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Practicing a musical instrument has a profound impact on the structure and function of the human brain. The
present fMRI study explored how relative hemispheric asymmetries in task-related activity during music
processing (same/different discrimination) are shaped by musical training (quantified as cumulative hours
of instrument practice), using both a large (N = 84) cross-sectional data set of children and adults, and a
smaller (N = 20) two time-point longitudinal data set of children tracked over 3 to 5 years. The
cross-sectional analysis revealed a significant leftward asymmetry in task-related activation, with peaks in
Heschl's gyrus and supramarginal gyrus (SMG). The SMG peak was further characterized by a leftward asym-
metry in the partial correlation strength with subjects' cumulative hours of practice, controlling for subjects’
age and task performance. This SMG peak was found to exhibit a similar pattern of response in the longitu-
dinal data set (in this case, with subjects' cumulative hours of practice over the course of the study), control-
ling for age, scan interval, and amount of instrument practice prior to the first scan. This study presents novel
insights into the ways musical instrument training shapes task-related asymmetries in neural activity during
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Introduction

Learning a musical instrument places many demands on the human
brain: fine-grained coordination within and between articulatory sys-
tems; real-time adjustments in response to auditory, visual, and so-
matosensory cues; and (when required) the ability to perform these
actions in synchrony with other individuals. These perceptual, cogni-
tive, and motor demands have translated into a bounty for the field of
neuroscience (for recent reviews, see Jancke, 2009; Penhune, 2011;
Wan and Schlaug, 2010; Zatorre et al., 2007). A particular benefit with
respect to experimental design and analysis is that musical training
can be easily parameterized, isolating a specific feature such as the
age at which training commenced (e.g., Amunts et al., 1997; Pantev et
al., 1998), the number of years spent training (e.g., Musacchia et al,
2007), the cumulative hours of practice (e.g., Bengtsson et al., 2005;
Kleber et al.,, 2010), or some combination of these features (e.g., Elmer
et al.,, 2012; Foster and Zatorre, 2010; Hutchinson et al., 2003; Ohnishi
et al,, 2001; Sluming et al., 2002). Treating musical training as a contin-
uum rather than a category (i.e., “musicians vs. nonmusicians”) pre-
vents well-known losses in statistical power (e.g., MacCallum et al.,
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2002). More importantly, it affords some insight into which aspects of
training (e.g., age of commencement versus duration or intensity of
practice) relate to specific differences in brain structure or brain func-
tion—something not possible with categorical designs.

In our own previous functional magnetic resonance imaging
(fMRI) investigation (Ellis et al., 2012) using a musical phrase dis-
crimination task, multiple regression analysis revealed a positive par-
tial correlation between subjects’ cumulative hours of musical
training (controlling for age and task performance) and activity in
left posterior superior temporal gyrus (pSTG)/planum temporale
(PT). The PT plays a role in sequencing spectrotemporal patterns
and comparing them to stored templates (Griffiths and Warren,
2002), facilitating an auditory input/motor output coordinate trans-
formation (Warren et al., 2005)—actions in which trained musicians
might preferentially engage when discriminating melodies or
rhythms. The asymmetric nature of this correlation (i.e., significant
on the left, non-significant on the right) is consistent with previous
reports revealing leftward asymmetries in PT surface area in musi-
cians with absolute pitch (Keenan et al, 2001; Schlaug et al,
1995b), and a negative correlation between the age of commence-
ment of training and activity in left PT during passive listening to
music (Ohnishi et al., 2001). It is also in agreement with studies
reporting relative leftward asymmetries (i.e., based on a direct com-
parison of effect magnitude on the left and right, rather than an isolat-
ed effect on the left) that are stronger in (categorically defined)
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musicians compared to nonmusicians (e.g., Bever and Chiarello, 1974;
Elmer et al., 2012; Herholz et al., 2011; Tervaniemi et al., 2011).

Our previous left-hemisphere finding, however, must be interpreted
with (at least) three caveats. First, the degree to which any effect (either
a main effect or a correlation) appears asymmetric or lateralized in a
statistical parametric mapping (SPM) analysis depends strongly on
how that map was thresholded (e.g., Abbott et al., 2010; Jansen et al.,
2006). Second, a significant partial correlation (i.e., a regression slope
t-test) is statistically independent of any “main effect” (i.e., a significant
intercept t-test); only the latter indicates that a clear majority of
subjects (i.e., assuming typical voxel-level thresholds at or below
p <.005) actually showed the same pattern of activity (e.g., positive
values during Task > Rest). Third, musical training was assessed in a
cross-sectional design rather than a longitudinal design; only the latter
is able to accurately characterize training-induced neuroplasticity
(e.g., Jancke, 2009; Peretz and Zatorre, 2005).

The present study was constructed to address these issues. To ad-
dress the first two caveats, the cross-sectional data in Ellis et al.
(2012) were reanalyzed to identify regions of interest (ROIs) which
satisfied a series of conditionals, illustrated in Fig. 1. First, a standard
whole-brain SPM t-test was performed to identify regions showing a
significant overall task-related response (Conditional 1; e.g., “t, > 0”
for left hemisphere voxels). Second, a whole-brain “lateralized SPM”
t-test (e.g., Liégeois et al., 2002; Stevens et al., 2005) was performed
to identify regions showing a significant overall hemispheric asym-
metry in task-related response (Conditional 2; e.g., “t; > tg”). Third,
regions satisfying Conditionals 1 and 2 were subjected to offline ro-
bust regressions (for a discussion, see Wager et al., 2005) to quantify
partial correlations with musical training (controlling for age and
scanner task performance), separately in each hemisphere. Fourth,
the difference in correlation strength between the hemispheres was
evaluated using a Z-test for dependent correlations (Meng et al.,
1992) to identify a significant difference (i.e., hemispheric asymme-
try) in correlation strength (Conditional 3; e.g., “r. > 1r”). Thus, re-
gions which satisfied all three conditionals exhibited both an overall
asymmetry in task-related response, as well as an asymmetry in the
strength of the correlation between that response and inter-subject
differences in musical training (i.e., Fig. 1d).

To address the third caveat, the cross-sectional analysis was paired
with a longitudinal analysis of the development of training-mediated
asymmetries, using a 20-subject data set (detailed in the Materials
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and methods section) collected as part of a larger investigation of neural,
behavioral, and cognitive changes associated with long-term musical
training in children (e.g., Norton et al, 2005; Schlaug et al., 2005;
Schlaug et al., 2009). Previous longitudinal studies in children (as well
as adults: e.g., Bangert and Altenmiiller, 2003; Jabusch et al., 2009)
have explored how musical training affects performance on cognitive
(e.g., Ho et al., 2003; Schellenberg, 2004) and motor (Forgeard et al.,
2008) tasks, electroencephalographic (e.g., Besson et al., 2011; Moreno
et al., 2009) and magnetoencephalographic (Fujioka et al., 2006) signals,
and morphometric changes in primary auditory and motor areas (Hyde
et al., 2009). The present study is the first reported fMRI analysis of lon-
gitudinal changes associated with musical training in children.
Furthermore, the full combination of voxelwise laterality assessments
of fMRI activity and parametric analyses of musical training assessed both
cross-sectionally and longitudinally is a unique one. A previous study
(Herdener et al., 2010) examined cross-sectional and longitudinal effects
of musical training (in adult subjects only) on hippocampal activity dur-
ing passive listening to rapid tone sequences with temporal deviants.
Our study explores training-mediated asymmetries in fMRI activity (in
both children and adults) during an active musical discrimination task.

Materials and methods
Subjects

A cross-sectional and a longitudinal data set were used in the present
analysis. The cross-sectional data set comprised the same 84 subjects
analyzed in Ellis et al. (2012): 28 adults (aged 21-33) and 28 children
(aged 9-11) who participated in the study's cross-sectional arm, and
28 children (aged 5-7 at first scan) selected from the study's longitudinal
arm. Table 1a provides cross-sectional subject demographics. Within
each age group, half (N = 14) of the subjects had received no musical
training at the time of scan.

The longitudinal data set comprised 20 children who participated
in a multi-year investigation of neural, behavioral, and cognitive
changes associated with training on a musical instrument. (For
more details about this data set, see Norton et al., 2005; Schlaug et
al., 2005; Schlaug et al., 2009.) All longitudinal participants were
5-7 years old at the time of enrollment in the study, and all received
30-40 min per week of general music in school. A subset of children
who were about to begin (or had recently begun) weekly private
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Fig. 1. lllustration of the conditionals used to identify a bilateral region of interest (visualized in panel a) in the large cross-sectional data set. Conditional 1 requires a significant
overall task-related effect, symbolized by as “t; > 0” for a significant left-hemisphere effect (present in panels b and d). Conditional 2 requires a significant asymmetry in overall
task-related effect, symbolized by “t; > tg” for a significant leftward asymmetry (present in panels b and d). Conditional 3 requires a significant difference (asymmetry) in the cor-
relation strength with a given regressor (e.g., for hours of musical training), symbolized as “r; > rg" (present in panels ¢ and d). Only panel d satisfies all three conditionals.
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Table 1a

Demographics for the 84 subjects in the cross-sectional data set, grouped as a function of age and training. T: trained; U: untrained.

Group Males/females Mean (SD)/range
Age at commencement Age at scan Years of practice Hours of practice
5-to-7 U 7/7 - 6.23 (0.56)/5.10-7.11 0 0
5-to-7 T 5/9 6.03 (0.77)/4.84-6.91 6.46 (0.80)/5.04-7.38 0.38 (0.17)/0.16-0.82 15.57 (8.86)/4.94-35.91
9-to-11U 8/6 - 10.07 (0.67)/9.10-11.16 0 0
9-to-11T 5/9 5.74 (1.35)/4.01-8.46 10.28 (0.73)/9.08-11.12 4,61 (1.61)/1.24-6.63 1535 (1144)/268-3792
Adult U 6/8 - 27.17 (3.50)/20.96-33.00 0 0
Adult T 8/6 5.21 (1.05)/4.00-8.00 25.87 (2.85)/21.51-31.33 19.07 (4.51)/10.00-26.00 10,888 (5053)/4473-20,849

lessons with a piano or stringed instrument teacher (and who
planned to practice regularly at home) were assigned to the
Instrumental group. Children whose families had not opted for pri-
vate study or practice were assigned to the Control group. The
study had a rolling enrollment; two years were required to enroll all
children, and a number of the children who had initially been enrolled
as control subjects began to study an instrument. It was thus necessary
to combine all children into a single analysis group, and use a set of re-
gressors to model subjects’ demographics (age, total hours of instru-
mental practice) and task performance, as discussed in detail below.

In the present analysis, data from two imaging time points per
child (referred to here as “Baseline” and “Final”) was used, with spe-
cific demographic and timing details provided in Table 1b. Of the 20
subjects, five had received no musical training at either Baseline or
Final; five had begun training after their Baseline scan; and ten had
some amount of training at Baseline and were continuing to train at
the time of the Final scan.

Hours of practice was quantified as the cumulative number of hours
of instrument instruction, ensemble practice/performance (if applica-
ble), and individual practice time since commencement of musical
training (cf. Bengtsson et al., 2005; Hutchinson et al,, 2003; Kleber et
al., 2010). For subjects in the cross-sectional study, this was calculated
from information provided (retrospectively) on questionnaires; for
subjects in the longitudinal study, this was calculated based on informa-
tion from parent questionnaires (to tally any instruction and practice
time prior to the Baseline scan) and from weekly practice records kept
in journals and reported on a monthly basis (to quantify training inten-
sity between the Baseline and Final scans). Finally, handedness was
assessed using measures adapted from Annett (1970) by Norton et al.
(2005). All subjects in the cross-sectional study and all children in the
longitudinal study (tested at both time points) were classified as consis-
tently right handed.

Stimuli and tasks

The scanner task comprised a same/different melodic discrimination
(MD) or rhythmic discrimination (RD) judgment of pairs of five-note mu-
sical phrases via a button press with the index finger of the left (“same”)
or right (“different”) hand, and is described in greater detail in Overy et al.
(2004). All MD stimuli had an isochronous rhythm (i.e., constant eighth
notes); all RD stimuli had a non-isochronous rhythm. All stimulus pairs
can be accurately notated using a 4/4 metrical grid, as illustrated in
Fig. 2. A single run consisted of 12 trials: eight phrase pairs (either MD
or RD) and four silent (S) trials, during which subjects heard no musical
stimulus, but made a bimanual button press after a noise burst cue.

Table 1b

Within each run, 3 same and 5 different phrase pairs were presented;
all subjects successfully completed four runs (2 MD and 2 RD, in alterna-
tion). Subjects were familiarized with the discrimination task and trial
procedure during a behavioral testing session approximately one
week prior to scanning. Scanner performance was quantified via the
sensitivity index d’ (e.g., Macmillan and Creelman, 2005, Ch. 2): Z(hit
rate) — Z(false alarm rate).

Regressor specification

The cross-sectional model utilized three regressors, calculated at the
time of the scan: age (“Ages”), hours of practice (“HrsPracts”), and scan-
ner task d’ (“Performances”). The longitudinal regression model used a
set of five regressors. Three quantified change from Baseline to Final: in
age (“Ager_g"), total hours of instrument practice (“HrsPractr_g"), and d’
(“Performancer_g”). The other two quantified task-independent differ-
ences at Baseline: in age (“Ageg”), and hours of practice (“HrsPractg”). In-
cluding these latter regressors enabled inter-subject differences that
were (statistically) constant at both imaging time points to be isolated
from inter-subject differences that changed between the time points.
All Age and HrsPract regressors (in both models) were subjected to a nat-
ural log transform (In(value + 1)), which yielded higher Shapiro-Wilk
W values (i.e., less departure from normality) than when untransformed.
Following this, the variance inflation factor (VIF) for each regressor
in both models was low (all VIFs <2.4 for the cross-sectional
model, and all VIFs < 2.2 for the longitudinal model), indicating a
lack of multicollinearity (e.g., Kutner et al., 2004).

We note that it was not possible to include the age of commencement
of training in the regression models for statistical reasons. Although
“Hours of practice = 0” is meaningful, “Age of commencement = 0" is
not (cf. Poldrack et al., 2011, Ch. 6.2), precluding those subjects from
any regression model in which age of commencement was a factor. Ad-
ditionally, it was found that multicollinearity was present when age of
commencement was included in the regression model on the 42 subjects
with training, due to a strong correlation between Ages and HrsPracts
(r = .898) that was less pronounced when all 84 subjects were available
for use (r = .328).

Image acquisition

Functional images were acquired via a sparse sampling design
(e.g., Belin et al., 1999; Gaab et al., 2003) on a 3 T General Electric mag-
netic resonance imaging scanner using a gradient-echo EPI-sequence
with an echo time of 25 ms and a 64 x 64 mm matrix. Using a
mid-sagittal scout image, 26 slices were acquired over 1.75 s with a

Demographics for the 20 subjects in the longitudinal data set, grouped to illustrate differences in the amount of training at Baseline and Final.

Group Males/females Mean (SD)/range
Age at commencement  Age at baseline Age at final Hours of practice at baseline Hours of practice at final
A 1/4 - 5.94 (.46)/5.42-6.52 9.58 (.89)/8.32-10.57 0 0
B 1/4 8.43 (1.69)/5.89-9.96 6.34 (.84)/5.53-7.63 10.59 (.99)/9.35-11.92 0 251.26 (233.90)/40.57-622.50
C 3/7 6.02 (.85)/4.84-7.48 6.47 (.87)/9.32-11.42 10.24 (.78)/9.32-11.42  36.12 (20.65)/6.32-70.67 348.35 (147.53)/82.60-526.11
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Fig. 2. Sample stimuli for the melodic and rhythmic discrimination task. Asterisks indi-
cate a change in Phrase 2 relative to Phrase 1.

voxel size of 3.8 x 3.8 x 4 mm. Scanning repetition time (TR) was kept
constant at 15 s; stimuli were jittered between three time-points such
that the onset of the first axial slice occurred 1.25, 2.25, or 3.25 s after
the end of the second phrase in each pair. The data from these jitter
points were combined during statistical analysis to allow for individual
differences in hemodynamic response time across brain regions.

Image preprocessing and first-level analysis

Data were preprocessed using a standard pipeline (realignment,
movement correction, normalization to the MNI EPI template,
smoothing with an isotropic 8-mm FWHM kernel, and resampling
to 2-mm cubic voxels) using the SPM5 software suite (www.fil.ion.
ucl.ac.uk/spm/). With respect to movement correction, across all indi-
vidual functional runs and all subjects, the standard deviation (within
each run) was less than 2.5 mm across translation parameters, and
less than 0.1° across rotation parameters.

First-level analysis was performed using a finite-impulse response
basis function (window length = 1 s, order = 1). Global normaliza-
tion (scaling) was applied, and serial correlations in the fMRI time se-
ries were modeled using a first-order autoregressive algorithm. Low
frequency drifts were removed using a temporal high-pass filter
with a cutoff of 200 s; no low-pass filter was applied. A box-car func-
tion was applied with an epoch length of 1 to the fMRI time series (12
acquisitions within each run: 8 MD or RD, 4 S), and no temporal de-
rivatives were applied.

First-level contrasts

Three first-level contrasts were created for each subject: one for
melodic discrimination (MD > S), one for rhythmic discrimination
(RD > S), and one for “average” discrimination across all MD and
RD runs (AD > S). Because we did not manipulate fine-grained me-
lodic and rhythmic properties in our stimuli (e.g., Schonwiesner et
al., 2005; Zatorre and Belin, 2001) we anticipated (and found) largely
similar patterns of activity in MD > S and RD > S. (Ellis et al., 2012).
For this reason, initial SPM analyses were performed on AD > S con-
trasts to take advantage of the increased power (i.e.,, more runs).
Offline analyses (regression and ANOVA) were then performed (on
the large cross-sectional data set only) to explore potential differ-
ences between MD > S and RD > S.

Renormalization and lateralized contrast specification

In a typical lateralized SPM pipeline (e.g., Liégeois et al., 2002;
Stevens et al.,, 2005; Swanson et al.,, 2011), realigned scans are normal-
ized to a symmetrical template (i.e., the average of a standard template
and an x-flipped version of that template) prior to first-level analysis.

Our own data, however, had already been normalized to the standard
(nonsymmetrical) EPI template prior to formulating the current exper-
imental question. Thus, a symmetrical renormalization step (cf. Biichel
et al., 2004; Luders et al., 2004) was performed by: (1) normalizing
each subject's realigned mean EPI image to the standard template; (2) es-
timating the parameters necessary to renormalize these images to the
symmetrical EPI template, and (3) applying those unique parameters to
that subject's AD > S, MD > S, and RD > S contrasts.

After renormalization, a lateralized version of each contrast was
created by subtracting an x-flipped version of the image from the
unflipped (original) image. A positive value for a given voxel indicates
relatively greater activity at that voxel versus its homotopic (contra-
lateral) voxel. Three unique lateralized contrasts were created for
each of the 84 subjects in the cross-sectional analysis, and for the 20
subjects at each time point in the longitudinal analysis.

Second-level SPM analyses, visualization, and cluster labeling

As outlined in the Introduction, SPM second-level t-tests were
performed on unlateralized (Conditional 1) and lateralized (Condi-
tional 2) AD > S contrasts. All SPMs were thresholded at voxel-level
p <.001 and FWE-corrected cluster-level p <.05, per random field
theory assumptions (actual extent thresholds were queried using
CorrClusTh; Nichols, 2008).

Anatomical localization of resultant clusters was performed
using the Anatomy toolbox (version 1.8; Eickhoff et al., 2005),
which provides gray matter cytoarchitectonic probabilities (where
available) and macroanatomic labels borrowed from the Automated
Anatomical Labeling parcellation of the MNI single-subject template
(Tzourio-Mazoyer et al., 2002 ). Macro- or micro-anatomical labeling
of clusters is more challenging with lateralized SPM clusters, as
well-known interhemispheric differences exist (e.g., Lyttelton et al,
2009; Toga and Thompson, 2003). For this reason, each lateralized clus-
ter was visualized and parcellated in both hemispheres (i.e., at its original
location and mirrored about the x-axis). Final visualizations were pre-
pared using MRIcron (www.mccauslandcenter.sc.edu/mricro/mricron/).

Offline robust regressions and correlation comparisons

A standard multiple regression analysis (i.e., ordinary least squares,
OLS) is sensitive to the presence of outliers that can inflate or diminish
resultant correlations (e.g., Yarkoni, 2009). To combat this, a robust
regression approach (i.e., iteratively reweighted least squares, IRLS;
e.g., Wager et al., 2005) was performed (using robustfit in MATLAB,
with all regressors mean centered). That is, IRLS was used to calculate
the strength of regression slopes for all factors in the cross-sectional
and longitudinal regression models, for regions of interest satisfying
Conditionals 1 and 2 identified from the whole-brain SPM analyses. A
Z-test (Meng et al., 1992) was then performed to determine if the left-
and right-hemisphere regression slopes were significantly different
(Conditional 3). This offline analysis is not circular, as the strength of a
correlation is statistically independent from a one-sample t-test on
those same values (i.e., the SPM results). (Note: although Fig. 1 reflects
the expected, leftward asymmetry in response, both Left > Right and
Right > Left effects are possible using this three-conditional approach.)

Results
Scanner task performance

Scanner task performance was also analyzed using robust regression.
In the cross-sectional sample, a two-factor regression was performed
with Performances as the dependent variable. A significant main effect
(i.e., intercept t-test) was present, indicating greater-than-chance d’ sen-
sitivity across all subjects (i.e., d’ > 0; tg; = 25.09, p < .0001). Significant
partial correlations with Performances (i.e., regression slope t-tests) were
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present for both Ages (rg; = .651, p <.0001) and HrsPracts (rg; = .407,
p = .0001). In the longitudinal sample, a four-factor regression was
performed with Performancer_g as the dependent variable. A significant
increase in d’ sensitivity (from Baseline to Final) was present (intercept
t;s = 6.73, p <.0001), and a near-significant partial correlation was
found for Agerp (ris = .468, p = .058). Partial correlations for
HrsPractg_p (r1s = —.061, p = .816), Ageg (ris = —.195, p = .453),
and HrsPractg (15 = —.080, p = .760) were not significant. (Note: be-
cause of the large differences in N between the two studies, direct com-
parisons of t- or r- values are not fruitful; p-values reflect the actual
statistical significance of a given effect.)

A set of post-hoc analyses examined potential differences in d’ as a
function of stimulus type (MD vs. RD). In the cross-sectional sample, a
paired t-test comparing Performances during MD and RD was not sig-
nificant (tg3 = 1.13, p = .259); that is, the intercepts from separate
two-factor robust regressions on MD and RD d’ were similar (MD:
ts; = 23.14; RD: tg; = 21.74). The magnitude of the partial correla-
tion for Ages was similar during MD (rg; = .595, p <.001) and RD
(rgy = .573, p <.001). The partial correlation for HrsPracts was some-
what larger during MD (rg; = .439, p <.001) than RD (rg; = .324,
p = .003); however, these two were not significantly different per
the Meng et al. (1992) Z-test (Z = 1.45, p = .147).

In the longitudinal sample, a paired t-test comparing Performancer_g
during MD and RD was not significant (t;9 = —.89, p = .381); similar
to the cross-sectional design, the intercept of the four-factor robust re-
gression (reflecting an overall increase in d’ from Baseline to Final) was
similar during MD (t;5 = 4.94,p <.001) and RD (t;5 = 4.19,p < .001).
The partial correlation with HrsPractr_g (that was near-significant when
MD and RD was pooled) was somewhat larger during MD (ry5 = .417,
p = .096) than RD (r;5 = .184, p = .271), but this difference was not
significant (Z = .725, p = .468).

Cross-sectional SPM results

A single large cluster (959 voxels at pyoxer < .001) emerged during
the conjunction of the unlateralized AD > S and lateralized AD > S
SPMs (i.e., Conditionals 1 and 2), and is visualized in Fig. 3a. This clus-
ter had two spatially distinct peaks in the lateralized SPM (Peak 1:
tg3 = 5.48 at {—52, -42, 22}; Peak 2: tg3 = 5.17 at {—48, -24, 6})
that remained conjoined even at a more stringent threshold (486
voxels at pyoxer < .0001). To facilitate anatomical inference without
further “jittering” the threshold (cf. Poldrack, 2007), a sphere (radi-
us = 8 mm; 257 voxels) was drawn at each peak (Fig. 3b), mirrored
about the x-axis (to enable localization in both hemispheres), and
parcellated using the Anatomy toolbox (Table 2). In both hemi-
spheres, the Peak 1 sphere overlapped most extensively (63.5% on
the left and 66.0% on the right) with cytoarchitectonic subdivisions
of ventral supramarginal gyrus (SMG), and the Peak 2 sphere
overlapped most extensively (60.0% on the left and 50.7% on the
right) with subdivisions of Heschl's gyrus (HG; primary auditory cor-
tex). This result motivated the labels “SMG” and “HG” for the Peak 1
and Peak 2 clusters, respectively.

Cross-sectional: SMG and HG ROI analyses

Offline robust regressions were performed to quantify the strength of
partial correlations (Ages, HrsPracts, Performances) in each hemisphere
and each ROI Separate regressions were performed on [(-values
(extracted from each subject's unlateralized AD > S contrast) from the
left and right versions of the SMG and HG ROIs. Table 3 summarizes
these results, and the subsequent Z-test to evaluate the significance of
hemispheric differences (asymmetries) in correlation strength (cf.
Fig. 1). As shown in Fig. 3c, the most interesting result from this analysis
was found in the SMG (but not the HG) ROI: a significant hemispheric
asymmetry (Z = 2.99, p = .003, two-tailed) in the strength of the
left-vs.-right partial correlation of PR-values with HrsPracts. (Partial

correlations plot 3-value residuals on the ordinate against HrsPracs resid-
uals on the abscissa, with higher values indicating greater HrsPracs.).

To further characterize the actual task-related response (i.e., raw
3-values rather than residualized B-values) in left SMG, a 3 (Age:
5-to-7 vs. 9-to-11 vs. Adult) x 2 (HrsPract: Untrained vs. Trained)
analysis of variance (ANOVA) was performed, and is visualized in
Fig. 3d. A post-hoc, Agejinear X Hemisphere interaction achieved near
significance (F; 73 = 3.39, p = .068, m?, = .042), suggesting an
even more nuanced response in left SMG: specifically, decreasing
3-values as subjects without musical training matured, and increas-
ing P-values as subjects with musical training matured. That is,
mean (3-values in left SMG were maximally different between the
Untrained Adult and Trained Adult groups (F;7s = 5.48, p = .022,
1%, = .066). (Partial eta-squared, m?,, quantifies the proportion of
variance due to this effect: SSefrect / (SSeffect / SSerror); €.8., Keppel
and Wickens, 2004.)

Longitudinal: SMG ROI analysis

For sake of completeness, unlateralized and lateralized SPM
t-tests (Conditionals 1 and 2) were performed on the set of 20
Final-minus-Baseline AD > S contrasts. No significant clusters
were present at pyoxel < .001 plus peuster < .05 (k = 131 voxels);
or at Pyoxel < .005 plus peruster < .10 (k = 332 voxels), possibly due
to fewer degrees of freedom (t;g Vs. tgq). As outlined in the Introduction,
however, our primary use for the longitudinal data set was to test wheth-
er asymmetries in task-related activity associated with differences in mu-
sical training across subjects would also be associated with differences in
musical training within subjects. The SMG ROI defined using the set of
three conditionals (Fig. 1d) was used for this purpose.

Mean P-values from the left and right spherical SMG ROIs were
extracted from each subject's (renormalized) unlateralized AD > S con-
trast at Baseline and Final. To characterize the overall task-related activity
pattern, a 2 (Time: Baseline vs. Final) x 2 (Hemisphere: Left vs. Right)
repeated-measures ANOVA was performed, with results shown in
Fig. 4a. Consistent with the cross-sectional study, a significant asymmetry
was present (i.e., a main effect of Hemisphere; F; 19 = 11.24, p = .003),
that was larger at Final (F; 10 = 14.87, p = .001, n?, = .441) than
at Baseline (F;;9 = 7.88, p = .011, 1%, = .293). Although the
Hemisphere x Time interaction itself was not significant (F; 19 = 2.34,
p = .142, nzp = .109), the direction of the effect (i.e., larger asymmetry
at Final relative to Baseline) is consistent with the cross-sectional result,
and motivated further exploration using offline regression analyses.

Five-factor robust regressions were performed separately on left and
right SMG ROIR-values. Fig. 4b visualizes partial correlations with each
factor in the left and right hemisphere (cf. Fig. 1); supporting statistics
are presented in Table 3. The Z-test was then performed on each pair of
partial correlations to test for significant hemispheric asymmetries
(while controlling for the remaining factors). Only the partial correlation
with HrsPractpg was significantly asymmetric (Z = 2.07, p = .039,
two-tailed). Similar to the cross-sectional HrsPracts factor, HrsPractr_g
showed a positive correlation with left-hemisphere -values, and a null
correlation with right-hemisphere [3-values.

Melodic vs. rhythmic discrimination

A final set of (planned) offline analyses examined whether training-
mediated asymmetries in the SMG ROI was modulated by the type of dis-
crimination subjects performed (melodic vs. rhythmic). To reduce the
risk of a Type Il error, only the large-N cross-sectional data set was exam-
ined (i.e., no apparent differences in activation between MD and RD
asymmetries in the 20-subject longitudinal data set may simply due to
a lack of power). Mean [3-values were extracted from the left and right
hemisphere ROIs from each subject’s unlateralized MD > S and RD > S
contrast, and three-factor robust regressions were performed to quantify
partial correlations with HrsPracts.
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Fig. 3. Results of the lateralized SPM analysis for the cross-sectional data set. (a) SPM visualization of the single significant cluster, reflecting a significant leftward asymmetry in
activity during the discrimination task, with two spatially distinct peaks. (b) Anatomy toolbox visualization of the two peaks. A spherical region of interest (radius = 8 mm)
was drawn at each original peak, mirrored in the right hemisphere, and parcellated using the Anatomy toolbox (cf. Table 2), yielding the labels supramarginal gyrus and Heschl's
gyrus. (c) Partial correlation between cumulative hours of practice and mean 3-values for the SMG and HG ROIs. (d) ANOVA results highlighting left-vs.-right differences in mean
{3-value as a function of age and training group (cf. Table 1a). Two-tailed p-values reflect planned contrasts (all F; 7g).

To compare overall task-related activity, a 2 (Task: MD vs. RD) x 2
(Hemisphere: Left vs. Right) ANOVA was performed. A significant effect
was found for Hemisphere (Fg3 = 29.30, p <.0001, 1%, = .261) but
not Task (F;g3 = .11, p = .744) or Hemisphere x Task (F;g3 <.01).
That s, the type of discrimination performed (melodic versus rhythmic)
did not significantly impact activation asymmetries in the SMG ROL
(We consider a potential confound—that is, differences in the temporal
complexity of MD and RD stimuli—in the Discussion.)

To compare hemispheric differences in partial correlation strength
with HrsPracts, left-vs.-right Z-tests were performed separately for
MD and RD. Additionally, a MD-vs.-RD Z-test was performed on
left-hemisphere -values, given that the influence of training was

Table 2

Localization of the two prominent left-hemisphere peaks emerging from the lateralized
cross-sectional SPM analysis (Fig. 2b) using the Anatomy toolbox. A spherical ROI
(radius = 8 mm; 257 voxels) was centered at each peak, and mirrored in the right
hemisphere. “Overlap” refers to the percentage of the sphere which overlapped with
voxels in the associated maximum probability map (MPM). “Superior temporal” refers
to those voxels in the AAL map for STG after masking out all voxels within the Anatomy
toolbox MPM.

ROI Region Subdivision Overlap with ROI
(%)
Left Right
Peak 1 Supramarginal PF 153 34
PFcm 46.1 19.9
PFm 2.1 42.7
Superior temporal - 26.5 9.2
Angular PGa 0.9 12.7
Peak 2 Heschl's TE 1.0 44.7 274
TE 1.1 153 233
Superior temporal - 289 44.5
Operculum OP1 4.8 4.7

stronger in the left hemisphere overall (cf. Fig. 3c) and thus might
show a differential effect of stimulus type.

Table 4 summarizes the relevant statistics, including the Z-test re-
sults (all two-tailed). A significant asymmetry was present (positive
correlation on the left; null correlation on the right) during both
MD (p = .002) and RD (p = .006). The strength of the correlation
with HrsPracts in the left SMG ROI was not significantly different dur-
ing MD and RD (p = .625).

Discussion

The current study presents an in-depth examination of how train-
ing on a musical instrument shapes hemispheric asymmetries in fMRI
activity when listeners discriminate pairs of melodies and rhythms. A
large cross-sectional (between-subjects) analysis revealed a strongly
left-lateralized activation with peaks in Heschl's gyrus (HG) and ven-
tral supramarginal gyrus (SMG). Isolating the SMG peak revealed a
significant difference (left > right) in the strength of the correlation
between subjects' cumulative hours of practice and task-related ac-
tivity (controlling for age and scanner task performance). Examining
this relationship separately for melodic (MD) and rhythmic (RD) dis-
crimination confirmed this leftward asymmetry during both tasks.

A more direct test of the role of musical training on task-related
asymmetries in SMG was performed using a longitudinal (within-sub-
jects) analysis comparing pairs of scans (“Baseline” and “Final”) from chil-
dren enrolled in a multi-year study. Similar to the cross-sectional result,
SMG showed a significant asymmetry (left > right) in overall activity,
as well as a significant difference (left > right) in the strength of the cor-
relation with subjects' cumulative hours of practice between Baseline and
Final (controlling for maturation effects, inter-subject differences in hours
practiced prior to Baseline, and task performance). We distinguish these
training-induced asymmetries from those observed when listeners
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Summary of all partial correlations from the cross-sectional and longitudinal regressions. The key statistic of interest is Z, which indicates whether the correlation strength with a
given predictor variable differed between the left and right hemispheres. For each regressor, L = left 3-value residuals, R = right 3-value residuals, and X = predictor variable re-
siduals. Two-tailed p-values were calculated using (N — K — 1) degrees of freedom for correlations, and (N — K — 2) degrees of freedom for the Z-test.

Analysis ROI Predictor Component correlations Z-test
r(X,L) r(X,R) r(L,R)
Cross-sectional SMG Ages r= —.090 r= —.063 r=.374 zZ=-22
p = 422 = .573 p <.001 p = .830
HrsPracts r=.299 r= —.090 r=.323 Z =299
p = .006 = 421 p = .003 p = .003
Performances r= —.069 r=.071 r = .360 Z=-110
p = .540 =.529 p <.001 p=.271
HG Ages r=—.025 r=.156 r= 473 Z=—157
p = .824 p =.162 p <.001 p =.116
HrsPracts r=—.120 r= —.169 r = .499 Z= 44
p = .283 p=.129 p <.001 p = .659
Performances r=.010 r= —.032 r = .487 Z = .37
=.929 p=.775 p <.001 p=.713
Longitudinal SMG Ager_p r= —.296 r=—.227 r=.744 Z=—236
p = .265 p = .398 p = .001 p=.717
HrsPractr_p r = .459 r =.003 r = .663 Z =207
p = .073 = .991 p = .005 p = .039
Performancer_p r=.170 r=.132 r=.730 zZ=.19
p = .529 p = .626 p = .001 p = .850
Agep r=.238 r= —.047 r = .694 Z=132
p = .374 p = .863 p = .003 p = .187
HrsPractg r = —.461 r=—.297 r=.751 zZ=—-.92
p = .072 p = .264 p <.001 p = .360

process musical versus linguistic stimuli (e.g., Specht et al, 2009;

Tervaniemi and Hugdahl, 2003) or fine-grained differences in melodic

versus rhythmic complexity (e.g., Schénwiesner et al., 2005; Zatorre and
Belin, 2001); or when subjects perform speaking versus singing tasks

(e.g., Suarez et al., 2010).

pSTG vs. SMG

Before interpreting the observed correlation between musical
training and SMG activation, it is necessary to briefly touch on the lo-

cation of the current effect with respect to one from our previous
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Fig. 4. Further exploration of SMG asymmetries in the longitudinal data set. (a) Mean. -values analyzed in a 2 (Time) x 2 (Hemisphere) ANOVA. (b) Robust regression results, vi-
sualizing the partial correlation of HrsPractr_g (abscissa) with 3-value residuals (ordinate) for each factor (separately in the left and right hemispheres), with the associated Z-test.
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Table 4

Testing differences in partial correlation strength between HrsPracts (“X”) and mean
p-values during MD and RD in the cross-sectional data set; and the difference in
left-hemisphere correlation strength between MD and RD.

Comparison (“Y;” vs. “Y,”)  Component correlations Z-test
r(X.Y1) r(X.Y2) (Y1,Y2)

MD,, vs. MDg r=2328 r=-016 r=.482 Z=305
p=.003 p=.886 p <.001 p = .002

RD; vs. RDg r=.281 r=-.097 r=228 Z=272
p=.011 p= 386 p=.039 p=.006

MD vs. RD. r=.328 r=.281 r=.587 Z = A88
p = .003 p = .011 p <.001 p = .625

Significant p-values are highlighted in bold.

study (Ellis et al., 2012, Fig. 5). That is, using the same cross-sectional
subjects, stimuli, and (non-lateralized) first-level contrasts, voxelwise
regression analysis revealed a correlation with cumulative hours of
training localized to left posterior superior temporal gyrus (pSTG)/
planum temporale (PT). The peak of that cluster ({—60, -48, 12}) is
noticeably different from the peak labeled as SMG in the present anal-
ysis ({—52, -42, 22}; a Euclidian distance of 14 mm). We suggest that
these findings are not incompatible, as they represent the “ends” of
rather different analytic means. The pSTG ROl in Ellis et al. (2012) was
identified via a direct voxelwise regression on unlateralized contrasts
that was independent of any overall task-related activity. In fact, a
one-sample t-test on mean (3-values extracted from the 248-voxel pSTG
cluster was just below conventional significance (tg3 = 1.96, p = .053),
and far below the threshold of detection in the whole-brain analysis
(Pvoxet < .001). The present SMG ROI, on the other hand, was identified
via a three-element conditional, visualized in Fig. 1d: (1) significant over-
all task-related activity in one hemisphere (here, left) that was (2) signif-
icantly lateralized (left > right) relative to homotopic voxels, and which
(3) possessed a correlation with one of the regressors of interest that
was also significantly lateralized (left > right).

Importantly, the lateralized statistical mapping technique (Condition-
al 2) does not account for interhemispheric differences in macroanatomy
(e.g., Toga and Thompson, 2003); rather, it blurs such differences by using
a symmetrical template during normalization. This has particular rele-
vance for the present analysis, as our previous pSTG/ PT cluster falls with-
in a “hotspot” of significant positional displacement of cortical surface
vertices between the left and right hemispheres (Lyttelton et al., 2009),
a product of the anterior translocation of the posterior ascending ramus
of the Sylvian fissure. This finding is not an issue for analyses based
upon structural estimates of PT anatomy made separately within each
hemisphere (e.g., Keenan et al., 2001; Schlaug et al., 1995b), or which
functionally localize task-related activity in temporoparietal cortex sepa-
rately for each subject (e.g., Hickok et al., 2003; Pa and Hickok, 2008).
Using a lateralized SPM analysis to directly compare activity in homotopic
voxels in the most posterior aspect of STG/PT, however, will likely present
challenges. By contrast, the degree of overlap between the present func-
tionally defined ROI and voxels belonging to cytoarchitectonically defined
SMG (Caspers et al., 2008) was similar for the original ROI and its mirror
image (~60%). SMG (Brodmann Area 40) was thus deemed a suitable
label for the location of this lateralized effect.

Having localized the present effect to SMG, the remainder of the
Discussion will center on interpreting the significance of our primary
finding: a leftward asymmetry in overall task-related fMRI activity in
SMG that was further characterized by a leftward asymmetry in cor-
relation strength with inter- and intra-subject differences in subjects’
musical training. Four themes will be presented: (1) left SMG and au-
ditory working memory; (2) left SMG and (perceived) rhythmic com-
plexity; (3) left SMG and temporally oriented attention; (4) left SMG
and performance effects; and, more broadly, (5) age of commence-
ment vs. duration of practice effects.

Left SMG and auditory working memory

Left SMG has been implicated in the phonological short-term stor-
age component of working memory (e.g., Baddeley, 2003; Paulesu et
al., 1993; Romero et al., 2006; Vallar and Papagano, 2002), and the ad-
jacent “Sylvian temporoparietal cortex” in the articulatory (vocal
tract) rehearsal component of working memory (e.g., Buchsbaum et
al., 2005; Hickok et al., 2003; Pa and Hickok, 2008). This distinction
(phonological store versus articulatory loop) is beyond the scope of
the present paradigm and analysis (but see Buchsbaum et al., 2011,
for a recent review and synthesis). Instead, we highlight the impor-
tance of left SMG as a “general nodal point for short-term auditory
working memory” (Vines et al., 2006, p. 1049) during operations on
both verbal (phoneme sequences) and tonal (pitch sequences) stim-
uli (e.g., Gaab et al., 2003; Gaab et al., 2006; Koelsch et al., 2009;
Schulze et al., 2011; Vines et al., 2006). That the pattern of results ob-
served in SMG (i.e., a leftward asymmetry in task-related activity plus
a leftward asymmetry in correlation strength with practice time) was
not statistically different for melodic versus rhythmic discrimination
is consistent with this broader view. It is also consistent with other
reports of left SMG activity during the perception (e.g., Grahn et al,,
2011; Janata et al., 2002; Limb et al., 2006), imagery (e.g., Zatorre et
al., 1996), or overt motor production (Bengtsson and Ullén, 2006;
Jungblut et al., 2012; Vuust et al., 2006) of both melodies and rhythms
(cf. Ellis et al., 2012, Tables 1a and 1b). Our finding is also in nice
agreement with a recent report by Herdener et al. (in press) in
which professional jazz drummers were observed to engage left
SMG more than non-musician matched controls when perceiving de-
viations from temporal regularity within complex rhythms.

Left SMG and (perceived) rhythmic complexity

An alternative explanation for the observed leftward asymmetry
in task-related activation asymmetry may be that it was driven not
by working memory per se, but by perceiving the rhythmic nature
of our stimuli. That is, our “melodic” stimuli could be described as “se-
quences of varying pitches with isochronous timing,” and our “rhyth-
mic” stimuli as “sequences of a repeated pitch with a temporally
complex timing.” Much has been written about relative asymmetries
in cortical activation when healthy listeners perceive rhythmic
(left > right) versus melodic (right > left) features of musical stimuli
(e.g., Schonwiesner et al., 2005; Zatorre and Belin, 2001), bolstered by
a large (albeit complex) corpus of lesion data (for reviews, see e.g.,
Peretz and Zatorre, 2005; Stewart et al., 2006).

If SMG were differentially responding to perceived rhythmic com-
plexity (we will refrain from a hypothesis about produced rhythmic
complexity, since our paradigm cannot address this), it could be pre-
dicted that the overall leftward asymmetry and/or degree of partial
correlation strength with musical training should be stronger during
the RD than the MD condition. A specific test of this hypothesis (cf.
Table 4) did not achieve significance in the present data. It may well
be the case, however, that our MD and RD stimuli were not different
enough to elicit significant differences in SMG activation; perhaps a
finer-grained manipulation of temporal complexity (e.g., Bengtsson
et al., 2009 [4 levels]; Schonwiesner et al., 2005 [5 levels]) may have
revealed significantly different partial correlations as a function of
musical training.

Left SMG and temporally oriented attention

Within a different literature, left SMG (as part of inferior parietal
cortex) has been implicated (see Coull, 2004 for a review) in tasks re-
quiring motor attention (i.e., cueing which motor action should occur;
e.g., Rushworth et al., 2001) and the temporal orienting of attention
(i.e., cueing when in time a motor action should occur; e.g., Coull
and Nobre, 1998). A positive association between years of musical
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training and increased recruitment of mechanisms supporting tem-
porally oriented attention is both plausible and interesting. Impor-
tantly, however, the “limitations” of our own design (i.e., time and
complexity constraints motivated by our youngest participants) pre-
cluded isolating passive listening and/or attentional processes from
working memory and/or rehearsal processes (as in, e.g., Jerde et al.,
2011; Schulze et al., 2011).

Left SMG and performance effects

The present results found practice-related, but not performance-
related, effects on SMG activity. Several previous studies have reported
the latter. Gaab et al. (2003 ) reported a positive correlation between sub-
jects' performance and left SMG activity. This paradigm was expanded
into a two time-point fMRI study by Gaab et al. (2006), in which subjects
performed five days of pitch-memory training between the two scans.
Contrasting subjects with larger (vs. smaller) performance improve-
ments at the second (vs. the first) scan revealed focal activity in left an-
terior SMG. Additionally, Vines et al. (2006) found that transcranial
direct current stimulation over left supramarginal gyrus (i.e., at the TP3
10-20 electrode site) resulted in poorer post-stimulation performance
(change in percent correct) compared to sham stimulation or right
SMG stimulation. None of these three studies, however, accounted for
inter-subject differences in musical training (which ranged from ele-
mentary through collegiate level, although no subjects were active mu-
sicians at the time of the experiment). Furthermore, Gaab and Schlaug
(2003) found that, when pitch-memory performance was matched be-
tween musicians and non-musicians (i.e., by selecting a sample of
high-performing non-musicians, resulting in roughly 77% accuracy for
both groups), a Musicians > Non-musicians contrast (i.e., a categorical ef-
fect) revealed primarily right SMG activity rather than left SMG activity.

Taken together, these studies suggest that performance-related ef-
fects in left SMG may be analysis dependent: when musical training
and performance is stratified in the sample, and training differences
are not taken into consideration (Gaab et al., 2003, 2006; Vines et
al.,, 2006), performance-related effects may appear. By contrast,
when both training and performance are modeled simultaneously
(as in the present study; cf. Table 3), training-related effects emerge
more strongly than performance-related effects in left SMG. Using
conjunction analysis, Schulze et al. (2011) identified left SMG (i.e.,
ventral inferior parietal lobule) as one of several regions active
when both musicians and non-musicians engage verbal and tonal
working memory. The present results add to these previous findings,
suggesting that left SMG shows a nuanced response that is modulated
by inter- and intra-individual differences in musical training.

Age of commencement vs. duration of practice

As noted in the Materials and methods, the present design modeled
the cumulative hours of practice but not the age of commencement of
training. Although cumulative hours can only be treated as an approxi-
mation for the cross-sectional sample, it was deemed a more accurate
index than a single “practice intensity” value (i.e., hours per unit of
time, as in Hutchinson et al., 2003), which likely varied over the course
of many years of training.

Several previous functional, structural, and electrophysiological
studies have reported significant correlations (across the brain)
with age of commencement (without evaluating cumulative practice;
e.g., Amunts et al., 1997; Keenan et al., 2001; Pantev et al., 1998;
Schlaug et al., 1995a); others have reported significant correlations
with cumulative practice (without evaluating age of commencement;
e.g., Bengtsson et al., 2005; Kleber et al., 2010; Musacchia et al., 2007).
Studies which have simultaneously analyzed both variables have
yielded heterogeneous results: an effect of practice intensity but not
years of practice or age of commencement (Hutchinson et al.,
2003); an effect of age of commencement but not cumulative practice

(Ohnishi et al., 2001); an effect of cumulative practice but not age of
commencement (Elmer et al., 2012; Sluming et al., 2002); and effects
for both age of commencement and cumulative practice, but stronger
for the latter (Foster and Zatorre, 2010).

Certainly, differences in task (e.g., perceptual vs. motor) and imag-
ing modality (structural vs. functional) will play a strong role in these
differences. Just as (statistically) important, however, is an accurate
sampling across the plausible range of values for each dimension
(cf. Bland and Altman, 2011): including subjects with a range of com-
mencement ages, total years of practice, and intensity of practice.
(Depending on the behavioral task, these subject differences should
translate into a range of performance levels, which will further play
into the resultant pattern of effect significance.) Additionally, it
could be hypothesized that lengthening the longitudinal timeframe
would translate into greater differences in SMG functional lateraliza-
tion, mirroring the cross-sectional pattern of results (cf. Fig. 3d). Al-
though it was not possible to evaluate age of commencement in the
present analysis without compromising statistical validity, it was pos-
sible to statistically isolate musical training over the course of the
study (between Baseline and Final) from musical training prior to
Baseline; as well as from the “general” effect of maturation (elapsed
years between Baseline and Final). While this does not directly cap-
ture the age at which training commenced, it does move the analysis
one step closer towards the simultaneous assessment of multiple as-
pects of musical training that may impact perceptual processing and
its neural correlates.

Conclusion

In combining the sensitivity of a large cross-sectional design with
the specificity of a smaller longitudinal design, the present analyses
help clarify how musical training shapes patterns of cortical activity
when listeners discriminate musical stimuli. Both inter- and intra-
subject differences in training were associated with a leftward asym-
metry in activity in (ventral) supramarginal gyrus during melodic and
rhythmic discrimination. This suggests a direct link between the
amount of time spent practicing an instrument and the degree of en-
gagement of working memory mechanisms, and reinforces the im-
portance of this region in auditory working memory more broadly.

Software note

Several of the computational steps involved in creating lateralized
contrasts were performed using custom-built, SPM-compatible MATLAB
scripts, available for download at http://tools.robjellis.net.
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