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Abstract

The global ageing of populations calls for effective, ecologically valid methods to sup-
port brain health across adult life. Previous evidence suggests that music can promote
white matter (WM) microstructure and grey matter (GM) volume while supporting
auditory and cognitive functioning and emotional well-being as well as counteracting
age-related cognitive decline. Adding a social component to music training, choir sing-
ing is a popular leisure activity among older adults, but a systematic account of its
potential to support healthy brain structure, especially with regard to ageing, is cur-
rently missing. The present study used quantitative anisotropy (QA)-based diffusion
MRI connectometry and voxel-based morphometry to explore the relationship of life-
time choir singing experience and brain structure at the whole-brain level. Cross-
sectional multiple regression analyses were carried out in a large, balanced sample
(N = 95; age range 21-88) of healthy adults with varying levels of choir singing expe-
rience across the whole age range and within subgroups defined by age (young,
middle-aged, and older adults). Independent of age, choir singing experience was
associated with extensive increases in WM QA in commissural, association, and pro-
jection tracts across the brain. Corroborating previous work, these overlapped with

language and limbic networks. Enhanced corpus callosum microstructure was
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1 | INTRODUCTION

Brain structure transforms across adulthood. After peaking in early
adulthood, both white (WM) and grey matter (GM) undergo gradual
reductions in structural integrity and volume (Bethlehem et al., 2022;
Salat et al., 2004; Vinke et al., 2018). Consequent disruptions in WM
(Charlton et al., 2006; Nicolas et al., 2020; Ritchie et al., 2015) and
GM network integrity (Koini et al., 2018; Manard et al., 2016) are
associated with declines in working and episodic memory, fluid intelli-
gence, and executive function. Disrupted connectivity, among other
factors, may contribute to impairments in neural plasticity (see
Burke & Barnes, 2006). However, such changes are more regional and
selectively constrained than historically assumed. Sufficient training
may induce plastic changes that are both analogous to those observed
in younger brains and unique to older brains (e.g., Boyke et al., 2008).
Indeed, training-induced plasticity can be utilised to support brain
structure, such as WM microstructure (de Lange et al., 2018; Lovdén
et al, 2010), brain volume, and cortical thickness (Colcombe
et al,, 2006; Kihn et al., 2017). Given the rapid pace of population
ageing (United Nations Department of Economic and Social
Affairs, 2022), however, there is an urgent need for the validation of
widely applicable, ecologically valid, and cost-effective training activi-
ties capable of supporting brain health at older age.

Previous evidence suggests that engagement in leisure activities,
such as music, may contribute to the preservation of brain health and
enhance specific cognitive functioning, including processing speed,
episodic memory, and executive function in healthy ageing (Roman-
Caballero et al., 2018; Rouse et al., 2022; Tremblay & Perron, 2023;
for review, see also Sutcliffe et al., 2020) and in mild cognitive impair-
ment (Doi et al., 2017; Dorris et al., 2021). Additionally, such activities

associated with choir singing experience across all subgroups. In addition, choir sing-
ing experience was selectively associated with enhanced QA in the fornix in older
participants. No associations between GM volume and choir singing were found. The
present study offers the first systematic account of amateur-level choir singing on
brain structure. While no evidence for counteracting GM atrophy was found, the pre-
sent evidence of enhanced structural connectivity coheres well with age-typical
structural changes. Corroborating previous behavioural studies, the present results
suggest that regular choir singing holds great promise for supporting brain health

across the adult life span.

ageing, connectivity, grey matter, music, singing, white matter

1. Effects of regular amateur-level choir singing on brain structure were explored in healthy
adults (N = 95, age range 21-88 years) at the whole-brain level.

2. Independent of age, regular choir singing is associated with extensive enhancements in struc-
tural connectivity along commissural, association, and projection pathways.

3. Older choir singers show selective enhancements of fornix microstructure bilaterally.

have been shown to potentially reduce the risk of dementia (Arafa
et al,, 2022; Verghese et al., 2003). A recent randomised controlled
trial (RCT) found that playing a musical instrument (the piano), can
help preserve the integrity of the fornix in older adults, with a weak
positive association with episodic memory (Jlinemann et al., 2022;
see also Burzynska et al., 2017). Some evidence also suggests that
musical activities may support the preservation of brain volume in
prefrontal and temporal regions (Chaddock-Heyman et al., 2021; for
review, see also Muifos & Ballesteros, 2021) and reduce overall signs
of structural ageing at non-professional level (Chaddock-Heyman
et al., 2021; Rogenmoser et al., 2018; however, see also Matziorinis
et al., 2022). However, a systematic account on the influence of music
on brain structure and its association with cognitive function in
healthy ageing is currently missing (for review, see Sutcliffe
et al., 2020). On a larger scale, the effects of musical activities on brain
structure, particularly concerning its changing structural and dynamic
functional properties across the adult lifespan, remain unknown.

In terms of ecological validity, singing is a particularly promising
form of musical activity to support brain health as it requires neither
access to instruments or other equipment nor the acquisition of a
new motor skill. While both instrumental and vocal music training
enhance frontotemporal and limbic connectivity bilaterally, singing
has been associated with larger volumes of the left arcuate fasciculi
(AF; Halwani et al., 2011; see also Perron et al., 2021) and larger-scale
enhancements of structural connectivity within vocal motor control,
sensory feedback, and language processing networks (Cheng
et al.,, 2023). Adding a social component to the positive effects of
singing, group/choir singing has recently become of special interest
for supporting healthy ageing. Recent findings suggest that group
singing is effective for promoting long-term quality of life, mood,
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cognitive function, and social engagement (Coulton et al, 2015;
Johnson et al., 2020; Pentikdinen et al., 2021; Skingley et al., 2016;
see also Cohen et al., 2006), thus providing a cost-effective tool to
support mental health in the ageing population (Coulton et al., 2015).
Despite its great potential for promoting brain health across adult life,
very few studies (e.g., Perron et al., 2021, 2022) have yet studied the
effects of choir singing on the ageing brain. Direct evidence of
whether choir singing might support the preservation of healthy brain
structure at whole-brain scale is currently missing.

The present study investigated the effects of the amateur-level
choir singing on age-induced atrophy in WM and GM, as well as cog-
nitive function, in a large, balanced sample (N = 95, age range 21-
88 years). Specifically, the study employed a quantitative anisotropy
(QA)-based connectometry using multi-shell diffusion MR imaging
(dMRI) data for WM analysis and voxel-based morphometry (VBM)
for GM analysis. These measures were tested across the sample as
well as separately within young (aged 20-39 years), middle-aged (40-
59 years), and older (60 years and above) participants. We hypothe-
sised that a longer duration of amateur-level choir singing would be
associated with experience-dependent specialisation in (i) WM QA,
particularly in language-related and vocal motor tracts, and (i) GM

volume, especially in the prefrontal and temporal regions, regardless

of age.
2 | METHODS
21 | Participants

One hundred volunteers (55 females), aged 21-88 years (mean 49.2,
SD 17.5), participated in this structural MRI study between November
2019 and December 2020. All participants were right-handed native
Finnish-speakers (four bilingual) with no diagnosis of a hearing impair-
ment, language or neurological disorder, cognitive decline, or demen-
tia. Participants had no professional training or other background in
music but were engaged in regular musical leisure activities at varying
levels. Participants who reported having choir singing experience were
required to have choir singing as their main musical hobby and to have
been actively engaged in it, at minimum, for the past 1 year involving
at least one hour of weekly choir singing. No upper limit on amateur-
level choir singing was set to allow for studying how the duration of
lifetime choir singing experience might be associated with brain struc-
ture. For homogeneity, persons reporting prior choir singing experi-
ence without active participation during the past 1year were
excluded from the study.

The recruitment process controlled for the main demographic
characteristics of the sample. Specifically, the recruitment process
controlled for the distribution of (i) age to achieve a good representa-
tion of various ages across the desired age range (20-90), (ii) gender
within the full sample and with respect to age to prevent overrepre-
sentation of any gender-associated characteristics in the structural
data, and (iii) age-corrected duration of choir singing experience to

achieve a good representation of various degrees of experience but

also of persons with no choir singing experience. All participants were
pre-screened for MRI contraindications upon recruitment and again
immediately before scanning. Prior to participation, all participants
provided written informed consent for participation and for the use of
their data for the study's scientific purposes. The study was approved
by the European Research Council Executive Agency and the Univer-
sity of Helsinki Ethical Review Board in the Humanities and Social and
Behavioural Sciences.

2.2 | Data acquisition

Data were acquired at the Advanced Magnetic Imaging (AMI) Centre
of Aalto University, Espoo, Finland, with a MAGNETOM Skyra 3.0 T
scanner (Siemens) equipped with a 32-channel RF receiving head coil.
Soft foam padding was used to stabilise participants' heads within the
coil, minimizing head movement and providing hearing protection.
Participants were instructed to immediately report any discomfort. A
whole-brain T1-weighted anatomical volume was acquired using a 3D
magnetisation-prepared rapid gradient-echo sequence with echo time
(TE) = 3.3 ms, repetition time (TR) = 2530.0 ms, flip angle = 7°, voxel
size =1 x 1 x 1 mm?, field of view (FOV) = 256 mm, and number of
slices = 176.

Multi-shell dMRI was performed using two sequences with bidi-
rectional phase encoding at anterior-posterior/posterior-anterior
(AP/PA) directions. TR = 5000 ms; TE = 104.0 (AP)/101.0 (PA) ms;
13 volumes at b-value of 0 s/mm? (AP) interspersed between higher
b-values, 30 unique directions at b-value of 1000 s/mm? (AP),
100 unique directions at b-value of 2500 s/mm? (AP), and 7 volumes
at b-value of Os/mm? (PA); number of slices=72; voxel
size = 2 x 2 x 2 mm>; and FOV = 240 mm.

Furthermore, all participants completed an extensive question-
naire battery that assessed demographic information, health and well-
being, social participation, leisure activities, and musical sophistication.
Assessed musical activities encompassed singing, playing an instru-
ment, dancing, and listening to music. Musical sophistication was
assessed with the Goldsmith's Musical Sophistication Index question-
naire (Gold-MSI; Miillensiefen et al., 2014).

2.3 | Preprocessing

In the VBM analysis of structural MRI data, T1-weighted images were
segmented into GM, WM, and cerebrospinal fluid (CSF) using Unified
Segmentation (Ashburner & Friston, 2005). These segmented images
were then normalised into Montreal Neurological Institute (MNI)
space using Geodesic Shooting (Ashburner & Friston, 2011). All pro-
cesses were conducted within the Computational Anatomy Toolbox
(CAT12; Jena University Hospital, Jena, Germany) running under the
Statistical Parametric Mapping (SPM12; Wellcome Department of
Cognitive Neurology, UCL) software package in Matlab R2019a (The
MathWorks Inc., Natick, MA, USA). Following normalisation, the

images underwent visual inspection and were smoothed with an



o4 | WILEY.

MOISSEINEN ET AL.

8-mm full width at half maximum (FWHM) isotropic filter. Total intra-
cranial volume (TIV) was computed from GM, WM, and CSF volumes
for each participant.

For the dMRI data, initial processing steps included denoising for
thermal noise (MP-PCA method; Veraart et al., 2016) via the denoise
tool in MRTrix 3 (Tournier et al., 2019). Additionally, the data were
corrected for Gibbs ringing based on local sub-voxel shifts (Kellner
et al,, 2016). We collected data with reversed phase-encode blips,
resulting in image pairs with opposite-direction distortions. The
susceptibility-induced off-resonance field was estimated from these
image pairs using a method similar to that described by Andersson
et al. (2003) as implemented in FSL (Smith et al., 2004). The images
were then combined into a single corrected one. Finally, the data
were corrected for motion and eddy currents using outlier detec-
tion and replacement (Andersson et al., 2016; Andersson &
Sotiropoulos, 2016) and bias (Smith et al., 2004).

After these preprocessing steps, the diffusion data were recon-
structed into MNI space in DSI Studio (version Chen, December
2022) available at http://dsi-studio.labsolver.org) using g-space diffeo-
morphic reconstruction to obtain the spin distribution function (Yeh
et al., 2010; Yeh & Tseng, 2011). The b-table was checked by an auto-
matic quality control routine to ensure its accuracy (Schilling
et al., 2019). Normalisation was carried out using the anisotropy map
of each participant, and a diffusion sampling length ratio of 1.25 was
used. The output was resampled to 2-mm isotropic resolution. Nor-
malisation result was visually inspected using forceps major and for-
ceps minor as anatomical benchmarks of quality (Hula et al., 2020;
Sihvonen et al., 2021) for each participant, as well as using the R?
values denoting goodness-of-fit between the participant's anisotropy
map and template. The restricted diffusion was quantified with
restricted diffusion imaging (Yeh et al., 2017), and QA was extracted
as the local connectome fingerprint (Yeh, Vettel, et al., 2016) for the
following connectometry analysis. QA was selected as the marker for
WM integrity as it has been shown to outperform traditional frac-
tional anisotropy (FA) by being more specific to individual's connectiv-
ity patterns (Yeh, Vettel, et al., 2016) and less susceptible to the
partial volume effect of crossing fibres and free water as well as to
provide better resolution in tractography (Yeh et al., 2013; see also
Sihvonen et al., 2023).

24 | Analysis

For the analyses on both GM and WM, the main variable of interest
was the experience of choir singing throughout one's lifetime, which
was treated as a continuous variable to study how the extent of life-
time choir singing experience might be associated with brain struc-
ture. To mitigate the direct effects of age, the total years actively
participating in choir singing was divided by each participant's age to
obtain an age-adjusted measure of choir singing experience. Similarly,
the involvement in solo singing and instrument playing was age-
adjusted and included as covariates in the analyses to control for

other types of musical activities reported by the participants. Four

separate multiple regression models were executed for both GM and
WM analyses: whole sample (N = 95), young adults (aged 20-
39 years, N = 34), middle-aged adults (40-59 years, N = 32), and
older adults (60 years and above, N = 29). Each model controlled for
the following factors: age, years of education, relative experience in
solo singing and instrument playing, and TIV derived from T1 images.
While age was considered a significant variable that could affect
structural changes across the sample as well as in the older partici-
pants, gender had been controlled for a priori (see Section 3.1), thus
showing a balanced distribution with respect to age, and was there-
fore not included as a covariate in the analyses. Also, the inclusion of
TIV as a covariate also served to control for potential effects of gen-
der, as TIV is closely associated with gender.

For the volumetric GM data, multiple regression analyses were
performed in SPM12 and were thresholded across the whole brain at
a familywise error rate (FWE) of p < .0125 (Bonferroni correction for
multiple comparisons). In the case of dMRI connectometry (Yeh,
Badre, & Verstynen, 2016), multiple regressions were carried out in
DSl Studio. Seeding was based on the whole brain, and tracts were
identified using a deterministic tracking algorithm (Yeh et al., 2013)
exceeding a significance threshold of t =3 (Hula et al., 2020) to
obtain correlational tractography. The resulting tracts were filtered by
topology-informed pruning (Yeh et al., 2019) with 16 iterations and a
length threshold of 30 voxels. To estimate the false discovery rate
(FDR), 4000 randomised permutations were applied to the group label
to obtain a null distribution for tract length. For each connectometric
analysis, the whole-brain FDR threshold was set to p <.0125
(Bonferroni correction for multiple comparisons). Tracts containing
fewer than five surviving fibres were excluded to further minimise

false positives.

3 | RESULTS

3.1 | Sample
The final sample size was N = 95, as dMRI data collection could not
be completed with two participants and issues in data quality were
found in three others. The demographic and musical background char-
acteristics of the sample are summarised in Table 1. As intended, con-
trolling for the main demographic characteristics during recruitment
yielded a balanced gender distribution with respect to age. Consistent
with the current demographic structure of the Finnish population
(Statistics Finland, 2020, 2021), higher age was negatively associated
with education [r{(93) = —.272, p = .008], with middle-aged partici-
pants reporting the highest mean. Older participants also reported less
lifetime experience (% of life active) in solo singing [r(93) = —.251,
p=.014] and playing an instrument [r{(93) = —.262, p =.010].
Besides age, education and other musical hobbies were thus
accounted for in the structural regression models along with TIV.
Factors measuring predisposition for music were not associated
with age. Specifically, participants' lifetime experience in choir singing

(% of age), which was used as the main study variable, was not
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TABLE 1 Demographic information for the whole sample and age subgroups.

Group
Demographic
Age
Gender (female/male/other)
Education years
Choir singing
Total years active
% of life active
Lifetime max. hours/week
Current hours/week
Solo singing
Total years active
% of life active
Lifetime max. hours/week
Current hours/week
Playing an instrument
Total years active
% of life active
Lifetime max. hours/week
Current hours/week
Gold-MSI?
Active engagement
Perceptual abilities
Musical training
Singing abilities
Emotions

General

All (N = 95)

49.7 (17.6), 21-88
50/45/0
16.6 (4.3),2-34

10.3 (13.9), 0-59
20.5 (24.1),0-79
2.7 (2.7),0-10
1.8 (2.0),0-8

3.9 (8.6),0-50
9.4(19.7),0-94
1.7 (3.2),0-15
0.5(1.2),0-8

9.9 (13.4), 0-60
22.8(27.3),0-87
2.8 (4.0),0-20
0.6 (1.4),0-10

33.6(9.2), 12-57
48.3(9.1), 24-62
22.7 (10.5), 7-43
30.3(9.5), 7-45

33.1(5.5),17-41

744 (22.2),20-111

Young (N = 34)

30.1(5.5), 21-39
18/16/0
17.4(2.8), 12-24

Middle-aged (N = 32)

50.3 (6.4), 40-59
16/16/0
18.1(3.8), 12-34

WILEY_| 5%

Older (N = 29)

70.2 (7.5), 60-88
16/13/0
13.9 (4.9), 2-20

6.5(8.1),0-29 9.4 (11.0), 0-36 15.8 (19.7), 0-59
20.1(24.8),0-77 19.0 (21.9), 0-67 21.6 (26.3),0-79
2.8(2.6),0-8 2.7 (2.6),0-10 2.7 (2.9),0-10
1.2 (1.5),0-5 1.9 (2.0),0-8 2.3(2.3),0-8
3.6(6.2),0-26 6.8 (12.8), 0-50 1.1(2.1),0-8
12.2(20.2), 0-87 13.6 (25.4) 0-94 1.5(2.8),0-10
2.1(3.7),0-15 1.9 (3.5),0-15 0.9 (2.1), 0-10
0.8(1.5),0-8 0.5(1.1),0-5 0.2(0.9),0-5

9.8 (8.5),0-30 10.0 (13.9), 0-48 10.0 (17.4), 0-60
32.9 (28.1), 0-80 20.1(26.8), 0-87 13.9 (23.6), 0-82
3.1(4.0),0-20 3.6 (5.0), 0-20 1.6 (2.3),0-10
0.5 (0.6), 0-2 0.9 (2.0), 0-10 0.5(1.4),0-7
32.9(9.7), 12-48 34.2(10.3), 12-57 33.8(6.7), 22-47
48.3 (9.4), 30-62 50.0 (8.9), 24-61 45.9 (9.0), 28-62
24.2(12.4),7-43 22.0(8.9),7-37 21.8(10.0), 7-38
31.2(9.6), 11-45 30.2(9.3), 7-44 29.2(9.9), 11-42
33.8(5.0), 22-40 34.2(5.6),17-41 30.5(5.5), 18-40

(

76.3(25.1),27-110

Note: All values reported as mean (SD), min-max, unless otherwise specified.

74.7 (21.0), 20-111

71.6 (20.4), 33-101

2Goldsmith's Musical Sophistication Index. Categorical scores available for N = 81 (young N = 29; middle-aged N = 30; older N = 22) due to missing

responses.

associated with age. Also, the current level of choir singing activity
(i.e., frequency; hours per week) and musical sophistication (Gold-MSI)
were not associated with age. It should be noted, however, that the
sample size for Gold-MSI subscale correlations was slightly lower
(N = 81) due to missing responses.

With respect to choir singing experience, all the Gold-MSlI subscales
except emotions were associated with choir singing (% of life active):
active engagement ry(81) = .509, p <.001; perceptual abilities ry(81)
= .555, p < .001; musical training r,(81) = .648, p < .001; singing abilities
r(81) = .572, p < .001; and general musical sophistication r,(81) = .627,
p < .001. Other background factors (gender, education years) were not
associated with choir singing experience (% of life active).

3.2 | WM connectometry
The relationship between choir singing experience and whole-brain

QA was analysed using correlational tractography. Across the whole
sample (N = 95), higher choir singing experience was positively

associated with QA in associative [left AF, right extreme capsule, as
well as bilateral cingulum, inferior longitudinal fasciculi (ILF), and infe-
rior fronto-occipital fasciculi (IFOF)], commissural [anterior commis-
sure (AC) and corpus callosum (CC)], and projection pathways
(bilateral corticopontine, corticospinal, corticostriatal, and dentatoru-
brothalamic tracts, medial lemnisci, and thalamic radiations). Separate
analyses in the age groups showed that these results were largely
driven by young adults, in whom higher choir singing experience was
linked to higher QA in most of the WM tracts listed above. Across all
age groups, a positive association was observed between choir singing
experience and higher QA in the posterior part of the CC. Addition-
ally, choir singing experience was linked to higher QA in the right cor-
ticospinal tract in middle-aged adults and in the bilateral fornix in
older adults. Negative associations between choir singing experience
and whole-brain QA were not found. The results are summarised in
Table 2 and Figure 1.

Furthermore, to learn more about the nature of these associa-
tions with respect to brain-behaviour correlations, supplementary
follow-up analyses between structural connectivity and choir singing
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Young
Tract Hemisphere All 20-39 years
Association
AF R - 38
L 201 36
Cingulum R 15 -
L 74 13
Extreme capsule R 6 -
L - -
ILF R 8 -
L 11 -
IFOF R 568 -
L 386 20
Uncinate fasciculus R - 5
L - 32
Commissural
AC R/L 7 -
cC R/L 7481 3164
Projection
Corticopontine R 365 20
L 264 205
Corticospinal R 3275 1539
L 445 630
Corticostriatal R 101 18
L 98 9
Dentatorubrothalamic R 446 25
L 5 -
Medial lemniscus R 664 132
L 48 41
Fornix R - -
L - -
Thalamic radiation R 115 -
L 14 -
Cerebellar
Cerebellum R = 59
L o =

TABLE 2 Number of tracts showing

Middle-aged Older X R ;

40-59 years 601 years increased QA as a function of higher
lifetime choir singing experience.

52 20

56 -

- 5

- 7

Note: Analyses corrected for multiple comparisons (Bonferroni) and surviving tracts with N < 5 rejected.

No decreasing trends for QA were found.

Abbreviations: AC, anterior commissure; AF, arcuate fasciculus; CC, corpus callosum; IFOF, inferior
fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; MLF, middle longitudinal fasciculus.

frequency (hours/week lifetime maximum; hours/week current) were
conducted in a similar manner in the full sample as well as in each age
subgroup. Here, no significant associations with structural connectiv-
ity were found.

3.3 | Voxel-based morphometry

No significant whole-brain effects on GM volume were observed in rela-
tion to choir singing experience, either in the overall sample or in any of

age-specific subgroups. To validate this null result, we conducted second-
ary analyses using more lenient thresholds (whole-brain uncorrected
p < .001 at the voxel-level and FWE-corrected p < .0125 at the cluster-
level). These analyses also failed to yield any significant results.

4 | DISCUSSION

The present cross-sectional study set out to examine the training-

induced association between amateur-level choir singing on



MOISSEINEN ET AL

WILEY_| 7%

FIGURE 1 Positive
associations between WM QA
and lifetime choir singing Left
experience. White matter

(WM) pathways showing a
positive association between
quantitative anisotropy (QA) and
choir singing experience
regardless of age as well as within
each age group (a) and the
respective local indices for QA (b).
Analyses were carried out using a
significance threshold of t = 3.0
and filtered by topology-informed
pruning with 16 iterations and a
length threshold of 30 voxels. All
results corrected for multiple
comparisons across the four
models (FDR < 0.0125).

Middle-aged Young All

Older

(a) Association between white matter QA and choir singing experience

Right Associative pathways

B Arcuate fasciculus
< ] cingulum
‘ B Extreme capsule
[l 'nferior longitudinal fasciculus
D Inferior fronto-occipital fasciculus
B uncinate fasciculus
Commissural pathways
D Anterior commissure
m Corpus callosum
Projection pathways
. Corticopontine tract
B corticospinal tract

B corticostriatal tract

I Dpentatorubrothalamic tract
. Fornix

[7] Medial lemniscus

[ ] Thalamic radiation

B Cerebellar pathways

B cerebellum

(b) Local index of QA within the associated white matter pathways

1.00

0.75

0.50

0.25

0.00
QA

whole-brain WM integrity (QA) and GM volume from early adulthood
to older age. Independent of age, the multiple regression models
showed positive effects of lifetime choir singing experience on the
integrity of commissural (AC and CC) pathways and of associative
(left AF and bilateral cingulum, ILF, and IFOF) and motor pathways
(bilateral medial lemnisci, thalamic radiations, and corticostriatal, corti-
cospinal, corticopontine, and dentatrorubrothalamic tracts). The

whole-sample results were largely driven by effects in young adults,

possibly relating to higher intensity of musical activities following ear-
lier starting age (see Gaser & Schlaug, 2003; Hutchinson, 2003). The
integrity of the posterior CC showed experience-dependent increase
in all age groups (young, middle-aged, and older adults). In addition,
older adults showed positive effects of choir singing experience in the
bilateral fornix, which was not observed in the other age groups.
Neither negative effects on WM integrity nor associations with GM

volume were found in relation to lifetime choir singing experience.
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Also supplementary follow-up analyses on the frequency of choir
singing experience (lifetime maximum; current) showed no significant

associations with WM integrity.

4.1 | Language network and integrative processing
Previous studies have reported experience-dependent specialisation
related to vocal training and amateur-level singing in AF microstruc-
ture (Halwani et al., 2011; Perron et al., 2021) and network density in
the left hemisphere (Cheng et al., 2023). In line with these findings,
we observed that choir singing experience was associated with
increased QA values in both the left AF and bilateral IFOF across the
entire sample. A beneficial transfer effect from regular musical activi-
ties to linguistic functions (Patel, 2011; Roman-Caballero et al., 2018;
see also Vuust et al., 2022), often attributed to functional overlap (see
Musso et al., 2015; Patel, 2011), is a classical finding in music neuro-
science. As AF and IFOF are thought to convey much of the informa-
tion along the dorsal and ventral streams of the language network
(Friederici & Gierhan, 2013; see also Conner et al., 2018), respectively,
the present results corroborate behavioural findings and tentatively
suggest enhanced structural network connectivity as one potential
cause for such benefits (see also Halwani et al, 2011; Perron
etal, 2021).

Interestingly, the present results also showed increased IFOF QA
in the non-language-dominant right hemisphere. While its precise
function remains unclear, previous evidence suggests that IFOF may
also act as a connector of several networks across the brain (see,
e.g., Sarubbo et al., 2013), contributing to emotional processing, non-
linguistic semantics, and mentalisation (e.g., H. Li et al., 2020; Matyi &
Spielberg, 2023; Roux et al., 2021), for instance. A recent study on
prosodic deficits and amusia in stroke patients (Sihvonen et al., 2022)
also found right IFOF damage to predict the incidence of both,
hypothesising that disrupted ventral stream processing might lead to
inefficient rhythmic-melodic integration along the far-branching tract.
Building on this idea, the observed bilateral increases in IFOF QA in
the present study might further explain the enhanced auditory skills,
such as pitch, timing, and timbre processing, commonly seen in musi-
cians (for review, see Kraus & Chandrasekaran, 2010). Future investi-
gations on this topic could benefit from a combination of structural
and functional network measures.

Music is known to trigger strong emotional responses, engaging
brain areas such as the anterior cingulate and insular regions for emo-
tional expression during musical production (Koelsch, 2014; Pando-
Naude et al., 2021). This also engages the dopaminergic mesolimbic
reward system (Koelsch, 2014; see also Menon & Levitin, 2005),
which could potentially enhance the cingulum pathways as observed
in the present data. Some previous work also links musical emotions
to mnemonics (e.g., Ratovohery et al., 2018, 2019), suggesting that
musical emotions may influence the mnemonic effects in music,
potentially engaging overlapping subcortical structures (Groussard
et al., 2010; see also Koelsch, 2014). As cingulum is also centrally

involved in goal-directed behaviour and motor control (Bubb

et al,, 2018), it would be highly interesting to learn how its structural
specialisation maps to the multifaceted sensory-emotional-motor inte-
gration involved in regular musical activity through time.

Finally, choir singers also showed extensive QA increases along
the somatomotor control circuitry, including the corticospinal tracts.
Similar neuroplastic effects on descending motor tracts have also
been documented for instrumental musical practice in previous dMRI
studies (Engel et al., 2014; Imfeld et al., 2009; Riber et al., 2015).
These pathways convey motor signals to the musculature of the body
and seem to be primed by emotional stimuli, such as facial expressions
and music (Baumgartner et al, 2007; Borgomaneri et al., 2021;
Haber, 2016; see also Pisner et al., 2017). Considering the brains'
strong sensory-motor (for review, see Vuust et al, 2022) and
emotional-motor response integration in music (Putkinen et al., 2021;
see also Matthews et al., 2020), it seems plausible that choir singing,
although not necessarily involving much active bodily movement aside
from balance and high postural control, could enhance the microstruc-
ture of corticospinal tracts through coupled network processing of the
music.

Interestingly, many of these general effects were largely driven
by the young group. This observation suggests that singing-associated
structural specialisation was most pronounced in participants under
40 years of age. Given that the relative lifetime experience of choir
singing was consistent across all age groups, this might be related to
an earlier onset of training (Gaser & Schlaug, 2003). In the case of
highly trained young participants, this early training would coincide
with the highly plastic periods extending from childhood to early
adulthood (see Altenmiiller & Furuya, 2016). Furthermore, while the
present analyses considered the influence of other musical hobbies
(i.e., solo singing and instrument playing), interaction effects that can-
not be attributed to a single origin, such as choir singing, should not
be discounted. One potential factor is plain exposure to music; the
neural networks supporting the perception of different types of music
are likely to overlap, thereby potentially amplifying the plastic effects
through increased overall frequency during these developmental
periods (Altenmuller & Furuya, 2016; see also Hanna-Pladdy &
2012; Hanna-Pladdy & MacKay, 2011;

et al., 2018). Since a direct comparison between the age groups was

Gajewski, Mansens
beyond the scope of this study, the contribution of the young choir

singers to the full-sample effects should be interpreted cautiously.

4.2 | Corpus callosum, fornix, and memory at
older age

The main finding of structural specialisation was found across the CC,
with a more focal effect in the posterior parts in middle-aged and
older adults. Although the present study controlled for age also within
the subgroups, the typically faster degradation of the anterior parts of
CC (e.g., Fan et al., 2019) might drive this trend. Forming the largest
commissural pathways in the human brain, CC contributes to a pleth-
ora of processes involving interhemispheric coordination (for review,

see Innocenti et al., 2022), showing a positive relationship between its
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microstructural integrity and general cognition (Coelho et al., 2021;
Raghavan et al., 2020; see also Shafer et al., 2022). Specifically, accel-
erated degradation in its posterior parts (posterior body, splenium,
forceps major) have been found in older populations with mild cogni-
tive impairment and Alzheimer's disease (Qiu et al., 2016; Xiao
et al., 2022; for review, see also Teipel et al., 2016), potentially medi-
ating episodic memory performance in these groups via disrupted
functional connectivity (Qiu et al., 2016).

Like the posterior regions of the CC, structural disintegration of
the adjacent fornices—main pathways connecting to the hippocampi—
have been linked to memory decline (for reviews, see Li et al., 2022;
Senova et al., 2020). The fornices typically mature and decline among
the first WM tracts in the brain (Jang et al, 2011; Korbmacher
et al.,, 2023; Lebel et al., 2012; Yap et al., 2013), which may explain
why the observed singing-related QA enhancements were seen exclu-
sively in older adults. Disruptions in fornix microstructure also typi-
cally precede those seen in posterior CC in AD and may already
appear at the pre-clinical stage (see Teipel et al., 2016). Therefore, rel-
atively longer duration of singing experience might offer greater
potential
adulthood.

Previous studies on the effects of musical activities on CC and

in preserving memory-related structures throughout

fornix microstructure in older adults remain sparse, yet two RCTs
have found that already six months of dancing (Burzynska et al., 2017)
and instrumental training (Jinemann et al., 2022) can improve the
structural integrity of the fornix, with a positive association to epi-
sodic memory in healthy, musically naive older adults (Jinemann
et al.,, 2022). Considering that both dancing and instrument playing
have also been associated with a reduced risk of dementia (Verghese
et al., 2003) and improved cognitive and memory functioning in older
persons with mild cognitive impairment (Doi et al., 2017), choir singing
would seem another promising leisure activity to protect structures
supporting memory function.

Paradoxically, previous evidence on the effects from singing on
cognitive function in older adults is somewhat mixed, with some studies
reporting singing-related benefits across a range of functions, episodic
memory included (Rouse et al., 2022), and some no cognitive effects
(Feng et al., 2020; Johnson et al., 2020). Methodological variability, the
abovementioned duration as well as the frequency of musical activity
might cause this discrepancy (see Hanna-Pladdy & Gajewski, 2012;
Hanna-Pladdy & MacKay, 2011; Mansens et al., 2018). While the
effects of choir singing on cognitive function were outside the scope of
this structural mapping study, it is recommended that future work aim-
ing to establish such a connection would consider methodological
choices of previous studies, including the duration and frequency of
singing, typical ageing patterns of the structures of interest
(e.g., Korbmacher et al., 2023), as well as individual variability, including
the contribution of unique lifetime factors (e.g., Chan et al., 2018).

4.3 | Choirsinging and GM volume

In contrast to large-scale WM changes, we found no association
between choir singing and whole-brain GM. While GM and WM

follow different ageing trajectories (Bethlehem et al, 2022) and
potential effects may not be focal enough to reach statistical signifi-
cance, volumetric methods may also be less sensitive to subtle varia-
tions in ageing effects than dMRI (e.g., Giorgio et al., 2010). This may
explain the asymmetry of the effects within the present sample. How-
ever, it should also be noted that our null result contradicts previous
findings involving a range of musical activities from amateur-level
musicianship (Chaddock-Heyman et al., 2021) to weekly exercise with
music (Tabei et al., 2017). A methodological reason for the discrepant
findings could be that only the present study used a free whole-brain
analysis in a relatively large sample, while differences in controlling for
multiple comparisons and for the effects from demographic factors,
for instance, might further differentiate the outcomes.

44 | Conclusion

The present study systematically mapped the effects of lifetime
amateur-level choir singing experience on GM volume and structural
connectivity, showing extensive enhancements in commissural as well
as bilateral association and projection tracts associated with lifetime
experience in choir singing across the sample. By contrast, structural
connectivity was not associated with the frequency of weekly choir
singing. Considering that the participants reported a lifetime maximum
of amateur-level choir singing activities up to 10 h per week and the
current level up to 8 h per week (Table 1), this asymmetry between
duration and frequency of choir singing with respect to structural con-
nectivity seems to suggest a more determinant role for the regularity
rather than volume of activity at the amateur level (see also Hanna-
Pladdy & MacKay, 2011; Mansens et al., 2018). Specifically, the pre-
sent inclusion criteria required a minimum of one weekly hour of choir
singing for the past year for participants who were engaged in
choir (for more detail, see Section 2.1).

However, marked limitations apply. First, although the chosen
study variable represented lifetime experience with choir singing, thus
offering a longitudinal perspective on the significant effects, a cross-
sectional design does not allow establishing a causal relationship
between choir singing and brain structure. Long-term RCTs involving
structural methods as well as recorded history of long-term engage-
ment in leisure activities (Chan et al., 2018) are required. Second,
despite careful demographic matching within the sample and control-
ling for differences in key factors, a potential bias, as seen in the
above sections, could be caused by the complex relationships of dif-
ferent factors related to musical (and other) activities, for instance.
These could not be thoroughly controlled for with the present sample
size (see, e.g., Harrell, 2015). Each of these issues could also be over-
come by focusing future studies on RCTs involving musically naive
adults and a comprehensive account of musical aptitudes as well as
records of leisure activities and other unique lifetime factors in addi-
tion to standard demographic information.

Third, self-selection of musical activities, such as singing, may lead
to population bias through natural disposition for music; a limitation
the field for some time

which has been recognised in

(e.g., Schlaug, 2005, pp. 367-377). Specifically, while lifetime-range
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correlational studies, such as the present one, can help map effects
associated with various degrees of experience, controlling for musical
aptitude and sophistication as well as their structural and other bio-
logical underpinnings (e.g., Jarvela, 2018) in a naturalistic sample is
highly challenging. Indeed, the present demographic results for musi-
cal sophistication showed positive associations between choir singing
experience and the Gold-MSI scales except for the Emotion subscale.
This suggests that, although the ability to enjoy music emotionally
was not restricted to musically active participants, a general selection
bias towards musical activities may apply. Besides continuing the
work with an RCT, higher reliability could be achieved through careful
control over these factors using pooled samples, for instance.

The stated limitations considered, the present study provides the
first evidence of an association between choir singing and enhanced
WM microstructure at the whole-brain level across a large age range,
and corroborates previous findings from cross-sectional and
longitudinal studies on the benefits of musical activities. Importantly,
large-scale specialisation effects were seen across the age range, with
beneficial effects on associative language and limbic tracts supporting
previous findings of enhanced processing in related functional
domains. With respect to maintaining brain health at older age, a key
finding in the present study was the enhancement of posterior CC
and fornix integrity in older choir singers, which may serve as interest-
ing neuroimaging biomarkers for future singing intervention studies in
ageing. The present results encourage further investigations on the
effects of choir singing as well as other musical leisure activities. Con-
sidering the high ecological validity and cost-efficiency of such activi-
ties, the present results suggest great potential for using regular, long-
term singing as method to maintain healthy brain structure across the

adult life span.
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