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Abstract 8 

Musical training has been associated with advantages in cognitive measures of IQ and verbal 9 
ability, as well as neural measures including white matter microstructural properties in the corpus 10 
callosum (CC) and the superior longitudinal fasciculus (SLF). We hypothesized that children 11 
who have musical training will have different microstructural properties in the SLF and CC. One 12 
hundred children aged 7.9 to 9.9 years (mean age 8.7) were surveyed for their musical activities, 13 
completed neuropsychological testing for general cognitive abilities, and underwent diffusion 14 
tensor imaging (DTI) as part of a larger study. Children who play a musical instrument for more 15 
than 0.5 hours per week (n = 34) had higher scores on verbal ability and intellectual ability 16 
(standardized scores from the Woodcock Johnson Tests of Cognitive Abilities), as well as higher 17 
axial diffusivity (AD) in the left SLF than those who did not play a musical instrument (n = 66). 18 
Furthermore, the intensity of musical practice, quantified as the number of hours of music 19 
practice per week, was correlated with axial diffusivity (AD) in the left SLF. Results are not 20 
explained by age, sex, socio-economic status, or physical fitness of the participants. Results 21 
suggest that the relationship between musical practice and intellectual ability is related to the 22 
maturation of white matter pathways in the auditory-motor system. The findings suggest that 23 
musical training may be a means of improving cognitive and brain health during development. 24 
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1 Introduction 1 

The impact of music training on human brain and cognitive development has been a topic of 2 
intense interest in recent years (Kraus & Chandrasekaran, 2010). Music perception skills in 3 
children are correlated with performance on phonological awareness and reading tests (Anvari, 4 
Trainor, Woodside, & Levy, 2002; Lamb & Gregory, 1993), as well as on general performance 5 
on IQ tests (Lynn, Wilson, & Gault, 1989). Children who take music lessons outperform their 6 
musically untrained counterparts in tests of verbal memory and reading ability (Ho, Cheung, & 7 
Chan, 2003; Hurwitz, Wolff, Bortnick, & Kokas, 1975). Children who initially perform below 8 
the mean in academic achievement tests, after a year of musical training, catch up with their 9 
musically untrained counterparts in academic achievement (Gardiner, Fox, Knowles, & Jeffrey, 10 
1996). While these results suggest a relationship between music training and cognitive abilities, 11 
the direction of causality is unclear.  12 
Randomized controlled trials provide a stronger test of the direction of causality, but their results 13 
are more mixed. Positive evidence comes from a randomized controlled trial in 144 six-year-14 
olds, comparing 36 weeks of lessons in keyboard, voice, and drama against no-training controls, 15 
which found that children in the music groups exhibited greater increases in full-scale IQ than 16 
no-training controls (Schellenberg, 2004). Another randomized controlled trial comparing 17 
children in music and visual art training showed that children in the music group performed 18 
better on verbal intelligence measures after only 20 days of training, compared to no changes in 19 
the visual art group (Moreno et al., 2011). Further, children in a school-based music program 20 
with weekly 45-minute instrumental lessons showed greater improvements in verbal memory 21 
than children in science-education and no-training control groups, even after controlling for 22 
socio-economic status (SES), age and IQ; in contrast, no differences between groups were found 23 
in the visual memory tests (Roden, Kreutz, & Bongard, 2012). Another longitudinal randomized 24 
controlled trial showed that children who underwent instrumental music training out-performed 25 
visual art training and no-intervention controls on neuropsychological tasks of inhibition, 26 
planning, and verbal IQ (Jaschke, Honing, & Scherder, 2018). In a further mediation analysis, 27 
the authors showed that performance on these neuropsychological tasks explained music 28 
training-related increases in standardized academic achievement scores, suggesting a far transfer 29 
effect from music education to academic achievement mediated by executive functions (Jaschke 30 
et al., 2018).  31 
On the other hand, there are also training studies that have not observed transfer effects from 32 
musical training to non-musical cognitive tasks including receptive vocabulary, numerical 33 
discrimination, visual form analysis, and spatial navigation (Mehr, Schachner, Katz, & Spelke, 34 
2013). A meta-analysis of the effects of music training on children’s cognitive and academic 35 
skills showed small effect sizes in transfer to intelligence, memory, mathematics, phonological 36 
processing, and spatial processing, with effect sizes being affected by methodological 37 
considerations: smaller effect sizes were generally observed in studies with randomized designs, 38 
and in studies that compared music training against active control groups (Sala & Gobet, 2017). 39 
However, this meta-analysis did not take into account the intensity of musical training, which 40 
strongly influences the relationship between music training and IQ (Schellenberg, 2006). A fuller 41 
understanding of the relationship between music training and cognition may come from 42 
including information about the intensity of musical practice, as well as characterization of the 43 
underlying neural mechanisms.  44 
Functional neuroimaging studies have examined the mechanisms underlying musical training 45 
effects on verbal and executive function tests in children. Musically trained children perform 46 
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better on behavioral measures of verbal fluency using timed neuropsychological tests (Delis, 1 
Kaplan, & Kramer, 2001), and fMRI measures during executive function tests such as task 2 
switching and rule representation (Zuk, Benjamin, Kenyon, & Gaab, 2014). Children with 3 
musical training and children with physical activity training both showed a stronger Stroop effect 4 
than no-training controls, coupled with more activity in the inferior frontal gyrus, supplementary 5 
motor area, and anterior cingulate cortex in the music group compared to the no-treatment group, 6 
with the physical activity group falling in between the music and no-treatment groups (Sachs, 7 
Kaplan, Der Sarkissian, & Habibi, 2017). Results suggest that music training may transfer to 8 
executive functions by acting on the auditory-motor and cognitive control networks in the brain.  9 
Longitudinal as well as cross-sectional studies have identified a network of areas associated with 10 
music training in auditory-motor regions that are shared with other functions such as language 11 
and dance (Bermudez, Lerch, Evans, & Zatorre, 2009; Hyde et al., 2009; Karpati, Giacosa, 12 
Foster, Penhune, & Hyde, 2017; Sluming et al., 2002). A longitudinal study found that 13 
cumulative hours of music practice in children and adults was correlated with functional 14 
activation in the left supramarginal gyrus, part of the auditory-motor network, during music 15 
listening (Ellis, Bruijn, Norton, Winner, & Schlaug, 2013). Early onset of musical training in 16 
childhood is associated with larger grey matter volume and higher cortical surface area in 17 
auditory-motor areas including the superior temporal lobe and inferior frontal lobe (Bailey, 18 
Zatorre, & Penhune, 2014) as well as increased Fractional Anisotropy (FA) in the temporal lobe 19 
and the corpus callosum (Steele, Bailey, Zatorre, & Penhune, 2013).  20 
A prominent white matter pathway that connects the temporal lobe and the frontal lobe is the 21 
superior longitudinal fasciculus (SLF), which includes the arcuate fasciculus. Microstructural 22 
properties of the SLF are associated with reading skills in children (Saygin et al., 2013; Yeatman 23 
et al., 2011). Fractional Anisotropy arcuate fasciculus is higher among people who excel at 24 
learning languages and grammatical structures (Floel, de Vries, Scholz, Breitenstein, & 25 
Johansen-Berg, 2009; Qi, Han, Garel, San Chen, & Gabrieli, 2015) as well as new musical 26 
structures (Loui, Li, & Schlaug, 2011; Vaquero, Ramos-Escobar, Francois, Penhune, & 27 
Rodriguez-Fornells, 2018). People with congenital amusia, who have difficulty perceiving and 28 
producing pitch and melody, show reduced connectivity in the arcuate fasciculus (Loui, Alsop, & 29 
Schlaug, 2009), and diffusion properties in the arcuate and other frontal white matter pathways 30 
predict recovery from acquired amusia for stroke patients (Sihvonen et al., 2016; Sihvonen et al., 31 
2017). People with music training have shown both increases and decreases in FA and volume in 32 
the SLF (Halwani, Loui, Rueber, & Schlaug, 2011; Oechslin, Imfeld, Loenneker, Meyer, & 33 
Jancke, 2010), as supported by cross-sectional comparisons and randomized training studies 34 
(Moore, Schaefer, Bastin, Roberts, & Overy, 2017). FA of the SLF is also related to language 35 
ability and exposure (Romeo et al., 2018) , as well as to age (Krogsrud et al., 2016; Lebel, 36 
Walker, Leemans, Phillips, & Beaulieu, 2008) and socio-economic status (Gullick, Demir-Lira, 37 
& Booth, 2016). 38 
In addition to the SLF, the corpus callosum (CC) is a white matter pathway that has shown 39 
differences as a result of early musical training. The anterior half of the CC is larger in musically 40 
trained adults, especially in those who started musical training before the age of seven (Schlaug, 41 
Jancke, Huang, Staiger, & Steinmetz, 1995). The age of onset of musical training is correlated 42 
with microstructural properties of the CC, with musicians who began training earlier showing 43 
higher FA and lower Radial Diffusivity (RD) especially in the midpoint of the CC (Steele et al., 44 
2013). More specific evidence for the effect of early musical training comes from a longitudinal 45 
study comparing children after two years of training in music, in physical activity, and in a no-46 
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training control group, which showed highest FA in the CC of the music group, specifically in 1 
the crossing pathways connecting superior frontal, sensory, and motor segments (Habibi et al., 2 
2017). 3 
Taken together, mounting evidence suggests that musical training affects verbal ability, with 4 
more limited effects on general intellectual ability, and the underlying neural substrates most 5 
likely involve connectivity between frontal and temporal lobe regions and between left and right 6 
midline hemispheres, with white matter effects centering around the SLF and the CC.  7 
Studies reviewed thus far have controlled for multiple possible sources of confounds in assessing 8 
the effects of musical training on brain and cognitive development. All of the studies reviewed 9 
herein controlled for age, sex, and socioeconomic status, and most also controlled or specifically 10 
examined the duration, intensity, and/or age of onset of musical training. Interestingly, studies on 11 
effects of musical training thus far have not controlled for physical activity. The effects of 12 
physical activity on brain and cognitive function have become increasingly clear in recent years 13 
(Hillman, Erickson, & Kramer, 2008; Khan & Hillman, 2014). Aerobic fitness specifically is 14 
related to executive control, with more fit individuals showing stronger neural and cognitive 15 
indices of attention and executive function (Donnelly et al., 2016; Kramer et al., 1999). Since 16 
music making is a mild form of physical activity, persistent musical practice may require or 17 
enhance aerobic fitness, thus moderating the relationship between music training and brain and 18 
cognitive measures. Here, we assess the relationship between musical training and standardized 19 
measures of verbal ability and general intellectual ability, and relate these to diffusion measures 20 
of the SLF and CC in a large sample of children, while controlling for possible sources of 21 
variability from aerobic fitness as well as age, sex, and socioeconomic status. 22 

2 Methods 23 

2.1 Subjects 24 

All behavioral and neuroimaging data from the present sample were collected as part of a larger 25 
study on the effects of physical activity on children’s cognitive performance and brain structure 26 
and function (Chaddock-Heyman et al., 2014; Chaddock-Heyman et al., 2018; Hillman et al., 27 
2014). One hundred children aged 7.9 to 9.9 provided informed assent as approved by the 28 
Institutional Review Board (IRB) of the University of Illinois at Urbana-Champaign (UIUC), 29 
and their legal guardians provided written informed consent in accordance with the IRB of 30 
UIUC. Children were tested in general reading achievement and neuropsychological tests of 31 
cognitive ability. The legal guardians also answered simple questions about their musical 32 
experience and training, as detailed below. 33 

2.2 Stimuli & procedures 34 

2.2.1 Musical experience measures 35 
Musical experience was assessed by a questionnaire to the parents. Questions included:  36 
1) Does your child participate in musical activities? (Yes vs. No) 37 
2) If yes: Does your child play an instrument? (Yes vs. No)  38 
3) If so, what instrument(s)?  39 
4) Does your child participate in choir? (Yes vs. No)  40 
5) How many hours a week does your child spend participating in musical activities? (Numerical 41 
response). 42 
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2.2.2 Verbal and Intellectual Ability 1 
Intellectual abilities were assessed using the Woodcock Johnson Tests of Cognitive Abilities 2 
(Woodcock, Mather, McGrew, & Wendling, 2001). These included measures of Brief 3 
Intellectual Ability (BIA standard score) and Verbal Ability (standard score) (Schrank, 2011; 4 
Woodcock et al., 2001). Participants completed the Woodcock Johnson III (WJ III) to assess a 5 
range of cognitive abilities. Administration of the WJ III was conducted individually by trained 6 
researchers. Various subtests of the WJ III were completed to assess cognitive abilities and BIA 7 
was used to screen for below normal intelligence. A combination of individual subtests were 8 
completed to form the Verbal Ability cluster which can be used for interpretive purposes. The 9 
Verbal Ability cluster was computed using the manufacturer’s software, which provides 10 
measures of standard scores and percentiles. The WJ III is based on a standard score with a mean 11 
of 100 and a standard deviation of 15.  12 
2.2.3 Age & SES 13 
Age was recorded as years on the date of participation. SES was scored as three categories: 14 
participants received a “1” if they receive a free or reduced lunchi, if both parents have less than 15 
a high school education, or if they live in a one-parent household and that parent has less than a 16 
high school education. Participants received a “3” if one or both parents work and has a college 17 
education. All other participants received a “2”. Table 1 shows demographics of participants in 18 
with and without musical instrument training. 19 
2.2.4 Aerobic Fitness Testing  20 
As the present data were collected as part of a larger study on the effects of physical activity 21 
training, children also completed a test of cardiorespiratory fitness as described in (Chaddock-22 
Heyman et al., 2018). Cardiorespiratory fitness was measured as maximal oxygen consumption 23 
(VO2max) during a graded exercise test, which employed a modified Balke protocol and was 24 
administered on a motor-driven treadmill (LifeFitness, Schiller Park, IL). Expired gases were 25 
analyzed using a TrueOne2400 Metabolic Measurement System (ParvoMedics, Sandy, Utah). 26 
Children walked and/or ran on the treadmill at a constant speed, with increasing grade 27 
increments of 2.5% every two minutes, until volitional exhaustion. Oxygen consumption was 28 
measured using a computerized indirect calorimetry system (ParvoMedics True Max 2400), and 29 
averages for VO2 and respiratory exchange ratio (RER) were assessed every 20 s. Heart Rate 30 
(HR) was measured using a polar HR monitor (Polar WearLink+ 31; Polar Electro, Finland) 31 
throughout the test, and ratings of perceived exertion (RPE) were assessed every 2 minutes using 32 
the children’s OMNI scale (Utter, Robertson, Nieman, & Kang, 2002). Maximal oxygen 33 
consumption was expressed in mL/kg/min, and VO2max was based upon maximal effort which 34 
was evidenced by four criteria: (1) a plateau in oxygen consumption with an increase of < 2 35 
mL/kg/min despite an increase in workload, (2) a peak HR ≥ 185 beats per minute (American 36 
College of Sports Medicine, 2006) and a plateau in HR (Freedson & Goodman, 1993), (3) RER 37 
≥ 1.0 (Bar-Or, 1983); and/or (4) a rating of ≥ 8 on the children’s OMNI scale of perceived 38 
exertion (Utter et al., 2002). Greater VO2max reflects superior cardiovascular fitness. 39 
 40 
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Musical instrument training  
No Yes 

Mean (SD) 
(Range) 

Mean (SD) 
(Range) 

N 66 34  

Age (years) 
8.677 (0.5534) 

(7.9-9.9) 
8.733 (0.54) 

(7.9-9.8) 
t = .49, p = .63 

Sex (n) 33 F 33 M 21 F 13 M X2 = 1.25, p = .26 

SES (score) 
1.92 (0.81) 

(1-3) 
2.15 (0.66) 

(1-3) 
t = 1.48, p = .14 

Music practice intensity (hrs/wk) 
0.738 (1.33) 

(0-5) 
2.111 (1.19) 

(.5-6) 
t = 4.48,  p < .01* 

WJIII Brief Intellectual Ability 
(standard score) 

107.7 (12.3) 
(79-132) 

117.35 (9.24) 
(89-133) 

t = 4.4, p < .01* 

WJIII Verbal Ability (standard score) 
107.68 (11.31) 

(74-132) 
116.24 (10.6) 

(85-151) 
t = 2.97, p = .004* 

VO2max (ml/kg/min) 
41.9 (7.14) 
(26.9-57.9) 

44.47 (9.22) 
(24.4-61.6) 

t = -1.40, p = .17 

Table 1. Demographic variables comparing participants with and without musical instrument 1 
training.  2 

2.3 Magnetic Resonance Imaging acquisition  3 

Diffusion-weighted images were acquired on a Siemens Magnetom Trio Allegra 3T whole-body 4 
MRI scanner with a 12-channel receiver head coil, with repetition time (TR) = 4.8 s, echo time 5 
(TE) = 100.4 ms, and 3.44 mm2 in-plane resolution with 4 mm slice thickness. Thirty-two slices 6 
were collected parallel to the anterior-posterior commissure plane to obtain whole-head coverage 7 
with no gap. One 30-direction diffusion-weighted echo planar imaging scan (b-value = 1000 8 
s/mm2) and four T2-weighted b0 images (b-value = 0 s/mm2) were collected.   9 

2.4 Diffusion data analysis  10 

Image analyses were performed using FSL 5.0.1 (FMRIB Software Library) as part of a larger 11 
study on effects of exercise activity on white matter microstructure in children (Chaddock-12 
Heyman et al., 2018). Preprocessing of each participant’s data consisted of (1) motion and eddy 13 
current correction, (2) removal of non-brain tissue using the Brain Extraction Tool (Smith, 14 
2002), and (3) local fitting of the diffusion tensor model at each voxel using FMRIB’s Diffusion 15 
Toolbox v2.0 (FDT). These steps yielded Fractional Anisotropy (FA) and first, second, and third 16 
eigenvalue (L1, L2, L3) maps. The first eigenvalue map was used as the Axial Diffusivity (AD) 17 
image, whereas the mean of the second and third eigenvalue maps was used as the Radial 18 
Diffusivity (RD) image (Song et al., 2002).  19 
Having obtained whole-brain FA, AD, and RD images, tract-based diffusion maps were defined 20 
using TBSS v1.2 (Tract-Based Spatial Statistics (Smith et al., 2006)). Each participant’s FA map 21 
was aligned into the 1 mm × 1 mm × 1 mm standard Montreal Neurological Institute (MNI152) 22 
space via the FMRIB58_FA template using the FMRIB’s Non-linear Registration Tool 23 
(Andersson, Jenkinson, & Smith, 2007a, 2007b), and a mean diffusion image was created. The 24 
mean FA image was then thinned to create an average skeleton representing the centers of the 25 
tracts shared by all participants, and the skeleton was thresholded at FA > 0.20. Each 26 
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participant’s aligned FA data were projected onto the skeleton to obtain FA skeleton values for 1 
each individual. RD and AD skeletons for each participant were formed in a similar manner by 2 
projecting the RD and AD maps onto the mean skeleton.  3 
Tract ROIs were created from the JHU ICBM-DTI-81 white matter labels atlas (Mori & van Zijl, 4 
2007; Wakana et al., 2007) in the left and right superior longitudinal fasciculus, as well as the 5 
genu, body and splenium of the corpus callosum. Diffusion values (FA, RD, AD) were 6 
calculated for each participant within each of the tract ROIs. FA, AD, and RD values of each 7 
tract ROI was exported to SPSS for analysis.  8 

2.5 Statistical analyses  9 

Our primary behavioral hypothesis was that children who played a musical instrument would 10 
show higher scores on verbal ability and intellectual ability as assessed by the Woodcock 11 
Johnson tests of cognitive abilities, even after accounting for the possible effects of age, sex, 12 
socio-economic status, and fitness. This was assessed using ANCOVAs comparing the 13 
standardized scores on verbal ability and intellectual ability between children who do and do not 14 
play a musical instrument, while incorporating age, sex SES, and VO2max as covariates.  15 
Our primary neuroimaging hypothesis was that children who played a musical instrument would 16 
show differences in microstructural properties of the SLF and CC, as indexed by FA, AD, and 17 
RD in these regions, compared to children who did not play a musical instrument. This was 18 
assessed using a multivariate General Linear Model (GLM) with the FA, AD, and RD of left and 19 
right SLF and the genu, body, and splenium of the corpus callosum as dependent variables, 20 
playing an instrument as a fixed factor, and age, sex, SES, and aerobic fitness (VO2max) as 21 
covariates. 22 
Our secondary hypothesis was that the same microstructural properties identified above would 23 
correlate with the intensity of musical practice. This was assessed by partial correlations between 24 
the number of hours of music practice per week and diffusion parameters that showed significant 25 
between-subject effects in the multivariate analysis above, with age, sex, SES, and VO2max as 26 
covariates. 27 

3 Results 28 

3.1 Behavioral results    29 

Participants who were reported as participating in musical activities (n = 47) performed 30 
significantly higher than their counterparts (n = 53) on Verbal Ability (with musical activities: 31 
mean = 114.6, SD = 10.05; without musical activities: mean = 106.00, SD = 12.38) and 32 
Intellectual Ability (with musical activities: mean = 114.77, SD = 11.56; without musical 33 
activities: mean = 107.16, SD = 11.97). A one-way ANCOVA on the dependent variable of 34 
Verbal Ability, with the independent variables of musical activities and the covariates of age, 35 
sex, SES, and VO2max, showed a significant effect of musical activities (F(1,94) = 12.56, p = 36 
.001, partial η2 = .12) and no significant effect of age, sex, SES, and VO2max (age: F(1,94) = 37 
.083, p = .77, partial η2 = .001; sex: F(1,92) = .46, p = .50, partial η2 = .005; SES: F(1,94) = .036, 38 
p = .85, partial η2 < .001; VO2max: F(1,94) = 3.72, p = .057, partial η2 = .12). A one-way 39 
ANCOVA on the dependent variable of Intellectual Ability, with the independent variables of 40 
musical activities and the same covariates, showed a significant effect of musical activities 41 
(F(1,94) = 7.42, p = .008, partial η2 = .075), while age sex, SES, and VO2max were all not 42 
significant (age: F(1,94) = 1.89, p = .17, partial η2 = .020; sex: F(1,94) = 2.09, p = .15, partial η2 43 
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= .022; SES: F(1,94) = .51, p = .48, partial η2 = .005; VO2max: F(1,94) = 3.43, p = .067, partial 1 
η2 = .036). 2 
Within the group that were reported as participating in musical activities, those who were 3 
reported to play a musical instrument (n = 34) had a range of 0.5 to 6 hours of practice per week, 4 
with a mean of 1.275 (SD 1.434) hours of practice per week. The instruments they play included 5 
piano (n = 20), violin (n = 5), guitar (n = 5), recorder (n = 3), and drums (n = 2). Participants 6 
who play a musical instrument scored higher on Verbal Ability compared to those who reported 7 
not playing a musical instrument (instrument players mean = 116, SD = 10.67, non-players mean 8 
= 107.63, SD = 11.44; see Figure 1). This was confirmed with a one-way ANCOVA comparing 9 
standard scores of Verbal Ability between children who do and do not report playing a musical 10 
instrument, with age, sex, SES, and VO2max as covariates: the effect of playing an instrument 11 
was highly significant (F(1, 94) = 9.10, p = 0.003, partial η2 = .091). The covariates of age, sex, 12 
SES, and VO2max were all not significant (Age: F(1,94) = .721, p = .40, partial η2 = .008; sex: 13 
F(1,94) = .59, p = .44, partial η2 = .006; SES: F(1,94) = .09, p = .76, partial η2 = .001; VO2max: 14 
F(1,94) = 1.58, p = .21, partial η2 = .017;).  15 
Participants who play a musical instrument also scored higher on the overall Brief Intellectual 16 
Ability test (instrument players mean = 117.27, SD = 9.37, non-players mean = 107.69, SD = 17 
12.46; Figure 1). This was again confirmed with an ANCOVA comparing children who do and 18 
do not report playing a musical instrument, with age, sex, SES, and VO2max as covariates: the 19 
effect of playing an instrument was highly significant (F(1, 94) = 14.88, p < 0.001, partial η2 = 20 
.138). The covariates of age, sex, SES, and VO2max were not significant (Age: F(1,94) = 4.648, 21 
p = .033, partial η2 = .033; sex: F(1,94) = 1.23, p = .27, partial η2 = .009; SES: F(1,94) = 1.019, p 22 
= .315, partial η2 = .007; VO2max: F(1,94) = 3.01, p = .085, partial η2 = .022). 23 
In contrast to playing a musical instrument, participants who report singing in choir (n = 15) did 24 
not score higher on Verbal Ability or on Intellectual Ability than those who did not report 25 
singing in choir (n = 85). (Intellectual Ability: choir mean = 110.13, SD = 13.68; non-choir mean 26 
= 110.64, SD = 12.13. Verbal Ability: choir mean = 110.33, SD = 10.675; non-choir mean = 27 
109.90, SD = 11.781; all p > .2; all partial η2 < .05). 28 
We further examined the relationship between the intensity of musical practice, quantified as 29 
number of hours of reported music practice per week, and Verbal Ability and Intellectual Ability 30 
in a partial correlation controlling for age, sex, SES, and VO2max. Practice intensity was 31 
significantly correlated with Verbal Ability (rp = .260, pp = .041), but not significantly correlated 32 
with Intellectual Ability (rp = .21, pp = .099). 33 

3.2 Neuroimaging results 34 

Since the behavioral results showed that whether or not children played a musical instrument was 35 
most predictive of verbal and intellectual abilities, we first compared children who did and did 36 
not play a musical instrument on in a multivariate ANCOVA with all the diffusion measures 37 
(FA, AD, and RD) in the left and right SLF and CC (genus, body, splenium) as outcomes 38 
variables, while controlling for age, sex, SES, and VO2max, the same four covariates as in 39 
behavioral analyses. The effect of playing a musical instrument on diffusion measures 40 
(considering FA, AD, and RD together) was highly significant (F(15,75) = 3.84, p < .001, partial 41 
η2 = .44). The covariate of age on the diffusion measures was also significant (F(15,75) = 2.059, 42 
p = 0.022, partial η2 = 0.29). The effects of SES and VO2max were not significant at the 0.05 43 
level (SES: F(15,75) = 1.64, p = 0.083, partial η2 = .25, VO2max: F(15,75) = 1.06, p = 0.40, 44 
partial η2 = .18).  45 
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Follow-up univariate ANCOVAs were conducted to test for between-subject differences in each 1 
diffusion measure for each tract ROI. Since we were testing 3 types of diffusion measures (FA, 2 
AD, RD) and 5 tract ROIs (right SLF, left SLF, CC genu, CC body, CC splenium), Bonferroni 3 
correction at the p < .05 level was applied for 3 × 5 = 15 statistical tests. Results showed that 4 
instrument players had higher AD values in the left SLF (F(1,91) = 15.64, p < .001, partial η2 = 5 
0.149), surviving Bonferroni correction at the p < .05 level. No other FA, AD, or RD values in 6 
the left or right SLF were significant at the Bonferroni-corrected level. FA, AD, and RD values 7 
in the corpus callosum were similar between children with and without musical instrument 8 
training (all p’s > .1). Table 2 shows means and standard deviations of each diffusion measure 9 
for musically trained and untrained participants. 10 
The covariate of age was also significant in FA of the right SLF (F(1,91) = 11.562, p = 0.001, 11 
partial η2 = 0.115) and in RD of the left and right SLF (left SLF: F(1,91) = 8.956, p. = 0.004, 12 
partial η2 = 0.091; right SLF: F(1,91) = 6.557, p = 0.012, partial η2 = 0.069). Older children had 13 
higher FA and lower RD, consistent with previous reports (Krogsrud et al., 2016). 14 
Using participation in music activities (instead of playing a musical instrument) as a predictor in 15 
the multivariate test yielded the same significant effect of participation in musical activities 16 
(F(15,75) = 2.58, p = .004, partial η2 = .34), but the covariates of age, sex, SES, and VO2max 17 
were not significant (all p > .1). Follow-up ANCOVA again showed that AD in the left SLF was 18 
significantly higher among children who participated in music activities (F(1,91) = 8.955, p = 19 
.004, partial η2 = .090); this was significant at the p < .05 level but not at the Bonferroni-20 
corrected level. Substituting singing in choir as a predictor in the same multivariate analysis 21 
yielded no significant effect of choir singing (F(15, 73) = 0.79, p = 0.68, partial η2 = .14) and no 22 
significant covariates (all p’s > .1).  23 

<insert Figure 1 here> 24 
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  Musical instrument training 
 No (n = 66) Yes (n = 34) 

Tract Diffusion statistic ROI Mean SD Mean SD 
 
 
 

SLF 

FA SLF right 0.521 0.031 0.534 0.028 
SLF left 0.506 0.044 0.512 0.037 

AD SLF right 1.12E-03 3.51E-05 1.13E-03 4.68E-05 
SLF left* 1.17E-03 3.90E-05 1.20E-03 4.22E-05 

RD SLF right 4.77E-04 3.42E-05 4.68E-04 2.98E-05 
 SLF left 5.32E-04 3.64E-05 5.22E-04 2.35E-05 
 
 
 
 

CC 

FA CC genu 0.752 0.022 0.755 0.017 
CC body 0.698 0.033 0.697 0.027 
CC splenium 0.794 0.019 0.792 0.021 

AD CC genu 1.48E-03 5.42E-05 1.49E-03 5.03E-05 
CC body 1.54E-03 4.58E-05 1.55E-03 6.39E-05 
CC splenium 1.56E-03 4.75E-05 1.57E-03 9.85E-05 

RD CC genu 3.17E-04 3.09E-05 3.11E-04 2.37E-05 
CC body 3.94E-04 4.68E-05 3.98E-04 4.03E-05 
CC splenium 2.76E-04 2.81E-05 2.81E-04 3.47E-05 

Table 2. Means and standard deviations of diffusion parameters for participants with and 1 
without musical instrument training in each region of interest in the superior longitudinal 2 
fasciculus (SLF) and corpus callosum (CC). Effects of musical instrument training, controlling 3 
for covariates of age, sex, SES, and fitness: * = p < .001, surviving Bonferroni correction at p < 4 
.05 level for 15 comparisons.  5 

We further examined the relationship between the intensity of musical practice and FA, AD, and 6 
RD in the left and right SLF. FA and RD were not significantly correlated with practice 7 
intensity; however, a significant positive correlation was found between practice intensity and 8 
Axial Diffusivity (AD) in the left SLF (Spearman rank-order correlation rs = .305, ps = .011). 9 
The association between AD and practice intensity remained significant after controlling for 10 
differences in age, sex, socioeconomic status, and VO2max (partial correlation: rp = .319, pp = 11 
.012). AD of the left SLF was also correlated with Intellectual Ability (Spearman rank-order 12 
correlation rs = .165, ps = .04) but not significantly with Verbal Ability (Spearman rank-order 13 
correlation rs = .140, ps = .095).  14 

4 Discussion 15 

Here we show that children who participate in musical activities, specifically by playing one or 16 
more musical instruments for at least 0.5 hours per week, have higher verbal ability and better 17 
general intellectual ability, as assessed by standardized neuropsychological measures of 18 
cognitive performance. Furthermore, music training and cognitive outcome variables are 19 
associated with measures of white matter in the superior longitudinal fasciculus, a major white 20 
matter pathway in the brain. Effects are significant even after controlling for differences in age, 21 
sex, socio-economic status, and aerobic fitness. As early to middle childhood are periods of rapid 22 
cognitive and brain development, participation in cultural and/or artistic activities during these 23 
periods may have lasting effects on brain and cognitive health. 24 
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The present study relates music training and cognitive performance to white matter structure in a 1 
large population of children. In this sample, music training also predicted intellectual ability, 2 
corresponding to previous findings from randomized controlled trials on music learning (Moreno 3 
et al., 2011). The behavioral results are consistent with a meta-analysis on effects of musical 4 
training on literacy skills, which found support for the hypothesis that music training leads to 5 
gains in phonological awareness skills, albeit with a small effect size relative to the large 6 
variance in these skills across different ages and different family backgrounds (Gordon, Fehd, & 7 
McCandliss, 2015). Recent work has shown that children who have musical training also possess 8 
enhanced phonological processing abilities, with fMRI results showing more left-lateralized 9 
temporo-parietal activity during phonological processing in musically trained children (Zuk et 10 
al., 2018). Our findings are broadly consistent with these results as we show that while right SLF 11 
is sensitive to differences between children with and without musical instrumental training, these 12 
differences could also be explained by age and SES; in contrast, AD of the left SLF is sensitive 13 
to training and practice intensity.  14 
Diffusion properties of white matter in the SLF has been related to musical training and musical 15 
pitch identification abilities (Halwani et al., 2011; Moore et al., 2017; Oechslin et al., 2010), as 16 
well as to the ability to learn language (Floel et al., 2009; Qi et al., 2015) and music (Loui et al., 17 
2011; Vaquero et al., 2018). FA in the left SLF predicts reading ability as defined by 18 
phonological awareness tests in childhood (Saygin et al., 2013; Yeatman et al., 2011); the same 19 
variable is also positively correlated with language exposure in childhood as defined by 20 
conversational turns in children’s environment (Romeo et al., 2018). In the right hemisphere, FA 21 
in the right SLF is positively correlated with Mandarin Chinese learning success (Qi et al., 2015), 22 
and with pitch-related grammar learning (Loui et al., 2011). Here we show that while FA and RD 23 
are related to age, AD of the left SLF is most strongly correlated with the intensity of musical 24 
practice. One limitation is that the resolution of the diffusion images are relatively low (3.44 x 25 
3.44 x 4 mm), which could affect useful indices such as FA (Barrio-Arranz, de Luis-García, 26 
Tristán-Vega, Martín-Fernández, & Aja-Fernández, 2015). FA measures anisotropy of the 27 
diffusion tensor and is useful as a general index of white matter as it is sensitive to several 28 
properties such as myelination, axonal diameter, and coherence of axonal fibers (but see Jones, 29 
Knosche, and Turner (2013)). RD is the average of the 2nd and 3rd eigenvalues of the diffusion 30 
tensor and may be related to myelination (Song et al., 2002); however cautious interpretations 31 
are necessary due to issues with crossing fibers (Wheeler-Kingshott & Cercignani, 2009). In 32 
contrast, AD describes water mobility along the axis of the main fiber orientation (Jones et al, 33 
2013). While RD increase has been linked to demyelination in animal models (Song et al., 2002); 34 
changes in AD tend to be more variable. Decreases in AD have been observed in axonal injury in 35 
animal models, specifically in mice inflicted with retinal ischemia, which in the early stage 36 
shows axonal damage without myelin damage (Song et al., 2003; Sun et al., 2006). Budde et al 37 
(2009) also linked AD decrease to axonal damage, rather than myelination, in the mouse spinal 38 
cord. While these animal studies link axonal injury to AD decrease, AD of white matter tracts 39 
has been reported to increase during brain maturation (Alexander et al., 2011); specifically AD in 40 
the SLF has been shown to increase with age during adolescence (Ashtari et al., 2007). However, 41 
other studies have observed decreases, or little to no changes, in AD throughout the course of 42 
development (Krogsrud et al., 2016; Lebel & Beaulieu, 2011; Lebel et al., 2012; Lebel et al., 43 
2008; Moura et al., 2016; Seunarine et al., 2016; Simmonds, Hallquist, Asato, & Luna, 2014). 44 
Based on these findings, one possible interpretation is that the observed increases in AD among 45 
children who practice musical instruments reflect greater coherence (movement along the same 46 
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direction) of the mobility of water molecules along the principal direction of orientation of the 1 
SLF, likely linked to increased maturation or coherence of axons; this maturation or coherence is 2 
also associated with  the intensity of musical practice. This is qualified by the fact that the 3 
relatively low spatial resolution in the present imaging parameters may limit our interpretations 4 
due to possible partial voluming. Future studies (e.g. using newer sequences and more detailed 5 
image analysis) will further disentangle the diffusion properties that contribute to white matter 6 
during brain development. 7 
Our current results are consistent with recent work showing that a perisylvian network is 8 
changed by music training (Habibi et al., 2017; Zuk et al., 2018). Interestingly, and contrary to 9 
recent findings (Habibi et al., 2017; Steele et al., 2013), our results did not show musical 10 
training-related differences in corpus callosum specifically as a result of musical training. Part of 11 
this difference may arise from the fact that the present sample involves children from a restricted 12 
age; furthermore we did not collect data on the age of onset of musical training; thus we could 13 
not compare early and late starting musicians as in other reports (Steele et al., 2013). Moreover, 14 
recent results from the same population found that children who engage in a nine-month physical 15 
activity program had changes in FA and RD of the corpus callosum, compared to an untrained 16 
(wait-listed) control group (Chaddock-Heyman et al., 2018). As playing a musical instrument is a 17 
mild form of physical activity, results from these different lines of work may suggest that any 18 
physical activity that increases oxygen consumption may change the corpus callosum, along with 19 
a multitude of other changes in brain health (Chaddock, Neider, Lutz, Hillman, & Kramer, 2011; 20 
Hillman et al., 2008), whereas playing a musical instrument may more specifically influence 21 
auditory-motor regions especially the SLF, with more rigorous forms of musical training 22 
extending towards effects in the corpus callosum. Some support for this comes from the 23 
observation that children with musical training in this sample have slightly higher VO2max 24 
(Table 1), indicating slightly higher fitness than their musically untrained counterparts. Although 25 
this was not statistically significant in the present sample, future work with a larger sample may 26 
specifically investigate the relationship between musical training and aerobic fitness. At present, 27 
by incorporating VO2max as a covariate in our main analyses relating music training to 28 
neuropsychological and neuroimaging measures, we rule out the alternative explanation that the 29 
effects of musical training might be explained by aerobic fitness.     30 
Interestingly, participation in choir did not predict cognitive measures in this sample. This may 31 
be because only a small subset (15%) of our sample participated in choir. Although previous 32 
reports have shown positive effects of music and singing on wellbeing in adults (Daykin et al., 33 
2017), there remains a need for research on the cognitive effects of singing training with younger 34 
populations (Demorest & Pfordresher, 2015). Also unlike previous reports (Oechslin et al., 35 
2010), we did not observe a reversal in hemispheric asymmetry of the SLF in musicians. This 36 
difference may arise from differences in DTI methodology: while other reports simultaneously 37 
investigated volume (number of voxels) and FA of the SLF (Halwani et al., 2011; Oechslin et al., 38 
2010), we used the tract-based spatial statistics approach, which aligns all participants’ white 39 
matter skeletons such that the number of voxels within each ROI is the same across participants, 40 
which allows for a robust comparison of diffusion statistics (FA, AD, RD) in the same voxels 41 
across participants. Continued investigation with the current dataset may involve probabilistic 42 
tractography to trace the SLF over individually-defined ROIs, to enable more methodologically 43 
similar comparisons with previous reports. 44 
In the current study, we limit our neuroimaging analyses to white matter microstructural 45 
properties of SLF and CC, as they are regions for which we have a priori hypotheses from 46 
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previous literature on white matter effects of musical training. Future work may additionally 1 
consider the effects of musical instrumental practice on other white matter pathways, as well as 2 
on other brain measures such as resting state or task-related fMRI and EEG/ERP indices of 3 
executive function and other cognitive processes. 4 

5 Conclusion 5 

Results suggest that the relationship between musical practice and intellectual ability is related to 6 
axonal fibers in white matter pathways in the auditory-motor system. 7 
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9 Figures & captions 1 

 2 
Figure 1. Woodcock-Johnson Brief Intellectual Ability (BIA) and Verbal Ability standardized 3 
scores for groups with and without musical instrument training. Results remain significant after 4 
controlling for age, sex, socio-economic status, and aerobic fitness, as described in the text. Error 5 
bars show between-subject standard error of the mean. 6 
 7 

  8 
Figure 2a. White matter tract ROIs in the left and right superior longitudinal fasciculus (SLF) and 9 
the corpus callosum (CC). Light blue = left SLF; dark blue = right SLF; red = genu of CC; orange 10 
= body of CC; yellow = splenium of CC. The ROIs are overlaid on the standard white matter 11 
skeleton (green) and 1mm template FA image (greyscale). Green voxels inside the ROIs are 12 
averaged across the ROI to obtain mean FA, AD, and RD values across the ROI. b. FA of the left 13 
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and right SLF as a function of musical expertise. c. AD of left and right SLF as a function of 1 
musical expertise. Error bars show between-subject standard error of the mean. 2 
 3 
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