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Abstract 
 

Objectives. Ageing is accompanied by neurobiological changes, such as changes in grey 

matter (GM) volume and cortical thickness, that mediate a gradual cognitive decline, which 

can, in turn, be potentially offset by stimulating leisure activities. Choir singing is an 

especially feasible musical activity with positive effects on physiological, psychological, 

cognitive, and social functioning in old age. Research investigating the effects of choir 

singing on the ageing brain is limited. As part of the Brain, Ageing, and Vocal Expression 

(BRAVE) project, this study aimed to investigate the effect of ageing and choir singing on 

GM structure. 

Methods. Using a cross-sectional design and voxel-based morphometry (VBM) and surface-

based morphometry (SBM), this study compared GM structure between young (20-39 years; 

n=35), middle-aged (40-59 years; n=34), and old (60-90 years; n=31) participants and 

investigated the interaction of age and choir singing on GM structure with amateur choir 

singer (n=54) and controls (n=46). 

Results and conclusions. Age had a significant and widespread effect on GM structure, with 

old participants showing lower GM volume and cortical thickness than young (in bilateral 

sensorimotor, auditory/language, visual, and limbic areas, midbrain, and cerebellum) and 

middle-aged (in right visual cortex, thalamus, hippocampus and left auditory cortex) 

participants. Middle-aged participants also showed lower GM volume and cortical thickness 

than young participants (in bilateral sensorimotor, language, and visual areas, basal ganglia, 

cerebellum, and right hippocampus and amygdala). These results corroborate the current 

understanding of neurobiological ageing. No significant interaction of age and choir singing 

was found on GM structure, which could be explained by methodological factors. Further 

research is needed to determine whether choir singing can support brain structure or function 

across healthy ageing.
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1. INTRODUCTION 

 

1.1 Ageing 

 

According to the World Health Organization (WHO, 2021), the global population is ageing 

faster than ever before. In fact, the proportion of individuals aged over 60 years in the 

population will double between 2015 and 2050 (WHO, 2021). The faster pace of population 

ageing results from declining fertility rates and a rapid increase in life expectancy (Wang et 

al., 2020). An increase in life expectancy, however, does not equate to additional years lived 

in good health, as demonstrated by a faster increase in overall life expectancy compared to 

healthy life expectancy, defined as years lived without disease and/or injury (WHO, n.d.). 

With an increase in life expectancy, comes an increase in the prevalence of healthcare issues 

amongst the elderly. 

As the general risk for disease increases with age, the elderly population experiences a wide 

variety of healthcare issues including brain diseases of psychological and neurological nature 

(WHO, 2021). Often leading to disability, brain diseases, like dementia, are especially 

socioeconomically burdensome (Olesen et al., 2012). In fact, the global cost of dementia is 

estimated to reach USD $2 trillion by 2030 (Prince et al., 2015). Further, over 80% of the 

overall costs of dementia are accounted for by costs other than direct medical costs in Europe 

(Olesen et al., 2012), demonstrating that dementia poses great challenges for societies beyond 

medical care. As indicated, an increased prevalence of age-related brain disease translates to 

an overwhelming demand on social and healthcare services. 
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1.1.1. Age-related brain changes 
 

The brain experiences a multitude of physiological changes throughout the ageing process. 

On the macroscopic level, the ageing brain is characterized by a loss of grey matter (GM) and 

white matter (WM). Many studies document that GM is lost across the entire brain during 

ageing (Crivello et al., 2014; Giorgio et al., 2010). In fact, a longitudinal imaging study by 

Crivello et al. (2014) demonstrated that global GM volume (GMv) of healthy older adults 

reduces by approximately 4 cm³ annually. The rate of age-related GM atrophy, however, 

differs between brain structures. The most affected GM structures differ between studies, 

although many report the greatest atrophy to occur in the hippocampus and cortical areas 

(Fjell & Walhovd, 2010; Hedden & Gabrieli, 2004; Peters, 2006), which Crivello et al. 

(2014) found to reduce annually by 2.8% and 1.08-1.72% respectively. 

Further, age-related changes are also observed in the thickness of the cortex, measured as the 

width of GM from the outer cortical surface to the inner white matter boundary. Research 

shows that thickness across the cortex declines notably by middle age and continues to 

decline into old age (Frangou et al., 2021; Salat et al., 2004). Most areas of the cortex show 

thinning in a linear manner and frontal areas are reported to show the greatest thinning across 

ageing (Salat et al., 2004; Shaw, Abhayaratna, et al., 2016). These age-related changes in GM 

are mediated by neuronal changes including the decline in neuron size and decline in synaptic 

plasticity (Esiri, 2007; Fjell & Walhovd, 2010). 

Similar to GM, studies show that significant WM atrophy occurs globally with age (Barrick 

et al., 2010; Cox et al., 2016; Piguet et al., 2009). Accordingly, a post-mortem study by 

Piguet et al. (2009) found anterior WM volume to decrease by 27% and posterior WM 

volume by 37% between middle and old age. An imaging study by Barrick et al. (2010) 

demonstrated that this decrease can occur after middle-aged over a short 2-year period. 

Furthermore, imaging studies have found WM lesions in the form of hyperintensities to occur 

alongside ageing (Vernooij et al., 2008). These age-related changes to WM are mediated by 

neuronal changes such as the loss of axons and demyelination, as well as vascular changes 

including reduction in cerebral blood flow (Fjell & Walhovd, 2010; Peters, 2006; Piguet et 

al., 2009). 

Neurotransmitter systems also experience age-related changes. Commonly, dopamine and 

serotonin activity are reported to change with age (Reeves et al., 2002; Rodríguez et al., 

2012). Reductions in dopamine and serotonin receptor density and binding occur across 
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healthy ageing (Reeves et al., 2002; Rodríguez et al., 2012). A study by Mukherjee et al. 

(2002) demonstrated that these changes in the dopamine system result to a 10% decrease in 

dopamine levels every decade after young adulthood. In addition, reductions in acetylcholine 

(Schliebs & Arendt, 2011) and norepinephrine (Ding et al., 2010) activity are also reported to 

occur throughout healthy ageing. Together, these age-related changes in neurotransmitter 

systems have been associated with the structural changes, and dopamine changes may 

mediate these age-related structural changes to the brain (Peters, 2006; Reeves et al., 2002). 

 

1.1.2. Age-related cognitive decline 
 

Behaviourally, ageing is accompanied by a gradual cognitive decline. Previously acquired 

knowledge and skills stay relatively intact through later life, while fluid cognitive abilities 

that require the manipulation and transformation of information steadily decline with age 

(Harada et al., 2013; Murman, 2015). This decline is experienced in all cognitive domains: 

attention, memory, executive function, language, and visuospatial abilities (Harada et al., 

2013). 

Attention refers to the ability to concentrate on specific stimuli. Older adults show deficits 

especially in selective attention, the ability to focus on task relevant information while 

inhibiting other information (Zanto & Gazzaley, 2014). Divided attention, the ability to 

complete two or more tasks concurrently, also declines with age (Murman, 2015; Zanto & 

Gazzaley, 2014). These deficits in attention manifest as slowed processing during complex 

tasks and inability to inhibit irrelevant information (Commodari & Guarnera, 2008). 

Memory deficits are the most typical cognitive findings amongst older adults (Harada et al., 

2013). Older adults show declines in explicit memory, including autobiographical memories 

and general knowledge and the ability to recall details relating to these memories (Grady & 

Craik, 2000; Harada et al., 2013). Encoding new information or skills also becomes more 

difficult with age (Grady & Craik, 2000; Murman, 2015). A decrease memory retrieval and 

working memory, which requires the manipulation of new information, further compromises 

learning new information in old age (Grady & Craik, 2000). 

Executive functioning refers to cognitive abilities that allow management of behaviour and 

resources to attain a goal. Inhibition, which involves suppressing an automatic response to 

produce a new favourable response, and reasoning with new information decline with age 
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(Harada et al., 2013; Jurado & Rosselli, 2007). Older adults show difficulty especially in 

formation of concepts, abstraction, and cognitive flexibility, which manifests as absolute 

thinking (Harada et al., 2013; Murman, 2015). 

Language functioning remains relatively intact across ageing (Harada et al., 2013; Murman, 

2015). However, verbal fluency, the ease of producing words, and verbal retrieval, the ability 

to recall and use known words, decline with age (Baciu et al., 2016; Elgamal et al., 2011). 

These impairments are mediated by slowed processing speed and manifest as a less specific 

and verbose and more repetitive speech than observed in younger adults (Critchley, 1984; 

Elgamal et al., 2011). 

Visuospatial abilities refer to skills that enable understanding of space in two and three 

dimensions. Skills related to visual construction, which involves combining individual 

components to form a complete whole, decline in old age (Techentin et al., 2014). 

Consequentially, older adults have trouble copying complex designs and assemble complex 

models (Murman, 2015). These impairments are closely associated with the slow processing 

speed observed in old age (de Bruin et al., 2016). 

The extent of age-related cognitive changes varies greatly between individuals; some older 

adults perform on cognitive tests at the level of young adults while others perform poorly 

(Zanto & Gazzaley, 2014). This inter-individual variance has been thoroughly studied and 

research demonstrates that multiple factors ranging from genetics to lifestyle choices affect 

the extent of cognitive decline experienced in old age (Stern, 2009). Environmental factors 

such as education and occupation are consistently associated with age and many studies show 

that higher education and higher complexity of lifetime occupation translate to better 

cognitive functioning in old age, often referred to as cognitive reserve (Andel et al., 2007; 

Ardila et al., 2000; Correa Ribeiro et al., 2013; Kramer et al., 2004; Wilson et al., 2009). In 

addition, a wide array of lifestyle factors and activities have been associated with high 

cognitive performance in old age. These factors include, but are not limited to, Mediterranean 

diet (Huhn et al., 2015), intermittent fasting (Mattson et al., 2018), aerobic exercise, 

resistance and coordination training (Hötting & Röder, 2013), traveling, gardening, knitting 

(Fabrigoule et al., 1995), reading, playing board games, playing musical instruments, and 

dancing (Verghese et al., 2003). As demonstrated, multiple environmental factors can protect 

against cognitive ageing. 
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On the contrary, environmental factors can also advance cognitive ageing. Research on 

environmental factors that may impair cognitive functioning in old age has focused widely on 

social well-being, as older adults are at a high risk for social disengagement (Cacioppo & 

Hawkley, 2009). According to the extensive body of literature, social isolation, the absence 

of social contact, perceived social isolation, the feeling of being lonely, and lack of social 

support are associated with cognitive deficits in old age (Cacioppo & Hawkley, 2009; 

Nicholson, 2012; Seeman et al., 2001; Shankar et al., 2011; Wu et al., 2011). In addition to 

social disengagement, old age is typically accompanied by physical inactivity due to 

declining general health (Cunningham et al., 2020). This decline in social and physical 

activity results in an impoverished environment that mediates faster age-related cognitive 

decline when compared to a socially and physically enriched environment (Volkers & 

Scherder, 2011; Wu et al., 2011). Due to the lack of stimulation within nursing homes, 

institutionalisation offers older adults an especially deprived environment, which further 

aggravates age-related cognitive deficits (Volkers & Scherder, 2011). As demonstrated, many 

environmental factors can protect against age-related cognitive decline while other 

environmental conditions can promote this decline. 

Furthermore, research shows that age-related cognitive changes are strongly associated to 

age-related brain changes. Lower GMv in the prefrontal cortex of older participants are often 

associated with poorer performance on tasks measuring attention and executive function 

(Elderkin-Thompson et al., 2008; Lacreuse et al., 2020; Raz et al., 1998). The lower 

availability of dopamine receptors has also been associated with deficits in attention and 

executive functioning (Volkow et al., 1998). Similarly, age-related GM atrophy in the 

hippocampus and lower dopamine receptor availability are associated with deficits in 

memory (Bäckman et al., 2000; Raz et al., 1998; Rusinek et al., 2003). In fact, age-related 

atrophy of the entire medial temporal lobe predicted future impairments in memory in a 

longitudinal study (Rusinek et al., 2003). Moreover, age-related declines in white matter and 

dopamine receptor availability are associated with the slowed processing speed that mediates 

deficits in language and visuospatial abilities in old age (Kuznetsova et al., 2016; Volkow et 

al., 1998). In addition, during high-demand cognitive tasks, high-functioning older adults 

show increased bilateral activation of the brain compared to younger adults to compensate for 

age-related brain changes (Berlingeri et al., 2013; Cabeza, 2002). As suggested, the cognitive 

deficits observed in old age are mediated by brain changes that occur throughout ageing 

(Cabeza, 2002). 
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1.2.   Music in the brain 
 

Music is a universal experience across cultures and ages, with the ability to appreciate and 

produce music developing early in life (Trehub & Hannon, 2006). Indeed, music is one of the 

most powerful stimuli for the brain due to engaging a wide network of brain areas implicated 

in cognitive, verbal, motor, and emotional processes, which include temporal, frontal, 

parietal, cerebellar, and limbic areas (Alluri et al., 2012; Sacks, 2006; Zatorre & Salimpoor, 

2013).  

When perceiving music, the brain first processes the basic auditory features of music such as 

pitch via the basic ascending auditory pathway extending from the cochlea and terminating in 

the auditory cortex (Peretz & Zatorre, 2005; Särkämö et al., 2013). In addition, the thalamus 

relays this basic auditory information to limbic areas for an initial analysis of the emotional 

cues of music (LeDoux, 2000). Next, the complex features of music including chords, 

melodies, and harmonies are processed in a syntactic analysis through a network of inferior 

and medial prefrontal areas, premotor areas, superior temporal areas, and inferior parietal 

areas (Alluri et al., 2012; Särkämö et al., 2013). 

Further musical features are processed in motor, cognitive, and emotion-related areas of the 

brain. The beat of music and the production of movement to the beat are processed via motor 

networks involving the basal ganglia, cerebellum, motor, and premotor areas (Peretz & 

Zatorre, 2005; Zatorre et al., 2007). Further, the attention and working memory system allows 

following the unfolding of music, which involves brain areas such as the inferior and 

dorsolateral prefrontal cortex, cingulate cortex, and inferior parietal cortex (Janata et al., 

2002; Peretz & Zatorre, 2005). In addition, memories associated with music are recalled via 

the memory system involving multiple areas in the medial temporal, parietal, and frontal 

lobes (Peretz & Zatorre, 2005; Platel et al., 2003). Moreover, the emotional and pleasurable 

impact of music are mediated by the dopaminergic reward system, which includes limbic 

brain areas such as the nucleus accumbens, amygdala, hippocampus, cingulate cortex, and 

orbitofrontal cortex (Peretz & Zatorre, 2005; Zatorre & Salimpoor, 2013). 

Sung music introduces a speech component to music and therefore engages brain areas 

further than instrumental music (Alluri et al., 2013). As compared to the processing of 

instrumental music, sung melodies engage the right sensorimotor cortex and related dorsal 

stream areas involved in speech production (Lévêque & Schön, 2015). Moreover, the 
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production of singing involves the frontoparietal overt vocal production pathway and 

frontotemporal covert auditory perception pathway (Zarate, 2013). 

 

1.2.1 Musical activity 

 

Demonstrating the powerful effect of music on the brain, research has found that even 

passive engagement with music by simply listening can enhance cognitive performance via 

visuospatial, memory, and language skills and processing speed (Anderson & Fuller, 2010; 

Bottiroli et al., 2014; De Groot, 2006; Ferreri et al., 2014; Schellenberg et al., 2007; 

Thompson et al., 2005). Compared to passive musical activity, the active production of music 

via instrument playing or singing, offers further neurocognitive benefits. 

Playing an instrument is associated with benefits in brain structure and function and 

cognition. Using correlational study designs and healthy adults, multiple studies report that 

instrument players show higher GMv than controls in brain areas involved in music 

processing, including the cerebellum, hippocampus, inferior frontal gyrus, middle temporal 

gyrus, transverse temporal gyrus, inferior parietal lobule, superior parietal lobule, and motor, 

premotor, supplementary motor, and somatosensory areas (Acer et al., 2018; Bermudez & 

Zatorre, 2005; Gaser & Schlaug, 2003; Groussard et al., 2014; James et al., 2014; Sluming et 

al., 2002). In addition, intervention studies demonstrate that instrument playing can induce 

neuroplasticity and enhance functional connectivity between cortical auditory and motor 

areas in healthy adults (Bangert & Altenmüller, 2003; Kim et al., 2004; Lappe et al., 2008; 

White-Schwoch et al., 2013). Further, randomised controlled trials (RCTs) demonstrate that 

instrument playing can enhance cognitive skills such as working memory, attention, 

processing speed, executive function, and visuospatial skills (Bugos et al., 2007; Degé & 

Kerkovius, 2018; Seinfeld et al., 2013). 

Similar to instrument playing, correlational research on healthy adults suggests that singers 

show GMv changes compared to controls in somatosensory and auditory areas (Kleber et al., 

2016) as well as in the insula (Wang et al., 2019). Similarly, a functional study demonstrated 

altered insula activation in singers compared to controls, indicating that singing may enhance 

the integration sensory input (Kleber et al., 2013; Wang et al., 2019). Another functional 

study found increased activation of somatosensory, sensorimotor, and frontal areas, the 

inferior parietal lobule, basal ganglia, thalamus, and cerebellum (Kleber et al., 2010). In 
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addition, one RCT demonstrated that singing enhanced performance on tests of especially 

language and visuospatial skills (Biasutti & Mangiacotti, 2018), which was supported by a 

short pilot study (Fu et al., 2018). 

Research has also found benefits of active music production for specifically healthy older 

adults. A recent RCT demonstrated that after 4 months of instrumental training, older adults 

improved on memory functioning and showed changes in activation of and connectivity 

between multiple motor, visual and language related areas during a visual working memory 

task (Guo et al., 2021). In addition, the study found that changes in functional connectivity 

were associated with greater improvement in memory (Guo et al., 2021). Similarly, 

correlational research has also found instrument playing in old age to associate with GMv 

changes in frontal areas, parahippocampus, posterior cingulate cortex, insula (Chaddock-

Heyman et al., 2021), and cerebellum, functional connectivity changes between the 

hippocampus and cerebellum (Yamashita et al., 2021), and protection against age-related 

brain changes (Rogenmoser et al., 2018). Correlational research has also found singing to 

associate with age-dependent plasticity within auditory and speech regions (Perron et al., 

2022).  In addition, correlational studies show instrument playing and singing in old age to 

associate with better motor and cognitive functioning (Yamashita et al., 2021), including 

executive function (Pentikäinen et al., 2021), memory, and attention (Bugos et al., 2007; 

Feng et al., 2020; Seinfeld et al., 2013). 

Further demonstrating the benefits of active musical engagement, research has found clinical 

populations with age-related neurological disorders to benefit from instrument playing and 

singing. RCTs show that instrument playing can induce neuroplasticity and mediate recovery 

of motor, visuospatial, and language functioning after stroke (Bodak et al., 2014; Chong et 

al., 2013; Grau-Sánchez et al., 2013). RCTs have also demonstrated singing to improve 

language skills after stroke (Conklyn et al., 2012; Haro-Martínez et al., 2019; van der Meulen 

et al., 2014). Moreover, one RCT showed that singing enhanced episodic memory, attention, 

executive function, and general cognition for people with dementia (Särkämö et al., 2014). In 

addition, a population-based twin control study found that instrument playing was 

significantly associated with a lesser likelihood of developing dementia or cognitive 

impairment (Balbag et al., 2014). 

Singing is a particularly engaging form of music production. For instance, research suggests 

that sung music activates the superior temporal gyrus, planum temporale, superior frontal 
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gyrus, premotor cortex, hippocampus, striatum, and orbitofrontal cortex to a higher extent 

than instrumental music (Alluri et al., 2013; Lévêque & Schön, 2015). Further, singing 

engages an auditory-motor feedback loop more extensively and increases connectivity more 

specifically than instrument playing (Halwani et al., 2011; Kleber et al., 2010). In addition, 

singing is a very feasible musical activity that can be practised widely and almost anywhere. 

It also does not require any specific equipment and the physiological demands of singing are 

low. Singing, therefore, is a promising musical activity that could support healthy ageing.  

 

1.2.2. Choir singing 

 

Choir singing is an especially feasible activity for older adults as it offers an environment for 

social engagement, which is typically lower in old age than young adulthood and can mediate 

psychological and cognitive well-being in old age (Cacioppo & Hawkley, 2009). In fact, 

correlational research and RCTs demonstrate that choir singing has notable and broad 

benefits in old age, including increases in social, physiological, and psychological well-being 

and quality of life as well as in hearing ability (Allison et al., 2020; Dubinsky et al., 2019; Fu 

et al., 2018; Galinha et al., 2021; Johnson et al., 2017; Johnson et al., 2013; Pentikäinen et al., 

2021; Petrovsky et al., 2020). 

In addition, some evidence indicates that choir singing has cognitive benefits in old age. 

Recently, Fu et al. (2018) demonstrated that a 12-week choir singing intervention increased 

performance on language and memory tests in old age, although the lack of a control group 

limits the implications of these findings. In another intervention study, Feng et al. (2020) 

found that a 12-month choir singing intervention increased older adults’ mean cognitive 

functioning measured with tests of attention, memory, language, visuospatial skills and 

executive functioning. The increase in cognitive performance remained at 24-month follow-

up. These results, however, were not controlled for effects mediated by time or increased 

social engagement. Finally, using a correlational approach, Pentikäinen et al. (2021) found 

that choir singers performed better than controls on objective measure of verbal flexibility, 

although no differences were found in other cognitive domains or subjective reports of 

cognitive well-being.  

Together, the results of these studies demonstrate that choir singing is a promising and 

feasible activity that may support healthy ageing by protecting against age-related cognitive 

changes. However, research investigating the effect of choir singing against age-related brain 
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changes is limited to two studies. In addition to cognitive parameters, Feng et al. (2020) 

investigated the effect of choir singing on brain parameters, including total GMv, 

hippocampus volume, total ventricular volume, total WM volume, WM fractional anisotropy 

and WM mean diffusivity. The study did not find any significant effects of the choir singing 

intervention on any of the brain parameters. As volumetric analyses were restricted to gross 

parameters of GM and WM (Feng et al., 2020), the conclusions drawn from the results of the 

study are limited. 

In a recently published study, Perron et al. (2022) investigated the effect of choir singing on 

speech perception through plasticity in singing related areas of the brain. The study found 

that choir singing was associated with better speech perception across healthy ageing, which 

was mediated by age-dependent plasticity within auditory and speech regions. The effect was 

dose dependent, with benefits seen only in choir singers who practiced frequently at home, 

had received formal singing training, sang in a choir for at least 3 hours a week, and sang in 

multiple languages (Perron et al., 2022). While these results are promising, no research has 

been conducted to understand whether choir singing can support GM structure in healthy 

ageing. 

 

1.3.   Aims and hypotheses 

 

The Brain, Ageing, and Vocal Expression (BRAVE) project provides the first experimental 

account of choir singing in the ageing brain. As part of the BRAVE project, this study 

focuses on brain structure related to choir singing in old age. Specifically, the aims of the 

study are: 

1) To determine the effect of ageing on GM structure. 

Hypothesis: GM structure declines as a function of age. 

 

2) To investigate whether ageing and choir singing have an interaction effect on GM 

structure. 

Hypothesis: Choir singing supports GM structure in the ageing brain.  
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2. MATERIALS AND METHODS 

 

2.1.   Participants and study design 

 

Participants (N = 100) were recruited to the cross-sectional study from choirs and with 

advertisements placed around public venues, such as grocery stores, libraries, sports centres, 

senior activity centres, and community colleges, in Southern Finland as well as posted on 

social media channels and email lists. They were healthy, right-handed, Finnish-speaking 

choir singers (n = 54) and controls (n = 46) from 3 age groups: 20-39 (young; n = 35), 40-59 

(middle-aged; n = 34), and 60-90 (old; n = 31). Choir singers were recruited from amateur 

choirs without any competitive activity, and the inclusion criteria for choir singers included at 

least 1 hour of weekly choir singing for at least 1 year.  Controls did not have any experience 

of choir singing in adulthood, but experience with instrument playing was allowed also in 

adulthood. Controls and choir singers had no vocational education in music. Demographic 

characteristics of participants are presented in Table 1. Between the age groups, years of 

education, instrumental experience, and musical experience differed significantly, F(2, 

99)=11.31, p<.001, F(2, 99)=4.75, p=.011, and F(2, 99)=3.94, p=.023 respectively, while 

gender did not, F(2, 99)=.089, p=.915. Between choir singers and control participants, 

instrumental experience differed significantly, t(90.4)=-4.45, p<.001, while age, years of 

education, gender, and musical experience did not, t(98)=-1.49, p=.139, t(98)=-.025, p=.980, 

t(98)=-.680, p=.498, and t(97.17)=-.980, p=.329 respectively. 
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Table 1. Demographic characteristics of participants. 

Note. * Musical experience calculated as a percentage: years of instrumental hobby or musical 

hobby/age in years x 100. Instrumental experience calculated as a percentage: years of instrumental 

hobby/age in years x 100. 

 

The BRAVE project was granted research permissions by the European Research Council 

Executive Agency (ERCEA) and the University of Helsinki Ethical Review Board in the 

Humanities and Social and Behavioural Science. Prior to participation, all participants 

provided informed consent to participate and use their data for the scientific purposes of the 

BRAVE project. 

 

2.2.   Structural magnetic resonance imaging 

 

 

2.2.1. MRI acquisition and preprocessing 
 

Participants were scanned using a standard 32-channel head coil on a 3 T Siemens 

MAGNETON Skyra whole-body scanner (Siemens Healthcare, Erlangen, Germany) at the 

Advanced Magnetic Imaging Centre, Aalto University. T1-weighted high-resolution 

structural MPRAGE scans (flip angle = 7°, TR = 2530.0 ms, TE = 3.3 ms, voxel size = 1.0 x 

1.0 x 1.0 mm3) were acquired. 

 Young Middle-aged Old 

 Choir 

singers 

Controls Choir 

singers 

Controls Choir 

singers 

Controls 

N 16 19 19 15 19 12 

Age (years) 30.4 ± 5.8 29.5 ± 5.4 50.1 ± 6.7 50.3 ± 6.2 70.9 ± 7.4 68.3 ± 7.6 

Gender 

(male/female/other) 

7/9/0 9/10/0 10/9/0 6/9/0 9/10/0 4/8/0 

Education (years) 18.3 ± 2.8 16.7 ± 2.7 17.8 ± 2.1 18.3 ± 5.6 13.7 ± 5.4 13.8 ± 4.1 

Musical 

experience* 

41.6 ± 32.2 35.0 ± 25.6 21.7 ± 27.4 22.2 ± 24.4 44.8 ± 34.8 31.9 ± 25.8 

Instrumental 

experience* 

55.4 ± 16.8 12.5 ± 19.5 24.8 ± 27.9 11.7 ± 22.9 18.4 ± 27.9 4.3 ± 6.0 
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2.2.2. Voxel-based morphometry 
 

Morphometric analysis was carried out using the Computational Anatomy Toolbox (CAT12; 

C. Gaser, Structural Brain Mapping Group, Jena University Hospital, Jena, Germany; 

http://dbm.neuro.unijena.de/cat/) under the Statistical Parametric Mapping (SPM12; 

Wellcome Department of Cognitive Neurology, UCL) software in Matlab 9.6.0 (The 

MathWorks Inc., Natick, MA, USA, version R2019a). Default parameters in standard-

protocol accordance (http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf) were used. In 

short, using Unified segmentation (Ashburner & Friston, 2005), the T1 images were 

segmented into GM, WM, and cerebrospinal fluid and normalised into the Montreal 

Neurological Institute (MNI) space using Geodesic shooting (Ashburner, 2011) with 

predefined templates in CAT12 toolbox. The segmented images were modulated to preserve 

the original signal strength during normalisation. The resulting data was visually inspected, 

and homogeneity of data was checked. To reduce residual inter-individual variability, the 

normalised images were smoothed using an isotropic spatial filter (full width at half 

maximum [FWHM] = 8 mm). In addition, total intracranial volume (TIV) for each participant 

was calculated based on the segmented GM, WM, and cerebrospinal fluid. 

 

2.2.3. Surface-based morphometry 
 

Surface analysis was also carried out using CAT12 toolbox under SPM12 in Matlab 9.6.0. 

Cortical thickness (CTh) was estimated from the T1 images using projection-based thickness 

(Dahnke et al., 2013). The resulting data for each hemisphere was merged, resampled to a 

32k mesh, and smoothed using a 15 mm filter size in FWHM. The resulting surface images 

were visually inspected, and homogeneity of data was checked. 

 

 

 

 

 



 

14 
 

2.3.    Statistical analyses 

 

 

2.3.1. Comparison of age groups 
 

The preprocessed volumetric and surface GM images were each entered into second-level 

analyses using one-way analysis of variance (ANOVA) to compare GMv and CTh between 

age groups (Young/Middle-aged/Old). Three contrasts (Young > Old, Young > Middle-aged, 

Middle-aged > Old) were calculated according to existing literature demonstrating GM 

atrophy in ageing. Years of education and musical experience were used as covariates in both 

VBM and SBM analyses, as significant differences were found between age groups on these 

variables. To control for individual differences in brain size, TIV was also used as a covariate 

in VBM analyses. ANOVA results were thresholded at a whole-brain familywise error 

(FWE) -corrected p < 0.05, and the three contrasts were thresholded at a whole-brain FWE-

corrected p < 0.05/3 = 0.0167 with a cluster extent of 20 contiguous voxels. Neuroanatomical 

areas were identified in VBM analyses using the Automated Anatomical Labelling Atlas 

(AAL3; Tzourio-Mazoyer et al., 2002) included in the xjView toolbox 

(http://www.alivelearn.net/xjview/), and in SBM analyses using the Desikan-Killiany (DK40) 

atlas (Desikan et al., 2006) included in CAT12 toolbox. 

 

2.3.2.   Age and choir singing interaction analysis 
 

The volumetric and surface GM images were entered into interaction analyses using Age 

(Young/Middle-aged/Old) x Singing group (Choir singer/Control) full factorial design. Years 

of education and instrumental experience were used as covariates in VBM and SBM 

analyses, and TIV was used as a covariate in VBM analyses. Results were thresholded at a 

whole-brain FWE-corrected p < 0.0167 with a cluster extent of 20 contiguous voxels. 

Neuroanatomical areas were identified in VBM analyses using the Automated Anatomical 

Labelling Atlas (AAL3; Tzourio-Mazoyer et al., 2002) and in SBM analyses using the 

Desikan-Killiany (DK40) atlas (Desikan et al., 2006).   
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3. RESULTS 

 

3.1.   Comparison of GM structure between age groups 

 
 

3.1.1. VBM results 
 

Analysis with VBM revealed significant and widespread differences between age groups in 

GMv of bilateral cortical areas (frontal, parietal, temporal, occipital), subcortical structures 

(thalamus, basal ganglia, amygdala, hippocampus), and midbrain and cerebellum (Figure 1). 

The most extensive differences were observed between young and old participants, where 

young participants showed greater GMv than old participants in bilateral frontal, parietal, 

temporal and occipital areas, thalamus, basal ganglia, amygdala, hippocampus, red nucleus of 

the midbrain, and cerebellum. Young participants also showed greater GMv than middle-

aged participants in bilateral frontal, parietal and temporal areas, lenticular nucleus, and the 

cerebellum, as well as the right amygdala and hippocampus. Middle-aged participants 

showed greater GMv than old participants in the right hippocampus and thalamus. All 

significant GMv differences between age groups are shown in Table 2. 

 

Table 2. Differences in GMv between age groups. 

Contrast Area name 
MNI 

coordinates 

Cluster 

size 

t-

value 

One-way 
ANOVA 

Left middle temporal gyrus -56 -35 -3 121544 60.5* 

 Right middle temporal gyrus 57 -39 -3   

 Left superior temporal gyrus -54 -23 6   

 Left crus I of cerebellar hemisphere -35 -68 -30   

 Right superior temporal gyrus 59 -23 6   

 Right fusiform gyrus 33 -39 -23   

 Right lobule vi of cerebellar hemisphere 26 -60 -26   

 Right insula 39 5 2   

 Right crus I of cerebellar hemisphere 38 -69 -30   

 Left fusiform gyrus -32 -41 -21   

 Left insula -36 5 3   

 Left middle cingulate & paracingulate gyri -6 -15 41   

 Right middle cingulate & paracingulate gyri 8 -11 39   

 Right lenticular nucleus, putamen 27 5 2   

 Right inferior temporal gyrus 54 -33 -24   
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 Left lobule VI of cerebellar hemisphere -23 -60 -24   

 Left lenticular nucleus, putamen -24 3 2   

 Left postcentral gyrus -44 -24 48   

 Left rolandic operculum -48 -11 12   

 Left lobule VIII of cerebellar hemisphere -26 -56 -50   

 Right precentral gyrus 41 -11 51   

 Right crus II of cerebellar hemisphere 33 -71 -42   

 Left superior frontal gyrus, medial -5 48 30   

 Right superior frontal gyrus, dorsolateral 23 33 38   

 Right gyrus rectus 8 35 -20   

 Right rolandic operculum 53 -8 14   

 Left temporal pole: superior temporal gyrus -39 15 -23   

 Right postcentral gyrus 41 -27 51   

 Right superior frontal gyrus, medial orbital 8 51 -8   

 Left crus ii of cerebellar hemisphere -29 -74 -39   

 Right precuneus 9 -57 42   

 Left gyrus rectus -6 36 -20   

 Left inferior temporal gyrus -50 -30 -24   

 Left inferior frontal gyrus, pars orbitalis -42 32 -8   

 Right middle frontal gyrus 39 33 30   

 Left parahippocampal gyrus -21 -18 -24   

 Right lingual gyrus 17 -68 -5   

 Right hippocampus 29 -21 -11   

 Left hippocampus -26 -23 -11   

 Right lobule VIII of cerebellar hemisphere 26 -57 -51   

 Left precuneus -8 -57 47   

 Left lobule VIIB of cerebellar hemisphere -32 -62 -45   

 Left angular gyrus -45 -63 35   

 Left calcarine fissure and surrounding cortex -8 -80 5   

 Right calcarine fissure and surrounding cortex 17 -74 8   

 Left lingual gyrus -15 -69 -6   

 Left middle frontal gyrus -36 33 30   

 Right superior frontal gyrus, medial 9 50 29   

 Left anterior cingulate cortex, pregenual -5 44 8   

 Left superior frontal gyrus, dorsolateral -20 36 36   

 Right inferior frontal gyrus, pars orbitalis 47 33 -8   

 Right parahippocampal gyrus 24 -17 -23   

 Left precentral gyrus -39 -8 50   

 Left supplementary motor area -6 3 60   

 Left olfactory cortex -6 14 -12   

 Left Heschl’s gyrus -44 -20 9   

 Left posterior orbital gyrus -29 24 -20   

 

Right inferior parietal gyrus, excluding 

supramarginal and angular gyri 
47 -48 48 

  

 Left lobule IV, V of cerebellar hemisphere -15 -45 -20   

 Left inferior frontal gyrus, pars triangularis -47 29 14   

 Right posterior orbital gyrus 33 26 -20   

 Right supplementary motor area 9 -2 60   
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 Right temporal pole: superior temporal gyrus 48 14 -18   

 Right caudate nucleus 15 11 11   

 Right heschl’s gyrus 47 -18 9   

 Left anterior cingulate cortex, supracallosal -3 26 23   

 Lobule VIII of vermis 2 -66 -35   

 Left inferior frontal gyrus, pars opercularis -50 12 18   

 Right lobule IV, V of cerebellar hemisphere 18 -44 -20   

 Left superior frontal gyrus, medial orbital -6 54 -8   

 Left caudate nucleus -12 9 11   

 Right olfactory cortex 11 12 -14   

 

Left inferior parietal gyrus, excluding 

supramarginal and angular gyri 
-44 -47 45 

  

 Right amygdala 27 0 -20   

 Left lateral orbital gyrus -42 39 -15   

 Left nucleus accumbens -8 12 -8   

 Right anterior orbital gyrus 29 48 -17   

 Right anterior cingulate cortex, pregenual 9 44 12   

 Right nucleus accumbens 11 12 -8   

 Left supramarginal gyrus -56 -35 30   

 Right lateral orbital gyrus 48 36 -17   

 Left cuneus -6 -81 26   

 Left medial orbital gyrus -14 38 -21   

 Right inferior frontal gyrus, pars opercularis 50 14 20   

 Right angular gyrus 45 -62 38   

 Right supramarginal gyrus 57 -33 33   

 Left amygdala -24 -2 -20   

 Right lobule VIIB of cerebellar hemisphere 36 -66 -48   

 Right lenticular nucleus, pallidum 21 -2 -2   

 Left anterior cingulate cortex, subgenual -5 30 -6   

 Right cuneus 14 -81 27   

 Right inferior occipital gyrus 38 -84 -9   

 Right thalamus, mediodorsal medial magnocellular 5 -15 5   

 Right medial orbital gyrus 17 38 -21   

 Lobule VII of vermis 2 -74 -27   

 Right inferior frontal gyrus, pars triangularis 51 29 14   

 Right temporal pole: middle temporal gyrus 45 14 -33   

 Left thalamus, mediodorsal medial magnocellular -5 -15 6   

 Right posterior cingulate gyrus 8 -44 21   

 Lobule VI of vermis 2 -69 -17   

 Left thalamus, pulvinar medial  -14 -29 8   

 Left anterior orbital gyrus -26 47 -17   

 Left lenticular nucleus, pallidum -18 -2 -2   

 Lobule IX of vermis 2 -57 -38   

 Left paracentral lobule -8 -27 69   

 Right paracentral lobule 8 -33 68   

 Left inferior occipital gyrus -36 -80 -9   

 Left posterior cingulate gyrus -5 -44 24   

 Right lobule X of cerebellar hemisphere 27 -35 -44   
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 Right thalamus, pulvinar medial  12 -27 8   

 Right anterior cingulate cortex, supracallosal 8 27 21   

 Right anterior cingulate cortex, subgenual 5 32 -5   

 Left lobule X of cerebellar hemisphere -23 -35 -44   

 Left thalamus, pulvinar inferior -18 -30 2   

 Right thalamus, pulvinar inferior 17 -29 2   

 Right lobule IX of cerebellar hemisphere 11 -51 -48   

 Left lobule IX of cerebellar hemisphere -11 -50 -48   

 Right thalamus, lateral geniculate 23 -24 -5   

 Right thalamus, anteroventral 6 -5 8   

 Left thalamus, lateral geniculate -23 -24 -5   

 Right substantia nigra, pars reticulata 11 -15 -14   

 Left substantia nigra, pars reticulata -9 -15 -14   

 Right thalamus, mediodorsal lateral parvocellular 8 -14 6   

 Right thalamus, ventral lateral  14 -12 8   

 Right thalamus, intralaminar 9 -18 0   

 Left thalamus, anteroventral -6 -6 9   

 Left temporal pole: middle temporal gyrus -38 14 -36   

 Left middle occipital gyrus -33 -83 15   

 Right lobule III of cerebellar hemisphere 14 -36 -21   

 Left red nucleus -5 -20 -11   

 Right thalamus, ventral anterior 11 -3 5   

 Left thalamus, ventral posterolateral -18 -21 6   

 Right red nucleus 6 -20 -11   

 Right superior parietal gyrus 26 -60 62   

 Right thalamus, lateral posterior 9 -15 15   

 Right thalamus, medial geniculate 15 -24 -5   

 Right thalamus, reuniens 6 -11 -5   

 Right thalamus, ventral posterolateral 17 -21 6   

 Right thalamus, pulvinar lateral 15 -23 14   

 Left thalamus, medial geniculate -17 -26 -5   

 Left thalamus, ventral anterior -11 -5 5   

  Right middle frontal gyrus 39 33 30 17 20.5* 

 Right inferior frontal gyrus, pars triangularis 51 29 14   

  Right inferior frontal gyrus, pars opercularis 50 14 20 184 25.0* 

 Right precentral gyrus 41 -11 51   

 Right inferior frontal gyrus, pars triangularis 51 29 14   

  Left middle frontal gyrus -36 33 30 21 22.0* 

 Left precentral gyrus -39 -8 50   

  Left precentral gyrus -39 -8 50 54 19.8* 

 Left superior frontal gyrus, dorsolateral -20 36 36   

  Right paracentral lobule 8 -33 68 98 21.9* 

Young > Old Left middle temporal gyrus -56 -35 -3 130977 10.2** 

 Right middle temporal gyrus 57 -39 -3   

 Left superior temporal gyrus -54 -23 6   

 Left crus I of cerebellar hemisphere -35 -68 -30   

 Right superior temporal gyrus 59 -23 6   
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 Right fusiform gyrus 33 -39 -23   

 Right lobule VI of cerebellar hemisphere 26 -60 -26   

 Left fusiform gyrus -32 -41 -21   

 Right crus I of cerebellar hemisphere 38 -69 -30   

 Right insula 39 5 2   

 Right middle cingulate & paracingulate gyri 8 -11 39   

 Left middle cingulate & paracingulate gyri -6 -15 41   

 Right inferior temporal gyrus 54 -33 -24   

 Left insula -36 5 3   

 Right precentral gyrus 41 -11 51   

 Left lobule VI of cerebellar hemisphere -23 -60 -24   

 Right lenticular nucleus, putamen 27 5 2   

 Right crus II of cerebellar hemisphere 33 -71 -42   

 Left postcentral gyrus -44 -24 48   

 Right superior frontal gyrus, dorsolateral 23 33 38   

 Left lenticular nucleus, putamen -24 3 2   

 Left rolandic operculum -48 -11 12   

 Right postcentral gyrus 41 -27 51   

 Left superior frontal gyrus, medial -5 48 30   

 Right gyrus rectus 8 35 -20   

 Left lobule VIII of cerebellar hemisphere -26 -56 -50   

 Right rolandic operculum 53 -8 14   

 Left crus II of cerebellar hemisphere -29 -74 -39   

 Left temporal pole: superior temporal gyrus -39 15 -23   

 Right superior frontal gyrus, medial orbital 8 51 -8   

 Right precuneus 9 -57 42   

 Left gyrus rectus -6 36 -20   

 Left inferior temporal gyrus -50 -30 -24   

 Right hippocampus 29 -21 -11   

 Right middle frontal gyrus 39 33 30   

 Right lingual gyrus 17 -68 -5   

 Left precuneus -8 -57 47   

 Left hippocampus -26 -23 -11   

 Left parahippocampal gyrus -21 -18 -24   

 Right lobule viii of cerebellar hemisphere 26 -57 -51   

 Left inferior frontal gyrus, pars orbitalis -42 32 -8   

 Left calcarine fissure and surrounding cortex -8 -80 5   

 Left middle frontal gyrus -36 33 30   

 Left superior frontal gyrus, dorsolateral -20 36 36   

 Right calcarine fissure and surrounding cortex 17 -74 8   

 Left lingual gyrus -15 -69 -6   

 Right inferior frontal gyrus, pars orbitalis 47 33 -8   

 Left anterior cingulate cortex, pregenual -5 44 8   

 Right parahippocampal gyrus 24 -17 -23   

 Left angular gyrus -45 -63 35   

 Right superior frontal gyrus, medial 9 50 29   

 Left precentral gyrus -39 -8 50   

 Left posterior orbital gyrus -29 24 -20   
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 Left lobule VIIB of cerebellar hemisphere -32 -62 -45   

 Right posterior orbital gyrus 33 26 -20   

 Left inferior frontal gyrus, pars opercularis -50 12 18   

 Left supplementary motor area -6 3 60   

 

Left inferior parietal gyrus, excluding 

supramarginal and angular gyri 
-44 -47 45 

  

 Left olfactory cortex -6 14 -12   

 Right supplementary motor area 9 -2 60   

 Left inferior frontal gyrus, pars triangularis -47 29 14   

 Left Heschl’s gyrus -44 -20 9   

 Left anterior cingulate cortex, supracallosal -3 26 23   

 Right lobule IV, V of cerebellar hemisphere 18 -44 -20   

 Left lobule IV, V of cerebellar hemisphere -15 -45 -20   

 Right temporal pole: superior temporal gyrus 48 14 -18   

 Right Heschl’s gyrus 47 -18 9   

 Lobule VIII of vermis 2 -66 -35   

 Left superior frontal gyrus, medial orbital -6 54 -8   

 Right olfactory cortex 11 12 -14   

 Right anterior orbital gyrus 29 48 -17   

 Right caudate nucleus 15 11 11   

 Right amygdala 27 0 -20   

 Right inferior frontal gyrus, pars opercularis 50 14 20   

 Right anterior cingulate cortex, pregenual 9 44 12   

 Left lateral orbital gyrus -42 39 -15   

 Left nucleus accumbens -8 12 -8   

 Left caudate nucleus -12 9 11   

 Right lateral orbital gyrus 48 36 -17   

 Left cuneus -6 -81 26   

 Left medial orbital gyrus -14 38 -21   

 Right supramarginal gyrus 57 -33 33   

 Right inferior frontal gyrus, pars triangularis 51 29 14   

 Right nucleus accumbens 11 12 -8   

 Right cuneus 14 -81 27   

 Left amygdala -24 -2 -20   

 Right lobule VIIB of cerebellar hemisphere 36 -66 -48   

 Left anterior cingulate cortex, subgenual -5 30 -6   

 Left supramarginal gyrus -56 -35 30   

 Right medial orbital gyrus 17 38 -21   

 Right temporal pole: middle temporal gyrus 45 14 -33   

 Right inferior occipital gyrus 38 -84 -9   

 Right thalamus, mediodorsal medial magnocellular 5 -15 5   

 Right angular gyrus 45 -62 38   

 Lobule VI of vermis 2 -69 -17   

 Lobule VII of vermis 2 -74 -27   

 Right lenticular nucleus, pallidum 21 -2 -2   

 Right posterior cingulate gyrus 8 -44 21   

 Left thalamus, mediodorsal medial magnocellular -5 -15 6   

 Left posterior cingulate gyrus -5 -44 24   
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 Left thalamus, pulvinar medial  -14 -29 8   

 Left anterior orbital gyrus -26 47 -17   

 Lobule IX of vermis 2 -57 -38   

 Left lobule IX of cerebellar hemisphere -11 -50 -48   

 Left inferior occipital gyrus -36 -80 -9   

 Left paracentral lobule -8 -27 69   

 Right lobule X of cerebellar hemisphere 27 -35 -44   

 Right lobule IX of cerebellar hemisphere 11 -51 -48   

 Right paracentral lobule 8 -33 68   

 Right anterior cingulate cortex, subgenual 5 32 -5   

 Left lobule X of cerebellar hemisphere -23 -35 -44   

 Right anterior cingulate cortex, supracallosal 8 27 21   

 Right thalamus, pulvinar medial  12 -27 8   

 Left lenticular nucleus, pallidum -18 -2 -2   

 Left thalamus, pulvinar inferior -18 -30 2   

 Right thalamus, lateral geniculate 23 -24 -5   

 Right thalamus, pulvinar inferior 17 -29 2   

 Right thalamus, anteroventral 6 -5 8   

 Right substantia nigra, pars reticulata 11 -15 -14   

 Right thalamus, mediodorsal lateral parvocellular 8 -14 6   

 Left thalamus, lateral geniculate -23 -24 -5   

 Left substantia nigra, pars reticulata -9 -15 -14   

 Left middle occipital gyrus -33 -83 15   

 Right thalamus, ventral lateral  14 -12 8   

 Right lobule iii of cerebellar hemisphere 14 -36 -21   

 Right thalamus, intralaminar 9 -18 0   

 Left thalamus, anteroventral -6 -6 9   

 Lobule IV, V of vermis 2 -54 -8   

 Left thalamus, ventral posterolateral -18 -21 6   

 Right thalamus, ventral anterior 11 -3 5   

 Left red nucleus -5 -20 -11   

 Right thalamus, pulvinar lateral 15 -23 14   

 Right thalamus, medial geniculate 15 -24 -5   

 Right thalamus, ventral posterolateral 17 -21 6   

 Right thalamus, lateral posterior 9 -15 15   

 Left thalamus, medial geniculate -17 -26 -5   

 Left temporal pole: middle temporal gyrus -38 14 -36   

 

Right inferior parietal gyrus, excluding 

supramarginal and angular gyri 
47 -48 48 

  

 Right thalamus, reuniens 6 -11 -5   

 Left thalamus, ventral anterior -11 -5 5   

 Right red nucleus 6 -20 -11   

  Left inferior occipital gyrus -36 -80 -9 11 5.8** 

  
Right inferior parietal gyrus, excluding 

supramarginal and angular gyri 
47 -48 48 636 8.0** 

 Right angular gyrus 45 -62 38   

 Right supramarginal gyrus 57 -33 33   

 Right postcentral gyrus 41 -27 51   
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 Right superior parietal gyrus 26 -60 62   

  Left middle frontal gyrus -36 33 30 19 6.2** 

 Left precentral gyrus -39 -8 50   

  Right paracentral lobule 8 -33 68 123 6.3** 

Young > 
Middle-aged 

Left lobule VIII of cerebellar hemisphere -26 -56 -50 441 6.5** 

 Left lobule VIIB of cerebellar hemisphere -32 -62 -45   

 Left crus II of cerebellar hemisphere -29 -74 -39   

  Right inferior temporal gyrus 54 -33 -24 56 5.9** 

 Right fusiform gyrus 33 -39 -23   

  Left lobule VIII of cerebellar hemisphere -26 -56 -50 29 6.2** 

  Right crus I of cerebellar hemisphere 38 -69 -30 428 6.5** 

 Right lobule VI of cerebellar hemisphere 26 -60 -26   

 Right inferior temporal gyrus 54 -33 -24   

 Right fusiform gyrus 33 -39 -23   

 Right crus II of cerebellar hemisphere 33 -71 -42   

  Left crus I of cerebellar hemisphere -35 -68 -30 785 6.7** 

 Left lobule VI of cerebellar hemisphere -23 -60 -24   

 Left fusiform gyrus -32 -41 -21   

  Right lenticular nucleus, putamen 27 5 2 4545 8.2** 

 Right insula 39 5 2   

 Right superior temporal gyrus 59 -23 6   

 Right lenticular nucleus, pallidum 21 -2 -2   

 Right heschl’s gyrus 47 -18 9   

 Right rolandic operculum 53 -8 14   

 Right temporal pole: superior temporal gyrus 48 14 -18   

 Right middle temporal gyrus 57 -39 -3   

 Right inferior temporal gyrus 54 -33 -24   

 Right temporal pole: middle temporal gyrus 45 14 -33   

 Right hippocampus 29 -21 -11   

 Right amygdala 27 0 -20   

  Left fusiform gyrus -32 -41 -21 476 7.0** 

 Left parahippocampal gyrus -21 -18 -24   

 Left lingual gyrus -15 -69 -6   

 Left lobule IV, V of cerebellar hemisphere -15 -45 -20   

 Left inferior temporal gyrus -50 -30 -24   

  Left superior temporal gyrus -54 -23 6 9783 8.6** 

 Left insula -36 5 3   

 Left rolandic operculum -48 -11 12   

 Left lenticular nucleus, putamen -24 3 2   

 Left middle temporal gyrus -56 -35 -3   

 Left Heschl’s gyrus -44 -20 9   

 Left postcentral gyrus -44 -24 48   

 Left temporal pole: superior temporal gyrus -39 15 -23   

 Left supramarginal gyrus -56 -35 30   

 Left lenticular nucleus, pallidum -18 -2 -2   

 Left inferior frontal gyrus, pars orbitalis -42 32 -8   
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 Left olfactory cortex -6 14 -12   

  Right superior temporal gyrus 59 -23 6 21 6.0** 

 Right middle cingulate & paracingulate gyri 8 -11 39 576 7.1** 

 Left middle cingulate & paracingulate gyri -6 -15 41   

 Right supplementary motor area 9 -2 60   

 Left supplementary motor area -6 3 60   
  Left paracentral lobule -8 -27 69     

Middle-aged > 

Old 
Right hippocampus 29 -21 -11 47 6.1** 

 Right thalamus, pulvinar inferior 17 -29 2   

 Right thalamus, lateral geniculate 23 -24 -5   
  Right thalamus, pulvinar medial  12 -27 8     

Note. *p < 0.05 FWE-corrected at whole-brain level. ** p < 0.0167 FWE-corrected at whole-

brain level. 

 

Figure 1. Differences in GMv between age groups. 
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3.1.2. SBM results 
 

Analysis with SBM also revealed significant and widespread differences between age groups 

of CTh in bilateral frontal, parietal, temporal, and occipital areas (Figure 2). The most 

extensive differences were observed between young and old participants, where young 

participants showed greater CTh than old participants in multiple bilateral frontal, parietal, 

temporal, and occipital areas. Young participants also showed greater CTh than middle-aged 

participants in bilateral frontal, parietal and occipital areas. Middle-aged participants showed 

greater CTh than old participants in left temporal and right parietal and occipital areas. All 

significant CTh differences between age groups are shown in Table 3. 

 

Table 3. Differences in CTh between age groups. 

Contrast Area name 
MNI 

coordinates 
Cluster 

size 
t-value 

One-way 

ANOVA 
Left precentral gyrus -44 -12 59 1552 58.9* 

 Left postcentral gyrus -50 -26 58   

 Left paracentral lobule -3 -28 62   

  Left pericalcarine -12 -89 3 925 44.4* 

 Left lingual gyrus -3 -73 -1   

 Left cuneus -1 -82 20   

 Left precuneus -9 -59 46   

 Left lateral occipital gyrus -43 -87 1   

 Left parahippocampal gyrus -18 -30 -18   

 Left isthmus cingulate cortex -1 -48 25   

  Left superior temporal gyrus -63 -7 -1 444 40* 

 Left transverse temporal gyrus -49 -23 9   

 Left insula -41 13 -6   

 Left supramarginal gyrus -60 -41 39   

  Left pars triangularis -50 35 3 93 19.1* 

 Left pars opercularis -57 22 18   

  Left rostral middle frontal gyrus -34 53 17 70 20.8* 

  Left caudal middle frontal gyrus -45 18 46 62 18.4* 

  Left inferior parietal lobule -47 -70 31 52 15.1* 

  Left rostral middle frontal gyrus -34 53 17 42 15.7* 

  Right precentral gyrus 47 -9 54 1530 52.4* 

 Right postcentral gyrus 51 -23 56   

  Right superior temporal gyrus 67 -12 -1 694 42.8* 

 Right supramarginal gyrus 65 -36 35   

 Right transverse temporal gyrus 45 -25 11   

 Right insula 43 12 -6   
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  Right pericalcarine cortex 14 -85 5 592 48.7* 

 Right cuneus 3 -81 19   

 Right lingual gyrus 5 -69 -1   

 Right precuneus 7 -57 41   

  Right paracentral lobule 4 -25 61 246 26.1* 

  Right superior frontal gyrus 16 34 53 131 20.5* 

 Right rostral middle frontal gyrus 43 45 21   

  Right pars triangularis 55 31 5 125 24.7* 

Young > Old Left precentral gyrus -44 -12 59 1715 10.5** 

 Left postcentral gyrus -50 -26 58   

 Left paracentral lobule -3 -28 62   

  Left pericalcarine cortex -12 -89 3 950 9.3** 

 Left lingual gyrus -3 -73 -1   

 Left cuneus -1 -82 20   

 Left precuneus -9 -59 46   

 Left lateral occipital gyrus -43 -87 1   

 Left parahippocampal gyrus -18 -30 -18   

 Left isthmus cingulate cortex -1 -48 25   

  Left superior temporal gyrus -63 -7 -1 505 8.9** 

 Left transverse temporal gyrus -49 -23 9   

 Left insula -41 13 -6   

 Left supramarginal gyrus -60 -41 39   

  Left pars triangularis -50 35 3 166 6.1** 

 Left pars opercularis -57 22 18   

  Left rostral middle frontal gyrus -34 53 17 78 6.4** 

  Left rostral middle frontal gyrus -34 53 17 73 5.4** 

 Left superior frontal gyrus -21 38 50   

  Left inferior parietal lobule -47 -70 31 53 5.2** 

  Left caudal middle frontal gyrus -45 18 46 49 5.6** 

  Left inferior parietal lobule -47 -70 31 21 5.3** 

  Right precentral 47 -9 54 2004 10.2** 

 Right postcentral 51 -23 56   

 Right paracentral 4 -25 61   

  Right superior temporal gyrus 67 -12 -1 848 9.1** 

 Right supramarginal gyrus 65 -36 35   

 Right transverse temporal 45 -25 11   

 Right insula 43 12 -6   

  Right pericalcarine 14 -85 5 597 9.9** 

 Right lingual 5 -69 -1   

 Right cuneus 3 -81 19   

 Right precuneus 7 -57 41   

  Right superior frontal gyrus 16 34 53 134 6.2** 

 Right rostral middle frontal gyrus 43 45 21   

  Right pars triangularis 55 31 5 133 6.7** 

  Right rostral middle frontal gyrus 43 45 21 35 5.7** 

  Right rostral middle frontal gyrus 43 45 21 32 5.4** 
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Young > 
Middle-aged 

Left precentral gyrus -44 -12 59 451 7.4** 

 Left postcentral gyrus -50 -26 58   

  Left pericalcarine cortex -12 -89 3 326 6.5** 

 Left cuneus -1 -82 20   

 Left precuneus -9 -59 46   

  Left lingual gyrus -3 -73 -1 80 5.8** 

 Left pericalcarine cortex -12 -89 3   

  Right precentral gyrus 47 -9 54 449 6.3** 

 Right postcentral gyrus 51 -23 56   

  Right pericalcarine cortex 14 -85 5 132 5.4** 

  Right cuneus 3 -81 19     

Middle-aged > 

Old 
Left transverse temporal gyrus -49 -23 9 65 5.4** 

  Right pericalcarine cortex 14 -85 5 129 5.9** 

 Right lingual gyrus 5 -69 -1   

  Right precuneus 7 -57 41     

Note. *p < 0.05 FWE-corrected at whole-brain level. ** p < 0.0167 FWE-corrected at whole-

brain level. 
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Figure 2. Differences in CTh between age groups. 

 

3.2.   Interaction of choir singing and age on GM structure 

 

A significant Age (Young/Middle-aged/Old) x Singing group (Choir singer/Control) 

interaction was not found in whole-brain VBM or SBM analyses. Using a region of interest 

approach, the VBM and SBM analyses were re-run on specific brain areas derived from 

NeuroSynth (Yarkoni et al., 2011) meta-analyses concerning speech and voice processing. 

These secondary analyses did not reveal a significant Age x Singing group interaction. 
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4. DISCUSSION 

 

This study explored the effects of ageing and choir singing on GM structure in healthy adults 

to investigate whether choir singing can support brain structure in healthy ageing and to 

improve our understanding of choir singing in the ageing brain. In addition, this study sought 

to improve the current knowledge on GM changes that occur as a function of age. 

 

4.1.   Age-related differences in GM structure 

 

The first aim of the study was to investigate age-related differences in GM structure between 

young, middle-aged, and old participants. Both VBM and SBM analyses revealed significant 

and widespread differences between all three age groups. Supporting the hypothesis, an age 

effect was found on GMv and CTh where older participants showed smaller GMv and CTh 

than middle-aged and young participants, and middle-aged participants showed smaller GMv 

and CTh than young participants. These results suggest that GM structure undergoes long-

term changes from young adulthood to old age and short-term changes from young adulthood 

to middle age, and from middle age to old age. These changes are discussed in the following 

sections. 

 

4.1.1. Differences between young and old age 
 

The most extensive differences were the long-term differences observed between young and 

old participants, which were found bilaterally in many cortical areas, subcortical structures, 

including the midbrain and cerebellum. The frontal lobe appears especially affected by age, 

as GM differences were observed in multiple frontal areas including lateral, medial, and 

inferior surfaces of the frontal lobe. This result supports existing literature demonstrating that 

healthy ageing is accompanied by extensive GMv decline and cortical thinning in the frontal 

lobe (Hedden & Gabrieli, 2004; Peters, 2006; Salat et al., 2004; Shaw, Abhayaratna, et al., 

2016; Tisserand et al., 2002) and decline of cognitive skills closely associated with frontal 

areas, such as attention and executive function (Elderkin-Thompson et al., 2008; Lacreuse et 

al., 2020; Raz et al., 1998). 
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Further, a long-term age effect was observed on the GMv and CTh in bilateral frontal and 

parietal sensorimotor areas involving principally the primary motor and primary 

somatosensory cortices, although some GM differences were also observed in premotor and 

supplementary motor areas, somatosensory association areas, and sensorimotor areas of the 

basal ganglia and thalamus. These findings are supported by previous imaging research, 

which demonstrates that old age is associated with lesser GMv and CTh in multiple 

sensorimotor areas including primary and association cortices (Hurtz et al., 2014; Rosano et 

al., 2008). Previous behavioural studies also demonstrate that lesser GMv and CTh in 

sensorimotor networks are associated with age-related declines in motor functioning and 

related cognitive skills, such as lower visuospatial performance and processing speed (Eckert, 

2011; Rosano et al., 2008; Wolpe et al., 2016). Together, these findings suggest that GM in 

sensorimotor areas declines with age, which may mediate motor and cognitive decline 

throughout healthy ageing. 

Multiple auditory and language areas also exhibited a long-term age effect including 

decreased GMv and CTh in the primary auditory cortex and speech areas in frontal and 

temporal lobes, and GMv of auditory association areas, inferior temporal cortex, and thalamic 

nuclei associated with the auditory pathway bilaterally. These results are consistent with 

previous research demonstrating GMv loss and cortical thinning within widespread auditory 

and language related areas (Crivello et al., 2014; Shaw, Sachdev, et al., 2016). Interestingly, 

some imaging studies have found that CTh in the temporal lobe is relatively spared 

throughout ageing (Salat et al., 2004; Shaw, Abhayaratna, et al., 2016), which is consistent 

with the observation of more significant temporal GMv loss than cortical thinning in this 

study. Behavioural studies also demonstrate that GM changes in auditory and language areas 

of the current study are associated with age-related language deficits, mainly lowered verbal 

fluency (Vonk et al., 2019). Therefore, these findings suggest that the auditory and language 

areas highlighted in the current study mediate the language changes observed in healthy 

ageing. 

The long-term age effect was also observed bilaterally in visual areas of the cortex including 

the GMv and CTh within or near the primary visual cortex, visual association areas, and 

GMv of thalamic nuclei associated with the visual pathway. While some structural studies 

have found healthy ageing to spare GM in visual areas almost completely (Pieperhoff et al., 

2008; Raz et al., 2004), other studies demonstrate visual areas are amongst the most 

significantly affected areas (Crivello et al., 2014; Salat et al., 2004). Beyond GM structure, 



 

30 
 

functional studies demonstrate that ageing is associated with increased inhibition, reduced 

plasticity, and decreased surface area of the visual cortex (Abuleil et al., 2019; Brewer & 

Barton, 2012). In addition, previous studies demonstrate that ageing is associated with 

decline in visual acuity and perception (Saftari & Kwon, 2018), which may mediate age-

related declines in cognitive functioning (Zheng et al., 2018). Considered together, these 

findings suggest that age affects visual areas of the brain, which may contribute to the 

cognitive decline associated with healthy ageing. 

Multiple limbic areas of the brain also presented a long-term age effect, including bilateral 

GMv and CTh of the cingulate and parahippocampal gyri and insula, and GMv of the 

amygdala, hippocampus, and limbic regions of the thalamus and basal ganglia. While some 

imaging studies do not report significant age-related GM changes in limbic areas (Good et al., 

2001; Terribilli et al., 2011), other structural studies demonstrate limbic GM declines most 

significantly across ageing (Crivello et al., 2014; Fjell & Walhovd, 2010). In addition, 

functional research demonstrates that older adults use of limbic areas less than young adults, 

indicating that limbic functioning is impaired in old age (Gunning-Dixon et al., 2003). 

Further, research demonstrates that age-related decline of GM within limbic areas predicts 

future memory impairment (Raz et al., 1998; Rusinek et al., 2003), which is commonly 

observed in old age (Harada et al., 2013). Therefore, these findings indicate that age affects 

limbic brain areas, which also contribute to age-related cognitive changes. 

Beyond the cerebrum, a long-term age effect was observed in the GMv of the red nucleus of 

the midbrain and the cerebellum bilaterally. Previous studies demonstrate that the cerebellum 

and midbrain experience significant GM loss across healthy ageing (Bernard & Seidler, 2013; 

Luft et al., 1999). Consistent with the current study, previous research demonstrates that age-

related atrophy in the midbrain is specific to the red nucleus (Lambert et al., 2013). Further, a 

previous study demonstrated that age-related declines in midbrain and cerebellar volume are 

associated, and that cerebellar GM loss may drive atrophy in the red nucleus, leading to a 

disconnect between the cerebellum and cortical areas in old age (Lambert et al., 2013; 

Taniwaki et al., 2007). In addition to lower cerebellar volumes, the disconnect between the 

cerebellum and cortical areas has been associated with sensorimotor and cognitive 

dysfunction in older adults (Bernard & Seidler, 2013; Taniwaki et al., 2007). Together, these 

findings suggest that age also affects GM in the midbrain and cerebellum, leading to a 

disconnect that mediates sensorimotor and cognitive impairment across healthy ageing. 
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4.1.2. Differences between young and middle age 
 

The short-term differences observed between young and middle-aged participants 

demonstrate the earliest changes to GM structure in healthy ageing. These differences were 

also widespread and observed in bilateral cortical areas and subcortical structures. Most 

differences between young and middle-aged participants were observed in the cerebral 

cortex. This finding is consistent with previous research demonstrating that GM changes 

occur in the early stages of healthy ageing, with significant and widespread cortical thinning 

detected by middle age (Salat et al., 2004; Terribilli et al., 2011). Research suggests that these 

early GM changes reflect maturational processes in young adulthood, where unnecessary 

neurons and synapses are eliminated, and degeneration resulting from neuron shrinkage in 

middle age (Esiri, 2007; Fjell & Walhovd, 2010; Sowell et al., 2001; Webb et al., 2001).  

Within the cortex, the earliest age effects were observed in CTh and GMv of sensorimotor 

and visual areas, and in GMv of the insula and surrounding language areas. These findings do 

not support general theories of ageing such as the ‘frontal theory of ageing’ (West, 1996), 

which suggests that frontal GM and frontal cognitive functions significantly degenerate in 

ageing, while areas and functions beyond the frontal lobe are spared. Although some studies 

support these theories (Hedden & Gabrieli, 2004; Peters, 2006; Shaw, Abhayaratna, et al., 

2016), some studies demonstrate that prominent cortical thinning and GMv decline occurs 

beyond the frontal lobe in sensorimotor and visual areas of the brain, which is observed by 

middle age (Crivello et al., 2014; Salat et al., 2004). Together with the current study, these 

findings suggest that the cortex is affected early in the ageing process, with changes seen in 

widespread areas associated with sensorimotor, auditory and language, and visual 

functioning. 

Beyond the cerebral cortex, early effects of ageing were observed in the GMv of subcortical 

areas including bilateral lenticular nucleus of the basal ganglia and cerebellum. Previous 

studies demonstrate that GMv of the lenticular nucleus and cerebellum begins to decline 

steadily from young adulthood onwards (Raz et al., 2003; Romero et al., 2021; Sowell & 

Jernigan, 1998). Similar to the cortex, early age-related GM changes in these areas reflect 

predominantly maturational processes occurring in young adulthood and degenerative 

processes to a lesser extent (Jernigan et al., 2001; Romero et al., 2021). Together with the 

current study, these findings suggest that the lenticular nucleus and cerebellum experience 

early age-related GM changes, which may be driven mostly by maturational processes. 
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In addition to the lenticular nucleus and cerebellum, an early age effect was found in GMv of 

the right amygdala and hippocampus. Multiple studies report limbic structures such as the 

amygdala and hippocampus to experience significant GM decline as a function of age (Allen 

et al., 2005; Crivello et al., 2014; Kennedy et al., 2009). Some imaging studies comparing 

young and middle-aged participants report no significant effects of ageing on the amygdala or 

hippocampus at the early stage of ageing (Good et al., 2001; Terribilli et al., 2011). Yet, other 

studies demonstrate that these structures experience moderate GM changes from young 

adulthood to middle age (Allen et al., 2005; Jernigan et al., 2001; Kennedy et al., 2009). 

These results are consistent with the findings of the current study, as differences were 

observed in the amygdala and hippocampus within the right hemisphere only. Taken together, 

these findings suggest that limbic structures are affected across healthy ageing, with some 

changes detected already in the early stages of ageing. 

 

4.1.3. Differences between middle and old age 
 

The short-term differences observed between middle-aged and old participants demonstrate 

the changes to GM structure that occur later in life. Firstly, the later effects of ageing were 

observed in the CTh of right visual association areas and visual areas of the thalamus (lateral 

geniculate nucleus, pulvinar). Consistent with the current study, previous studies show that 

visual areas of the cortex and thalamus decline significantly during the later stages of ageing 

(Abe et al., 2008; Crivello et al., 2014; Li et al., 2012; Salat et al., 2004). In addition, older 

adults show decreased activation of visual brain areas in functional studies and decreased 

perceptual efficiency in behavioural studies (Abuleil et al., 2019; Spaniol et al., 2011). 

Further, a recent study found reduced visual short-term memory capacity to correlate with 

aberrant connectivity between the visual thalamus and visual areas of the cortex (Menegaux 

et al., 2020). Combined with the results of the current study, these findings indicate that 

visual GM structures are affected in the later stages of ageing, which mediate dysfunction of 

the visual system. 

Near the thalamus, an extensive late-stage age effect was observed in the GMv of the right 

hippocampus. As suggested by previous discourse, limbic structures such as the hippocampus 

are significantly affected throughout healthy ageing (Allen et al., 2005; Crivello et al., 2014; 

Jernigan et al., 2001; Kennedy et al., 2009). Further, previous studies demonstrate that early 

ageing is accompanied by a slow decline in limbic GMv, which accelerates significantly after 
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middle age (Allen et al., 2005; Kennedy et al., 2009). The results of the current study are 

consistent with these findings, as more significant hippocampus differences were observed 

between middle and old age than young and middle age. Moreover, previous research 

suggests that hippocampus atrophy mediates age-related memory dysfunction (Erickson et 

al., 2010; Petersen et al., 2000; Rusinek et al., 2003), which is the most typical cognitive 

deficit observed in old age (Harada et al., 2013). Together, these findings suggest that the 

hippocampus experiences GM changes in the later stages of ageing, which mediate memory 

deficits commonly observed in old age. 

Further, later age-related cortical thinning was observed also near or within the left primary 

auditory cortex. Consistent with the current study, previous research demonstrates that old 

age is associated with GM changes to auditory areas of the brain (Crivello et al., 2014; Shaw, 

Sachdev, et al., 2016). Further, functional studies show that activation of the auditory cortex 

increases towards old age (Ouda et al., 2015; Profant et al., 2015). In addition, one functional 

study found that older adults with hearing loss showed increased activation of the auditory 

cortex and asymmetry towards the right hemisphere (Profant et al., 2015). The authors 

suggest this pattern of activation may reflect compensatory mechanisms for age-related 

changes to the auditory system (Profant et al., 2015), such as the GM changes observed 

within the current study. Together, these findings suggest that the later stages of ageing affect 

the auditory cortex, which may mediate the changes to auditory functioning observed in the 

later stages of life. 
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4.2.   Interaction of age and choir singing on GM structure  

 

The second aim of the study was to investigate the combined effect of age and choir singing 

on GM structure across healthy ageing. Against the second hypothesis of the current study, 

VBM and SBM analyses did not reveal a statistically significant interaction effect of age and 

choir singing on GMv or CTh. Excluding the current study, only two studies have 

investigated the effect of choir singing on GM structure in the ageing brain. One study found 

no effect of choir singing on total GMv or hippocampus volume (Feng et al., 2020), and the 

second found that choir singing was associated with age-related plasticity in auditory and 

speech areas (Perron et al., 2022). While the results of the current study are consistent with 

Feng et al. (2020), these findings do not suggest that choir singing does not affect GM 

structure in the ageing brain. Since research demonstrates sensory and language-related GM 

changes in singers (Kleber et al., 2016; Wang et al., 2019) and cognitive and neural benefits 

of choir singing in old age (Dubinsky et al., 2019; Feng et al., 2020; Fu et al., 2018; 

Pentikäinen et al., 2021; Perron et al., 2022), choir singing likely affects GM structure in old 

age. 

Some characteristics of the sample may have influenced the results of the current study. For 

example, the choir singers of this study were amateur singers and most had no formal music 

education. In addition, the singers participated in choir singing for 3 hours and 8 minutes per 

week on average, with 80% of choir singers singing 3 hours a week or less. As Perron et al. 

(2022) demonstrated that neural benefits were associated with choir singing 3 or more hours 

per week, the level of choir singing in the current study could be considered modest. 

Moreover, 41% of the controls had some previous experience with choir, solo, or other group 

singing, with an average of 8 years of experience and 55 minutes of singing per week at the 

time of the study. Due to the level of music expertise, modest weekly choir participation, and 

singing experience within the control group, the expected effect of choir singing on GM 

structure was relatively subtle. Previous research indicates that automated segmentation 

methods such as VBM may not sensitively detect subtle differences between groups 

(Bergouignan et al., 2009; Grimm et al., 2015; Kennedy et al., 2009; Tisserand et al., 2002), 

and therefore it is possible that an interaction effect could not be detected due to the 

combination of a subtle choir singing effect and automated segmentation methods. 

Alternatively, the combined effect of choir singing and age may manifest as neural changes 

other than the GM parameters measured in the current study. Previous functional studies have 
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found singing to enhance activation of widespread cortical areas and subcortical structures 

and to alter connectivity between singing-related structures in healthy adults (Kleber et al., 

2010; Kleber et al., 2013; Zarate & Zatorre, 2008). In addition, research has demonstrated 

that singing aids recovery of language functioning after stroke, which is likely mediated by 

plasticity in WM tracts (Conklyn et al., 2012; Haro-Martínez et al., 2019; Schlaug et al., 

2009; van der Meulen et al., 2014). Therefore, it is possible that the interaction of choir 

singing and age may affect brain functioning or connectivity rather than GM structure. 

Further research is needed to understand the benefits of choir singing on the ageing brain. To 

determine whether choir singing could support GM structure in healthy ageing, future studies 

may study GM structure before and after controlled choir singing interventions conducted for 

large groups (n ≥ 30) of older adults. An age-matched control group may be added to account 

for time-related effects. In addition, the current literature could benefit from replicating this 

study with a different sample of choir singers and controls. Finally, future studies may 

investigate the effect of choir singing on functional activation and connectivity parameters by 

using study designs similar to the current study. 

 

4.3.   Methodological considerations 
 

The main strength of the current study is the use of two methods to determine GM structure; 

GMv measured with VBM and CTh measured with SBM. By using two different methods, 

the current study could overcome the limitations associated with either of the methods alone 

(Fischl et al., 2008). For example, VBM is sensitive to misclassification of cortical folding 

and thickness (Ashburner & Friston, 2000), and the coordinate system is more accurate for 

SBM than VBM (Fischl et al., 2008), which allowed the current study to note subtle 

differences between age groups. Moreover, by using both methods combined with very 

conservative thresholding of the results, the current study was able to provide convincing 

evidence of GM structure changes relating to healthy ageing. However, it is important to note 

that GMv in cortical areas consists of area and CTh (Winkler et al., 2010), and therefore the 

results of VBM and SBM can be difficult to interpret together, especially in regions where 

the results do not overlap. 

Another methodological strength of the current study is the large sample of participants. 

Since the optimal sample size for VBM consist of 16-32 participants per group (Friston, 
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2012), the age-related analyses of the current study are powerful, with 31-35 participants per 

age group. On the contrary, the investigation of combined age and choir singing effects on 

GM structure did not hold comparable statistical power, as the sample size consisted of 12-19 

participants per Age x Singing group. Nevertheless, the statistically powerful results of age-

related analyses should be considered in the context of the study design. This study was 

cross-sectional and therefore its results alone cannot establish longitudinal GM changes in 

ageing. Considered alongside previous literature, however, the current study endorses the 

substantial evidence demonstrating that GM changes occur as a function of ageing. 

 

4.4.   Conclusions 

 

By investigating the effects of age and choir singing on GM structure, the purpose of this 

study was to develop understanding of choir singing in the ageing brain. Using a combination 

of VBM and SBM, the study found widespread and significant GM changes between age 

groups, which support the existing knowledge on GM and cognitive decline that occur as a 

function of ageing. In addition, the study provided one of the first experimental accounts of 

choir singing on GM structure in the ageing brain. This study did not observe an interaction 

of age and choir singing on GM structure, which may be accounted for by its methodology. 

Further research is needed to investigate whether choir singing can support brain structure or 

function in healthy ageing.  
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