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Music and language engage the dorsal auditory pathway, linked by the arcuate fasciculus (AF). Sustained practice
in these activities can modify brain structure, depending on length of experience but also age of onset (AoO). To
study the impact of early experience on brain structure we manually dissected the AF in bilinguals with and
without music training (MT) who differed in the AoO of their second language (L2), or MT. We found the usual
left-greater-than-right asymmetry in the volume of the long segment (LS) of the AF across all groups. However,
simultaneous exposure to two languages from birth enhanced this leftward asymmetry, while early start of MT
(7) enhanced the right LS macrostructure, reducing the normative asymmetry. Thus, immersive exposure to an
L2 in the ﬁrst year of life can produce long-term plastic effects on the left LS, which is considered to be largely
under genetic control, while deliberate music training in early childhood alters the right LS, whose structure
appears more open to experience. These ﬁndings show that AoO of speciﬁc experience plays a key role in a
complex gene-environment interaction model where normative brain maturation is differentially impacted by
diverse intensive auditory-motor experiences at different points during development.

1. Introduction
Long-term, intense experiences such as music training or bilingualism
produce structural and functional changes in the brain (Zatorre 2013;
Klein et al. 2014; Li et al. 2014; Christie et al., 2017; Borsa et al., 2018;
Del Maschio et al., 2018; DeLuca et al., 2019; Hayakawa and Marian
2019). These changes are likely dependent on factors such as length of
experience and amount of exposure, but also crucially on the age of onset
of learning (Penhune 2011; Birdsong 2018; Berken et al. 2016). Playing
an instrument or speaking multiple languages involve mapping sounds to
motor commands, recruiting auditory and motor regions such as the
superior temporal gyrus, inferior parietal, inferior frontal and premotor
areas, that are organized in the auditory dorsal stream (Hickok and
Poeppel 2004, 2007; 2015; Zatorre et al. 2007; Rodríguez-Fornells et al.
2012; Zatorre 2013). Structural changes in dorsal-stream regions have
been observed in both trained musicians and bilinguals (Mechelli et al.

2004; Chen et al. 2008a, 2008b; Bermudez et al. 2009; Ressel et al.
2012). Further, differences in premotor and inferior frontal regions have
been found to be dependent on the age at which music training or
bilingual experience occurs (Bailey et al. 2014; Klein et al. 2014). The
white-matter tract connecting dorsal stream regions is the arcuate
fasciculus (AF) (Vaquero et al. 2017). Long-term training in music and
language has been found to alter this pathway, with greater structural
connectivity for bilinguals compared to monolinguals in the left hemisphere (H€am€al€ainen et al. 2017), and for musicians compared to
non-musicians in the right hemisphere (Halwani et al. 2011). However,
the impact of age of onset of such training has not been fully explored.
Further, because bilingual and musical experiences begin at different
ages, the current approach allowed the examination of the effect of
intensive auditory-motor experience at different points in development.
Developmental studies show that the AF matures in late childhood
(10–14 years; Budisavljevic et al.2015; Tak et al. 2016), although debate
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and right AF, respectively. Across all groups, we found the expected L > R
asymmetry in the volume of the AF, particularly in the LS. Crucially,
however, we found that Simultaneous Bilingual NM had an enhancement
of that asymmetry possibly linked to the impact of simultaneous exposure
to two languages during the ﬁrst year of life. In comparison ET Musician
Bilinguals showed a reduced leftward asymmetry with a relatively larger
volume of the right LS probably related to intensive music training in
early childhood. Together, these ﬁndings provide support for a complex
gene-environment interaction model in which multiple factors inﬂuence
the plastic effects observed after long-term training (Ullen et al., 2016),
and in which AoO and the speciﬁc type of training seems crucial. Further,
it suggests that variability in the left AF appears to be more genetically
determined, while the structure of the right AF seems more open to
environmental inﬂuence. Moreover, our ﬁndings provide the basis for a
more sophisticated model of sensitive period effects by showing that
long-term plasticity depends on region-speciﬁc differences in malleability by experience, the age at which experience occurs and the type of
learning experience.

around maturational timelines for the different AF segments is still open.
A left-greater-than-right (L > R) asymmetry in volume, particularly of the
long or direct segment (LS), has been consistently observed, even in early
childhood (Powell et al. 2006; Catani et al., 2007; Rodrigo et al. 2007;
Lebel and Beaulieu 2009; H€aberling et al. 2013; Tak et al. 2016). The LS
is the branch of the AF that forms a direct connection between posterior
auditory cortex and inferior frontal gyrus. A twin study showed that both
genetic and environmental factors inﬂuence the adult micro- and
macro-structural properties of the LS (Budisavljevic et al. 2015). In
addition, previous reports have demonstrated a relationship between
individual differences in the AF structure and short-term language or
music learning (L
opez-Barroso et al., 2013; Vaquero et al. 2018), as well
as with long-term bilingual or musical experience (H€am€al€ainen et al.
2017; Halwani et al. 2011). Early bilinguals (age of onset or AoO < 5
years) show enhanced white matter (WM) microstructure in the left LS,
suggesting that early intensive second language (L2) experience can drive
plasticity in this pathway (H€am€al€ainen et al. 2017) which has been
linked to phonological processing –the integration of linguistic sounds
and actions (L
opez-Barroso et al. 2013). Similarly, the right LS has been
observed to be enhanced in musicians (Halwani et al. 2011) and thought
to be related to music learning and auditory-motor integration in musical
contexts (Loui et al. 2011; Vaquero et al. 2018).
Here, we extend this line of investigation by examining the effect of
AoO of bilingual and musical experience on the structure of the three
branches of the AF. Taking advantage of the rich linguistic environment
in Montreal, we used diffusion-tensor imaging (DTI) to dissect the AF in
bilinguals with and without musical training. All groups were matched
for bilingual proﬁciency and sub-divided based on their AoO of ﬁrst and
second language learning or music training: Simultaneous Bilingual NonMusicians (NM), Sequential Bilingual NM, Early-Trained (ET) Musician
Bilinguals and Late-Trained (LT) Musician Bilinguals. Because all our
participants were bilingual, we were able to explore possible additive
effects of these two intensive auditory-motor experiences that begin at
two different points during development. Early start of bilingualism and
musicianship were expected to affect the structural properties of the left

2. Materials & methods
2.1. Participants
All participants (n ¼ 62, 34 female) in this study were bilinguals who
spoke either English or French as their L2 (see Table 1 and Supplementary Table S1 for language, music and demographic characteristics). The
large majority had English or French as their L1 (83.87% of total). A
small number (n ¼ 10) had other languages as their L1. Other languages
spoken as a L3 varied, and only a 30.65% of all participants were exposed
or non-ﬂuently spoke an L3/L4 (see Table S1).
Half of the participants were also trained musicians (Musician Bilinguals: N ¼ 31, 15 female) and the other half were non-musicians (NM
Bilinguals: N ¼ 31, 19 female). Musician Bilinguals were selected to have
a minimum of 10 years of music practice (mean ¼ 15.74) and 8 years of
formal training (mean ¼ 12.23) and were actively practicing at the time

Table 1
Demographic information of the sample. Means and SD (in brackets) are provided and signiﬁcant differences between groups are indicated by the * (and, when more
than a pair of groups show signiﬁcant differences, these are marked with circles, triangles and 5-pointed stars). All values are rounded to two decimals. Abbreviations:
Yrs, years; AoO, age of onset; train, training; L2, second language; No., number; lang, languages; SES, socio-economic status; ed., education; n.s., not signiﬁcant.
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of the experiment (mean hours of practice per week ¼ 13.57).
The NM Bilingual group was sub-divided into Simultaneous Bilingual
NM (those who were exposed to L2 from birth; N ¼ 9, 5 females) and
Sequential Bilingual NM (those who acquired their L2 later; N ¼ 22, 14
females). Simultaneous Bilingual NM were all exposed to their two languages from birth, although some of them reported their AoO of L2 in
relation to the moment they actually started to speak (AoO range: 0–1.5).
All Sequential Bilingual NM were exposed and started to learn their L2
after the age of 2 (AoO range: 2–20). Despite the lack of a clear cut-off for
deﬁning simultaneous and sequential bilinguals in previous literature
(Genesee and Nicoladis, 2007), our deﬁnition of simultaneous bilinguals
is similar to that described in previous reports (Klein et al., 2014; Berken
et al., 2016, 2017).
The Musician Bilingual group was sub-divided into early-trained (ET
Musician Bilinguals: those who began their music training before age 7;
N ¼ 17, 10 females, AoO range: 4–7) and late-trained (LT Musician Bilinguals: who began training after age 7; N ¼ 14, 5 females, AoO range:
8–14). ET and LT Musician Bilingual groups were matched for years of
musical experience (ET-musicians mean ¼ 15.65, SEM ¼ 0.64, LTmusicians mean ¼ 15.86, SEM ¼ 1.54, t(29) ¼ 0.13, p ¼ .89), years
of formal training (ET-musicians mean ¼ 13.06, SEM ¼ 0.76, LTmusicians mean ¼ 11.21, SEM ¼ 0.79, t(28.51) ¼ 1.68, p ¼ .10), and
hours of current weekly practice (ET-musicians mean ¼ 11.53, SEM ¼
2.13, LT-musicians mean ¼ 16.04, SEM ¼ 3.89, t(20.49) ¼ 1.02, p ¼
.32) as veriﬁed by independent sample t-tests (See Table 1). Distribution
of AoO of both trainings in both Bilingual NM and Musician Bilingual
groups can be seen in Supplementary Fig. S1.
Since we were interested in isolating the effect of age of start of both
types of audio-motor experience, the four groups were matched for years
of L2 exposure/use, number of languages ﬂuently spoken, age, gender
and years of education (See Table 1). ET- and LT-musician bilingual
groups contained both simultaneous and sequential bilinguals. Overall,
language background was more variable for musicians than nonmusicians (See Table S1).
All participants were self-identiﬁed right handers and had no known
history of auditory, neurological or psychiatric disorder. Participants
gave written informed consent. The procedures of this investigation were
approved by the Research Ethics Board of the Montreal Neurological
Institute (MNI) and was carried out in agreement with the principles of
the Declaration of Helsinki.

Anisotropy (FA) was calculated (Ruopeng Wang, Van J. Wedeen, Martinos Center for Biomedical Imaging, Massachusetts General Hospital, http:
//www.trackvis.org/). Radial Diffusivity (RD) maps were also calculated
by averaging the two minor eigenvectors extracted from the diffusion
tensors obtained in the previous preprocessing step.
Deterministic tractography across the whole brain was performed
using Diffusion Toolkit, with an interpolated streamlines algorithm using
35 as the maximum curvature threshold and a minimum FA threshold of
0.2. The ﬁbre direction is assumed here to correspond to the principal
eigenvector (the eigenvector with the largest eigenvalue). This vector
was colour coded (green for posterior–anterior, blue for superior–inferior
and red for left–right directions) in order to generate a colour–coded FA
map. Dissections were carried out by the ﬁrst author in the native space
of each subject and in both hemispheres, by using Trackvis software,
following the methodology used in previous studies (Catani et al. 2005,
2007; L
opez-Barroso et al. 2013; Vaquero et al. 2017, 2018). Regions of
interest (ROIs) were deﬁned on the FA and FA colour-coded maps according to individual anatomical landmarks. Tractography carried out on
each subject’s anatomy, using the native space of every participant, is
considered to be more faithful to the white-matter anatomy and to better
preserve individual differences that can be neglected in an atlas-based
type of dissection, being, at the same time, as accurate as dissections
performed on normalized data (Adluru et al., 2013; L
opez-Barroso et al.,
2013).
To dissect the AF, the ﬁrst ROI was drawn in the coronal view,
anterior to the central sulcus, comprising the ﬁbres going to the inferior
frontal gyrus (IFG). The second ROI was depicted in the axial view
covering the white matter underlying the superior and middle temporal
gyri (S/MTG). Finally, the third ROI was delineated on the sagittal view
to include the ﬁbres traveling to supramarginal and angular gyri (inferior
parietal or IPG). These ROIs were combined to deﬁne the three rami of
the AF: the long/direct segment (between IFG and S/MTG), the anterior
segment (linking IFG and IPG), and the posterior segment (connecting S/
MTG with IPG). When needed, artefactual ﬁbres were removed using
exclusion ROIs.
2.2.2. Behavioural testing
Participants completed an initial questionnaire providing information
about their health and MRI compatibility; language background information (such as number of languages spoken, self-rating of their ﬂuency
in those languages, AoO of their languages); and musical background
(years of music training, AoO of musical training). Additional information regarding their musical background was provided via the Music
Experience Questionnaire (MEQ, Bailey and Penhune 2010), which also
reﬂected years of formal music education, current hours of practice per
week, and number of instruments played.
The variable ‘number of languages ﬂuently spoken’ (see Table 1) was
based on a self-rated score (scale: 1 to 7). A language was considered as
“ﬂuent” when this score was 5. One early-trained and one late-trained
musician bilingual rated their L2 ﬂuency with a value < 5 due to lack of
current practice at the time of the experiment, but were recoded as ﬂuent
by the experimenters because their years of L2 exposure were comparable to others who rated their proﬁciency as ﬂuent, and their age of L2
acquisition was early in life. This was done because we felt that it was
more accurate to indicate that these participants had an additional language that was likely relatively ﬂuent, despite its rating. Verbal ﬂuency
(VF), both phonemic and semantic, was tested for all participants in
English and, for those who spoke it, in French. In English, participants
were asked to name as many words as possible starting with the letter A
and pertaining to the category ‘animals’, while in French, letter L and
‘fruits’ category were used. Scores were calculated by using the total
number of utterances. Fluency scores for participants L2 –whether English or French– were used for analysis, when possible; details of distribution and between-group differences in this variable can be found in
Table S3.
Musical abilities were tested using the Melody Discrimination (Foster

2.2. Experimental procedure
2.2.1. Imaging acquisition and analysis
Images were acquired using a 3.0 T S Magnetom TrioTim syngo MR
B17 scan at the McConnell Brain Imaging Center of the MNI (Montreal,
Canada). The scan session consisted of: a localizer, a T1-weighted
sequence, a resting state sequence, and the Diffusion Weighted protocol. Only the details for the diffusion-weighted images are reported here.
Diffusion-weighted images were acquired using a twice-refocused spinecho sequence, with the following parameters: Repetition Time (TR) ¼
10000 ms; Echo Time (TE) ¼ 90 ms; FOV ¼ 256 x 256; matrix size ¼ 128
x 128; slice thickness ¼ 2.0 mm; no gap; 73 axial slices; voxel size was 2 x
2  2 mm. Diffusion was measured along 64 non-collinear directions,
using a b value of 1000 s/mm2, and including a b ¼ 0 as the ﬁrst volume
acquired.
To pre-process the diffusion-weighted images, ﬁrst, the brain was
virtually extracted from the rest of the head using FSL’s Brain Extractor
Tool (Smith, 2002; Smith et al., 2004; Woolrich et al., 2009). Then,
motion and eddy-current correction were performed using FMRIB’s
Diffusion Toolbox (FDT), part of the FMRIB Software Library (FSL 5.0.1,
www.fmrib.ox.ac.uk/fsl/). To take into account the corrections made at
the previous stage, the b-vectors gradient matrix was then rotated by
using the fdt_rotate_bvecs software included in the FMRIB Software Library. The diffusion tensors were then reconstructed using Diffusion
Toolkit’s least-square estimation algorithm for each voxel, and Fractional
3
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isolate the effect of AoO of music training. Group differences in volume,
FA and RD were thus explored using a repeated measures ANCOVA, with
hemisphere as repeated measure and AoO of L2 as the control covariate.
Using deterministic tractography it is common not to ﬁnd some segments, especially in the right hemisphere (Catani and Mesulam 2008).
Thus, the ANCOVAs were performed separately for every segment and
DTI measure (i.e., volume in Long segment, FA in Long segment, RD in
Long segment, volume in Anterior segment, etc.), in order to avoid
list-wise deletions that would have happen by using an omnibus repeated
measures ANCOVA taking the three segments at once. Post-hoc comparisons in these analyses were Bonferroni corrected for multiple comparisons with a p-value < .05.
To investigate behavioural group differences in music perception and
production, neuropsychological, and executive function measures, oneway ANOVAs were carried out for each individual variable, except for:
(i) Matrix Reasoning (MR), that was included in a one-way ANCOVA to
control for AoA of L2, since MR and AoO of L2 were observed to correlate
signiﬁcantly (p < .05); and (ii) the two measures from the Melody
Discrimination task, that were included in a repeated measures ANOVA
(conditions as repeated measure). Post-hoc analyses were Bonferroni
corrected for multiple comparisons with a p-value < .05.
In addition, for the imaging variables showing signiﬁcant group
differences, a lateralization index (LIndex) was calculated following a
formula previously used (L
opez-Barroso et al. 2013; Vaquero et al.
2017): (values on the left – values on the right)/(values on the left
þvalues on the right). We used this LIndex in subsequent analyses to
explore group per hemisphere interactions and relationships with
experience-related measures. For the latter, Pearson correlations were
performed between the LIndex and the AoO of both L2 acquisition and
musical training, as well as with the verbal ﬂuency in participants’ L2
(average of phonemic and semantic ﬂuency, only for bilingual NM
groups). Correlations were considered signiﬁcant with a Bonferroni
corrected p-value < .05. All analyses were run using IBM SPSS Statistics
25. P-values were adjusted for non-sphericity using the
Greenhouse-Geisser test when appropriate.

and Zatorre 2010) and Rhythm Synchronization (Bailey and Penhune
2010) tasks. The Melody Discrimination Task requires participants to
listen to two short melodic sequences and indicate whether they are the
same or different. The task has two levels of difﬁculty: simple and
transposed. There is also a parallel control task where participants must
discriminate between two sequences of syllables. Participants completed
30-trial blocks for each condition, and the task order was counterbalanced with randomized trials within each block. Performance was
measured via percent correct responses. We calculated a composite score
for correct responses in both Simple and Transposed conditions, as well
as a score for the Control/Syllable condition. The Rhythm Synchronization task requires participants to listen to and then reproduce short
musical rhythms by tapping in synchrony with their right index ﬁnger on
the left button of a computer mouse. Rhythms varied across three levels
of metrical complexity (2 rhythms per level, with 3 repetitions per
rhythm). Performance was measured using the inter-tap interval (ITI)
deviation (Bailey and Penhune 2012). This measure indicates the extent
of deviation from the actual interval between each pair of woodblock
notes, providing information about how well the participant reproduces
the temporal structure of the model rhythms. Both tasks were programmed in Presentation (Neurobehavioral Systems, http://www.neu
robs.com/) and presented using a laptop computer, a set of headphones and a computer mouse.
Matrix Reasoning (MR) and Letter-Number Sequencing (LNS) subtests from the WAIS-IV (Weschler Adult Intelligence Scale, Weschler
2008) were used as proxy to assess potential differences between the
groups in general IQ and auditory working memory, respectively. Scaled
scores from these two tests were included in subsequent analyses. To
assess executive functions, participants performed a Simon Task (Bialystok et al. 2008; Kousaie et al. 2014) implemented in E-Prime
2.0.10.353 software (Psychology Software Tools, Inc. [E-Prime 2.0].
(2013). Retrieved from http://www.pstnet.com). The Simon task contained four experimental conditions: (i) control, (ii) reverse, (iii) conﬂict
congruent and (iv) conﬂict incongruent. The 4 different conditions were
presented 4 times; the task was divided into two blocks and every condition was presented twice in each block, for 48 trials, in a ﬁxed order.
The measure included in the analysis was the ‘Simon interference’ which
measures the effect of the location of the arrow during the conﬂict conditions (facilitation or distraction) and is calculated by subtracting reaction times from the incongruent trials to the reaction times in the
congruent trials (congruent – incongruent).
Finally, Socio-economic status (SES) was determined based on
mother’s education (Braveman et al., 2001; Hackman and Farah, 2009;
Vable et al., 2018), assigning a value from 1 to 6 as follows: 1, primary
school; 2, secondary education (middle or high school); 3, CEGEP
(Coll
ege d’Enseignement General et Professionnel, ‘general and vocational college’, a pre-university and technical college in the province of
Quebec) or DEP (Dipl^
ome d’estudes professionnelles, ‘professional
studies diploma’); 4, College, undergraduate or Bachelor’s degree; 5,
Graduate degree: Master’s; 6, Graduate degree: PhD or MD.

3. Results
3.1. Behavioural results
Bilinguals with and without musical training were compared on a
Melody Discrimination task and on a Rhythm Synchronization task. On
the Melody Discrimination Task, a repeated measures ANOVA showed a
main effect of condition (F(1,55) ¼ 27.42, p < .001), indicating a difference between the composite melody score and the control condition,
as well as a signiﬁcant group by condition interaction (F(3,55) ¼ 24.58, p
< .001), showing that musician bilinguals outperformed the Bilingual
NM groups in the melody simple and melody transposed conditions
–Composite melody score– (ET-musician bilinguals mean ¼ 86.46 
4.09, vs. Simultaneous bilingual NM mean ¼ 59.38  8.26, p < .001; LTmusicians mean ¼ 83.63  5.21, vs. Simultaneous mean ¼ 59.38  8.26,
p < .001; ET-musicians mean ¼ 86.46  4.09, vs. Sequential bilingual
NM mean ¼ 62.73  10.03, p < .001; LT-musicians mean ¼ 83.63  5.21,
vs. Sequential mean ¼ 62.73  10.03, p < .001), while no difference was
found for the control (syllable discrimination) condition).
On the Rhythm Synchronization task, a one-way ANOVA (ITI deviation: F(3,57) ¼ 16.58, p < .001) showed that ET-musician bilinguals
outperformed Sequential bilingual NM (ET-musicians mean ¼ 0.264 
0.056 s, vs. Sequential bilingual NM mean ¼ 0.341  0.041 s, p < .001),
and LT-musicians outperformed both groups of bilingual NM (LT-musicians mean ¼ 0.230  0.057 s, vs. Simultaneous mean ¼ 0.313  0.043 s,
p < .005; LT-musicians mean ¼ 0.230  0.057 s, vs. Sequentials mean ¼
0.341  0.041 s, p < .001). Results for both musical tasks are depicted in
Fig. 1.
All scores on cognitive tests were in the normal range for all groups
based on standard scores for participants’ age and education. However,

2.3. Statistical analysis
Analyses were restricted to tract volume, fractional anisotropy (FA)
and radial diffusivity (RD) measures since previous investigations have
shown that these parameters are highly sensitive to individual differences in healthy participants (L
opez-Barroso et al. 2013; Ripolles et al.
2017; Vaquero et al. 2017, 2018). Tract volume informs about the
macrostructural organization of the tract, while FA and RD are markers of
the microstructural organization, related to axon architecture (i.e.,
packing and diameter) and myelin content of the tract (Song et al. 2002,
2005; Klawiter et al. 2011; Zatorre et al. 2012; L
opez-Barroso et al. 2013;
Ripoll
es et al. 2017). Tract volume, FA and RD were extracted from the
three rami of the AF in each hemisphere. Since ET and LT groups contained both simultaneous and sequential bilinguals, the DTI analysis was
controlled for the AoO of L2 in order to take that fact into account and to
4
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Fig. 1. Bar graphs depicting the behavioural group-difference results on the Melody Discrimination and Rhythm
Synchronization tasks. A) Group differences in the composite score for the Simple melody and Transposed melody conditions on the melody discrimination task. Y axis
shows percentage correct responses. B) Group differences on the rhythm synchronization task, by means of Inter-tap-Interval or ITI-deviation (in seconds). Signiﬁcance
is marked with asterisks; see legend.

Right IFG: F(3,57) ¼ 2.33, p ¼ .08; Left STG: F(3,57) ¼ 0.12, p ¼ .95;
Right STG: F(3,57) ¼ 1.20, p ¼ .32).
No signiﬁcant differences were found for fractional anisotropy (FA) or
radial diffusivity (RD) measures for any of the segments, and thus, no
further analyses were carried out with these variables. Additional information regarding the distribution of missing AF segments in our
sample is in Supplementary Materials and Table S2.

groups signiﬁcantly differed on Matrix Reasoning as determined by oneway ANCOVA controlling for AoO of L2 (F(3,55) ¼ 8.36, p < .001); this
result was driven by differences between both groups of Musician Bilinguals and the Sequential Bilingual NM who had the lowest scores (ETmusician bilinguals mean ¼ 13.41  2.50, vs. Sequential bilingual NM
mean ¼ 9.36  2.82, p < .005; LT-musician bilingual ¼ 13.38  2.18, vs.
Sequential bilingual NM mean ¼ 9.36  2.82, p < .005). One-way
ANOVA also showed signiﬁcant differences in Letter-Number
Sequencing (F(3,57) ¼ 3.97, p < .05) between the ET-musician bilinguals and the Sequential bilingual NM (ET mean ¼ 14.29  3.72,
Sequential mean ¼ 11.00  3.45, p < .05). Regarding executive functions, no signiﬁcant between-group differences were found for the Simon
effect (F(3,55) ¼ 0.27, p ¼ .84).

3.3. Relationship between structural connectivity & AoO of training
The observed differences in AF volume of the left and right hemispheres for Simultaneous Bilingual NM and ET-Musician Bilinguals suggest a differential effect of AoO for music and bilingual experience. To
test this hypothesis, we ﬁrst performed correlations between the LIndex
and AoO of L2 and L2 Verbal Fluency in the Bilingual NM group, and then
for AoO of music training and AoO of L2 in the Bilingual Musician group.
In the Bilingual NM group, neither AoO of L2 (r ¼ 0.15, p ¼ .44) nor L2
Verbal Fluency (r ¼ 0.02, p ¼ .92) were correlated with the LIndex. This
suggests that the neuroplastic effects of early bilingual experience on the
volume of the LS are most prominent within the ﬁrst year of life, preventing us from ﬁnding a signiﬁcant correlation using the full range of
AoO of L2.
Then, we performed correlations for the Musician Bilingual groups
alone between LIndex of volume in the LS and AoO of music training and
AoO of L2. Correlations were signiﬁcant for AoO of music training (r ¼
0.46, p < .01) but not for AoO of L2 (r ¼ 0.34, p ¼ .07). This indicated
that the earlier the start of music training, the closer to 0 were the LIndex
values, meaning that the symmetrical pattern of lateralization found for
the ET-Musician Bilinguals is likely explained by this early start of
musical training. To conﬁrm that this was speciﬁc to the early-trained
musician group, we explored this same correlation with the ET- and
LT-musician bilingual groups separately and found that it remained
indeed signiﬁcant only for the ET group (ET: r ¼ .61, p < .01; LT: r ¼
0.08, p ¼ .78). This suggests that between the ages of 4 and 7 years, early
start of music training has a greater effect on volume of the LS than
training after that window. See Fig. 3.

3.2. Arcuate fasciculus connectivity results
Two participants in the Sequential Bilingual NM group showed no left
LS when performing the reconstruction of the AF. Hence, as it is usual
practice for this deterministic method of dissection, those 2 participants
were removed from the analysis, leaving an n ¼ 20 in the Sequential
Bilingual NM group (see Supplementary Results and Table S2). Results
with the ﬁnal sample (n ¼ 60) showed a main effect of hemisphere for
volume in the LS (F(1,54) ¼ 47.35, p < .001) and the Posterior segment
(F(1,54) ¼ 11.25, p < .005), such that volume in the left hemisphere was
greater across the four groups (see Fig. 2A).
Interestingly, a signiﬁcant group by hemisphere interaction was
found for volume in the LS (F(3,54) ¼ 3.87, p < .05). Post-hoc pairwise
comparisons using the Bonferroni correction showed that this interaction was driven by a signiﬁcant difference between ET Musician Bilinguals and Simultaneous Bilingual NM in the volume of the right LS
(4.19  2.11 vs. 1.30  1.41, p < .05). We further explored this
interaction by calculating the lateralization index (LIndex: Left-Right/
Left þ Right) of volume in the LS. The LIndex takes into account the
ratio of Left/Right volume, which makes it an ideal measure to further
investigate the observed between-group differences, as well as to
perform more informative correlations than with the individual hemispheric values. Thus, comparison across groups in this case also
revealed a signiﬁcant difference (F(3,54) ¼ 5.17, p < .005), with posthoc tests using the Bonferroni correction showing again a signiﬁcant
difference between ET-Musician Bilinguals and Simultaneous Bilingual
NM (p < .005), such that Simultaneous Bilingual NM showed a strong
left lateralization of the volume values in the LS (LIndex ¼ 0.76  0.24)
and ET-Musician Bilinguals presented an almost perfectly symmetrical
distribution (LIndex ¼ 0.24  0.33) (See Fig. 2B). To be certain that the
observed differences in volume of the LS were not a result of differences
in the volumes of the ROIs used to deﬁne it, we compared the volumes
of left and right IFG and STG ROIs and compared them across groups
and found no signiﬁcant differences (Left IFG: F(3,57) ¼ 0.74, p ¼ .53;

4. Discussion
In the current study, we examined the differential effects of the AoO
of bilingual experience and music training on the arcuate fasciculus
which connects auditory, multisensory and motor regions in the dorsal
stream. To do so, we manually dissected this tract in highly proﬁcient
bilinguals who differed, ﬁrst, in their AoO of L2 and, secondly, in their
musical experience and AoO of music training. Across all groups, the
volume of the long segment of the AF was larger on the left, indicating
that leftward lateralization is a consistent anatomical feature in the
population that is likely under genetic control. This leftward
5
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development.
The LS of the AF is the pathway underlying the ﬂow of information
from posterior auditory cortices to premotor and inferior frontal regions.
A crucial role in language acquisition has been described for this
pathway, especially in the left hemisphere, and it is considered to be the
basis of a bidirectional sound-to-action feedback loop (Rodríguez-Fornells et al. 2012; L
opez-Barroso et al. 2013; François et al. 2016).
Disruptions of this tract have been described to lead to deﬁcits in processing of both language (Agosta et al. 2013; Sierpowska et al. 2017) and
music (Loui et al. 2009; Sihvonen et al. 2017). Our ﬁnding of a leftward
asymmetry of the LS across all groups is consistent with a number of
previous results (Powell et al. 2006; Catani et al. 2007; Rodrigo et al.
2007; Lebel and Beaulieu 2009; H€aberling et al. 2013; Tak et al. 2016).
This asymmetry has been linked to language dominance (Annet, 1985,
and McManus, 1991, as cited in Geschwind et al. 2002; Catani et al.
2007; Matsumoto et al. 2008; H€aberling et al. 2013) and for the LS of the
AF in particular has been found to be present early in childhood (Budisavljevic et al. 2015; Tak et al. 2016). Twin studies suggest a strong genetic component to this asymmetry, but with a sizable environmental
inﬂuence (H€aberling et al. 2013; Budisavljevic et al. 2015).
Our ﬁnding that Simultaneous Bilinguals without music training have
a greater leftward asymmetry of the LS is in line with previous reports
(H€am€al€ainen et al. 2017). Although this group was relatively small, all
showed a strong leftward asymmetry for this AF segment (see Fig. 3C).
This clearly demonstrates that intensive L2 experience within the ﬁrst
year of life inﬂuences the development of this pathway and supports the
concept that there is an early sensitive period for language acquisition
(Lenneberg 1967; Hensch 2005; Pierce et al. 2014). Our study goes
further to show this pattern in a controlled comparison with a group that
also presents an extensive experience in another type of auditory-motor
training. The LS connects the IFG to posterior auditory regions, and the
current and previous ﬁndings indicate that bilingual experience exerts a
neuroplastic effect on both regional architecture and network connectivity. These plastic changes could be explained by reﬁnement of maturational processes due to bilingual exposure from birth (Berken et al.
2017), since it is known that pruning of language-related connections
relies on activity-dependent stabilization of functionally crucial networks
(Innocenti and Price 2005; Friederici 2009). To test whether the asymmetry of the LS was related to AoO of L2, we correlated these values in
the full group of bilingual NM, where there was adequate variability to
assess possible effects (range of AoO: 0–20 years). However, no signiﬁcant correlation was found. This result suggests that plastic effects related
to L2 exposure must occur very early in life, probably during the ﬁrst year
of life (Pierce et al. 2014). Another possible explanation is that, in
addition to AoO of L2 acquisition, other factors related to bilingualism
such as language proﬁciency, social diversity of language use, or number
of languages spoken, may also modulate the plastic processes involved in
brain reorganization and interact with the effect of age of commencement (Perani et al., 1998, 2003; Abutalebi et al., 2005; Gullifer et al.,
2018). The unbalanced size of our four groups, especially affecting the
Simultaneous Bilingual NM, implies that the ﬁndings must be interpreted
with caution pending replication. Additional studies are thus needed
with more homogeneous groups, where there is also less exposure to
third or fourth languages. This might be easier to do in other bilingual
communities and regions, and could allow for inclusion of additional
linguistic variables, such as verbal-ﬂuency or proﬁciency measures.
In comparison with the Simultaneous Bilingual NM, ET Musician
Bilinguals had a larger volume of the right LS, and thus a reduced leftward asymmetry. Crucially, the degree of asymmetry was negatively
predicted by AoO of music practice, indicating that earlier training results in a reduction in the normative leftward asymmetry. This suggests
that the neuroarchitecture of the LS in the right hemisphere is still
malleable in early childhood and can be changed by intensive experience.
These ﬁndings ﬁt with previous evidence of sensitive periods for music
experience, similar to those for L2 learning, but which occur during a
later period of development (Penhune 2011; Vaquero et al. 2016). There

Fig. 2. Main structural results. A) Depiction of left and right volume values for
the Long segment across the 4 experimental groups. Main effect of hemisphere
and signiﬁcant group per hemisphere interaction (for the volume in the right LS
between ET Musician Bilinguals and Simultaneous Bilingual NM, speciﬁcally)
are marked. B) Further exploration of the group per hemisphere interaction
through the lateralization index: values closer to 1 mean left-lateralization,
closer to 0 symmetrical, closer to 1 right-lateralization. Signiﬁcant difference
between ET musician bilinguals and simultaneous bilingual NM is marked.
Abbreviations: ET, early-trained; NM, non-musicians.

lateralization was enhanced in simultaneous bilinguals without musical
training, suggesting that exposure to a second language from birth promotes the development of auditory-motor connections in a pathway
crucial for language (L
opez-Barroso et al. 2013; François et al. 2016). In
contrast, early start of music training in childhood resulted in enhancement of the LS in the right hemisphere, reducing the normative leftward
lateralization. In addition, earlier AoO of music training predicted this
more symmetrical pattern of lateralization, which demonstrates that
music experience in early childhood exerts an effect on auditory-motor
circuits known to be important for linking sounds to actions. Together,
these ﬁndings illustrate the interaction of normative maturation and
diverse intensive auditory-motor experience at different points during
6

L. Vaquero et al.

NeuroImage 213 (2020) 116689

Fig. 3. Correlations between the lateralization index for volume values in the
Long segment of the AF and age of onset of training. A) Correlation with the
AoO of music training, only for the musician bilingual groups (signiﬁcant). B)
Correlation with the AoO of L2, only for musician bilingual groups (not significant). For both A) and B) panels, in light green is detailed the correlation line
corresponding to the additional correlation performed only with the ETMusician Bilingual group, and the same colour is used to depict every subject
in the ET-Musician Bilingual group; in dark green, the additional correlation
performed only for the LT-Musician Bilingual group is depicted, with participants in this group being represented by dots of this same colour. C) Correlation
with the AoO of L2, only for the bilingual NM groups (not signiﬁcant). Light blue
shows the regression line corresponding to the additional correlation performed
only with the Simultaneous Bilingual NM group, as well as participants in this
group; in dark blue, the additional correlation performed only for the Sequential
Bilingual NM group and the dots corresponding to participants in this group.
Abbreviations: AF, arcuate fasciculus; AoO, age of onset; L2, second language;
ET, early-trained; LT, late-trained.

is no clear consensus regarding maturational time-lines or genetic versus
environmental inﬂuences for the different segments of the AF. However,
based on previous reports exploring age effects on the different AF segments (Budisavljevic et al. 2015; Tak et al. 2016), the LS seems to be the
last to mature and most probably would have still been developing while
our ET Musician Bilinguals started their musical training (Budisavljevic
et al. 2015; Tak et al. 2016). Furthermore, it seems that age does not
predict the architecture of this segment in the right hemisphere (Tak
et al. 2016), indicating that experience may play a signiﬁcant role.
Together, this evidence suggests that during early childhood the right LS
is more susceptible to environmental inﬂuence than the left whose
structure seems more genetically determined and only malleable by
training in very early infancy. Obviously, it is possible that those who
undertake music training at an early age might have a more symmetrical
organization of the LS than those who begin later, even before the start of
the training. However, only a long-term longitudinal study could address
this question.
Our results are consistent with a multifactorial gene-environment
interaction model which hypothesizes that expert performance and its
plastic effects on the brain depend on additive and multiplicative interactions between deliberate practice and other variables, such as
physical, cognitive or personality traits, that are inﬂuenced by genetic
factors (Ullen et al. 2016). In light of our current ﬁndings, we propose
that AoO of training is also a crucial variable within this model since,
depending on the maturational stage at which speciﬁc training takes
place, some structures and networks will be more malleable and sensitive
to change due to experience. Speciﬁcally, the four-group comparison
performed here for the AF macrostructural properties highlights the
speciﬁc effect of early commencement of music training in comparison to
the early commencement of L2 acquisition, while suggesting that
learning music later on does not drastically change the typical, more
genetically determined, asymmetric pattern of lateralization of AF volume values (see Fig. 4).
The right dorsal auditory-motor network connected by the AF has
been previously described as being involved in pitch, contour and prosody processing, as well as in music learning (Loui et al. 2011; Albouy
et al. 2013; Sammler et al. 2015; Sihvonen et al. 2016). In addition, the
right AF is one of the most important pathways recruited during music
perception and learning (Halwani et al. 2011; Loui et al. 2011; Vaquero
et al. 2018). Furthermore, AoO of music training during early childhood
has been found to result in better adult performance on musical tasks
(Watanabe et al. 2007; Bailey and Penhune 2010, 2012; Vaquero et al.
2016) and to be related to increased cortical surface area in the right
ventral premotor cortex which is connected to posterior auditory and
parietal cortex through the AF (Bailey et al. 2014; Habibi et al. 2018).
More broadly, the differential impact of early language and music
training on brain structure is likely the result of the nature and timing of
experience. Simultaneous bilingual experience starts even before the

(caption on next column)
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Fig. 4. Summary of ﬁndings/conclusions and
derived hypothesized time-course of brain structural
changes on the long segment of the AF, depending
on the life-time moment in which training takes
place: L2 experience during early infancy enhances
the leftward asymmetry (L much thicker than R);
music training during early childhood enhances the
volume of the right long segment, altering that
normative asymmetry (L ‘almost’ equal in volume
than R); L2 or music training starting after these
distinct sensitive periods does not seem to alter the
usual asymmetric pattern (L > R) elicited by normal
maturation. Abbreviations: L2, second language; L,
left; R, right.

musician counterparts. Importantly, though, no speciﬁc difference for
these cognitive variables was found between ET-musician bilinguals and
Simultaneous bilingual NM, the groups crucially differing at the brain
structural level.

moment of birth, and is immersive and constant. This type of experience
may thus promote plasticity even in networks, such as the left LS, that are
more strongly under genetic control. In comparison, music training can
only begin once motor control is adequately acquired, typically no earlier
than age 3–4 years. Unlike early bilingual experience, music training is
deliberate, and is likely selected by and promoted in children with some
pre-existing interest and skills. Musical training is also less immersive
than bilingual experience, although placing similar demands on
auditory-motor networks. So why might music training still promote
additional brain plasticity? Music training implies signiﬁcant amounts of
deliberate practice, with repeated prediction, feedback and error
correction (crucial functions of the dorsal pathway), and performance
itself is likely rewarding (Penhune 2019). Thus, music training may
promote plasticity later in childhood because it is a more conscious and
deliberate process than the practice of two languages in a highly bilingual
context, and because it requires higher precision of processing, repetition
and focused attention (Patel 2011).
In the current study, no between-group differences were found for
microstructural properties of the AF (i.e., FA, RD). Our results point to an
effect of age of start of audio-motor trainings only on the volume of the
tract. This volumetric effect may be due to changes in the packing
properties of the tract, the thickness and morphology of the myelin
sheaths, or the vasculature architecture surrounding the AF (Zatorre
et al., 2012). These plastic mechanisms would mainly affect the macrostructural organization of the tract (i.e., volume) without necessarily
changing the microstructural properties (i.e., FA/RD values).
Behaviourally, our musical tests helped us characterize our sample by
showing a musical advantage for the Musician Bilingual group (supporting previous ﬁndings, Chen et al 2008a,b; Foster and Zatorre 2010;
Bailey et al. 2014), but no between-group differences in the control
condition of syllable discrimination. In contrast with previous studies
(Bailey et al., 2014; see Penhune, 2011 for a review), no differences were
found between ET and LT musicians regarding their performance on the
music tasks. Although previous reports showed robust differences, they
were typically small, and our current sample size or cohort variability
may have prevented us to observe this difference.
Although the whole sample exhibited normative–range scores on the
cognitive tests, Musician bilinguals, overall, showed better scores in
auditory working memory (Letter-Number Sequencing) and Matrix
Reasoning, but not in executive function, when compared to their non-

4.1. Conclusion
In summary, by comparing two well-controlled groups of highlytrained bilinguals differing in their music experience, the present
experiment was able to explore and disentangle the differential effects of
two auditory-motor trainings and, more important, of their crucially
different AoO. In conclusion, our ﬁndings reveal the interaction between
normative maturation and two forms of intensive auditory-motor experience that begin at different points during development. We show that
simultaneous exposure to two languages in infancy accentuated the
leftward asymmetry of the LS, despite the fact that previous evidence has
shown that the adult structure of this region is under largely genetic
control. Further, music training during early childhood (ages 4–7 years)
altered the macrostructure of the right LS, reducing the normative leftward asymmetry, consistent with evidence that it may be more malleable
by environmental inﬂuences. We believe these ﬁndings are important
ﬁrst steps in contributing to our understanding of plasticity in crucial WM
pathways underlying auditory-motor integration for language and music.
Further, they begin to provide a more sophisticated understanding of
sensitive periods and the interaction between brain maturation and
experience. We thus conclude that AoO of speciﬁc experience plays a key
role in a complex gene-environment interaction model where long-term
plasticity depends on region-speciﬁc differences in malleability by
experience, the age at which experience occurs and the type of learning
experience.
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