in homologous regions.23 Specifically, six left hemi-

sphere regions and four right hemisphere regionswere associatedwith

attentional control, but of those, only the two superior frontal sulci, left

and right, were homologous regions. Our results are in line with the lit-

erature showing a contribution of the bilateral cerebellum in attention

control.4,70

Among all attentional measures, RT in the fourth condition of the

CWIT showed the most associations with subcortical volume. Of the

24 structures associated with attentional control, 21 were associated

with the CWIT (Table 2). The predominant pattern was an interaction

between volume and age, found in the bilateral pallidum, right cau-

date, Pu and LGN, and left thalamus, antT, intT, and VL. Older adults

with smaller volumes in each of these regions were slower than those

with larger volumes. These results are partially aligned with a previ-

ous study showing that the negative effect of age on inhibition control

is mediated by a decrease in the volume of the right caudate.71 How-

ever, in that study, no association between inhibitory control and the

volume of other basal ganglia nuclei or other subcortical structures

was found. Interestingly in our study, an opposite pattern emerged

in the bilateral crus I, where older controls with larger volumes were

slower than those with smaller volumes. This observation contradicts

the BR hypothesis, suggesting that more volume is not always associ-

ated with better performance, even in older age. This observation may

reflect mechanisms consistent with the ERM wherein increased vol-

ume does not necessarily indicate enhanced function. Support for the

ERM in aging was also observed in the full bilateral cerebellum and the

right CCMA volume in singers for conflict resolution. However, these

observations are at odds with the literature which generally indicates

that,with age, less cerebellar volume is associatedwithworst cognition

(for a review, see ref.72). Therefore, further studies are necessary to

clarify themechanisms of cerebellar plasticity and their impact on cog-

nitive aging. Another main observation was the interaction between

volume, experience and group on RT. This observation was observed in

the bilateral putamen and cerebellum, the left amygdala and the right

caudate. In the left amygdala and the basal ganglia nuclei, results for

singers, and instrumentalists to a lesser extent, were in line with the

ERM while the controls were consistent with the BR. In the cerebel-

lum, however, controls showed that, independently of the experience,

less volumewas associatedwith slower RT,while the results for singers

were in line with the ERM.

These observations may be explained by the relationship between

selective attention and inhibition, as well as the role of subcortical

structures in the inhibition process. A recent study has proposed that

the ability to inhibit distracting information is not under voluntary con-

trol, but rather based on previous experience with the distractor.73

The mechanism by which distracting information is inhibited is still

unknown, but proposals include the representation of the distractor in

working memory, where a rejection template would match the distrac-

tor, or the amplified representation of the target in working memory

to reduce the risk of distractor selection. Thus, the basal ganglia74 and

the thalamus8,75 could provide a link between working memory and

attention control by contributing to representing the distractor. The

cerebellum would also play a role in representing the distractor. There

is evidence that the cerebellum is activated during a Stroop task.76 In

our study, we also found that the cerebellum was the structure mainly
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TABLE 2 Summary of associations between subcortical structures and attentional control.

Associationwith

Attention Inhibition

Structure Section Distract Conflict Reaction time (RT) Errors

Basal

ganglia

Left pallidum * * *

Right pallidum * * *

Left putamen *

Right putamen *

Right caudate *

Thalamus Left thalamus *

Left ant *

Left intT *

Left medT * *

Right medT * * *

Left ventral lateral

(VL)

*

Left pulvinar (Pu) *

Right Pu *

Left lateral

geniculate nucleus

(LGN)

*

Amygdala Left amygdala *

Right cortico–

centro–medial nuclei

of the amygdala

(CCMA)

* * *

Cerebellum Left cerebellum * *

Right cerebellum * *

Left lobule VI *

Right lobule VI *

Left crus I *

Right crus I *

Left crus II * * * *

Right crus II * * *

Note: *, significant after false discovery rate (FDR) correction; Distract, distractibility (cost in error) at the attend location of the TAiL; Conflict, conflict reso-
lution (cost in error) at the attend location of the TAiL; RT, time to pass the fourth condition of the Color-Word Interference Test (CWIT); Errors, number of

errors during the fourth condition of the CWIT.

associated with conflict resolution. Ameasure of conflict resolution, as

in the TAiL41 and a Stroop task,43 can assess the function of the atten-

tional executive network.1,77 Mannarelli et al.78 found that inhibiting

the cerebellum via noninvasive brain stimulation was associated with

reduced efficiency in the executive network. Consequently, since the

thalamus and basal ganglia are less associated with conflict resolu-

tion than the cerebellum, but all three are associated with inhibition,

the role of each would be different in the control of attention. The

basal ganglia and the thalamus would be implicated in the representa-

tion of the distractor while the cerebellum would be implicated in the

resolution of conflict between a target and a distractor.

The cerebral attention system—Cortical and
subcortical structure

For a long time, research on attentional control, andmore generally on

cognition, has focused on the cortex.3 The objective was to find func-

tionally activated cortical regions during attentional tasks. Although

functional activity is an important indicator of the neural networks

involved in an ability, it does not provide information about its underly-

ing structural foundation. Structural MRI can reveal differences in the

gray matter organization, which may underlie functional differences

and provide insights into long-term developmental and neurodegen-
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erative changes. Based on the results of the current study and our

previous work,23 here we propose four observations:

∙ The effects of long-term practice on brain structure are primarily

observable at the cortical level. This suggests that, during aging,

compensatory plasticity is more sustainable at cortical than subcor-

tical levels. An explanation could be that subcortical changes are

more subtle or happen at an earlier stage. This subtlety could be

explained by different plasticity mechanisms operating at the sub-

cortical level. For example, the anterior and posterior hippocampal

volumes of taxi drivers have been shown to differ from those of the

general population, despite no difference in the overall hippocam-

pal volume.79 Specifically, taxi drivers exhibited a larger posterior

hippocampus, and a smaller anterior hippocampus compared to the

general population. This suggests that, rather than increasing total

volume, subcortical plasticity may trigger a more complex and more

subtle reorganization of neural resources.

∙ The absence of group differences in brain structure does not mean

that brain structures contribute to attentional control in the same

way across groups. In the present study, we observedmultiple inter-

actions between groups, subcortical volume and attentional control,

despite minimal group differences on volume.

∙ Plasticity mechanisms are activity-specific at both cortical and sub-

cortical levels. In the present and our past work,23 we observed that

results for singers were consistent with the ERM while results for

our active control group aligned with the BR hypothesis. The results

for instrumentalists did not follow a clear pattern. This suggests

that the plasticity mechanisms involved are activity-specific but not

regionally specific.

∙ While the relationship between subcortical volume and attentional

control was primarily observed in structures involved in bottom-up

attention, the relationship between cortical thickness and atten-

tional control was found in structures involved in bottom-up and

top-down attention. Practicing an activity would not be associ-

ated with the ability to better select a stimulus, but rather with

better inhibition of salient stimuli. This could explain why subcor-

tical volume was more strongly associated with the CWIT task

than with the TAiL. This observation is supported by a study

using the attention network test,80 which evaluates the efficiency

of the attentional networks,1,77 with professional musicians and

nonmusicians.81 Medina and Barraza81 showed that, compared

to nonmusicians, musicians have a more efficient executive net-

work, involved in the suppression of distracting stimuli, but showed

no difference in the efficiency of the orienting network, which is

linked to sensory information. In another study, it was found that

musicians were less distracted by irrelevant timbre change than

nonmusicians.82 Our team also found that musicians had a better

conflict resolution at the TAiL than nonmusicians, specifically instru-

mentalists in a study using the same sample33 and in singers in an

independent sample.83 However, other studies have found no bene-

fits of practicing a musical activity on inhibition.84–87 Therefore, the

benefits of practicing a musical activity on inhibition remains to be

clarified through randomized training studies.

Finally, future studies should investigate the coinfluence of cortical

and subcortical structures on attentional controls, ideally via random-

ized longitudinal studies focusingon the structural attentional systems.

This approach would reduce the need for multiple comparison correc-

tions and increase the likelihood of detecting subtle effects of musical

practice.

Limitations

Given the wide age range of the participants in our study, the sample

sizes may be considered relatively modest, and the conclusions should

therefore be interpreted with caution. Although no significant group

differences were found in participant characteristics, the absence of

evidence does not imply evidence of absence. Future studies with

larger samples and/or employing a Bayesian approach may be better

suited to assess true equivalence between groups. Nonetheless, a key

strength of the present study is its rigorous control of potentially con-

founding factors—including the use of our life habit score (LHS), which

integrates multiple variables known to influence brain health in aging.

Another limitation relates to the exclusion of one instrumentalist

with unusually low experience relative to the group. While one could

argue that amateur samples should reflect a wide range of variability,

this particular data point had a disproportionate influence on model

assumptions, especially regarding normality and leverage. Given that

experience was a central variable in the analysis, we opted to exclude

this outlier to preserve the robustness of the model. Future studies

may benefit from controlling for experience levels during recruitment

to ensure amore balanced distribution.

CONCLUSION

This study advances our understanding of the relationship between

attentional control and subcortical structures in four key ways. First,

we found that engaging in a musical activity, regardless of its kind, is

not associated with reduced age-related or differences in subcortical

structures. Second, engaging in a musical or nonmusical activity leads

to distinct relationships between attentional control and subcortical

structures. Third, our findings highlight the bilaterality of the sub-

cortical attentional system. Finally, subcortical structures were more

strongly associated with inhibitory control compared to attention.

Overall, our findings support the idea that musical practice is associ-

ated with circumscribed brain reorganization providing some support

to cognitive abilities.
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108 adults aged 20 to 88 years were recruited, including 34 singers, 37 instrumentalists, and 37 active nonmusicians. Participants completed an

auditory selective attention task and a visual inhibition task. MRI images were acquired to examine the relationship between subcortical volumes

and attention in these groups. Aging was associated with worse attentional control and smaller subcortical volumes. Significant interactions were

found between groups and subcortical volume in relation to attention.
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