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Abstract 

Prior studies have demonstrated musicianship enhancements of various aspects of auditory and 

cognitive processing in older adults, but musical training has not been examined as an 

intervention for mitigating age-related declines in these abilities. The current study investigates 

whether ten weeks of choir participation can improve aspects of auditory processing in older 

adults, particularly speech-in-noise (SIN) perception. Three groups of participants underwent 

pre- and post-testing: choir singing (n=50), music appreciation (n=13), and an age- and 

audiometry-matched control group (n=32). Linear mixed effects modelling in a multilevel 

regression analysis showed that choir participants demonstrated the most improvements across 

auditory measures. Choir participants’ gains in SIN perception were partially mediated by pitch 

discrimination, suggesting a possible mechanism for this perceptual improvement. These 

findings support the hypothesis that short-term choir participation is an effective intervention for 

mitigating age-related hearing losses. 
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Introduction 

  As the population ages, and the expectation of longevity increases, a growing concern in 

healthcare is the promotion of healthy aging – the maintenance of mental, social, and physical 

wellbeing as one ages, in order to retain independence and lead a high-quality life (Fillit et al., 

2002; Kramer, Bherer, Colcombe, Dong, & Greenough, 2004; Peel, McClure, & Bartlett, 2005). 

Aging is associated with declines in cognitive functioning (e.g., decreased working memory and 

attentional control; for review, see Fabiani, 2012), and deteriorating sensory-perceptual 

processes (e.g., worsening vision and hearing; for review, see Fozard, 1990). These declines – in 

particular, hearing problems – can make it difficult for aging individuals to maintain personal 

relationships and engage socially, which have in turn been linked to feelings of isolation and 

depression (Arlinger, 2003; Djernes, 2006). Although assistive technologies (e.g., hearing aids) 

can target aspects of peripheral hearing loss, persistent perceptual deficits are widely reported, 

and associated impairments remain (e.g., Killion, 1997). One prevalent example is the loss of the 

ability to perceive speech in a noisy environment, which severely impacts quality of life and is 

only minimally remediated by hearing aids (Betlejewski, 2006; Chmiel & Jerger, 1996; Gomez 

& Madey, 2001; Ricketts & Hornsby, 2005; Salomon, 1986). As such, there is a great demand 

for effective and accessible interventions that target and remediate auditory losses which are 

resistant to peripheral assistance – likely occurring further up the auditory processing pathway – 

in order to promote auditory health and mitigate associated age-related declines (Alain, Zendel, 

Hutka, & Bidelman, 2014; Anderson, Parbery-Clark, Yi, & Kraus, 2011; Bidelman, Villafuerte, 

Moreno, & Alain, 2014; Tremblay, Piskosz, & Souza, 2003). 
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Age-related hearing loss 

Hearing impairment is the most prevalent sensory deficit in humans (Mathers, Smith, & 

Concha, 2000), and is a loss which most adults will experience to some degree as they age 

(Gates & Mills, 2005). Hearing loss can occur at different stages in the auditory system – the 

mechanisms and pathways responsible for turning acoustic information in the environment into a 

comprehensible percept of sound in the brain (e.g., Chisolm et al., 2003). Peripheral hearing loss 

refers to problems with the ear structures that transmit and transduce sounds, including the loss 

of efficient sound transmission through the eardrum and bones in the middle ear (conductive 

hearing loss; Wingfield, Tun, & McCoy, 2005; Yueh, Shapiro, MacLean, & Shekelle, 2003), and 

the deterioration of the mechanisms responsible for transducing mechanical impulses into neural 

signals, in the inner ear and cochlea (sensorineural hearing loss; Arlinger, 2003; Wingfield et al., 

2005; Yueh et al., 2003). Central hearing loss refers to the degradation of neural mechanisms 

that relay sound information from the cochlea to the brain, resulting from long-term attenuation 

or removal of neural input from the cochlea, or age-related changes in neuronal responses to 

sound (Frisina & Walton, 2006; Syka, 2002; Yamasoba et al., 2013). Although peripheral losses 

can be remediated to some degree through the use of assistive technologies, such as hearing aids 

(or, in extreme cases, cochlear implants), central processing deficits seem to persist in spite of 

such interventions (Chmiel & Jerger, 1996; Killion, 1997). These central deficits are thought to 

contribute to losses in key perceptual abilities – such as the perception of speech in a noisy 

environment – which can severely impact quality of life in aging individuals (Pichora-Fuller, 

Schneider, MacDonald, Pass, & Brown, 2007; Ricketts & Hornsby, 2005; Schneider, Daneman, 

& Murphy, 2005; Strouse, Ashmead, Ohde, & Grantham, 1998). Declines in central processing 

appear to be mediated by age-related disruptions in neural timing mechanisms, which can occur 
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at multiple stages in the central auditory system (Chisolm et al., 2003; F. A. Russo, Ives, Goy, 

Pichora-Fuller, & Patterson, 2012).  

Age-related declines in central processing 

After sound is transduced into neural responses in the cochlea, acoustic information is 

sent to the auditory cortex by way of the central auditory system – tracts and nuclei involved in 

the afferent neural relay of acoustic information (e.g., Chisolm et al., 2003). This pathway 

includes the cochlear nerve and nuclei, trapezoid body, superior olivary nuclei, lateral lemniscus, 

inferior colliculi, medial geniculate nucleus of the thalamus, and finally the brain’s primary 

auditory cortex, where acoustic information is resolved into a meaningful auditory percept (e.g., 

Phillips, 2002).  

At each stage in this central auditory processing pathway, age-related disruptions in 

neural synchrony can introduce noise into the signal and decrease the fidelity of the neural 

representation of sound (F. A. Russo et al., 2012; Syka, 2002). The auditory system relies on 

extremely sensitive neuronal timing mechanisms to encode and transmit acoustic information 

(Carr, 1993); in the auditory nerve, for instance, the dominant time interval of the phase-locked 

neuronal firing pattern corresponds with the period of the stimulus, allowing groups of neurons 

to effectively fire at the frequency of acoustic information. This temporal processing, in 

conjunction with the spectral contribution of the place code originating in the basilar membrane, 

is thought to be responsible for encoding pitch information – a key component of many auditory 

perceptual processes (Carney, 1994; Ives & Patterson, 2008; Patterson, Allerhand, & Giguere, 

1995; F. A. Russo et al., 2012).  

Because neural timing relays key information about the auditory signal, age-related 

disruptions in temporal processing can have serious impacts on the acoustic representation in the 
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brain (e.g., F. A. Russo et al., 2012). Aging adults’ central auditory systems demonstrate 

increased temporal variance, affecting neural firing and synchrony (Frisina & Frisina, 1997; 

Pichora-Fuller & Schneider, 1992; Pichora-Fuller et al., 2007); longer neural recovery time 

(Walton, Frisina, & O’Neill, 1998); and decreased numbers of neurons in auditory nuclei (Frisina 

& Walton, 2006). These age-related declines lead to impaired processing of acoustic 

information, whereby temporal and spectral information are not preserved in the neural 

representation of sounds (Parbery-Clark, Anderson, Hittner, & Kraus, 2012). Such persistent 

central processing deficits have been associated with age-related losses in key auditory 

perceptual abilities, including sound localization (Abel, Giguere, Consoli, & Papsin, 2000); pitch 

discrimination (Raz, Millman, & Moberg, 1989); melodic discrimination (F. A. Russo et al., 

2012); duration (Fitzgibbons & Gordon-Salant, 1994), gap (Schneider, Pichora-Fuller, 

Kowalchuk, & Lamb, 1994), and mistuned harmonic (Alain, McDonald, Ostroff, & Schneider, 

2001) detection; and speech perception in noise (Pichora-Fuller, Schneider, & Daneman, 1995; 

F. A. Russo & Pichora-Fuller, 2008; B. Schneider, Pichora-Fuller, & Daneman, 2010). Of the 

perceptual deficits, the loss of speech-in-noise (SIN) perception seems to have the most severe 

impact on the aging adult’s quality of life (e.g., Alain et al., 2014; Anderson et al., 2011; 

Pichora-Fuller et al., 1995, 2007).   

Speech perception in noise 

Speech perception in noise refers to the ability to track a voice in a complex acoustic 

environment, such as a crowded room with many people talking. Vital in social settings and 

everyday interactions, the loss of this skill can immensely impact an individual’s ability to 

maintain independence, emotional wellbeing, and quality of life as they age (Betlejewski, 2006; 

Gomez & Madey, 2001; Salomon, 1986). This age-related decline also appears to persist in spite 
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of peripheral remediation, and can occur in adults with normal peripheral hearing (Alain et al., 

2014; Cruickshanks et al., 1998; Gordon-Salant, 2005; Souza, Boike, Witherell, & Tremblay, 

2007; Tremblay et al., 2003); in research studies involving older individuals, audiometry was not 

found to predict speech-in-noise perception (Dubno, Dirks, & Morgan, 1984; Hargus & Gordon-

Salant, 1995; Kim, Frisina, Mapes, Hickman, & Frisina, 2006; Souza et al., 2007). As such, there 

has been a push in the research community to better understand predictors of this and other age-

related losses, to inform interventions that may prevent and mitigate declines in auditory health 

and quality of life in aging adults (Alain et al., 2014; Bidelman & Krishnan, 2010; Frisina & 

Frisina, 1997; Johnson, Nicol, & Kraus, 2005; Kraus & Chandrasekaran, 2010; Syka, 2002; 

Zendel, 2011). 

Neural underpinnings of auditory processing 

 One method by which researchers can elucidate the underlying central processing 

mechanisms involved in auditory perception is by recording an electroencephalogram (EEG) 

during an auditory perceptual task (e.g., Anderson et al., 2011; Tremblay et al., 2003). 

Electroencephalography is a neuroimaging technique in which electrodes placed on the scalp 

detect changes in polarization that occur with neuronal activity (Bratzlavsky, Van Zandijcke, & 

Vander Eecken, 1981). When the EEG signal is amplified, digitized, and plotted, it appears as a 

complex oscillatory pattern of changes in voltage over time, corresponding to neural activity 

(e.g., Angelakis et al., 2007). The signal can then be filtered, processed and analyzed to extract 

meaningful information about neural processes (Winkler, Debener, Muller, & Tangermann, 

2015). EEG recordings have an extremely high degree of temporal resolution, meaning that rapid 

changes in neuronal activation can be tracked over time (e.g., Luck, 2012; Skoe & Kraus, 2010; 

Woodman, 2010). Because auditory processing involves the ultra-rapid integration of acoustic 
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features, this temporal sensitivity makes electroencephalography uniquely well-suited to the 

study of neural mechanisms in central auditory processes.  

Frequency following response (FFR). EEGs have been used to study auditory processes 

at different levels in the central auditory pathway, through the examination of cortical and 

subcortical responses to acoustic stimuli (Musacchia, Strait, & Kraus, 2008; Zendel, 2011). In 

particular, the auditory brainstem – a collection of nuclei involved in afferent and efferent 

auditory processing – has been shown to encode spectral and temporal acoustic information with 

a high degree of precision (e.g., Skoe & Kraus, 2010). The electrical potentials generated by 

synchronous neural activity in the brainstem can be measured using EEGs (Hood 1998 

Moushegian, Rupert, & Stillman, 1973). EEG recordings of subcortical responses to auditory 

stimuli can provide insight into the precise neural mechanisms responsible for sound encoding at 

this level of the auditory system (Clinard, Tremblay, & Krishnan, 2010; Skoe & Kraus, 2010).  

One component of the auditory brainstem response (ABR; Skoe & Kraus, 2010) that has 

been implicated in perceptual deficits – in particular, speech perception in noise – is the 

frequency following response (Johnson et al., 2005; Skoe & Kraus, 2010). The FFR is thought to 

be generated primarily in the inferior colliculus, and consists of phase-locked neural activation, 

wherein the inter-spike intervals correspond to the fundamental frequency (F0) of the sound 

input (Hoormann, Falkenstein, Hohnsbein, & Blanke, 1992). The FFR represents the capacity of 

neurons in the auditory brainstem to track and encode changes in frequency during the solid state 

of a complex auditory signal – such as a sinusoidal tone, or the vowel component of a speech 

stimulus – through sustained synchronous neural phase-locking (for summary, see Skoe & 

Kraus, 2010). An FFR can be obtained by recording an EEG during presentation of a repeated 

auditory stimulus, and analyzing the strength and degree of neural synchrony in the evoked 
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response (Skoe & Kraus, 2010). Spectral and temporal features of the FFR, obtained through 

signal analysis, are associated with different aspects of neural pitch encoding. A fast Fourier 

transform (FFT) of the signal yields a spectral analysis that can be used to assess response 

fidelity – the degree to which AB neurons faithfully encode frequency information present in the 

steady state component of the auditory signal, as indexed by the peak magnitude of the stimulus’ 

fundamental frequency within the neural response (Skoe & Kraus, 2010). Another feature, the 

inter-trial phase coherence (ITPC), is a frequency-domain measure that can be used to assess 

consistency of neural responses to a repeated auditory stimulus, by assessing the synchronization 

of the response activity and latency with time-locked features of the auditory stimulus (e.g., 

Delorme & Makeig, 2004). The FFT and ITPC features of the FFR have been proposed as 

indices of the fidelity and consistency with which neurons in the auditory brainstem respond to 

sound (for ABR & FFR summary, see Skoe & Kraus, 2010). 

Research findings suggest that age-related disruptions in neural timing mechanisms lead 

to less consistent and lower fidelity frequency following responses to auditory stimuli (Clinard et 

al., 2010; Werff & Burns, 2011). Signal perturbations introduced by neurons in the auditory 

brainstem are retained in the signal as it travels from the brainstem to the cortex, leading to a 

cortical representation of sound that has more noise than the original acoustic signal (e.g., 

Tremblay et al., 2003).  

In the perception of speech cues, the ability to discern and track changes in pitch over 

time gets significantly more difficult when the signal-to-noise ratio (SNR) decreases (e.g., 

Killion, Niquette, Gudmundsen, Revit, & Banerjee, 2004). By the time an acoustic signal reaches 

the brain of an aging adult, it is likely to have undergone both peripheral and subcortical 

distortion (due to age-related declines in sensorineural hearing, and neural noise introduced in 
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the brainstem, respectively), leading to diminished preservation of key temporal and spectral 

characteristics (e.g., Clinard et al., 2010; Yueh et al., 2003). This suggests a possible mechanism 

for age-related declines speech perception in noise (and other auditory perceptual abilities which 

rely on pitch discrimination), whereby age-related central processing deficits (e.g., reduced FFR 

features) result in downstream perceptual impairments which persist in spite of peripheral 

remediation. 

As such, researchers working towards developing interventions that mitigate age-related 

declines in auditory perception have increasingly been looking to predictors of efficient central 

auditory processing mechanisms, as indexed by measures like the FFR (Alain et al., 2014; 

Besson, Schön, Moreno, Santos, & Magne, 2007; Herdener et al., 2010; Musacchia, Sams, Skoe, 

& Kraus, 2007). One predictor that seems to improve both perceptual and neural experiences of 

audition is musical experience (Kraus & Chandrasekaran, 2010; Parbery-Clark, Skoe, & Kraus, 

2009; Zendel, 2011). 

Musicians vs. non-musicians 

 Musicianship has been shown to confer many benefits outside the musical domain, but 

has the most profound positive effects on the auditory system (for review, see Herholz & 

Zatorre, 2012). Over the course of training, musicians are taught to attend to extremely fine-

grained acoustic features – including pitch, timing, and timbre – that contribute to human 

perception of sound (Kraus & Chandrasekaran, 2010; Kraus, Skoe, Parbery-Clark, & Ashley, 

2009). This trained sensitivity to minute acoustic changes is thought to promote the enhancement 

of auditory perceptual abilities, including those which decline throughout the aging process 

(Alain et al., 2014; Musacchia et al., 2007; Parbery-Clark, Skoe, & Kraus, 2009). In studies 

comparing auditory perception in musicians and non-musicians, musical experience has been 
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shown to enhance pitch discrimination (Micheyl, Delhommeau, Perrot, & Oxenham, 2006; 

Schellenberg & Moreno, 2009); mistuned harmonic (Koelsch, Schröger, & Tervaniemi, 1999; 

Zendel & Alain, 2009) and gap (Rammsayer & Altenmüller, 2006) detection; and perception of 

speech-in-noise (e.g., Parbery-Clark, Skoe, Lam, & Kraus, 2009; Zendel, 2011). Importantly, 

these benefits appear to be largely resistant to age-related declines (Alain et al., 2014; Parbery-

Clark et al., 2012; Zendel, 2011; Zendel & Alain, 2012).  

Musicians also demonstrate structural and functional differences in the neural substrates 

of auditory, sensory-motor, and visuospatial processing (Hyde et al., 2009; Kraus & 

Chandrasekaran, 2010; Musacchia et al., 2007; Schlaug, 2015). Among musicians, musical 

aptitude is correlated with an increase in grey matter volume in the primary auditory cortex 

(Gaser & Schlaug, 2003; P. Schneider et al., 2002); musicianship is also associated with greater 

volumes of grey matter around the central sulcus, including somatosensory and motor areas, the 

inferior temporal gyrus, hippocampus, and corpus callosum regions (Gaser & Schlaug, 2003; 

Herdener et al., 2010; Schlaug, Jäncke, Huang, & Steinmetz, 1995). In addition to structural 

changes in associated brain regions, musicians also demonstrate functional improvements in 

neural responses to sound, at cortical and subcortical levels in the auditory processing pathway. 

Compared with non-musicians, musicians demonstrate enhanced neural responses and activation 

in the auditory cortex (Besson et al., 2007; Hyde et al., 2009; Koelsch et al., 1999; Kuriki, 2006; 

Pantev et al., 2003; P. Schneider et al., 2002; Shahin, Bosnyak, Trainor, & Roberts, 2003) and 

the auditory brainstem (Bidelman & Krishnan, 2010; Lee, Skoe, Kraus, & Ashley, 2009; 

Musacchia et al., 2007; Parbery-Clark, Skoe, Lam, et al., 2009; Strait, Kraus, Skoe, & Ashley, 

2009; Wong, Skoe, Russo, Dees, & Kraus, 2007; Zendel, 2011). Notably, musicians demonstrate 

improvements in both the fidelity (Bidelman, Krishnan, & Gandour, 2011; Musacchia et al., 
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2007, 2008) and consistency (Bidelman, Gandour, & Krishnan, 2011; Bidelman, Krishnan, et al., 

2011; Skoe & Kraus, 2013; Strait et al., 2009) of the frequency following response, benefits 

which appear largely resistant to normal age-related declines (Alain et al., 2014; Parbery-Clark et 

al., 2012; Parbery-Clark, Skoe, & Kraus, 2009; Zendel, 2011; Zendel & Alain, 2012). Because of 

the importance of pitch processing across auditory perceptual domains, FFR improvements have 

been suggested as the mechanism through which musicianship enhances auditory perceptual 

abilities (Bidelman, Krishnan, et al., 2011; Kraus & Chandrasekaran, 2010). 

Similar results have been produced in longitudinal studies of music training in early 

childhood, suggesting that differences between musicians and non-musicians are mediated by 

experience-dependent neuroplasticity, rather self-selection due to pre-existing genetic differences 

(Fujioka, Ross, Kakigi, Pantev, & Trainor, 2006; Hyde et al., 2009). These findings lend support 

to the idea that musical training alters brain structure and function, and suggest that musical 

training has the capacity to promote enhancements in the same auditory abilities that decline as 

we age (Alain et al., 2014; Hanna-Pladdy & MacKay, 2011; Solé Resano, Mercadal-Brotons, 

Gallego Matas, & Riera, 2010; Zendel, 2011). 

Musical training as an intervention 

 Several studies have examined the effect of musical training in a controlled experimental 

context, despite the difficulties involved in this type of paradigm (e.g., tracking and controlling 

practice over the time it takes to ‘become a musician’; Zendel, 2011). These studies provided 

musical training to non-musicians, and examined structural and functional differences pre- and 

post-training. Musical training was found to enhance both structure (Hyde et al., 2009) and 

function (Fujioka et al., 2006; Lappe, Herholz, Trainor, & Pantev, 2008) of the auditory cortex in 

young children who received musical training, compared to those who did not (control 
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participants). In addition, neural coding in the auditory brainstem – including fidelity and 

consistency of the FFR – were found to be enhanced in children following musical training, as 

well as in adult musicians (Musacchia et al., 2007; Skoe & Kraus, 2013; Wong et al., 2007; 

Zendel, 2011). 

In terms of mitigating age-related declines, the effect of musical training on perceptual, 

cognitive, and neuro-physiological measures appears to be a function of the interaction between 

experience and age, whereby the rate of age-related decline is slower in experts (differential 

preservation; e.g., Zendel & Alain, 2012). Studies finding differential preservation of auditory 

abilities lend support to the protective effect of musical training and expertise, demonstrating an 

additive benefit of experience over time (Alain et al., 2014; Salthouse, 2006). This is supported 

by computational models simulating normal aging (Mireles & Charness, 2002), and studies 

directly examining the effect of age and musicianship on auditory processes (e.g., Zendel, 2011). 

Previous research shows that older adults with musical experience demonstrate enhanced 

subcortical functioning (as indexed by features of the frequency following response), and 

improved auditory perceptual abilities, such as pitch discrimination and speech perception in 

noise (Alain et al., 2014; Herholz & Zatorre, 2012; Hyde et al., 2009; Kraus & Chandrasekaran, 

2010; Micheyl et al., 2006; Pantev et al., 2003; Strait et al., 2009; Zendel, 2011). Although these 

findings strongly support the capacity of musical experience to mitigate age-related declines in 

auditory processing, studies have not yet examined the effects of musical training on auditory 

functioning in an intervention context with older adults. 

The benefits of group singing 

 Singing – compared to instrumental music – is a highly intuitive form of music making, 

which emerges spontaneously during the first months of life (Papousek,1996). Singing is a 
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universal form of expression across many cultures (Mithen, Morley, Wray, Tallerman, & 

Gamble, 2006), and is as natural as speaking for many adults (Dalla Bella & Berkowska, 2009; 

Dalla Bella, Giguère, & Peretz, 2007; Pfordresher & Brown, 2007). Group singing, a common 

form of musical collaboration, has been shown to lead to improvements in cooperation (Good & 

Russo, 2016) and social and emotional wellbeing (Bailey, 2005; Clift & Morrison, 2011), as well 

as positive physical and creative outcomes (Beck, Cesario, Yousefi, & Enamoto, 2000; Clift & 

Hancox, 2001). Some of these benefits may be mediated by changes in hormonal levels that 

occur during choral singing: after choir practice, choristers demonstrate decreased stress 

hormones (e.g., cortisol; Beck et al., 2000) and enhanced immune system functioning (e.g., 

increased immunoglobulin A; Kreutz, Bongard, Rohrmann, Hodapp, & Grebe, 2004). Older 

adults involved in choral groups demonstrate improved emotional and cognitive functioning, and 

report positive interpersonal relationships, sustained social engagement, and decreased incidence 

of depression as they age (Coffman, 2002; Darrough, 1992; Hillman, 2002; Solé Resano et al., 

2010). 

In addition to the social, cognitive, and emotional benefits, singing – in particular, group 

singing – provides the opportunity for more immediate gains than does instrumental musical 

training, due to the mechanisms and feedback in place for speech production and monitoring 

(e.g., Pruitt & Pfordresher, 2015). Vocal production and perception involves the rapid integration 

of sensory and vocal-motor systems (Hickok, 2001; Pfordresher & Dalla Bella, 2011; Pruitt & 

Pfordresher, 2015); these feedback loops are necessary in order to be able to monitor speech 

online (vocal perception), and make real-time adjustments to what is being said (vocal 

production; Brainard & Doupe, 2000; Houde & Jordan, 1998; Zheng, Munhall, & Johnsrude, 

2010). In group singing contexts, the singer not only listens to his or her own voice, but also to 



 

 13 

surrounding voices, for changes in pitch and cues to modulate production (e.g., keeping in tune 

with neighbouring singers; following the correct melodic or harmonic line; Pruitt & Pfordresher, 

2015). The use of group singing as a method for musical training could capitalize on those pre-

existing auditory feedback mechanisms, and quickly hone auditory perceptual abilities while 

promoting a positive social environment that is enjoyable and motivating. Intervention studies 

with older adults often find participant compliance to be a major detractor and shortcoming 

(Coon & Thompson, 2003); an enjoyable, sustainable, and motivating intervention is more likely 

to be continued, and greater gains achieved. Finally, running a choir is an immensely scalable 

intervention, requiring minimal cost and equipment (Clift & Morrison, 2011); this paradigm 

could easily be implemented almost anywhere. For these reasons, choir participation as a form of 

musical training appears to be uniquely suited to yield auditory, cognitive, and emotional 

benefits in a short period of time. 

The current study 

 The current study investigates the effect of short-term musical training and choir 

participation on older adults using various measures of auditory perception, including speech-in-

noise perception (SIN) and pitch discrimination (frequency difference limens; FDL); exploratory 

cognitive measures, including working memory (LSpan) and inhibitory control of attention 

(Flanker task); and neural responses to sound, as indexed by features of the frequency following 

response (FFR) to a repeated speech stimulus. We hypothesized that ten weeks of group choral 

practice (two hours weekly) and individual online musical training (up to one hour weekly) 

would improve all measures of auditory processing, including perceptual and neural indices of 

audition. We predicted that compared with their pre-training assessments, choir participants 

would achieve significantly lower post-training thresholds on SIN and FDL tasks, indicating 
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improved perceptual abilities as a result of the intervention. We also predicted that post-training, 

choir participants would demonstrate higher fidelity and more consistent neural responses to 

sound, as indexed (respectively) by improvements in F0 amplitude in fast Fourier transforms 

(FFTs) and inter-trial phase coherence (ITPC) of the FFR component of the auditory brainstem 

response. Furthermore, we predicted that training-related changes in speech-in-noise perception 

and pitch discrimination may have been mediated by improved neural processing; i.e., gains in 

FFTs and ITPCs may have directly or indirectly mediated the intervention effects on auditory 

perceptual measures. Exploratory cognitive measures of working memory and attention were 

assessed in relation to training outcomes, as potential dependent variables, and also as potential 

predictors or mediators of training effect on auditory and neural measures. Background measures 

of age, peripheral hearing loss (dB HL), and musicianship were included as potential predictors 

of choir effect. We also hypothesized that choir participants would experience greater post-

training gains than individuals participating in a music appreciation class (music perception 

group), and that both musically active groups would experience greater post-training effects than 

an age-matched do-nothing control group.  
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Materials and Methods 

Participants 

 Sixty-one choir participants (aged 50+) were recruited from a ten-week choral class run 

through the 50+ program at Ryerson University (CSMU100). In addition to the choir singing 

group, fifty-two control participants were recruited from two populations: seventeen music 

perception participants (aged 50+) were recruited from 8-10 week music appreciation classes 

offered through the Royal Conservatory of Music (RCM) and the 50+ program at Ryerson 

University, and thirty-five do-nothing control participants (aged 50+) were recruited through 

advertisements placed in the Toronto Star and hearing clinics in the greater Toronto area. The 

choir and control groups were matched on age, sex, peripheral hearing loss, and number of 

classes attended; dependent variables included auditory perceptual measures (speech-in-noise 

perception, pitch discrimination, and the frequency following response) and cognitive measures 

(working memory and inhibitory control of attention), so baseline scores in these measures were 

allowed to vary between groups. Participants had normal or corrected-to-normal vision; 

participants with medical conditions and neurological issues were accepted into the study, but 

details were noted for consideration in future analysis. Participants who used assistive 

technology (e.g., hearing aids) in daily life were accepted into the study; hearing aids were 

allowed during the behavioural assessments, to replicate real-life experiences, but were not worn 

during the audiometry or EEG components of the experiment. Informed consent was obtained 

from each volunteer prior to their participation in the study, in accordance with the Ryerson 

Research Ethics Board (REB) guidelines. Each participant was compensated $60 upon 

completion of the post-training assessment, or $30 per 3-hour assessment. Participants who 
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wished to undergo follow-up testing after additional choir sessions and musical training were 

compensated $30 per subsequent data collection session. 

 The current study and participant breakdown included pilot data collected by Saul 

Moshé-Steinberg (2015), involving a subset of data collection (speech perception in noise and 

pitch discrimination threshold scores) for 14 choir participants, and 10 control participants 

(Moshé-Steinberg, 2015). 

Study design 

 Each choir participant (n = 61) came into the Science of Music, Auditory Research and 

Technology (SMART) Laboratory for a pre-training assessment that took approximately 3 hours, 

during which time they completed several questionnaires and auditory and cognitive 

assessments, and underwent an EEG during presentation of repeated auditory stimuli. If possible, 

this pre-training assessment took place before the beginning of their choir course; if not, it 

occurred within two weeks of the first choir session.  

 Choir singing participants took part in weekly two-hour group choral sessions over the 

course of ten weeks, during which time they received pitch training and vocal direction in an 

open and encouraging environment. In addition to the weekly group choir sessions, participants 

were assigned weekly individual online musical and vocal training exercises (up to one hour 

weekly). This training consisted of pitch discrimination and vocal production exercises designed 

to target and improve the participants’ abilities to perceive and produce small changes in pitch 

(Theta Music Trainer; https://trainer.thetamusic.com/en).  

After ten weeks of choir participation and online musical training, each choir participant 

returned to the SMART Lab for a post-training assessment that lasted approximately 2.5 hours. 

During this session, participants completed different versions of the original assessments, and 
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underwent a post-training EEG of auditory brainstem activity. To account for possible 

differences in version difficulty within the matched behavioural tasks, participants were assigned 

one of four possible counterbalanced configurations of assessments or experimental conditions 

(see Tables 1 and 2) to be included in the regression analysis. 

Control participants (n = 52) underwent the same battery of pre- and post-testing over the 

same time frame as the choir participants, but received different (group-specific) interventions 

over the ten-week training period.  

In the music perception group, participants (n = 17) took part in either an 8-week or a 10-

week musical appreciation class which emphasized analytic listening to musical excerpts. The 

inclusion of this control group in the analysis intended to elucidate the contribution of musical 

engagement to intervention outcomes, by contrasting experimental outcomes of a group being 

trained to sing (music production) with a group being trained to listen (music perception). This 

was an attempt to account for the unique contribution of active musical production to 

intervention outcomes, in a context where benefits may also be conferred by musical exposure 

and perceptual engagement.  

The do-nothing control group (n = 35) underwent the same battery of pre- and post-

testing, with 8-10 weeks between data collection sessions, but did not receive any active training 

during this time. The inclusion of this control group in the analysis intended to account for any 

practice effects within the repeated measures, enabling a controlled examination of the unique 

effects of the musical intervention on experimental outcomes. 

In terms of the use of the term ‘intervention’ in this context, this study examined the 

efficacy of musical engagement in mitigating age-related declines in auditory processing in older 

adults, in a controlled experimental setting without random group assignation. The study design 
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and participant recruitment relied on older adults enrolling and completing various courses – in 

particular, the choir singing course offered through Ryerson University’s 50+ Program. This 

design was chosen due to the time commitment and intensive nature of the intervention, as a 

viable way to recruit a large sample of participants; as such, this design lacked randomized 

control group assignation (a common practice in clinical intervention studies). The use of 

‘intervention study’ in this case refers to a multi-arm pre-post study examining possible changes 

in outcome measures – primarily, auditory processes – that occurred as a result of group 

involvement in either a choir singing group, a music appreciation group, or a do-nothing control 

group (e.g., Thiese, 2014). 

Experimental procedure 

Apart from the questionnaires, all assessments were completed in an Industrial Acoustics 

Company (IAC) double-walled sound-attenuating booth. Computerized assessments were 

presented using a Mac mini (Apple, 2010), with visual components of the experiment presented 

on a 24” Acer LCD display (Acer X243w, 1920 x 1200) placed at eye level approximately 0.5m 

in front of the participant. Audiometric testing and FFR auditory stimuli were administered 

through binaural foam insert headphones (Electro-Medical Instruments, 3A) connected to a GSI 

61 Clinical Audiometer (VIASYS Healthcare). All other auditory assessments were administered 

binaurally through Koss SB40 headphones. 

Before the experiment began, participants were familiarized with task requirements and 

response methods for each assessment. Participants were monitored throughout the data 

collection session.  

Questionnaires. After signing the consent form and going over experimental 

expectations and volunteer rights, participants were given background, tinnitus and music history 
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questionnaires. The background questionnaire elicited demographics and medical history; the 

tinnitus questionnaire assessed the incidence and degree of tinnitus symptoms. The music history 

questionnaires assessed the extent of musical training and experience, including age of onset of 

musical training, years of continuous formal training, lifelong experience (approximate hours 

practiced per week during each five-year period), and current musical involvement (approximate 

hours practiced per week during the past year and past decade). These aspects of musical 

experience have been shown to influence auditory perceptual measures (Zendel, 2011) and 

neural responses to sound (Kraus & Chandrasekaran, 2010); these measures were included in the 

analysis to account for the influence of baseline musical experience on training outcomes, and to 

enable future analyses of individual variability in baseline measures.  

Auditory measures. Pure-tone audiometry. Peripheral hearing loss was assessed 

through the conduction of a pure-tone audiometry test, to determine sound sensation at the level 

of the ear. Participants seated in a sound-attenuated booth equipped with a GSI 61 Clinical 

Audiometer (VIASYS Healthcare) were presented with monaural pulsed pure tones at test 

frequencies of 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz, 6000 Hz, and 8000 Hz. 

Participants were asked to press a response button whenever they heard a tone. The assessment 

began with presentation of a 1000 Hz tone to the left ear at 40 dB HL; if the participant indicated 

that they heard a tone, the amplitude was reduced by 5 dB HL. This continued until the 

participant no longer responded to presented tones; at this point, the amplitude of the tone was 

increased by 5 dB HL. If the participant responded, the amplitude was again lowered by 5 dB 

HL; with no response, the amplitude was increased by 5 dB HL. A researcher alternated 

increasing and decreasing the amplitude of the pure tone presentation until they were confident 

they achieved consistent responses; the lowest amplitude presentation that the participant 
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consistently responded to was recorded as the pure-tone threshold for that frequency in that ear. 

If the participant did not respond to the initial tone presented at 40 dB HL, the amplitude was 

increased in 5 dB increments until the participant was able to detect the tone; at this point, it was 

increased an additional 10 dB, and threshold detection procedure was continued as stated above 

(alternating around the lowest detectable amplitude until a consistent threshold was established). 

Each tone was presented at irregular time intervals to prevent false positives in responses. This 

procedure was repeated for all test frequencies, and the 1000 Hz frequency was tested a second 

time to ensure that the initial threshold measurement was not compromised due to lack of 

familiarity with the test procedure. The entire procedure was then repeated for the right ear.  

 Speech-in-noise perception: Signal-to-Noise Ratio (SNR). Ability to track speech in a 

noisy environment was assessed using the QuickSIN test (Speech-In-Noise; Etymotic Research; 

Killion, Niquette, Gudmundsen, Revit, & Banerjee, 2004). Participants were presented with four 

sets of six pre-recorded sentences, with five key words per sentence embedded in four-talker 

babble noise. In this assessment, the sentences were presented binaurally with a decreasing 

signal-to-noise ratio (SNR): the first sentence was presented with an SNR of 25 dB (i.e., the 

target sentence was twenty-five times louder than the background noise; very easy), each 

subsequent sentence was presented with a -5 dB SNR reduction, to an SNR of 0 dB for the final 

sentence (i.e., no difference between signal and background babble volume; very difficult). 

Participants were asked to repeat back the target sentences as closely to what they heard as 

possible, and were awarded one point for each correctly repeated target word, for a possible total 

of thirty points per set. The sentences in the QuickSIN do not contain many semantic or 

contextual cues, despite being syntactically correct (Wilson, McArdle, & Smith, 2007). Out of 

the four sets of sentences presented, the first two lists were treated as practice sets, to familiarize 
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participants with the task requirements, and the second two lists were scored as experimental 

data. SNR loss for each list was calculated by subtracting the total number of correct words from 

25.5; this number represents the signal-to-noise ratio required for the participant to correctly 

identify 50% of the key words in the target sentences (Killion, 1997; Killion et al., 2004). Final 

scores were calculated by averaging the scores of the two experimental lists; since this is a 

threshold assessment, a more negative SNR score indicates better performance. Participants’ 

responses were scored online by a researcher, and were also recorded using Audacity software in 

case response ambiguity necessitated further review. The pre- and post-testing used different 

sentence sets in order to avoid practice effects, and participants’ exposure to the sets were 

counterbalanced across experimental conditions, to be included in the regression analysis to 

account for any differences in overall set difficulty (see Table 1). 

 Pitch discrimination: Frequency Difference Limens (FDL). Participants’ ability to 

distinguish different frequencies was measured using a computerized assessment of frequency 

difference limens (FDL). In this task, participants were presented with 3 pure tones, each lasting 

200ms, with amplitude envelopes of 20ms rise and delay times. A three-alternative forced choice 

paradigm was used, in which each presented set contained two pure tones at the standard 500 Hz 

frequency, and one stimulus at a randomly selected higher frequency (Parbery-Clark, Skoe, Lam, 

et al., 2009; F. A. Russo et al., 2012; B. Schneider, 1997). The participant was instructed to 

identify which tone was higher than the other two by pressing the corresponding number on a 

computer keyboard (i.e., 1 = first tone is higher; 2 = second tone is higher; 3 = third tone is 

higher). An adaptive staircase paradigm was used to determine the pitch discrimination 

threshold, whereby the difference between standard and comparison frequencies was halved after 

three correct responses, or doubled after one incorrect response. After five reversals, the step was 
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changed, so that the frequency difference was divided by 1.414 after 3 correct responses or 

multiplied by 1.414 after one incorrect response. The least detectable difference was considered 

an index of pitch discrimination ability.   

 EEG measure: the frequency following response (FFR). Stimulus. Auditory 

presentation of a repeated /dɑ/ syllable (F0 = 114 Hz) was used to elicit the frequency following 

response (FFR), following methodological conventions described by Skoe & Kraus (2010). This 

stimulus was selected because it is a complex speech sound that has been extensively used in this 

area of research, and robustly elicits clear auditory brainstem responses (Parbery-Clark et al., 

2012; Parbery-Clark, Skoe, & Kraus, 2009; N. M. Russo, Nicol, Zecker, Hayes, & Kraus, 2005; 

Skoe & Kraus, 2010). Each participant heard 6000 repetitions of this 170ms sound, presented at 

alternating polarities. Stimuli were presented binaurally through insert headphones; stimulus 

volume was set to 45 dB SPL for normal hearers. For individuals with hearing loss above 25 dB, 

presentation volume was set to 45 dB + (dB HL – 25 dB), controlling stimulus levels for sensory 

loss across all participants.  

EEG administration and data collection. EEG data were collected using a vertical one-

channel montage configuration, using three electrodes; in which active and reference electrodes 

were placed on the mastoids, and a ground electrode was placed on forehead. A researcher 

applied 1 square cloth solid gel electrodes (EL504, BIOPAC Systems, Inc.) to the mastoids and 

forehead; electrodes were connected to a BIOPAC MP150 data acquisition system and ERS100C 

Evoked Response Amplifier (BIOPAC Systems, Inc.). Data were recorded at a sampling rate of 

20 kHz, with a low-pass filter of 10 kHz and a high-pass filter of 1 Hz, and the signal was 

recorded using Acknowledge software (AcqKnowledge, version 4.1).  
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Stimuli were presented for 25 minutes in total, during which time participants shown a 

silent film (http://www.openculture.com/free-silent-films), to promote relaxation and stillness 

during the EEG. 

 EEG data processing. EEG data were processed in MATLAB, using the PHZLAB 

toolbox (Nespoli, 2016). A 100-3000 Hz band pass filter was applied, and data were segmented 

according to individual stimulus responses (i.e., 6000 segments), with epoch windows extending 

40ms pre-stimulus onset and 10ms post-stimulus onset (Skoe & Kraus, 2010). The 40ms 

preceding stimulus onset was used as a baseline of ambient EEG activity, against which to 

compare the response activation. Peak amplitudes in the response waveform were compared to 

the baseline; response peaks with absolute amplitudes that did not exceed the baseline were not 

considered ‘reliable’ (Skoe & Kraus, 2010). Myogenic artifacts, which are many times larger 

than the brainstem response, were accounted for by rejecting all trials with amplitudes that 

exceeded a threshold of 35μV. Responses that remained after artifact rejection were averaged 

(accounting for polarity differences). Peak amplitude of the fundamental frequency (a measure of 

response fidelity) was calculated by applying a fast Fourier transform (FFT) to the averaged 

signal; inter-trial phase coherence (ITPC; a measure of response consistency) was calculated by 

finding the latency variations across each participant’s un-averaged signal. 

 Cognitive measures. Cognitive assessments were administered electronically and 

automatically on stimulus computer (see experimental procedure). Assessment scripts, coded in 

HTML-5, were retrieved from the Millisecond online database 

(http://www.millisecond.com/download/library/, 2016) and run using Inquisit software (version 

5.0.6). The original assessment scripts were adapted to conform to our experimental protocol, 

including altered task exposure and duration. Before running each automated assessment, a 
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researcher informed the participant as to the task instructions and protocol; spoken instructions 

were supplemented with visual presentation of task instructions. Each assessment had self-paced 

components, during which participants were able to take breaks while remaining in the booth. 

Due to the self-paced nature, duration of each assessment will be variable; participants were 

expected to spend between seven and fifteen minutes on each cognitive assessment. 

 Working memory: Listening Span (LSpan). Working memory was assessed using a 

computerized version of the listening span task (LSpan), an auditory adaptation of the reading 

span task developed by Daneman and Carpenter (1980). In this task, participants were asked to 

memorize sequences of letters spoken through their headphones, while also listening to sentences 

and determining sentence sensibility. The participant would hear a sentence, indicate whether it 

made sense, and then hear a letter to remember. This was followed by another sentence, 

sensibility response screen, and another spoken letter; this process was repeated to generate sets 

of letters and sentences ranging from length 2 (i.e., two sentences to judge and two letters to 

remember) to length 7 (i.e., seven sentences to judge and seven letters to remember). At the end 

of each set of letters and sentences, participants were shown a letter recall screen, on which they 

were instructed to indicate all the letters they heard in the correct order. Letters in the wrong 

position were counted as errors; the participant had the option of selecting BLANK as a 

placeholder for a letter they were unable to remember, to maintain overall letter order. After each 

response screen, participants received feedback on both the number of letters recalled correctly 

and the number of correct sentence judgments for that set. Throughout the task, the overall 

percentage of correct sentence judgments for the entire experiment was shown; participants were 

instructed to maintain 85% correct or higher. This was to ensure that participants paid attention 

to the distractor task (sentence judgments) in order to ascertain an accurate span measure. LSpan 
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was calculated as the sum of the lengths of all perfectly recalled sets, as per the absolute scoring 

method. However, partial-credit load scoring was also applied to calculate the total number of 

letters recalled in the correct position, to be considered in future analyses and capture another 

aspect of working memory, as suggested by Conway et al. (2005). Sentence accuracy was also 

reported, and data from participants whose accuracy fell below 85% were discarded.  

 Inhibitory control of attention: Flanker task. Aspects of attentional processing were 

assessed using a computerized version of an adapted Flanker task (Ridderinkhof, van der Molen, 

Band, & Bashore, 1997). In this experiment, participants were presented with five arrows inside 

a box on the computer screen, and were instructed to identify the direction of the center arrow by 

pressing one of two buttons on the computer keyboard. Arrows on either side (‘flankers’) of the 

central arrow were either congruent (facing the same direction as the central arrow) or 

incongruent (facing a different direction than the central arrow); difference in mean reaction time 

between congruent and incongruent conditions was calculated to determine the Flanker effect. In 

addition to experimental manipulation of congruency, the center arrow was sometimes bigger or 

smaller than the other arrows, and response keys were either compatible (e.g., the response key 

on the left was used to indicate left pointing arrows) or incompatible (e.g., the response key on 

the left was used to indicate right pointing arrows). Response key compatibility and size of 

central arrow was noted and considered for future analyses, as suggested by Ridderinkhof et al., 

(1997). The program reported the proportion of correct responses overall, the mean reaction time 

for the entire experiment, and the mean reaction times for both congruent and incongruent 

conditions, to be examined as indices of attentional processing.  
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Statistical analyses 

 Linear mixed effects (LME) modelling in a multilevel regression format was used to 

assess whether ten weeks of choir practice and musical training resulted in improvements to 

auditory measures, including speech-in-noise (SIN) perception and pitch discrimination 

(frequency difference limens; FDL); neural measures, including fidelity (fast Fourier transform; 

FFT) and consistency (inter-trial phase coherence; ITPC) of the frequency following response 

(FFR); and exploratory cognitive measures, including working memory (LSpan) and attentional 

control (Flanker task). LME were used to examine the extent to which different predictors 

contribute to gains in key auditory and neural abilities while accounting for individual variability 

across participants. Interaction effects and mediation analyses investigated the relationships 

between variables; in particular, pitch discrimination was examined as a potential mediator for 

training-induced changes in speech in noise perception. Post-hoc analyses, in the form of t-tests 

on pre- and post-testing scores of each group, were conducted to determine directionality and 

magnitude of effects.   

 Unique effects of choir participation and musical training were determined by examining 

the differences between intervention conditions; choir singing group and music perception group 

were contrasted against the do-nothing control group. This was intended to determine whether 

the effects of either music production training or music perception training significantly differed 

from any practice effects of the repeated measures. Statistical analyses were conducted in R; the 

nlme package was used to conduct linear mixed effects modelling in a multilevel regression 

format (Pinheiro et al., 2017). 

Using LME with multilevel modelling in a regression format relies upon the comparison 

of the goodness of fit of various models, finding significance when the inclusion of an additional 
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predictor or interaction term significantly improves the fit of the model (accounting for 

significantly more unique variance), as reported in a chi-squared test. As such, all significant 

regression findings will be reported as chi-square statistics with associated p-values, as is 

customary in LME / MLM contexts. 
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Results 

Participants 

 Of the 113 older adults originally recruited for the study, 95 participants completed both 

pre- and post-testing. These individuals were distinguished on the basis of their participation: 

choir participants (n = 50, 43 female), music listening participants (n = 13, 9 female), and do-

nothing control participants (n = 32, 26 female). The choir singing group (aged 54 – 87; M = 

68.28, SD = 6.28), music listening group (aged 53 – 82, M = 69.08, SD = 6.97), and do-nothing 

control group (aged 60 – 76, M = 68.06, SD = 4.81) were matched in terms of age; males (aged 

54 – 75, M = 68.59, SD = 5.42) and females (aged 53-87, M = 68.26, SD = 6.00) were also age-

matched both between and within groups. The do-nothing control group was recruited to match 

the choir singing group in terms of age, sex, and peripheral hearing loss; as the music listening 

group was recruited from existing classes, this between-group matching was coincidental.  

 

Auditory measures 

 Pure-tone audiometry. Average binaural pure-tone audiometric thresholds did not differ 

significantly between groups (see Figure 1). A regression analysis showed that age accounted for 

significant variance in pure-tone audiometry thresholds, χ2(1) = 36.110, p <0.001 (see Figure 2). 

This relationship between age and audiometry (overall model: b = 1.1628, t(82) = 6.6363, p 

<0.0001) did not vary significantly between the choir singing group (b = 1.2210, t(41) = 5.1260, 

p <0.0001), music listening group (b = 0.8434, t(11) = 2.9679, p = 0.0128), and do-nothing 

control group (b = 1.2658, t(26) = 3.1248, p = 0.0043); see Figure 2. Because of the collinearity 
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between age and audiometry, only audiometry measures will be used as a predictor in 

regressions considering dependent variables.  

Speech-in-noise (SIN) perception. A linear mixed effects model was used to assess the 

effects of session and group on signal-to-noise ratio (SNR), the participants’ thresholds for 

perceiving speech in noisy settings. Fixed effects were Session, Group, and the Session x Group 

interaction term. The relationship between Session and SNR showed significant variance in 

intercepts across participants, SD = 2.47 (95% CI: 2.10, 2.91), χ2(1) = 79.15, p < .0001, so 

random effects of Participant were included in the model to account for individual variability.  

There were no main effects of Session (χ2(1) = 2.141, p = 0.1435) or Group (χ2(2) = 

1.431, p = 0.4889) on SNR, but there was a significant effect of the Session x Group interaction 

on SNR, χ2(2) = 6.948, p = 0.0310. In order to break down this interaction, contrasts were 

assigned to Session and Group, comparing pre- and post-training scores of each intervention 

group with the pre-training SNR scores of the do-nothing control group. The contrasts revealed 

that a post-training effect for the choir singing group was the only significant relationship, b = -

1.0812, t(92) = -2.453, p = 0.0160. Post-hoc pairwise t-tests confirmed that choir participants’ 

post-training SNR scores (M = 2.91, SD = 3.38) were significantly better than their pre-training 

SNR scores (M = 3.71, SD = 3.54); t(49) = 3.3831, p = 0.0014, while no pre-post SNR 

differences were found in either the music perception class (t(12) = -0.2855, p = 0.7801) or do-

nothing control group (t(31) = -0.7460, p = 0.4612; see Figure 3 and Table 2). 

While there was no significant main effect of Group on baseline SNR scores (χ2(2) = 

3.667, p = 0.1599), the pre-training SNR scores of the choir singing group (M = 3.71, SD = 3.54) 

were numerically higher than pre-training SNR scores of the music perception (M = 2.31, SD = 

2.48) and do-nothing control groups (M = 2.70, SD = 1.85); b = 1.006, t(92) = 1.515, p = 0.1333 
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(see Figure 3). In order to determine whether choir-induced changes in SNR were due to a 

restoration of speech-in-noise perception to age-normal levels, or an improvement effect, a 

subset of 32 choir participants were matched with the 32 do-nothing control participants in terms 

of baseline SNR, and re-analyzed. This analysis yielded a significant session x group interaction 

(χ2(2) = 10.295, p = 0.0058), and contrasts revealed that a post-training effect for the choir 

singing group was the only significant difference from the do-nothing control group, b = -1.4219, 

t(74) = -3.062, p = 0.0031. A post-hoc pairwise t-test confirmed that choir participants’ post-

training SNR scores (M = 1.58, SD = 1.51) were significantly better than their pre-training SNR 

scores (M = 2.72, SD = 1.67); t(31) = 5.4396, p < 0.0001. This showed that when baseline SNR 

was controlled for, the choir singing group still experienced significant improvements, while the 

other two groups did not (see Figure 4 and Table 3). An additional baseline matching analysis 

was conducted, in which all choir participants (n = 42) were included if they had a baseline SNR 

score that was matched by that of a participant in the do-nothing control group (n = 32). This 

analysis was consistent with the previous baseline matching analysis, whereby choir participants’ 

post-training SNR scores (M = 1.96, SD = 1.71) were significantly better than their pre-training 

SNR scores (M = 2.52, SD = 1.54; t(41) = 2.3092, p = 0.0260), while neither control group 

demonstrated post-testing improvements.   

Pitch discrimination. A linear mixed effects model was used to assess the effects of 

session and group on frequency difference limens (FDL; Hz), the participants’ thresholds for 

discriminating different pitches. Session, group, and the session x group interaction were 

considered as fixed effects. The relationship between Session and FDL showed significant 

variance in intercepts across participants, SD = 7.59 (95% CI: 6.17, 9.35), χ2(2) = 44.99, p < 

.0001. In addition, the slopes varied across participants, SD = 4.87, χ2 (4) = 13.71, p = 0.0083, 
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and the slopes and intercepts were negatively and significantly correlated, cor = –.70; for these 

reasons, random effects of ~Session|Participant/Group (participants nested within each 

intervention group) were included in the model to account for individual variability. 

There was a main effect of Session (χ2(1) = 14.066, p = 0.0002), but no main effect of 

Group (χ2(2) = 2.862, p = 0.2391) and no significant Session x Group interaction (χ2(2) = 0.499, 

p = 0.7791). A contrast analysis revealed an overall post-training improvement for all 

participants (main effect of post-training session; b = -3.4223, t(65) = -2.225, p = 0.0296), 

suggesting the possibility of practice effects for this task. Post-hoc pairwise t-tests confirmed that 

choir participants’ post-training FDL scores (M = 8.99, SD = 7.82) were significantly better than 

their pre-training FDL scores (M = 12.25, SD = 10.67); t(38) = 2.6343, p = 0.01213; do-nothing 

control participants also demonstrated significantly better scores in their second session (M = 

12.11, SD = 8.58) compared with their first session (M = 15.54, SD = 11.41; t(17) = 3.0268, p = 

0.0076), and while the music perception class didn’t achieve significance, they appeared to 

exhibit the same trend, with numerically better FDL scores post-training (M = 7.78, SD = 4.10) 

than pre-training (M = 9.61, SD = 4.95; see Figure 5 and Table 4). 

 While there was no significant main effect of Group on baseline FDL scores (χ2(2) = 

2.534, p = 0.2816), the intercepts of the three groups varied, and the group with the lowest 

intercept (music perception group) was the only group to not achieve significant post-training 

gains in FDL (see Figure 5). In order to control for intercept differences, a subset of 11 choir 

participants and 11 do-nothing control participants were matched with the 11 music perception 

participants in terms of baseline FDL scores, and re-analyzed. This analysis yielded a main effect 

of Session (χ2(1) = 15.918, p < 0.0001), but no main effect of Group (χ2(2) = 0.741, p = 0.6903) 

and no significant Session x Group interaction (χ2(2) = 4.436, p = 0.1088). However, a contrast 
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analysis revealed that while all groups experienced marginally significant post-training gains as a 

result of the interventions (b = -1.7220, t(30) = -1.758, p = 0.0889), a post-training effect for the 

choir singing group was the only marginally significant difference from the do-nothing control 

group, b = -2.5458, t(30) = -1.838, p = 0.0760. This suggests that the choir singing group 

experienced greater improvements in FDL scores as a result of the intervention than the do-

nothing control group, while the gains of the music perception group did not significantly differ 

from the do-nothing control group. Post-hoc pairwise t-tests confirmed that when baselines were 

matched, choir participants’ post-training FDL scores (M = 5.44, SD = 2.24) were significantly 

better than their pre-training FDL scores (M = 9.71, SD = 4.61); t(10) = 3.7454, p = 0.0038, and 

do-nothing control participants’ post-training FDL scores (M = 7.78, SD = 2.98) were 

significantly better than their pre-training FDL scores (M = 9.50, SD = 4.11); t(10) = 2.3203, p = 

0.04275. While the music perception class didn’t achieve significance, they appeared to exhibit 

the same trend as the do-nothing control group, with numerically better FDL scores post-training 

(M = 7.78, SD = 4.10) than pre-training (M = 9.61, SD = 4.95; see Figure 6 and Table 5). Post-

training FDL scores for the choir singing group were numerically better than post-training scores 

for the other music perception and do-nothing control groups (see Figure 6 and Table 5).  

Frequency following response (FFR) 

 Due to issues with the data processing toolbox used, only preliminary FFR data from the 

choir singing group was available at the time of analysis. The toolbox (PHZLAB; Nespoli, 2016) 

is in the early stages of development, and, after preliminary analyses were conducted, underwent 

an update that precluded ongoing data processing with the current FFR files. However, this issue 

will likely be remediated in a future update of the toolbox (the developer is aware of the problem 

and is working to correct it); for this reason, FFR data from the do-nothing control group, music 
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perception group, and additional choir participants will be processed and analyzed in a future 

study. Pairwise t-tests conducted on preliminary EEG data for choir participants revealed a 

marginally significant improvement in the magnitude of the neural representation of the 

fundamental frequency (FFT at 114Hz) between pre-training (M = 0.0135, SD = 0.0132) and 

post-training (M = 0.0140, SD = 0.00999); t(12) = -2.0353, p = 0.06452). Pairwise analyses also 

revealed a marginally significant improvement in neural response consistency, as measured by 

inter-trial phase coherence (ITPC), between the pre-training (M = 0.0928, SD = 0.0530) and 

post-training (M = 0.1492, SD = 0.0782) assessments for choir participants; t(13) = -2.0399, p = 

0.06222.  

Cognitive measures 

Working memory. A linear mixed effects model was used to assess the effects of 

session and group on listening span (LSpan), a measure of auditory working memory. Session, 

group, and the session x group interaction were considered fixed effects. The relationship 

between Session and LSpan showed significant variance in intercepts across participants, SD = 

12.59 (95% CI: 10.32, 15.36), χ2(1) = 50.021, p < .0001, so random effects of Participant were 

included in the model to account for individual variability. There was a significant main effect of 

Session (χ2(1) = 8.369, p = 0.0038), but no significant effect of Group (χ2(2) = 2.550, p = 

0.2794) or the Session x Group interaction (χ2(2) = 1.867, p = 0.3933) on Listening Span score. 

Contrasts revealed that there were no significant differences in the way the different 

interventions affected the LSpan scores, with all groups improving. Post-hoc t-tests revealed that 

the music perception group showed significant improvements from pre-training (M = 28.00, SD 

= 11.28) to post-training (M = 35.75, SD = 11.86), t(11) = -2.389, p = 0.03593, while the choir 

singing group demonstrated marginally significant improvements from pre-training (M = 25.03, 
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SD = 15.91) to post-training (M = 28.58, SD = 15.55), t(35) = -1.8867, p = 0.06752, and the do-

nothing control group did not significantly improve (see Figure 7 and Table 6).  

Total correct letters (TCL) were also assessed, to see whether partial credit scoring 

yielded any more detailed or sensitive findings with respect to auditory working memory. The 

analysis was set up the same way as it was for LSpan scores, but with TCL as the dependent 

variable. The relationship between Session and LSpan showed significant variance in intercepts 

across participants, SD = 13.37 (95% CI: 11.21, 15.95), χ2(1) = 96.349, p < .0001, so random 

effects of Participant were included in the model to account for individual variability. The initial 

analysis yielded similar findings as the overall LSpan regression, with a significant main effect 

of Session (χ2(1) = 14.413, p = 0.0001), but no significant effects of Group or the Session x 

Group interaction term in the linear mixed effects analysis. Contrasts revealed that post-training 

TCL was marginally improved over pre-training (b = 2.458, t(69) = 1.698, p = 0.0941), but the 

relationship did not vary between groups. Post-hoc t-tests revealed that while all groups 

demonstrated improved TCL scores over the intervention period, in this case, the choir singing 

group showed significant improvements from pre-training (M = 43.11, SD = 15.90) to post-

training (M = 46.81, SD = 14.40), t(35) = -2.9807, p = 0.005203; and the do-nothing control 

group also demonstrated marginally significant improvements from pre-training (M = 41.54, SD 

= 15.12) to post-training (M = 44.00, SD = 13.61), t(23) = -1.872, p = 0.07398, while the music 

perception group did not significantly improve (see Figure 8 and Table 7).  

 Inhibitory control of attention. A linear mixed effects model was used to assess the 

effects of session and group on reaction time measures from the Flanker task, a measure of 

inhibitory control of attention (calculated as mean RT incongruent - mean RT congruent). 

Session, group, and the session x group interaction were considered fixed effects. There were no 
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significant effects of Session, Group, or the Session x Group interaction term on the Flanker 

effect; however, the choir singing group appeared to demonstrate a different trend than the other 

two groups (see Figure 9). In order to elucidate this trend, this analysis was conducted on overall 

mean reaction times, as well as mean reaction times for congruent and incongruent conditions. 

The relationship between Session and Flanker mean RT showed significant variance in 

intercepts across participants, SD = 92.78 (95% CI: 76.42, 112.63), χ2(1) = 56.128, p < .0001, so 

random effects of Participant were included in the model to account for individual variability. 

There was a significant main effect of session on mean reaction time (χ2(1) = 4.059, p = 0.0439); 

contrast analyses showed that while all groups became significantly faster over the course of the 

intervention period (b = -36.760, t(69) = -2.345, p = 0.0219), the baseline mean RT measure 

varied significantly in the choir singing group (b = -58.991, t(70) = -2.089, p = 0.0404) and 

marginally significantly in the music perception group (b = -70.488, t(70) = -1.910, p = 0.0603), 

as compared with the do-nothing control group. Post-hoc pairwise t-tests revealed that only the 

do-nothing control group showed marginally significant differences between pre-training (M = 

815.61, SD = 119.20) and post-training (M = 778.85, SD = 115.67) scores, t(23) = 2.0446, p = 

0.0525 (see Figure 10 and Table 8). These findings were consistent when the analysis was 

broken down based on congruency condition (see Figure 11), suggesting that participants with 

worse baseline reaction times were likely to experience gains in this measure, as a result of 

practice, but that no benefits were conferred by either music perception training or choir singing.  

Overview of results 

 Analyses showed that choir singing participants experienced significant post-testing gains 

in speech-in-noise perception (SNR score improvements), while the music perception and do-

nothing control participants did not (with and without between-group baseline matching). 
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Although all groups demonstrated post-testing gains in pitch discrimination ability (FDL score 

improvements), when baselines scores were matched, the choir participants had marginally 

significantly better post-training scores than the other two groups. The choir singing group also 

demonstrated marginally significant improvements in both the FFT and ITPC features of the 

frequency following response (FFR); the other groups were not tested in this domain. These 

findings support the use of choir participation to improve aspects of auditory processing in older 

adults. 

All groups demonstrated some post-training improvements in working memory span 

(LSpan), with the music perception group showing the most (significant) improvement, followed 

by the choir singing group (marginally significant improvements), and finally the do-nothing 

control group (numeric improvement not reaching significance). These findings were not 

replicated in the partial scoring method of the same task (TCL), with the choir singing group 

demonstrating the most significant improvements, followed by the do-nothing control group 

(marginally significant improvements), and finally the music perception group (numeric 

improvement not reaching significance). In the Flanker task, all groups improved post-testing, 

but no additional gains were conferred by either training group (choir singing or music 

appreciation classes) relative to the do-nothing control group 

These results support the use of choir singing to improve measures of auditory, but not 

cognitive, processing in older adults. Because speech-in-noise perception was the main outcome 

of interest in this study, and was shown to significantly improve as a result of choir participation, 

moderation and mediation analyses were conducted to further elucidate gains in SNR scores. 

These findings are presented below. 
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Moderation and mediation analyses 

Moderation models of SNR were limited to the baseline matched subset of the choir 

singing group (n = 32) and do-nothing control group (n = 32), omitting the music perception 

group due to its small sample size. Linear mixed effects modelling in a multilevel regression 

format was used to examine possible predictors of SNR scores, including auditory measures (dB 

HL and FDL in Hz); cognitive measures (LSpan and Flanker effect), and background 

musicianship (age of onset and years of continuous training), along with effects of session and 

group (previously found to be significant; see above). The relationship between Session and SNR 

showed significant variance in intercepts across participants, SD = 2.47 (95% CI: 2.10, 2.91), 

χ2(1) = 79.15, p < .0001, so random effects of Participant were included in the model to account 

for individual variability.  

The regression analysis found significant main effects of group (χ2(1) = 4.604, p = 

0.0319) and dB HL (χ2(1) = 6.082, p = 0.0137) on SNR scores, as well as significant interaction 

effects of Session x Group (χ2(1) = 9.594, p = 0.0020; see Figure 12) and dB HL x FDL (χ2(1) = 

4.014, p = 0.0451; see Figure 13), and a marginally significant interaction of Session x FDL 

(χ2(1) = 2.884, p = 0.0894; see Figure 14). When contrasts were applied, significant variance 

was accounted for by Group (choir singing group vs do-nothing control group; b = -7.554, t(30) 

= -2.158, p = 0.0390), and marginally significant variance was accounted for by dB HL, b = -

0.211, t(30) = -1.759, p = 0.0887; FDL (Hz), b = -0.313, t(18) = -2.097, p = 0.0504. As well, the 

interaction between dB HL and FDL accounted for significant variance in SNR scores, b = 

0.0197, t(18) = 2.329, p = 0.0317. Interaction effects were plotted for elucidation; see Figures 

11-13. Simple slopes analyses revealed that in addition to the beneficial effect of choir training 



 

 38 

on SNR score, individuals with better peripheral hearing (i.e., lower dB HL) and better pitch 

discrimination (i.e., lower FDL) were better at perceiving speech in noise (see Figures 11-13). 

The mediation model investigated whether choir improvements in SNR scores were 

mediated by gains in pitch discrimination ability (FDL (Hz); see Figure 18); as such, this 

analysis was limited to the choir singing group (n = 50). Path a in this model tested whether the 

independent variable, Session, accounted for significant variance in the mediator, FDL (Hz). 

This was calculated by regressing FDL on Session. The results indicated a significant 

relationship between FDL and Session; as the choir participants progressed from pre-training to 

post-training, FDL scores decreased by 2.761 Hz (b = -2.761, SE = 1.246, t(38) = -2.216, p= 

0.0327). This supports the previous finding that choir participants demonstrate significant 

improvements in pitch discrimination over the course of the intervention. Path b was calculated 

by regressing SNR on both FDL and Session, and tested whether the mediator, FDL (Hz), 

accounts for significant variance in the dependent variable, SNR, when Session is included in the 

model. The results suggest that while holding Session constant, there is a significant relationship 

between FDL and SNR (b = 0.087, SE = 0.026, t(36) = 3.390, p = 0.0017). This model also 

includes the c' path, denoted by the estimate, standard error, and p-value of the Session 

coefficient in the 'mediated' model (i.e., including FDL). In this case, when SNR was regressed 

on both FDL and Session, there was a marginally significant relationship between Session and 

SNR (b = -0.458, SE = 0.237, t(36) = -1.932, p = 0.0613). Path c was calculated by regressing 

SNR on Session; as expected, Session accounted for significant variance in the dependent 

variable, SNR,  b = -0.861, SE= 0.231, t(48) = -3.726, p = 0.0005. Aroian’s test was conducted 

to determine whether the indirect mediation effect (a*b) was significantly different from zero. 

This test yielded a marginally significant mediation effect (z = -1.801, SE = 0.136, p = 0.0717). 
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Given the sample size, and the fact that Aroian’s test is known to be overly conservative (i.e., has 

an inflated Type II error rate), a Monte Carlo resampling technique was applied to elucidate the 

mediation effect of FDL on SNR~Session. Using a resampling of 20000 in the Monte Carlo 

approach, zero was not included in the 95% confidence interval; therefore, FDL (Hz) 

significantly mediated the relationship between Session and SNR, 95% CI [-0.54005, -0.02167] 

(see Figure 19). 

Because FDL was found to mediate choir-induced changes in SNR, linear mixed effects 

modelling in a multilevel regression format was used to examine possible predictors and 

moderation of FDL scores, by audiometry (dB HL), cognitive measures (LSpan and Flanker 

effect), and background musicianship (age of onset and years of continuous training), along with 

effects of session and group (previously found to be significant; see above). The regression 

analysis found significant main effects of session (χ2(1) = 8.712, p = 0.0032), age of onset of 

musical training (χ2(1) = 5.130, p = 0.0235) and years of continuous musical training (χ2(1) = 

4.128, p = 0.0422) on FDL scores, as well as significant interaction effects of Session x Group 

(χ2(1) = 10.303, p = 0.0058; see Figure 15) and age of onset x years of continuous musical 

training (χ2(1) = 8.054, p = 0.0045; see Figure 16). When contrasts were applied, only the 

variance accounted for by the musicianship interaction (age of onset x years of continuous 

musical training; b = -0.106, t(18) = - 2.722, p = 0.0140) remained significant. Interaction effects 

were plotted for elucidation; see Figures 14-15. Simple slopes analyses revealed that in addition 

to the beneficial effect of choir training on FDL score, individuals who began musical training 

earlier (i.e., earlier age of onset of musical training) and had more years of continuous musical 

training were better at perceiving differences in pitch (see Figures 14-15). 
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Discussion 

 This study demonstrated for the first time that short-term choir participation can result in 

improved speech-in-noise perception in older adults. Because these improvements were not 

observed in the music perception group or the do-nothing control, it would appear that active 

engagement in music was critical. Choir participation also led to improved pitch discrimination 

and neural representation of frequency. Although there were some practice effects of the pitch 

discrimination task (i.e., comparable gains were observed in all groups), when baselines FDL 

scores were matched, the choir singing group demonstrated significantly greater gains than the 

other two groups. 

The study also showed that improvements in speech-in-noise perception are partially 

mediated by gains in pitch discrimination; this suggests that the musicianship enhancement of 

speech-in-noise perception may be in part due to overarching improvements in pitch-tracking 

ability, which transfer to perceptual benefits in tracking and discerning speech in noisy 

environments. One mechanism by which such an enhancement might be occurring is through 

improved neural processing of auditory stimuli, as indexed by the frequency following response 

(FFR). This study found positive trends in the neural representation of sound, in marginal 

improvements of response magnitude (FFT at F0) and consistency (ITPC) as a result of choir 

training.  An important future direction for this work will be the inclusion and analysis of 

additional participants’ FFR data, including multi-group data, to elucidate the unique 

contribution of music production training to auditory processing gains, and the role that this 

might play in facilitating auditory perceptual abilities. 

 Although it does not appear that baseline musicianship directly influences the effect of 

choir participation on SNR outcomes, it may indirectly mediate the relationship through its 
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influence on FDL. The analysis showed that participants with earlier age of onset of musical 

training and more years of continuous musical training demonstrated improved pitch 

discrimination ability. In turn, the gains in pitch discrimination ability partially mediated choir-

induced improvements in speech-in-noise perceptual ability. This suggests that there is a 

musicianship advantage in pitch discrimination ability (supporting previous research findings), 

which may even be conferred in a short-term musical training intervention context. As 

individuals gain more musical experience, they get better at tracking changes in pitch, which 

may lead to downstream perceptual advantages. In particular, the ability to track changes in pitch 

may confer gains to tasks which require pitch-tracking in complex acoustic environments, such 

as trying to discern speech in noisy settings. This finding can serve as a starting point for future 

investigations into the relationship between pitch discrimination and speech perception in noise, 

as well as the elucidation of a possible neural substrate of this relationship (e.g., musicianship 

advantages to the FFR). Importantly, training-induced improvements in these abilities are visible 

over a short period of time (10 weeks). 

 Peripheral hearing loss also seemed to play a role in auditory perceptual processes, and 

appeared to moderate the relationship between pitch discrimination and speech-in-noise 

perception. Individuals with lower levels of peripheral hearing loss had better thresholds for 

detecting speech in noise and changes in pitch, and trended towards more benefits as a result of 

the choir intervention. This finding opens the door to more extensive research investigating the 

relationship between peripheral hearing loss and downstream perceptual measures, and may 

inform future intervention applications in terms of target populations (e.g., if choir singing will 

only benefit individuals with lower levels of hearing impairments, audiologists may want to 

refrain from prescribing it as a means of auditory rehabilitation for older adults with severe 
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hearing impairments). One important future direction for this work is a follow-up study 

involving hearing-aided individuals, to see whether peripheral remediation helps people with 

more severe hearing impairments be receptive to the benefits of musical training as an 

intervention. The sample of hearing aided individuals included in this study was not large 

enough to conduct statistical analyses, but this is a critical future direction of this work, in 

support of the goal to improve auditory perception and promote healthy aging in older adults.  

 In terms of the exploratory cognitive measures, interestingly, it appeared that the music 

perception class experienced the most significant benefits to their listening memory span 

(followed by the choir participants), while the choir singing group demonstrated the most 

significant improvements in the total number of letters recalled (followed by the do-nothing 

control group). However, the fact that the do-nothing control group also experienced some 

benefits suggests that a component of the gains (particularly in TCL, a more sensitive measure) 

may be due to practice effects. That being said, one explanation for the span findings is that a 

music appreciation class puts greater emphasis on a listening and / or memorization aspect, while 

a choir singing class, although it includes a memory component, is more focused on vocal 

improvement and the act of singing as compared to memorization. One limitation of this study 

was that the music appreciation participants were recruited from existing classes, so the 

intervention was not subject to the same degree of control as the choir participants and do-

nothing control groups, which were both facilitated by a researcher involved in this study. 

Another limitation was the small sample size of the music perception vs. the other two groups. 

These limitations could be addressed in a future study in which the music-perception classes are 

administered and / or supervised by a researcher, in order to control for task demands and other 
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aspects of the intervention. These findings do suggest that working memory may be improved by 

musical interventions, but this needs to be investigated further before strong claims can be made.  

 In terms of the attentional task, while reaction times tended to improve in the second 

session of data collection for all groups, there was no apparent benefit to either of the music 

classes. However, the baselines of the different groups varied, with the do-nothing control 

participants starting out significantly worse than the other two groups, and then achieving more 

significant gains than the other groups. This could be addressed by recruiting a group of control 

participants that have more matched RT baselines with the other two groups, or could be 

addressed in an analysis of a subset of the participants. However, there did not appear to be 

significant differences between the choir and music perception groups, suggesting that this 

ability is not influenced by musical training.  

Overall, running a choir is an immensely scalable intervention, requiring minimal cost 

and equipment, and this study demonstrated that training-induced improvements in auditory 

perception can appear after a very short intervention period (10 weeks of choir singing). This 

paradigm could easily be implemented almost anywhere, providing both a rich opportunity for 

further investigation into auditory benefits of choir singing in different populations, and a 

framework for a scalable and effective intervention that can target and improve auditory abilities 

in aging adults.  
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Conclusion 

 Group singing is an intuitive, engaging, and motivating form of music making, that has in 

previous studies been shown to contribute to social, emotional, cognitive, and physical well-

being. The current findings suggest that choir singing can be used as an effective intervention to 

mitigate age-related losses in auditory perceptual abilities, in as short a time as ten weeks. 

Importantly, these findings showed that this intervention improved older adults’ abilities to 

perceive speech in noisy environments, a key concern in promoting healthy aging. This work 

provides an empirical basis for a highly scalable and effective intervention, that could 

significantly improve quality of life in older adults. 
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Appendix 

 

Table 1 

Experimental conditions and counterbalancing. 

Experiment # QuickSIN # FDL # LSpan # Flanker # 

 Pre Post Pre Post Pre Post Pre Post 

1 1 3 1 2 1 2 1 2 

2 2 4 2 1 1 2 2 1 

3 3 1 2 1 2 1 1 2 

4 4 2 1 2 2 1 2 1 

 

 

 

 

 

 

Table 2 

 

Pre- and post-testing thresholds (mean ± standard deviation) for perceiving speech in noise 

(signal-to-noise ratio; SNR) for choir singing participants (n = 50), music appreciation class 

participants (n = 13), and do-nothing control participants (n = 32). 

 

 Pre-training Post-training 

Choir singing class 3.710 ± 3.539 2.910 ± 3.385 

Music appreciation class 2.308 ± 2.479 2.500 ± 1.1902 

Do-nothing control group 2.703 ± 1.849 2.984 ± 2.104 

 

 

 

 

 

 

Table 3 

 

Baseline-matched pre- and post-testing thresholds (mean ± standard deviation) for perceiving 

speech in noise (signal-to-noise ratio; SNR) for choir singing participants (n = 32), music 

appreciation class participants (n = 13), and do-nothing control participants (n = 32).  

 Pre-training Post-training 

Choir singing class 2.719 ± 1.670 1.578 ± 1.509 

Music appreciation class 2.308 ± 2.479 2.500 ± 1.1902 

Do-nothing control group 2.703 ± 1.849 2.984 ± 2.104 
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Table 4 

  

Pre- and post-testing thresholds (mean ± standard deviation) for pitch discrimination (frequency 

difference limens; FDL in Hz) for choir singing participants (n = 39), music appreciation class 

participants (n = 11), and do-nothing control participants (n = 18). 

 Pre-training Post-training 

Choir singing class 12.248 ± 10.671 8.992 ± 7.818 

Music appreciation class 9.610 ± 4.953 7.777 ± 4.104 

Do-nothing control group 15.535 ± 11.407 12.113 ± 8.584 

 

 

 

 

 

 

Table 5 

  

Baseline-matched pre- and post-testing thresholds (mean ± standard deviation) for pitch 

discrimination (frequency difference limens; FDL in Hz) for choir singing participants (n = 11), 

music appreciation class participants (n = 11), and do-nothing control participants (n = 11). 

 Pre-training Post-training 

Choir singing class 9.701 ± 4.612 5.438 ± 2.242 

Music appreciation class 9.610 ± 4.953 7.777 ± 4.104 

Do-nothing control group 9.502 ± 4.114 7.780 ± 2.975 

 

 

 

 

 

 

Table 6 

  

Pre- and post-testing scores (mean ± standard deviation) in listening working memory span 

(Listening Span Task; LSpan) for choir singing participants (n = 36), music appreciation class 

participants (n = 12), and do-nothing control participants (n = 24). 

 Pre-training Post-training 

Choir singing class 25.028 ± 15.911 28.583 ± 15.548 

Music appreciation class 28.000 ± 11.277 35.750 ± 18.859 

Do-nothing control group 22.875 ± 15.295 25.250 ± 11.241 
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Table 7 

  

Pre- and post-testing scores (mean ± standard deviation) in total correct letters recalled (TCL; 

LSpan) for choir singing participants (n = 36), music appreciation class participants (n = 12), 

and do-nothing control participants (n = 24). 

 Pre-training Post-training 

Choir singing class 43.111 ± 15.904 46.806 ± 14.402 

Music appreciation class 47.769 ± 9.909 52.333 ± 14.118 

Do-nothing control group 41.542 ± 15.126 44.000 ± 13.606 

 

 

 

 

 

 

Table 8 

  

Pre- and post-testing mean reaction times (mean ± standard deviation) for Flanker task (ms) for 

choir singing participants (n = 36), music appreciation class participants (n = 12), and do-

nothing control participants (n = 24). 

 Pre-training Post-training 

Choir singing class 756.620 ± 95.853 744.073 ± 103.727 

Music appreciation class 745.123 ± 116.581 736.976 ± 94.563 

Do-nothing control group 815.611 ± 119.199 778.851 ± 115.673 
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Figure 1: Group mean audiograms (top) and average dB HL (bottom) by group. 
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Figure 2: Binaural hearing loss (average dB HL; measured using pure-tone audiometry) as a 

function of age. 
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Figure 3: Pre- and post-testing thresholds for perceiving speech in noise (signal-to-noise ratio; 

SNR) for choir singing participants (n = 50), music appreciation class participants (n = 13), and 

do-nothing control participants (n = 32). 
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Figure 4: Baseline matched pre- and post-testing thresholds for perceiving speech in noise 

(signal-to-noise ratio; SNR) for choir singing participants (n = 32), music appreciation class 

participants (n = 13), and do-nothing control participants (n = 32). 
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Figure 5: Pre- and post-testing thresholds for pitch discrimination (frequency difference limens; 

FDL in Hz) for choir singing participants (n = 39), music appreciation class participants (n = 11), 

and do-nothing control participants (n = 18). 
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Figure 6: Baseline matched pre- and post-testing thresholds for pitch discrimination (frequency 

difference limens; FDL in Hz) for choir singing participants (n = 11), music appreciation class 

participants (n = 11), and do-nothing control participants (n = 11). 

 

4

6

8

10

12

Pre-training Post-training

Session

F
re

q
u
e

n
c
y
 D

if
fe

re
n

c
e
 L

im
e
n

s
 (

F
D

L
)

Intervention

Choir singing class

Music appreciation class

Do-nothing control group



 

 54 

 

Figure 7: Pre- and post-testing LSpan scores (auditory working memory) for choir singing 

participants (n = 36), music appreciation class participants (n = 12), and do-nothing control 

participants (n = 24). 
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Figure 8: Pre- and post-testing total correct letter scores from the LSpan task (auditory working 

memory) for choir singing participants (n = 36), music appreciation class participants (n = 13), 

and do-nothing control participants (n = 23). 
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Figure 9: Pre- and post-testing Flanker effect (inhibitory control of attention, calculated as 

reaction time (incongruent) – reaction time (congruent); msec) for choir singing participants (n = 

35), music appreciation class participants (n = 13), and do-nothing control participants (n = 24). 
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Figure 10: Pre- and post-testing mean reaction times (msec) of Flanker task responses of choir 

singing participants (n = 35), music appreciation class participants (n = 13), and do-nothing 

control participants (n = 24). 

 

 

 

Figure 11: Pre- and post-testing reaction times (msec) of Flanker task responses of choir singing 

participants (n = 36), music appreciation class participants (n = 13), and do-nothing control 

participants (n = 24) within congruent (left) and incongruent (right) Flanker conditions. 

700

750

800

850

Pre-training Post-training

Session

M
e

a
n
 R

e
a

c
ti
o
n

 T
im

e
 (

m
s
)

Intervention

Choir singing class

Music appreciation class

Do-nothing control group

650

700

750

800

850

900

Pre-training Post-training

Session

M
e

a
n

 R
e
a

c
ti
o

n
 T

im
e
: 

C
o
n

g
ru

e
n

t 
(m

s
)

Intervention

Choir singing class

Music appreciation class

Do-nothing control group

650

700

750

800

850

900

Pre-training Post-training

Session

M
e

a
n
 R

e
a

c
ti
o
n

 T
im

e
: 

In
c
o
n

g
ru

e
n

t 
(m

s
)

Intervention

Choir singing class

Music appreciation class

Do-nothing control group



 

 58 

 

 

Figure 12: SNR ~ Session x Group interaction plot: baseline matched pre- and post-testing 

thresholds for perceiving speech in noise (signal-to-noise ratio; SNR) for choir singing 

participants (n = 32) and do-nothing control participants (n = 32). 
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Figure 13: 2D (top) and 3D (bottom) representations of the SNR ~ Audiometry (dB HL) x FDL 

(Hz) interaction plot: effect of increasing hearing loss on SNR, as influenced by FDL (two 

visualizations. 

 

 

Figure 14: SNR ~ Session x FDL (Hz) interaction plot: marginal effect of FDL x Session on 

SNR (two visualizations). 
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Figure 15: FDL ~ Session x Group interaction plot: pre- and post-testing thresholds for 

perceiving speech in noise (signal-to-noise ratio; SNR) for choir singing participants (n = 38) and 

do-nothing control participants (n = 16). 
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Figure 16: Effect of musicianship on FDL (Hz): interaction plot of FDL ~ age of onset of music 

training x years of continuous musical training. 

 

 

10

20

30

40

20 40 60

Age of onset of musical training

P
re

d
ic

te
d
 v

a
lu

e
s
 o

f 
F

D
L

Years of continuous
musical training

2.29

5.94

9.59

Effect of musicianship on FDL (Hz)



 

 62 

 

Figure 17: Effects of hearing loss on efficacy of intervention; trends within choir participants. 

 

 

 

 

Figure 18: Exploring FDL (Hz) as a potential mediator for the effects of choir participation on 

SNR (mediation model). 
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Figure 19: Distribution of indirect mediation effect of FDL (Hz) on the relationship between 

choir training and speech perception in noise; Monte Carlo approach, resampling = 20000, 95% 

CI [-0.5400542, -0.02167482]. 
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