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left-handers [3, 4]. Contrary to this, an initial observa-
tion by Oldfield [5] suggested that left-handedness might 
hinder the ability to play a musical instrument, given that 
most instruments are designed for right-handed indi-
viduals. However, subsequent reports on student samples 
have failed to establish a negative association between 
left-handedness and musical aptitude [5, 6]. In line with 
common belief, most studies have revealed a higher 
prevalence of left-handedness in musicians compared to 
non-musicians among both professionals [7, 8] and stu-
dents [9, 10]. Additionally, an increase in the proportion 
of mixed-handers among musicians was also noted [11]. 
Furthermore, some publications have highlighted that 
left-handed musicians excel in certain musical skills in 
comparison to their right-handed counterparts [12, 13].

Background
Approximately 10.6% of the human population is esti-
mated to be left-handed [1]. Popular belief associates 
left-handedness with a unique talent for composing 
and interpreting music. This notion arises from the fact 
that some of the world’s most renowned musicians have 
exhibited left-handed playing [2], along with the popular-
ity of scientific accounts postulating the idea of ‘gifted’ 
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Abstract
Background  Left-handedness is a condition that reverses the typical left cerebral dominance of motor control to an 
atypical right dominance. The impact of this distinct control — and its associated neuroanatomical peculiarities — on 
other cognitive functions such as music processing or playing a musical instrument remains unexplored. Previous 
studies in right-handed population have linked musicianship to a larger volume in the (right) auditory cortex and a 
larger volume in the (right) arcuate fasciculus.

Results  In our study, we reveal that left-handed musicians (n = 55), in comparison to left-handed non-musicians 
(n = 75), exhibit a larger gray matter volume in both the left and right Heschl’s gyrus, critical for auditory processing. 
They also present a higher number of streamlines across the anterior segment of the right arcuate fasciculus. 
Importantly, atypical hemispheric lateralization of speech (notably prevalent among left-handers) was associated to a 
rightward asymmetry of the AF, in contrast to the leftward asymmetry exhibited by the typically lateralized.

Conclusions  These findings suggest that left-handed musicians share similar neuroanatomical characteristics with 
their right-handed counterparts. However, atypical lateralization of speech might potentiate the right audiomotor 
pathway, which has been associated with musicianship and better musical skills. This may help explain why musicians 
are more prevalent among left-handers and shed light on their cognitive advantages.
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The explanation for this phenomenon may reside in the 
unique characteristics of the musicians’ and left-hand-
ers’ brains. Musicianship has been related to structural 
changes in the auditory cortex, particularly in Heschl’s 
gyrus (HG) [14, 15]. Various studies have reported that 
musicians present increased gray matter volume in the 
bilateral HG [16] and the left HG [17]. But the great 
majority have observed these differences in the right HG, 
both cross-sectionally [18–20] and longitudinally in rela-
tion to musical training [21–23]. Moreover, gray matter 
volume in HG has been shown to predict better perfor-
mance on pitch discrimination tasks [24, 25].

However, it is important to note that all the aforemen-
tioned results originate from right-handed musicians. 
When considering the left-handed brain, it is important 
to note that cortical asymmetries across all lobules have 
been reported to be altered [26, 27]. Therefore, the asso-
ciation between musicianship and its related structural 
changes — seemingly favoring the right hemisphere — 
might differ among left-handers. Right-handed individu-
als typically exhibit a significant leftward asymmetry in 
the auditory cortex [28–32], but data on the left-handed 
population is inconsistent. Some studies focusing on the 
auditory cortex have described a reduction in this left-
ward asymmetry among left-handed participants [33–
35]. This reduction, however, has not been replicated 
in multicentric studies comparing large groups of left-
handed and right-handed individuals [27, 36, 37]. In this 
context, atypical dominance for language should also be 
considered [38], because of: (1) its proposed relation with 
altered auditory asymmetries in both healthy [28, 39–41] 
and clinical populations [42–46]; and (2) its higher inci-
dence among the left-handed population [38, 47].

A second brain structure that has been significantly 
implicated in musicianship is the arcuate fasciculus (AF). 
This white matter tract connects the posterior part of the 
superior temporal gyrus with the parietal cortex and the 
inferior frontal gyrus, supporting functions like language, 
music processing and motor planning [48]. Previous 
studies have revealed that musicians, when compared to 
non-musicians, exhibit a larger volume and greater white 
matter integrity in the right AF [49, 50]. Moreover, early 
musical training has been shown to increase the volume 
of the right AF, reducing its typically leftward asymmetry 
[51]. Different research also demonstrates the relation-
ship between this white matter fascicle and music pro-
cessing capabilities. First, congenital and acquired amusia 
— the inability to recognize and reproduce tones and 
rhythms — has been associated with alterations in the 
right AF [52–54]. Also, the structural characteristics of 
the right AF seem to predict melody and rhythm learning 
[55] and pitch-related grammar learning [56].

The AF, like the HG, presents a significant structural 
asymmetry in the healthy population. Its direct segment 

— connecting the temporal and frontal cortices — is 
larger in the left hemisphere [57], whereas its anterior 
segment — bridging the parietal and frontal cortices — is 
larger in the right hemisphere [58]. Unfortunately, there 
are few reports on the possible differences in the AF 
between right-handed and left-handed individuals. Trac-
tography studies have mostly failed to find any neuro-
anatomical signature of handedness [59], suggesting that 
differences may be attributed to hemispheric lateraliza-
tion of language [60, 61] — although subsequent studies 
have also failed to find this association [62–64] — or to 
the degree of handedness rather than its direction [65]. 
However, a large study on the UK Biobank identified a 
common genetic basis for handedness and structural 
development of the AF, hinting at a potential correlation 
[66]. Therefore, it is unclear that AF presents differences 
according to handedness.

Taken altogether, these findings provide valuable 
insights into the neuroanatomical aspects of musician-
ship, its overlapping with left-handedness, and the 
possible underlying role of hemispheric language domi-
nance. A greater development of certain components of 
the right audiomotor network — HG and AF — seems 
to facilitate music processing capabilities. However, 
left-handedness — and its associated atypical language 
lateralization — have also been partially related with neu-
roanatomic differences in these structures. This begs the 
question of how these musicianship correlates operate 
on the left-handed brain, as both its structural peculiari-
ties and the higher incidence of left-handedness among 
professional musicians may suggest a change in the direc-
tion of the effects. Unfortunately, brain research in left-
handed musicians is almost nonexistent [41]. Hence, 
further investigation is needed to better comprehend the 
potentially complex relationship between handedness, 
musicianship, and cognitive functions. The present study 
was designed with this objective in mind. The volume 
of the HG and the architecture of the AF were explored 
using MRI in left-handers as a function of both musician-
ship (musicians vs. non-musicians) and hemispheric lat-
eralization of speech (typically vs. atypically lateralized 
during a verb generation task). Given the previously pre-
sented evidence, we predict that handedness should not 
impact musicianship-related changes to cerebral struc-
ture [18–20, 49–51, 55, 56]. But atypical language later-
alization, which underlies 22–27% of left-handers [38, 
47], might be a relevant factor in this music-structure 
interplay [28, 39–41, 63]. Therefore, we hypothesize that: 
(1) musicianship among left-handers would be related to 
structural differences in the HG and the right AF, simi-
lar to previous studies among right-handers; and (2) that 
the hemispheric direction or the magnitude of these dif-
ferences would be modulated by the underlying hemi-
spheric lateralization of speech.
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Methods
Participants
A total of 130 healthy left-handed (n = 109) and mixed-
handed (n = 21) individuals according to the Edinburgh 
Handedness Inventory (EHI) [67] participated in the 
study. EHI was scored according to the recommenda-
tions by Bryden [68], ranging from 24 to 37 (mixed-
handed) to 38–50 (left-handed). All participants were 
capable of writing exclusively with their left hand. 55 
were musicians [27 women; mean ± SD age = 23.5 ± 5.7 
years; mean EHI ± SD = 43.3 ± 5.5] and 75 were non-musi-
cians (40 women; mean ± SD age = 22.9 ± 5.6 years; mean 
EHI ± SD = 42.9 ± 4.6). Musicians had completed musical 
training at a music school, and were currently playing 
a musical instrument (mean ± SD age of onset of train-
ing = 7.8 ± 2.4 years, range = 3–15; minimum of 6 years 
of formal training). Non-musicians had never played a 
musical instrument nor received musical training beyond 
obligatory musical instruction at school. The two groups 
did not significantly differ in age (t128 = 0.596; P = .552), 
gender distribution (Pearson’s χ2 = 0.229; P = .633) or EHI 
score (t128 = 0.47; P = .639). None of the participants had 
suffered from any neurological or psychiatric disorders, 
and they had no history of head injury with loss of con-
sciousness. Written informed consent was obtained from 
all participants, following a protocol approved by the 
Universitat Jaume I, and they received monetary com-
pensation for their participation.

Image acquisition
Magnetic resonance images (MRI) were acquired on 
a 3T GE Signa-Architect scanner using a 32-chan-
nel head coil. All slices were acquired in the sagit-
tal plane. A 3D structural MRI was acquired for each 
subject using a T1-weighted magnetization-pre-
pared rapid gradient-echo sequence (TR/TE = 8.5/3.3 
ms; flip angle = 12; matrix = 512 × 512 × 384; voxel 
size = 0.47 × 0.47 × 0.5  mm). Gradient-echo T2*-weighted 
echo-planar imaging sequences were recorded during 
a verb generation task (functional volumes = 144; TR/
TE = 2500/30 ms; flip angle = 70; matrix = 64 × 64 × 30; 
voxel size = 3.75 × 3.75 × 4  mm). A diffusion-tensor-
imaging (DTI) sequence was also acquired (diffu-
sion gradient directions = 25, b = 0 + 1000 mm2/s, TR/
TE = 13,000/80; flip angle = 90; matrix = 256 × 256 × 60; 
voxel size = 1.01 × 1.01 × 2 mm).

Verb generation task
Task design
We used a computerized Spanish verb generation task 
suited for MRI scanners, that is described elsewhere 
[41, 69]. In summary, it consists of an activation condi-
tion (6 blocks, 30 s each) in which the participant gener-
ates verbs from visually presented concrete nouns, and a 

control condition (6 blocks, 30 s each) in which the par-
ticipant reads aloud visually presented pairs of letters. 
Stimuli were presented using MRI-compatible goggles 
(VisuaStimDigital, Resonance Technology Inc.), and 
responses were recorded via a noise-cancelling micro-
phone to ensure that each participant was actively and 
accurately engaged in the task (FOMRI III+, Optoacous-
tics). Before entering the scanner, participants practiced 
with a different version of the task for one minute.

fMRI preprocessing
Functional images acquired during the verb genera-
tion task were processed using the Statistical Paramet-
ric Mapping software package (SPM12; Wellcome Trust 
Centre for Neuroimaging, London, UK). Preprocessing 
followed the default pipeline and included: (1) alignment 
of each participant’s fMRI data to the AC-PC plane by 
using the anatomical image; (2) head motion correction, 
where the functional images were realigned and resliced 
to fit the mean functional image; (3) co-registration of 
the anatomical image to the mean functional image; (4) 
re‐segmentation of the transformed anatomical image 
using a tissue probability map; (5) spatial normalization 
of the functional images to the MNI (Montreal Neuro-
logical Institute, Montreal, Canada) space with 3 mm3 
resolution; and (6) spatial smoothing (FWHM = 4  mm). 
A general linear model was voxel-wise defined for each 
participant by contrasting ‘activation > control’ volumes. 
The BOLD (Blood‐Oxygen‐Level‐Dependent) signal 
was estimated by convolving the block’s onsets with the 
canonical hemodynamic response function. Six motion 
realignment parameters extracted from head motion 
preprocessing were included as covariates of no interest, 
and a high‐pass filter (128 s) was applied to the contrast 
images to eliminate low‐frequency components.

Assessment of hemispheric lateralization
Individual functional lateralization of speech was 
assessed by calculating the Laterality Index (LI) for the 
verb generation contrast images resulting from the prior 
preprocessing. LI is a proportion of the brain activation 
between the two hemispheres, thus giving us information 
about the direction and degree of hemispheric specializa-
tion during a particular function in a single individual. LI 
was calculated according to the formula (L − R/R + L) × 
100, where L corresponds to the number of significantly 
active voxels in the left hemisphere mask, and R corre-
sponds to the number of significantly active voxels in the 
right hemisphere mask. Using this formula, LI ranges 
from + 100 (totally leftward function) to − 100 (totally 
rightward function). We computed a weighted mean 
LI for every participant using the bootstrap method 
implemented in the LI-toolbox [70], based on SPM. We 
computed the LI encompassing the frontal voxels most 
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relevant in the expressive language function evaluated by 
this task. We defined this using standard anatomical cri-
teria [71], thus including Brodmann areas 9, 44, 45 and 
46. We created this mask via the Tailarach Daemon atlas 
[72] included in the WFU PickAtlas toolbox [73], insert-
ing the Brodmann areas with a 3D dilatation value of 2. 
Additionally, medial areas were subtracted by a boxcar 
with dimensions of 20, 100, 100, and an epicenter at 0, 0, 
0. Speech production was subject-wise classified as typi-
cally lateralized (LI higher than + 40) or atypically lateral-
ized (LI lower than + 40). We used + 40 as a cut-off point 
(contrary to the more traditional + 20), based on previous 
findings that emphasized the importance of lateralization 
strength when grouping individuals [38, 74]. Averaged 
activation maps for the typical and atypical groups can be 
found in the Supplementary Material.

Voxel-based morphometry
3D structural MRI images were preprocessed using a 
voxel-based morphometry (VBM) approach, via the 
CAT12 toolbox (http://www.neuro-jena.github.io/cat/) 
for SPM12. Preprocessing followed the default pipeline 
and included: (1) segmentation into gray matter, white 
matter, and cerebrospinal fluid; (2) registration to the 
ICBM standard template; and (3) DARTEL normaliza-
tion of gray matter and white matter segments to the 
MNI template. After that, we extracted region of interest 
(ROI) native gray matter volume values corresponding to 
the primary auditory cortex or HG (Brodmann areas 41 
and 42). Additionally, structural LIs were computed for 
these gray matter volumes in each participant, using the 
same formula described for the verb generation task.

Diffusion-based tractography
DTI images were corrected for eddy current distortions 
using FSL [75]. After that, we followed the default pre-
processing pipeline of DiffusionToolkit [76] to recon-
struct the images, track the fibers and smooth the tracks. 
Fractional anisotropy was used for the masking proce-
dure during fiber tracking (threshold = 0.2), setting the 
angle threshold at 35º. Virtual dissection of the arcuate 
fasciculus (AF) followed the guidelines provided by pre-
vious tractography studies [77, 78], using the TrackVis 
software (trackvis.org). In summary, dissection was car-
ried out for all participants in a single-subject basis by 
displaying their track reconstruction in native space and 
performing manual region of interest (ROI) delineations 
to encompass the AF segments in both hemispheres. The 
anterior AF segment was delineated by drawing a coronal 
prefrontal ROI and a sagittal inferior parietal ROI. The 
posterior AF segment was delineated by drawing a sagit-
tal inferior parietal ROI and an axial superior temporal 
ROI. The direct AF segment was delineated by drawing 
a coronal prefrontal ROI and an axial superior temporal 

ROI. Number of streamlines was extracted for every AF 
segment from each participant. Additionally, structural 
LIs were computed for these number of streamlines in 
each participant, using the same formula described for 
the verb generation task.

Statistical analyses
We conducted analyses of structural measures using 
various repeated-measures MANOVA designs. Note 
that all designs included total intracranial volume and 
age as covariates of no interest, except for designs involv-
ing structural LIs. We examined the potential impact of 
musicianship (musician/non-musician) on gray matter 
volume in HG, with hemisphere (left/right) considered 
as a within-subject variable. We studied HG structural 
LI when comparing musicians and non-musicians via 
an ANOVA. For the diffusion data, we also explored the 
potential effect of musicianship (musician/non-musician) 
on AF number of streamlines, with hemisphere (left/
right) and segment (anterior/posterior/direct) consid-
ered as within-subject variables. AF structural LIs were 
included as dependent variables in a repeated-measures 
ANOVA contrasting musicians and non-musicians. In all 
designs, we further investigated whether the introduc-
tion of speech lateralization as a factor (typical/atypical) 
altered the potential effects of musicianship. Significant 
interactions were interpreted via post-hoc pair-wise Bon-
ferroni-corrected t tests. Post-hoc, we also conducted 
Spearman’s correlations to determine whether several 
covariates of musical training (age of training onset, years 
of training, and estimated lifetime training hours) had a 
significant impact on both the bilateral HG volume and 
the number of streamlines in the right anterior AF seg-
ment among musicians. All statistical analyses were per-
formed using IBM SPSS Statistics version 26, with no 
custom scripts involved.

Results
Table 1 displays estimated means and standard errors of 
gray matter volume in Heschl’s gyri (HG) based on musi-
cianship and speech lateralization groups, as well as aver-
aged structural LIs. Figure  1 depicts the distribution of 
structural LIs for the sample. Note the slightly leftward 
structural asymmetry present in most participants.

We conducted a repeated-measures multivariate analy-
sis of variance, using HG gray matter volumes as depen-
dent variables, hemisphere as a within-subjects factor, 
and musicianship as between-subjects factor. Total intra-
cranial volume and age were included as covariates of 
no interest. Results showed a significant main effect 
for musicianship (F126 = 11.7; P < .001; η2 = 0.085), indi-
cating larger HG volume in musicians compared to 
non-musicians across both hemispheres (Fig. 2). No sig-
nificant effect (F126 = 0.38; P = .54) nor interaction with 

http://www.neuro-jena.github.io/cat/
http://www.trackvis.org
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musicianship (F126 = 1.11; P = .293) was found involving 
hemisphere. Notably, HG volume did not significantly 
vary across musicians in relation to their age of train-
ing onset (⍴ = 0.021; P = .884), years of training (⍴ = 
0.037; P = .793), or estimated lifetime training hours (⍴ = 
0.062; P = .658). The addition of speech lateralization as 
between-subject factor did not alter these results. There-
fore, left-handed musicians exhibit increased bilateral 

HG gray matter volume regardless of hemispheric lan-
guage dominance.

We also explored the asymmetry of HG using a simi-
lar analysis of variance. We included HG structural LI as 
dependent variable, and musicianship as between-sub-
jects factor. However, no significant effect was found for 
musicianship (F129 = 1.5; P = .223). The addition of speech 
lateralization as between-subject factor did not alter this 

Table 1  Estimated mean (standard error) values for the gray matter volume of the left and right Heschl’s gyri (HG), grouped by 
musicianship and speech lateralization
Volume (ml)a Non-musicians (n = 75) Musicians (n = 55)
Left HG 5.01 (0.06) 5.21 (0.06)
Right HG 4.60 (0.06) 4.87 (0.06)
Structural LIb 4.1 (3.8) 3.3 (3.7)
Volume (ml)a Typical (n = 56) Atypical (n = 19) Typical (n = 34) Atypical (n = 21)
Left HG 5.01 (0.06) 4.99 (0.1) 5.19 (0.07) 5.22 (0.09)
Right HG 4.62 (0.06) 4.57 (0.1) 4.89 (0.07) 4.86 (0.09)
Structural LIb 4 (4.1) 4.4 (3.1) 3.1 (3.2) 3.6 (4.5)
aValues are estimated for a mean age of 23.2 years and a mean total intracranial volume of 1507.77 ml
bAveraged structural LI (standard deviation). Positive values indicate leftward asymmetry, whereas negative values indicate rightward asymmetry

Fig. 1  Histograms displaying the structural LI (Laterality Index) for the HG (Heschl’s gyrus), and the different segments of the AF (arcuate fasciculus). Posi-
tive values correspond to leftward asymmetry, whereas negative values indicate rightward asymmetry
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result. Thus, structural asymmetry of the HG does not 
seem to be influenced by either musicianship or hemi-
spheric language dominance.

Table 2 presents estimated means and standard errors 
of white matter streamlines in the three segments of the 
arcuate fasciculi (AF), categorized by musicianship and 
speech lateralization groups, as well as averaged struc-
tural LIs. Figure  1 depicts the distribution of structural 
LIs for the sample. Note the important leftward struc-
tural asymmetry of the direct AF, in contrast to the right-
ward asymmetry of the anterior AF.

We conducted a repeated-measures multivariate analy-
sis of variance, utilizing AF white matter streamlines as 
dependent variables, with hemisphere plus segments as 
within-subject factors, and musicianship as between-
subjects factor. Total intracranial volume and age were 
included as covariates of no interest. A significant hemi-
sphere × segment × musicianship interaction revealed a 
higher number of streamlines in the right anterior seg-
ment of the AF among musicians (F125 = 4.26; P = .016; 
η2 = 0.064; pair-wise Bonferroni-corrected P = .048) 
(Fig.  3). Additionally, it should be noted that the hemi-
sphere × musicianship interaction was close to sig-
nificance (F126 = 3.31; P = .071; η2 = 0.026), suggesting a 
tendence towards a rightward AF in musicians, indepen-
dently of segments. The main effect of hemisphere was 
not significant (F126 = 0.57; P = .452). Notably, the number 
of streamlines in the right anterior segment did not sig-
nificantly vary across musicians in relation to their age 
of training onset (⍴ = −0.01; P = .951), years of training (⍴ 
= −0.225; P = .105), or estimated lifetime training hours 

(⍴ = −0.142; P = .311). Introduction of speech lateraliza-
tion as a between-subject factor did not alter any effect. 
Consequently, left-handed musicians present a larger 
right anterior AF, irrespective of hemispheric language 
dominance.

Finally, we explored the asymmetry of the different 
segments of AF using a similar analysis of variance. We 
included AF structural LIs as dependent variables, defin-
ing segment as within-subject factor, and musician-
ship as between-subjects factor. A significant segment × 
musicianship interaction was found (F127 = 4.45; P = .014; 
η2 = 0.065), indicating that musicians presented a more 
marked rightward asymmetry of the anterior AF than 
non-musicians (pairwise Bonferroni-corrected P = .002). 
This aligns with the increased number of streamlines in 
the right segment among musicians. Interestingly, the 
inclusion of hemispheric language dominance resulted 
in a main effect (F126 = 8.36; P = .005; η2 = 0.062), revealing 
that typicals averaged a leftward asymmetry of the full 
AF (mean + SD = 4.6 + 19.7), whereas atypicals showed an 
opposite rightward pattern (− 7.2 + 22.8).

Discussion
The current study investigates whether left-handedness 
— and its corresponding variability in hemispheric lan-
guage lateralization — might impact the well-established 
association between musicianship and the neuroana-
tomic characteristics of Heschl’s gyrus (HG) and the arcu-
ate fasciculus (AF). Mirroring the observations from 
studies involving right-handed individuals, our findings 
reveal that left-handed musicians, when compared to 

Fig. 2  Violin plots displaying the gray matter volume of left HG and right HG in non-musicians (green) and musicians (red). Presented values are unad-
justed for age and total intracranial volume
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non-musicians, display increased gray matter volume in 
both left and right HG, alongside a greater number of 
streamlines in the anterior segment of the right AF. These 
differences remained uninfluenced by the hemispheric 
lateralization of speech. But notably, atypically lateralized 
individuals (both musicians and non-musicians) pre-
sented a rightward structural asymmetry of their full AF, 
in contrast to the leftward asymmetry exhibited by typi-
cals. Consequently, left-handed musicians demonstrate a 
similar pattern of cerebral differences as previously noted 
in right-handed musicians, but their greater development 
of the right AF could be potentiated by an atypical lan-
guage dominance.

Despite the historical notion of left-handedness posing 
a challenge in playing bimanual instruments [5], evidence 
indicates that the prevalence of left-handed musicians is 
normal or even higher compared to right-handed musi-
cians [6–11]. Thus, specific factors might be facilitating 
the engagement of left-handed individual in musical pur-
suits. One possibility is that the cerebral organization of 
the left-handed brain confer advantages for musical pro-
cessing. In this sense, some studies have reported that 
left-handedness is associated with better performance 
in musical-related skills such as pitch perception [79], 
pitch memory [80], sight reading [13], or even a higher 
aptitude for music [12]. In the same vein, left-handers 
also perform better in motor tasks requiring interman-
ual coordination [81] and the use of their non-dominant 

Table 2  Estimated mean (standard error) values for the number of white matter streamlines in the left and right segments of the 
arcuate fasciculi (AF), grouped by musicianship and speech lateralization
Number of streamlinesa Non-musicians (n = 75) Musicians (n = 55)
Left Direct AF 499 (39) 511 (39)
Left Anterior AF 464 (46) 431 (48)
Left Posterior AF 890 (57) 921 (60)
Right Direct AF 359 (41) 277 (42)
Right Anterior AF 843 (64) 1076 (66)
Right Posterior AF 850 (63) 909 (65)
Structural LI Direct AFb 29.4 (47.8) 40.8 (43.6)
Structural LI Anterior AFb —26 (34.9) —43.8 (27.3)
Structural LI Posterior AFb 4.6 (32.1) 0.3 (34.4)
Structural LI AF (averaged)b 2.7 (23.2) —0.9 (18.7)
Number of streamlinesa Typical (n = 56) Atypical (n = 19) Typical (n = 34) Atypical (n = 21)
Left Direct AF 479 (38) 518 (65) 535 (49) 487 (62)
Left Anterior AF 599 (46) 330 (80) 479 (60) 383 (76)
Left Posterior AF 1001 (57) 779 (99) 902 (75) 941 (95)
Right Direct AF 275 (41) 443 (70) 249 (53) 306 (67)
Right Anterior AF 966 (64) 721 (110) 1077 (83) 1076 (106)
Right Posterior AF 876 (63) 823 (109) 910 (82) 907 (104)
Structural LI Direct AFb 35.9 (47.2) 10.2 (45.7) 47.3 (38.3) 30.2 (50.2)
Structural LI Anterior AFb —22.6 (33.2) —36.1 (38.8) —39.9 (26.7) —50 (27.9)
Structural LI Posterior AFb 6.7 (32.2) —1.6 (31.6) —1.8 (29.9) 3.6 (41.2)
Structural LI AF (averaged)b 6.7 (21.6) —9.1 (24.3) 1.8 (16.2) —5.4 (21.8)
aValues are estimated for a mean age of 23.2 years and a mean total intracranial volume of 1507.77 ml
bAveraged structural LI (standard deviation). Positive values indicate leftward asymmetry, whereas negative values indicate rightward asymmetry

Fig. 3  Violin plots displaying the number of white matter streamlines 
across the right anterior AF segment in non-musicians (green) and musi-
cians (red). Presented values are unadjusted for age and total intracranial 
volume
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hand [82, 83]. Relatedly, a single-case report suggested 
that left-handed musicians exhibit greater adaptability 
when adjusting their performance to changes in internal 
motor representations [84].

Our results reveal that left-handed musicians show 
the same neuroanatomical characteristics as their right-
handed counterparts, at least in the auditory cortices 
and audiomotor pathways. The whole left-handed sam-
ple, irrespective of musicianship, replicated the leftward 
asymmetry of the HG [28–32], the leftward asymmetry 
of the direct AF [61], and the rightward asymmetry of 
the anterior AF [58]. Regarding musicianship, it has been 
linked with an increased gray matter volume in the right 
auditory cortex [18–23], left auditory cortex [17], or both 
auditory cortices [16]. Crucially, we observed this effect 
on both HG when comparing left-handed musicians and 
non-musicians. The size and integrity of the anterior AF 
— particularly on the right hemisphere — has been asso-
ciated with instrumentalist training [49, 51, 85], musical 
learning [55], and amusia [52–54]. Accordingly, we found 
a higher number of streamlines — a measure closely 
related to tract volume — in the right anterior AF of left-
handed musicians, but no other diffusion-based measure 
demonstrated significant differences in these fasciculi. 
Although atypical hemispheric lateralization of speech — 
established using fMRI [38, 41, 47] — was present in 38% 
of musicians and 25% of non-musicians, it did not modify 
the relationship between musicianship and HG volume 
or AF streamlines in left-handers. In other words, musi-
cians with atypical language dominance also presented 
larger bilateral HG and right anterior AF. However, we 
revealed that individuals with atypical lateralization 
exhibited a rightward asymmetry in their AF (all seg-
ments considered), which significantly differed from the 
leftward asymmetry shown by typically lateralized (irre-
spective of musicianship). This result aligns with a pre-
vious report on an atypically lateralized child [60] and 
is, to our knowledge, the first supporting evidence in an 
adult sample for the proposal that AF asymmetry might 
underlie language lateralization [61]. It should be noted 
that previous studies have failed to find this association 
[62–64]. Thus, we cannot discard the possibility that this 
effect was detected due to the high proportion of musi-
cians in our sample. Nevertheless, according to our data, 
atypical lateralization of language could have an influ-
ence on the audiomotor pathway, potentially summing 
to the structural differences favoring the right AF that 
have been associated with improved musical processing 
[55, 56] and musicianship [49, 50]. Crucially, this effect of 
atypical language dominance in AF asymmetry resembles 
the previously reported impact of early musical training 
[51].

Apart from this, we should consider that the potential 
advantageous characteristics of left-handedness might 

also reside in other brain regions. A recent large-scale 
study confirmed that left-handedness is associated with 
increased rightward asymmetries and decreased left-
ward asymmetries in the motor and premotor cortices 
involved in hand control [27]. Moreover, research indi-
cates that bimanual motor coordination is mainly con-
trolled by the (hand) dominant hemisphere [86], and 
that left-handers recruit a more bilateral functional net-
work when performing or imagining a hand motor task 
[87]. Collectively, these findings suggest that differences 
related to musicianship might be potentiated by atypical 
language dominance, which combined with a reversed 
or altered organization of motor areas (due to left-hand-
edness), might underlie cognitive differences facilitating 
left-handers into musicianship. Future studies should 
explore these possibilities.

Conclusions
This is the first time that the neuroanatomical corre-
lates of musicianship have been explored in left-handed 
population. In summary, left-handed musicians exhib-
ited increased volumes in the bilateral auditory cortex 
and a greater number of streamlines traversing the right 
arcuate fasciculus. These traits remain unaffected by the 
presence of atypical language dominance, but this rare 
phenomenon was associated to a rightward shift in the 
structural asymmetry of the arcuate fasciculus. Con-
sequently, the observed pattern in left-handed musi-
cians was not different from that previously identified in 
right-handed musicians, but it may be potentiated by the 
presence of atypical lateralization of speech. Thus, the 
higher prevalence of left-handers among musicians may 
respond to the higher incidence of atypical lateralization 
of language among the left-handed population. Future 
research should explore whether the co-occurrence of 
manual dominance and music processing within the 
same hemisphere also leads to variations in instrumental 
performance.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12993-024-00243-0.

Supplementary Material 1

Acknowledgements
We express our gratitude to all the participants for their collaboration in this 
study, as well as the radiographers at the clinic ASCIRES-Castellón for their 
valuable assistance during data acquisition.

Author contributions
E.V-R. and C.A. wrote the manuscript. E.V-R. and L.M-M. acquired the 
investigated data. E.V-R. designed the methodology and conducted the 
formal analyses. C.A. acquired the fundings and conceived the study. M-A.P. 
supervised the study. All authors reviewed and approved the manuscript.

https://doi.org/10.1186/s12993-024-00243-0
https://doi.org/10.1186/s12993-024-00243-0


Page 9 of 11Villar-Rodríguez et al. Behavioral and Brain Functions           (2024) 20:17 

Funding
E.V-R. was supported by an FPU predoctoral grant funded by the Spanish 
Ministry of Education, Culture and Sports (FPU18/00687). L.M-M. was 
supported by a MSCA Postdoctoral Fellowship funded by Horizon Europe 
Guarantee and UKRI (EP/Y014367/1). C.A. received funding from the 
Spanish State Research Agency (PID-2019-108198GB-l00), Generalitat 
Valenciana’s Ministry for Innovation, Universities, Science and Digital Society 
(IDIFEDER/2021/2021/026), and the Universitat Jaume I (UJI-B2021-11).

Data availability
The datasets generated and analysed during the current study are available in 
the figshare repository, https://doi.org/10.6084/m9.figshare.24866709.v1.

Declarations

Ethics approval and consent to participate
All methods were carried out in accordance with guidelines and regulations 
approved by the Research Ethics Committee of the Universitat Jaume I. 
Written informed consent was obtained from all participants, following a 
protocol approved by the Universitat Jaume I, and they received monetary 
compensation for their participation.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 21 December 2023 / Accepted: 17 June 2024

References
1.	 Papadatou-Pastou M, Ntolka E, Schmitz J, Martin M, Munafò MR, Ock-

lenburg S, et al. Human handedness: a meta-analysis. Psychol Bull. 
2020;146(6):481–524.

2.	 Christman S. Eclectic lefty-hand: conjectures on Jimi Hendrix, handedness, 
and electric ladyland. Laterality. 2010;15(1–2):253–69.

3.	 Geschwind N, Galaburda AM. Cerebral lateralization: biological mechanisms, 
associations, and pathology: I. A hypothesis and a program for Research. Arch 
Neurol. 1985;42(5):428–59.

4.	 Mcnamara P, Flannery KA, Obler LK, Schachtbr S. Special Talents in 
Geschwind’s and Galaburda’s Theory of Cerebral Lateralization: An Examina-
tion in a Female Population. https://doi.org/10.3109/00207459408986055. 
1994 [cited 2023 Jun 23];78(3–4):167–76. https://www.tandfonline.com/doi/
abs/10.3109/00207459408986055

5.	 Oldfield RC. Handedness in muscians. Br J Psychol. 1969;60(1):91–9.
6.	 Hering R, Catarci T, Steiner T. Handedness in musicians. Funct Neurol. 

1995;10(1):23–6.
7.	 Hassler M, Gupta D. Functional brain organization, handedness, and 

immune vulnerability in musicians and non-musicians. Neuropsychologia. 
1993;31(7):655–60.

8.	 Aggleton JP, Kentridge RW, Good JMM. Handedness and musical ability: a 
study of professional orchestral players, composers, and choir members. 
Psychol Music. 1994;22(2):148–56.

9.	 Christman S. Handedness in musicians: Bimanual constraints on perfor-
mance. Brain Cogn. 1993;22(2):266–72.

10.	 Götestam KO. Lefthandedness among students of architecture and 
music. Percept Mot Skills. 1990;70(3 Pt 2):1323–7. https://doi.org/10.2466/
pms.1990.70.3c.1323

11.	 Byrne B. Handedness and musical ability. British Journal of Psychology. 1974 
May 1 [cited 2023 Oct 22];65(2):279–81. https://onlinelibrary.wiley.com/doi/
full/https://doi.org/10.1111/j.2044-8295.1974.tb01402.x

12.	 Hassler M, Birbaumer N. Handedness, musical abilities, and dichaptic and 
dichotic performance in adolescents: a longitudinal study. Dev Neuropsy-
chol. 1988;4(2):129–45.

13.	 Kopiez R, Galley N, Lee JI. The advantage of a decreasing right-hand supe-
riority: the influence of laterality on a selected musical skill (sight reading 
achievement). Neuropsychologia. 2006;44(7):1079–87.

14.	 Zatorre RJ, Chen JL, Penhune VB. When the brain plays music: auditory-
motor interactions in music perception and production. Nat Rev Neurosci. 
2007;8(7):547–58. http://www.ncbi.nlm.nih.gov/pubmed/17585307

15.	 Herholz SC, Zatorre RJ. Musical training as a framework for brain plastic-
ity: behavior, function, and structure. Neuron. 2012 Nov 8 [cited 2023 Sep 
5];76(3):486–502. https://pubmed.ncbi.nlm.nih.gov/23141061/

16.	 Schneider P, Scherg M, Dosch HG, Specht HJ, Gutschalk A, Rupp A. Morphol-
ogy of Heschl’s gyrus reflects enhanced activation in the auditory cortex of 
musicians. Nat Neurosci. 2002;5(7):688–94.

17.	 Gaser C, Schlaug G. Brain structures differ between musicians and non-
musicians. J Neurosci. 2003 Oct 8 [cited 2018 May 8];23(27):9240–5. http://
www.ncbi.nlm.nih.gov/pubmed/14534258

18.	 Palomar-García MÁ, Zatorre RJ, Ventura-Campos N, Bueichekú E, Ávila C. Mod-
ulation of functional connectivity in auditory-motor networks in musicians 
compared with nonmusicians. Cerebral Cortex. 2017;27(5):2768–78. http://
www.cercor.oxfordjournals.org/lookup/doi/https://doi.org/10.1093/cercor/
bhw120

19.	 Bermudez P, Zatorre RJ. Differences in gray matter between musicians and 
nonmusicians. Ann N Y Acad Sci. 2005 [cited 2023 Oct 23];1060:395–9. 
https://pubmed.ncbi.nlm.nih.gov/16597791/

20.	 Kleber B, Veit R, Valérie Moll C, Gaser C, Birbaumer N, Lotze M. Voxel-based 
morphometry in opera singers: Increased gray-matter volume in right 
somatosensory and auditory cortices. 2016 [cited 2023 Oct 23]; https://doi.
org/10.1016/j.neuroimage.2016.03.045

21.	 Hyde KL, Lerch J, Norton A, Forgeard M, Winner E, Evans AC et al. The effects 
of musical training on structural brain development: a longitudinal study. 
Ann N Y Acad Sci. 2009 [cited 2023 Jul 17];1169:182–6. https://pubmed.ncbi.
nlm.nih.gov/19673777/

22.	 Hyde KL, Lerch J, Norton A, Forgeard M, Winner E, Evans AC, et al. 
Musical training shapes structural brain development. J Neurosci. 
2009;29(10):3019–25.

23.	 Habibi A, Ilari B, Heine K, Damasio H. Changes in auditory cortical thickness 
following music training in children: converging longitudinal and cross-sec-
tional results. Brain Struct Funct. 2020 Nov 1 [cited 2023 Oct 23];225(8):2463–
74. https://link.springer.com/article/10.1007/s00429-020-02135-1

24.	 Foster NEV, Zatorre RJ. Cortical structure predicts success in performing musi-
cal transformation judgments. NeuroImage. 2010;53(1):26–36.

25.	 Palomar-García MÁ, Hernández M, Olcina G, Adrián-Ventura J, Costumero 
V, Miró-Padilla A et al. Auditory and frontal anatomic correlates of pitch 
discrimination in musicians, non-musicians, and children without musical 
training. Brain Struct Funct. 2020.

26.	 Ocklenburg S, Güntürkün O. The lateralized brain: the Neuroscience and Evo-
lution of Hemispheric asymmetries. The lateralized brain: the Neuroscience 
and Evolution of Hemispheric asymmetries. Elsevier Inc.; 2017. pp. 1–368.

27.	 Sha Z, Pepe A, Schijven D, Carrion-Castillo A, Roe JM, Westerhausen R et al. 
Handedness and its genetic influences are associated with structural asym-
metries of the cerebral cortex in 31,864 individuals. Proc Natl Acad Sci U S A. 
2021 Nov 23 [cited 2023 Oct 24];118(47). /pmc/articles/PMC8617418/

28.	 Geschwind N, Levitsky W. Human Brain: Left-Right Asymmetries in Temporal 
Speech Region. Science (1979). 1968;161(3837):186–7. http://www.sci-
encemag.org/cgi/doi/10.1126/science.161.3837.186

29.	 Shapleske J, Rossell SL, Woodruff PWR, David AS. The planum temporale: a 
systematic, quantitative review of its structural, functional and clinical signifi-
cance. Brain Res Rev. 1999;29(1):26–49.

30.	 Westbury CF, Zatorre RJ, Evans AC. Quantifying variability in the planum tem-
porale: a probability map. Cereb Cortex. 1999 [cited 2023 Oct 24];9(4):392–
405. https://pubmed.ncbi.nlm.nih.gov/10426418/

31.	 Good CD, Johnsrude I, Ashburner J, Henson RNA, Friston KJ, Frackowiak 
RSJ. Cerebral asymmetry and the effects of sex and handedness on brain 
structure: a voxel-based morphometric analysis of 465 normal adult human 
brains. Neuroimage. 2001 [cited 2023 Oct 24];14(3):685–700. https://pubmed.
ncbi.nlm.nih.gov/11506541/

32.	 Luders E, Gaser C, Jancke L, Schlaug G. A voxel-based approach to gray 
matter asymmetries. Neuroimage. 2004 Jun [cited 2023 Oct 24];22(2):656–64. 
https://pubmed.ncbi.nlm.nih.gov/15193594/

33.	 Steinmetz H, Volkmann J, Jäncke L, Freund H-J. Anatomical left-right asymme-
try of language-related temporal cortex is different in left- and right-handers. 
Ann Neurol. 1991 Mar 1 [cited 2023 Oct 24];29(3):315–9. https://onlinelibrary.
wiley.com/doi/full/10.1002/ana.410290314

34.	 Hervé PY, Crivello F, Perchey G, Mazoyer B, Tzourio-Mazoyer N. Handedness 
and cerebral anatomical asymmetries in young adult males. NeuroImage. 
2006;29(4):1066–79.

https://doi.org/10.6084/m9.figshare.24866709.v1
https://doi.org/10.3109/00207459408986055
https://www.tandfonline.com/doi/abs/10.3109/00207459408986055
https://www.tandfonline.com/doi/abs/10.3109/00207459408986055
https://doi.org/10.2466/pms.1990.70.3c.1323
https://doi.org/10.2466/pms.1990.70.3c.1323
https://onlinelibrary.wiley.com/doi/full/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1111/j.2044-8295.1974.tb01402.x
http://www.ncbi.nlm.nih.gov/pubmed/17585307
https://pubmed.ncbi.nlm.nih.gov/23141061/
http://www.ncbi.nlm.nih.gov/pubmed/14534258
http://www.ncbi.nlm.nih.gov/pubmed/14534258
http://www.cercor.oxfordjournals.org/lookup/doi/
http://www.cercor.oxfordjournals.org/lookup/doi/
https://doi.org/10.1093/cercor/bhw120
https://doi.org/10.1093/cercor/bhw120
https://pubmed.ncbi.nlm.nih.gov/16597791/
https://doi.org/10.1016/j.neuroimage.2016.03.045
https://doi.org/10.1016/j.neuroimage.2016.03.045
https://pubmed.ncbi.nlm.nih.gov/19673777/
https://pubmed.ncbi.nlm.nih.gov/19673777/
https://link.springer.com/article/10.1007/s00429-020-02135-1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8617418/
http://www.sciencemag.org/cgi/doi/10.1126/science.161.3837.186
http://www.sciencemag.org/cgi/doi/10.1126/science.161.3837.186
https://pubmed.ncbi.nlm.nih.gov/10426418/
https://pubmed.ncbi.nlm.nih.gov/11506541/
https://pubmed.ncbi.nlm.nih.gov/11506541/
https://pubmed.ncbi.nlm.nih.gov/15193594/
https://onlinelibrary.wiley.com/doi/full/10.1002/ana.410290314
https://onlinelibrary.wiley.com/doi/full/10.1002/ana.410290314


Page 10 of 11Villar-Rodríguez et al. Behavioral and Brain Functions           (2024) 20:17 

35.	 Marie D, Jobard G, Crivello F, Perchey G, Petit L, Mellet E et al. Descriptive 
anatomy of Heschl’s gyri in 430 healthy volunteers, including 198 left-
handers. Brain Struct Funct. 2015 Mar 1 [cited 2023 Oct 24];220(2):729. /pmc/
articles/PMC4341020/

36.	 Guadalupe T, Willems RM, Zwiers MP, Arias Vasquez A, Hoogman M, Hagoort 
P et al. Differences in cerebral cortical anatomy of left- and right-handers. 
Front Psychol. 2014 [cited 2023 Oct 24];5(MAR). /pmc/articles/PMC3975119/

37.	 Kong XZ, Mathias SR, Guadalupe T, Abé C, Agartz I, Akudjedu TN, et al. Map-
ping cortical brain asymmetry in 17,141 healthy individuals worldwide via 
the ENIGMA consortium. Proc Natl Acad Sci U S A. 2018 May 29 [cited 2023 
Oct 24];115(22):E5154–63. /pmc/articles/PMC5984496/

38.	 Mazoyer B, Zago L, Jobard G, Crivello F, Joliot M, Perchey G, et al. Gauss-
ian mixture modeling of hemispheric lateralization for language in a 
large sample of healthy individuals balanced for handedness. PLoS ONE. 
2014;9(6):9–14.

39.	 Tzourio-Mazoyer N, Mazoyer B. Variations of planum temporale asym-
metries with Heschl’s Gyri duplications and association with cognitive 
abilities: MRI investigation of 428 healthy volunteers. Brain Struct Funct. 
2017;222(6):2711–26.

40.	 Tzourio-Mazoyer N, Marie D, Zago L, Jobard G, Perchey G, Leroux G et al. 
Heschl’s gyrification pattern is related to speech-listening hemispheric 
lateralization: FMRI investigation in 281 healthy volunteers. Brain Struct Funct. 
2015 May 18 [cited 2018 May 19];220(3):1585–99. http://www.ncbi.nlm.nih.
gov/pubmed/24638878

41.	 Villar-Rodríguez E, Palomar‐García M, Hernández M, Adrián‐Ventura J, Olcina‐
Sempere G, Parcet M et al. Left‐handed musicians show a higher probability 
of atypical cerebral dominance for language. Hum Brain Mapp. 2020 Jun 
7 [cited 2020 Jun 5];41(8):2048–58. https://onlinelibrary.wiley.com/doi/
abs/10.1002/hbm.24929

42.	 Galaburda AM, Sherman GF, Rosen GD, Aboitiz F, Geschwind N. Developmen-
tal dyslexia: Four consecutive patients with cortical anomalies. Ann Neurol. 
1985 Aug 1 [cited 2023 Oct 24];18(2):222–33. https://onlinelibrary.wiley.com/
doi/full/10.1002/ana.410180210

43.	 Altarelli I, Leroy F, Monzalvo K, Fluss J, Billard C, Dehaene-Lambertz G et al. 
Planum temporale asymmetry in developmental dyslexia: Revisiting an old 
question. Hum Brain Mapp. 2014 Dec 1 [cited 2023 Jun 30];35(12):5717. /
pmc/articles/PMC6869664/

44.	 Floris DL, Lai MC, Auer T, Lombardo MV, Ecker C, Chakrabarti B et al. Atypically 
rightward cerebral asymmetry in male adults with autism stratifies individuals 
with and without language delay. Hum Brain Mapp. 2016 Jan 1 [cited 2023 
Oct 24];37(1):230. /pmc/articles/PMC4913747/

45.	 Schmitz J, Fraenz C, Schlüter C, Friedrich P, Kumsta R, Moser D, et al. Schizo-
typy and altered hemispheric asymmetries: the role of cilia genes. Psychiatry 
Res Neuroimaging. 2019;294:110991.

46.	 Sommer I, Aleman A, Ramsey N, Bouma A, Kahn R. Handedness, language 
lateralisation and anatomical asymmetry in schizophrenia: meta-analysis. Br J 
Psychiatry. 2001 [cited 2023 Oct 24];178(APR.):344–51. https://pubmed.ncbi.
nlm.nih.gov/11282814/

47.	 Pujol J, Deus J, Losilla JM, Capdevila a. Cerebral lateralization of language 
in normal left-handed people studied by functional MRI. Neurology. 
1999;52(5):1038–43. http://www.ncbi.nlm.nih.gov/pubmed/10102425

48.	 Dick AS, Tremblay P. Beyond the arcuate fasciculus: consensus and contro-
versy in the connectional anatomy of language. Brain. 2012 Dec 1 [cited 2023 
Oct 24];135(12):3529–50. https://doi.org/10.1093/brain/aws222

49.	 Halwani GF, Loui P, Rüber T, Schlaug G. Effects of practice and experience on 
the arcuate fasciculus: comparing singers, instrumentalists, and non-musi-
cians. Front Psychol. 2011;2(JUL):1–9.

50.	 Li X, Zatorre RJ, Du Y. The Microstructural Plasticity of the Arcuate Fasciculus 
Undergirds Improved Speech in Noise Perception in Musicians. Cerebral Cor-
tex. 2021 Jul 29 [cited 2023 Sep 20];31(9):3975–85. https://doi.org/10.1093/
cercor/bhab063

51.	 Vaquero L, Rousseau PN, Vozian D, Klein D, Penhune V. What you learn 
& when you learn it: impact of early bilingual & music experience on 
the structural characteristics of auditory-motor pathways. NeuroImage. 
2020;213:116689.

52.	 Loui P, Alsop D, Schlaug G, Tone Deafness. A New Disconnection Syndrome? 
Journal of Neuroscience. 2009 Aug 19 [cited 2023 Oct 24];29(33):10215–20. 
https://www.jneurosci.org/content/29/33/10215

53.	 Chen X, Zhao Y, Zhong S, Cui Z, Li J, Gong G et al. The lateralized arcuate 
fasciculus in developmental pitch disorders among mandarin amusics: left 
for speech and right for music. Brain Struct Funct. 2018 May 1 [cited 2023 Oct 
24];223(4):2013–24. https://pubmed.ncbi.nlm.nih.gov/29322239/

54.	 Sihvonen AJ, Ripollés P, Särkämö T, Leo V, Rodríguez-Fornells A, Saunavaara 
J, et al. Tracting the neural basis of music: deficient structural connectivity 
underlying acquired amusia. Cortex. 2017;97:255–73.

55.	 Vaquero L, Ramos-Escobar N, François C, Penhune V, Rodríguez-Fornells A. 
White-Matter structural connectivity predicts short-term melody and rhythm 
learning in non-musicians. NeuroImage. 2018;181:252–62.

56.	 Loui P, Li HC, Schlaug G. White matter integrity in right hemisphere predicts 
pitch-related grammar learning. Neuroimage. 2011 Mar 3 [cited 2023 Oct 
24];55(2):500. /pmc/articles/PMC3035724/

57.	 Catani M, Jones DK, Ffytche DH. Perisylvian language networks of the human 
brain. Ann Neurol. 2005;57(1):8–16.

58.	 Takaya S, Kuperberg GR, Liu H, Greve DN, Makris N, Stufflebeam SM. 
Asymmetric projections of the arcuate fasciculus to the temporal cortex 
underlie lateralized language function in the human brain. Front Neuroanat. 
2015;9(September).

59.	 Yazbek S, Hage S, Mallak I, Smayra T. Tractography of the arcuate fasciculus in 
healthy right-handed and left-handed multilingual subjects and its relation 
to language lateralization on functional MRI. Sci Rep. 2021;11(1).

60.	 Sreedharan RM, Menon AC, James JS, Kesavadas C, Thomas SV. Arcuate 
fasciculus laterality by diffusion tensor imaging correlates with language 
laterality by functional MRI in preadolescent children. Neuroradiology. 
2015 Mar 3 [cited 2018 Dec 19];57(3):291–7. http://www.ncbi.nlm.nih.gov/
pubmed/25467219

61.	 Catani M, Allin MPG, Husain M, Pugliese L, Mesulam MM, Murray RM, et al. 
Symmetries in human brain language pathways correlate with verbal recall. 
Proc Natl Acad Sci U S A. 2007;104(43):17163–8.

62.	 Vernooij MW, Smits M, Wielopolski PA, Houston GC, Krestin GP, van der Lugt 
A. Fiber density asymmetry of the arcuate fasciculus in relation to functional 
hemispheric language lateralization in both right- and left-handed healthy 
subjects: a combined fMRI and DTI study. NeuroImage. 2007;35(3):1064–76.

63.	 Allendorfer JB, Hernando KA, Hossain S, Nenert R, Holland SK, Szaflarski JP. 
Arcuate fasciculus asymmetry has a hand in language function but not 
handedness. Hum Brain Mapp. 2016 Sep 1 [cited 2023 Oct 24];37(9):3297. /
pmc/articles/PMC4988400/

64.	 Verhelst H, Dhollander T, Gerrits R, Vingerhoets G. Fibre-specific laterality 
of white matter in left and right language dominant people. NeuroImage. 
2021;230.

65.	 Propper RE, O’Donnell LJ, Whalen S, Tie Y, Norton IH, Suarez RO, et al. A 
combined fMRI and DTI examination of functional language lateralization 
and arcuate fasciculus structure: effects of degree versus direction of hand 
preference. Brain Cogn. 2010;73(2):85–92.

66.	 Wiberg A, Ng M, Omran Y, Al, Alfaro-Almagro F, McCarthy P, Marchini J, et al. 
Handedness, language areas and neuropsychiatric diseases: insights from 
brain imaging and genetics. Brain. 2019;142(10):2938–47.

67.	 Oldfield RC. The assessment and analysis of handedness: the Edinburgh 
inventory. Neuropsychologia. 1971;9(1):97–113.

68.	 Bryden MP. Measuring handedness with questionnaires. Neuropsychologia. 
1977;15(4–5):617–24.

69.	 Sanjuán A, Bustamante JC, Forn C, Ventura-Campos N, Barrós-Loscertales 
A, Martínez JC, et al. Comparison of two fMRI tasks for the evaluation of the 
expressive language function. Neuroradiology. 2010;52(5):407–15.

70.	 Wilke M, Lidzba K. LI-tool: a new toolbox to assess lateralization in functional 
MR-data. J Neurosci Methods. 2007;163(1):128–36.

71.	 Rutten GJM, Ramsey NF, van Rijen PC, Alpherts WC, van Veelen CWM. fMRI-
Determined Language Lateralization in Patients with Unilateral or Mixed Lan-
guage Dominance According to the Wada Test. Neuroimage. 2002;17(1):447–
60. http://linkinghub.elsevier.com/retrieve/pii/S1053811902911961

72.	 Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, Rainey L et al. 
Automated Talairach atlas labels for functional brain mapping. Hum Brain 
Mapp. 2000 Jul [cited 2019 Jul 8];10(3):120–31. http://www.ncbi.nlm.nih.gov/
pubmed/10912591

73.	 Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for 
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data 
sets. Neuroimage. 2003 Jul [cited 2019 Jul 8];19(3):1233–9. http://www.ncbi.
nlm.nih.gov/pubmed/12880848

74.	 Labache L, Mazoyer B, Joliot M, Crivello F, Hesling I, Tzourio-Mazoyer N. Typical 
and atypical language brain organization based on intrinsic connectivity and 
multitask functional asymmetries. Elife. 2020;9:1–31.

75.	 Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-
Berg H et al. Advances in functional and structural MR image analysis and 
implementation as FSL. NeuroImage. 2004;23 Suppl 1(SUPPL. 1).

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4341020/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4341020/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3975119/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5984496/
http://www.ncbi.nlm.nih.gov/pubmed/24638878
http://www.ncbi.nlm.nih.gov/pubmed/24638878
https://onlinelibrary.wiley.com/doi/abs/10.1002/hbm.24929
https://onlinelibrary.wiley.com/doi/abs/10.1002/hbm.24929
https://onlinelibrary.wiley.com/doi/full/10.1002/ana.410180210
https://onlinelibrary.wiley.com/doi/full/10.1002/ana.410180210
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6869664/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6869664/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4913747/
https://pubmed.ncbi.nlm.nih.gov/11282814/
https://pubmed.ncbi.nlm.nih.gov/11282814/
http://www.ncbi.nlm.nih.gov/pubmed/10102425
https://doi.org/10.1093/brain/aws222
https://doi.org/10.1093/cercor/bhab063
https://doi.org/10.1093/cercor/bhab063
https://www.jneurosci.org/content/29/33/10215
https://pubmed.ncbi.nlm.nih.gov/29322239/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3035724/
http://www.ncbi.nlm.nih.gov/pubmed/25467219
http://www.ncbi.nlm.nih.gov/pubmed/25467219
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4988400/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4988400/
http://linkinghub.elsevier.com/retrieve/pii/S1053811902911961
http://www.ncbi.nlm.nih.gov/pubmed/10912591
http://www.ncbi.nlm.nih.gov/pubmed/10912591
http://www.ncbi.nlm.nih.gov/pubmed/12880848
http://www.ncbi.nlm.nih.gov/pubmed/12880848


Page 11 of 11Villar-Rodríguez et al. Behavioral and Brain Functions           (2024) 20:17 

76.	 Wang R, Benner T, Sorensen AG, Wedeen VJ. Diffusion toolkit: a software 
package for diffusion imaging data processing and tractography. Proc Intl 
Soc Mag Reson Med. 2007;15:3720.

77.	 Catani M, Howard RJ, Pajevic S, Jones DK. Virtual in vivo interactive dissection 
of white matter fasciculi in the human brain. NeuroImage. 2002;17(1):77–94.

78.	 López-Barroso D, Catani M, Ripollés P, Dell’Acqua F, Rodríguez-Fornells A, De 
Diego-Balaguer R. Word learning is mediated by the left arcuate fasciculus. 
Proc Natl Acad Sci U S A. 2013;110(32):13168–73.

79.	 Laguitton V, Demany L, Semalt C, Lii ~ geois-Chauvel C. Pitch perception: 
a difference between right-and left-handed listeners. Neuropsychologia. 
1998;3(3):201–7.

80.	 Deutsch D. Pitch memory: an advantage for the left-handed. Science (1979). 
1978 [cited 2023 Nov 28];199(4328):559–60. https://pubmed.ncbi.nlm.nih.
gov/622558/

81.	 Gorynia I, Egenter D. Intermanual coordination in relation to handedness, 
familial sinistrality and lateral preferences. Cortex. 2000;36(1):1–18.

82.	 Peter M, Durding BM. Footedness of left- and right-handers. Am J Psychol. 
1979;92(1):133–42.

83.	 Kilshaw D, Annett M. Right- and left-hand skill I: Effects of age, sex and hand 
preference showing superior skill in left-handers. British Journal of Psychol-
ogy. 1983 May 1 [cited 2023 Nov 28];74(2):253–68. https://onlinelibrary.wiley.
com/doi/full/10.1111/j.2044-8295.1983.tb01861.x

84.	 Jäncke L, Baumann S, Koeneke S, Meyer M, Laeng B, Peters M et al. Neural 
control of playing a reversed piano: Empirical evidence for an unusual corti-
cal organization of musical functions. Neuroreport. 2006 [cited 2023 Nov 
28];17(4):447–51. https://journals.lww.com/neuroreport/fulltext/2006/03200/
neural_control_of_playing_a_reversed_piano_.19.aspx

85.	 Giacosa C, Karpati FJ, Foster NEV, Penhune VB, Hyde KL. Dance and music 
training have different effects on white matter diffusivity in sensorimotor 
pathways. NeuroImage. 2016;135:273–86.

86.	 Vivianí P, Peraní D, Grassi F, Bettinardí V, Fazio F, Viviani P, et al. Hemispheric 
asymmetries and bimanual asynchrony in left-and right-handers. Exp Brain 
Res. 1998;120:531–6.

87.	 Crotti M, Koschutnig K, Wriessnegger SC. Handedness impacts the neural cor-
relates of kinesthetic motor imagery and execution: a FMRI study. J Neurosci 
Res. 2022;100(3):798–826.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://pubmed.ncbi.nlm.nih.gov/622558/
https://pubmed.ncbi.nlm.nih.gov/622558/
https://onlinelibrary.wiley.com/doi/full/10.1111/j.2044-8295.1983.tb01861.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.2044-8295.1983.tb01861.x
https://journals.lww.com/neuroreport/fulltext/2006/03200/neural_control_of_playing_a_reversed_piano_.19.aspx
https://journals.lww.com/neuroreport/fulltext/2006/03200/neural_control_of_playing_a_reversed_piano_.19.aspx

	﻿Neuroanatomical correlates of musicianship in left-handers
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Image acquisition
	﻿Verb generation task
	﻿Task design
	﻿fMRI preprocessing
	﻿Assessment of hemispheric lateralization


	﻿Voxel-based morphometry
	﻿Diffusion-based tractography
	﻿Statistical analyses
	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


