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Abstract

How does the human visual system accommodate ésgé@ut two simultaneously acquired symbolic
systems? We used fMRI to compare activations indlicéhe visual cortex by musical notation, written
words and other classes of objects, in professimsicians and in musically naive controls. First,
irrespective of expertise, selective activatiorrsnhoisic were posterior and lateral to activatiaswords in
the left occipitotemporal cortex. This indicateatteaymbols characterized by different visual fesduengage
distinct cortical areas. Second, musical expemiseeased the volume of activations for music autltd an
anterolateral displacement of word-related actredi In musicians, there was also a dramatic isereé
the brain-scale networks connected to the musaxtet visual areas. Those findings reveal thatigicny a
double visual expertise involves an expansion tdgmary-selective areas, the development of novej-lo
distance functional connectivity, and possibly saompetition between categories for the colonizatib

cortical space.
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1 Introduction
A substantial part of individual differences in ogg/e abilities results from the individual praazi of

highly trained skills. The brain correlates of sadguired expertise have been accessible to arabamd
functional brain imaging for over two decades, ioread variety of domains ranging from navigation i
space (Maguire et al., 2000), juggling (Gerber.e?814), to olfactory (Delon-Matrtin et al., 201a&)d

visual (Gauthier et al., 2000; Harel et al., 20&8)ertise. Word reading may be the culturally most
important and widely shared expertise, entailinthlamatomical and functional differences between th
brain of literate and illiterate individuals (Cares et al., 2009; Dehaene et al., 2010; Thieba@chotten et
al., 2012). Learning to read yields functional adsin the visual cortex, including the developnudrat
word-selective area in the left occipitotemporgjioa (Cohen et al., 2000), and the displacemettief
neighboring face-selective area toward the rightiephere (Dehaene et al., 2010). The acquisition of
expertise thus entails both the emergence of rogal specialization and a competition betweensea®f
stimuli. How then does the visual system accomnedapertise for several independent symbolic system
as occurs for instance in high-level musicians winwultaneously acquire alphabetic and musical iorta?
Category-selectivity is a dominant organizing featof the ventral visual cortex (Grill-Spector anginer,
2014), and it could be expected that distinct dtatigmporal regions may be devoted to differentsgiic
systems. The preferences of a given cortical pfatch given type of visual objects may result fromo
causes (Hannagan et al., 2015). Fagtriori perceptual biases, e.g. preference for fovegbespheral
stimuli (Hasson et al., 2002), make each cortitalraore or less suitable to represent differepesyof
stimuli (Srihasam et al., 2014). Second, preferemeay also arise from privileged connections wittaht
regions involved in domain-specific functions (Malend Caramazza, 2009; Plaut and Behrmann, 2011;
Saygin et al., 2012).

Both factors may contribute to the reproduciblecetaent of the reading-selective Visual Word Form
Area (VWFA, Cohen et al., 2000). First, it fallsarcortical region with a preference for foveal ove
peripheral stimuli (Hasson et al., 2002), for atie® over configural processing (Ventura et ab132), and
for sensitivity to line junctions (Szwed et al.,14Q. Second, the VWFA also shows stronger anatdmica
connectivity with perisylvian language areas coragdo the neighboring Fusiform Face Area (FFA)
(Bouhali et al., 2014).

Alphabetic and musical notations make use of sukiatly different visual features, and the two safts
symbols are used to trigger different cognitivditis. Therefore, both perceptual biases and ldistgnce
connectivity would predict segregated cortical grehces for the two domains.

Paradoxically, strong empirical support for theticat segregation of different symbolic systems
comes from a recent study in monkeys. Macaques tnared at identifying alphabetic symbols, Telife

shapes, and sketchy cartoon faces. Following trgimhonkeys developed distinct regions selectivedah



of the three sets, at reproducible locations with@aoccipitotemporal cortex (Srihasam et al., 2012
Srihasam et al., 2014). In humans, there is al@tenge for segregated activations for letters amdarals in
the fusiform gyrus (Polk et al., 2002; Shum et2013; Abboud et al., 2015), and for Chinese vhalhetic
stimuli in the early visual cortex (Szwed et aD]12). There are also some indications of segregated
activations for printed words and musical notafiothe occipitotemporal cortex (Wong and Gauthier,
2010a), but this evidence is controversial (Muagtjil., 2015) and is not supported by statistical
comparisons of activation topography between wardsmusic.

Here, in order to study the cortical segregatioayofibolic systems, we used fMRI to assess actiatio
induced by musical notation in the left occipitofgral cortex, in professional musicians and naw&rols,
comparing them to activations by written words atiter classes of objects (Figure 1). From the above
considerations we derived four core predictionsctviwe assessed using novel individual analyses of
activation topography and volume. First, music tiotediffers from words both in terms of visual fedes
and of associated representations, semantic ard dtherefore we expected to find music-selective
activations topographically distinct from otheragary-selective regions in the ventral stream. 8éco
visual encoding of music scores differs betweeniciuss and naive subjects (Stewart, 2005). Hence we
predicted that music-related activations shoultedidlepending on musical expertise. Such differemaight
affect the location, the amplitude, or the spaiadansion of music-related activations. Third, wedfcted
that musical expertise could interact with otheegaries, particularly words, affecting the locatithe
amplitude, or the volume of nearby word-relatedvatibns. Fourth, if indeed we identify distincsuil
regions selective for words and music, the funeti@onnections of the music-selective area todlse of
the brain should differ depending on musical exgertwhile the connections of the word-selectiveaar

should not differ across groups.

2 Materials and Methods
2.1 Subjects

Twenty-fourmusiciansand 24 control subjects gave written informed eoh$o participate in the
study. Three musicians were excluded because lofiial defects or claustrophobia during fMRI
acquisition; one control was excluded because afi@nning he admitted to some musical competeree. T
two groups were matched for age (mean age: coro8&years, SD=10; musicians 32.6 years, SD=10),
gender (controls: 13 men; musicians: 12 men), alodational level (schooling: controls 14.7 years,
SD=1.8; musicians 15.7 years, SD=1.8). All werétdganded according to the Edinburgh inventory
(Oldfield, 1971) and had normal or corrected-tomalrvision. Three musicians, although perfectlyfiu
French speakers, were not native French speakerscidns were either Master students at the CNSM
(Conservatoire National Supérieur de Musique dDaese de Paris), or professional musicians. Thainm

instrument was the cello (n=3), the violin (n=@) trumpet (n=1), the oboe (n=3), the recorder \nthe



viola (n=1), the piano (n=6), the harpsichord (n=jd the clarinet (n=1). Two participants wereadigu
proficient with two instruments. Professional miesis were concert performers, music teachers, stiche
and choir conductors, composers, music arrangaugdsengineers. In musicians, the mean age of ofset
instrumental training was 5.7 years (SD=2.1); tleamage of the onset of reading acquisition wageags
(SD=1.3) for words and 5.8 years (SD=2.8) for m(gk0)=1.5, NS). Controls were unable to read any
musical notation. All subjects were paid for thearticipation and were naive about the aims ofthdy.

The experiment was approved by the local ethicalmitee.

2.2 Stimuli

We used five categories of black and white pictui@ses, tools, houses, pairs of words, music score
(Figure 1A). Each category contained 38 picturdksstimuli were black line drawings on a white
background. Faces, houses and tools were derigedHighly contrasted gray-level photographs matched
for size and overall luminance. Faces (17 fem&g&snen) were front or slightly lateral views of Ai@mous
people. Houses comprised outside pictures of hausgduildings. Tools were common hand-held
household objects (e.g. knife, hair-dryer) presginiea normal orientation. The faces, tools, anases
images used here were used in previous studieslér tb map category selectivity in the occipitopemal
cortex (Gaillard et al., 2006; Thirion et al., 20@&haene et al., 2010; Pegado et al., 2014; Biredl,

2015). Music notation corresponded to one barassital piano music (G and F clefs), containing no
alphabetic symbol. They were extracted from the tdpia project” database
(http://www.mutopiaproject.org/), and selected frbhozart, Bach and Beethoven pieces. Pairs of words
were semantically congruent adjective plus noursfai.g.amitié sacrég written in lower-case, both 6-
letters long and of high lexical frequency (htipxique.org). Music scores were 100 pixel wide xpiel
high, word pairs were 108 pixel wide x 87 pixellifaces were 86 pixel wide x 108 pixel high, hause
were 108 pixel wide x 96 pixel high, tools were Jixel wide x 102 pixel high. All images were padde

with random visual noise to reach a size of 300& @ixels (7° x 7° of visual angle).

2.3 Experimental design
The experiment was programmed using E-Prime softwubjects were presented with an alternation

of blocks of pictures (8000 ms per block) and bfookrest (7800 ms per block). Each stimulatiorcklo
included eight pictures from one of the five catégmof stimuli. Each picture was displayed for 6089 and
followed by a 400 ms blank screen. During restiatet-trials intervals, a central fixation crossnaned
present in order to minimize eye-movements. Thegrgent included 10 s of initial rest, followed 8§
blocks of pictures (six for each category) and B@ks of rest. Blocks were presented in pseudonando
order so as to maximize the variety of transitibesveen conditions while avoiding repetition of f#zne

condition in successive blocks. Subjects were ask@dess a button with their right thumb whenewver



picture was identical to the previous one, whicls Wee case for 20% of stimuli (one to three rejoetst per
block).

2.4 fMRI acquisition and analysis

We used a 3-Tesla MRI (Siemens Trio) with a 32 adeahead coil, and a multiband echo-planar
imaging sequence sensitive to brain oxygen-levpeddent (BOLD) contrast (54 contiguous axial slices
2.5 mm isotropic voxels, in-plane matrix = 80 x §® = 1160 ms; angle = 62°, TE = 25 ms). 420 volsime
were acquired. The first 4 volumes were discardegach equilibrium. Five additional BOLD volumegtw
reverse phase encoding direction were also acqutretttional images were realigned, treated wighREL
"Topup"” toolbox in order to correct EPI distortiothge to BO field inhomogeneity (Andersson et €003,
normalized to the standard MNI brain space andapasmoothed with an isotropic Gaussian filtem{gn
FWHM). We chose a low-smoothing filter because vemtgd to take advantage of the high-resolution MRI.
A two-level analysis was then implemented in SPEiB/&re
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).

For each participant, data were high-pass filtenredl modelled by regressors obtained by
convolution of the 5 experimental conditions pllas button presses with the canonical SPM haemodgnam
response function (a combination of 2 gamma funstivith a rise peaking around 6 s followed byray&r
undershoot). Individual contrast images for thgges of stimuli minus rest were smoothed with atrigic
Gaussian filter (2 mm FWHM) to take into accountwmen-subject differences in functional anatomy an
entered into a second-level whole-brain ANOVA wgtlbjects as random factor, stimulus category as
within-subject factor, and musical status as betaseject factor.

For the analysis of activation asymmetry, individuarmalized anatomical images were flipped, and
then normalized back to the original normalizedtamgy; the corresponding normalization matrices were
applied to the flipped contrast images, allowingdn accurate match of the left and right hemispdier
flipped contrast images were then subtracted ftoaotiginal contrast images and smoothed with an
isotropic Gaussian filter (2 mm FWHM). Differeneadges were entered in the same group-level ANOVA
as before, allowing us to test the interactionrof given contrast with the left/right hemispheretda.

For individual methods of analysis (activation tgpphy and volume, and psychophysiological
interaction), we needed to identify individual &ation peaks to words and to music. To this endfinse
identified an unbiased group-level activation pbgkcontrasting words plus music minus the other 3
categories, pooling controls and musicians (MNI-58-15, Z>8). We then defined a left occipitotemrg)
region of interest (ROI), by taking an anatomicalskincluding the inferior occipital, inferior tewnal, and
fusiform gyri (Tzourio-Mazoyer et al., 2002), arestricting this mask from 15 mm anterior to 15 mm
posterior to the unbiased activation peak (ie M&H40 to y=-70) (Figure 4). In each subject, we cked
this ROI for the voxel most strongly activated.(inéth the highest t value) by music minus all oteimuli

(except words), and by words minus all other stirfekcept music). We also measured the volumeef th



activation clusters surrounding those peaks, withéinsame ROI, at the P<0.01 voxelwise thresholdnke
of the analyses, we wished to compare the intep$iagtivations by words and music at the individua
word-selective and music-selective peaks. In otd@wvoid double dipping biases in this analysisa deere
again modelled as before, but using distinct resgnessfor the even and the odd blocks of each tyjgérauli
(Kriegeskorte et al., 2009). We used the odd bldckdentify the coordinates of the peaks, andetren
blocks to compute activation intensity.

We performed psychophysiologic interaction (PPBlgses, using SPM8 functionalities (Friston et
al., 1997). In essence, PPl models the responessattre brain as the influence of a seed regiontand
interaction with experimental conditions. We idéat individual peaks as explained before. We then
defined two individual ROIs as 4 mm radius sphesdered on those peaks, then extracted BOLD signal
from those ROIs, and for each ROI performed a Glodlgsis whose regressors were the ROI's extracted
signal (or “physiological variable), an experimahtegressor (or “psychological variable”, in thregent
case, music vs. words), and the element-by-eleprexiuct between the first two variables (or
“psychophysiological interaction variable”). Corgtaidefined over the psychophysiological interawctio
allowed us to identify regions whose correlatiothvthe ROI changed according to experimental caordit
i.e. was higher or lower during word reading thanrth music viewing. Finally, contrast images were
smoothed (FWHM 2 mm), and we computed second-keteslts for controls and musicians, as well as
comparisons between groups, masking by the adeqaateast relative to rest (voxelwise P<0.01). For
instance, when looking, in controls, for brain megs more correlated to some ROI during music vigwin
than during word reading, we masked the analysihé&yontrast of music minus rest in controls. ther
comparisons between groups, we masked by thedirst of the contrasts. For instance, when lookaorg f
brain regions more correlated to music ROI duringsim viewing than during word reading, in musicians
more than in controls, we masked the analysis éytntrast of music minus rest in musicians.

Unless stated otherwise, we used a clusterwisshble of P<0.05, corrected for multiple
comparisons across the whole brain, and an unt¢ed&oxelwise threshold of P<0.001 for standard
functional analyses and P<0.01 for PPI analyseen&ter analyses were masked by other contrasts,

masking contrasts were thresholded at voxelwise(<0

2.5 Behavioral measures

2.5.1 Elementary music reading test
This brief test, checking for the lack of any masieading abilities in controls, contained four

different questions. First, participants had to ad@wprinted notes on a G clef stave, and 6 onlafisave.
Second, six notes with different durations weresented and subjects had to rank them from theedida

the longest.



2.5.2 Profile of Music Perception Skills (PROMS)
The PROMS (Profile of Music Perception Skills, Land Zentner, 2012) assesses perceptual musical

skills across multiple dimensions (melody, timbitggthm, etc.)

(http://www.uibk.ac.at/psychologie/forschung/testsd diagnostics/). In its brief version, it compsgt

subtests: melody, tuning, speed and beat. Eackstud@mprises eighteen trials, preceded by a peattal.
In all subtests, the task is a same/different juelgrmparticipants hear twice the same stimuluspvietd by a
short interval and a comparison target. They akedito indicate whether the target matches theainit
stimulus or not using a 5-level scale (“definitsme/different”, “probably same/different”, “I dokhow”;

correct “definitely” answers score 1, correct “pably” answers score 0.5, all other answers score 0)

3 Results

3.1 Behavioral results

3.1.1 Elementary music reading test
None of the control subjects was able to name av@ngle note on the G key, nor to order correctly

6 notes according to their duration. A minoritycohtrols were able to name up to 3 out of 6 notethe F
key (some of them had some very basic musicalit@iduring secondary school).
3.1.2 Profile of Music Perception Skills (PROMS)

On the PROMS (Profile of Music Perception Skillaw.and Zentner, 2012), which assesses
auditory perceptual musical skills across multglil@ensions, musicians outperformed controls on efch
the subtests (all Ps<0.001; see Table 1).

3.1.3 Behavioral responses during fMRI

In the scanner, subjects were presented with musatations, words, faces, houses, and tools, and
had to perform a repetition detection task (FigBg. Controls and musicians correctly detected @&ftb
97% of repeated stimuli (hits), respectively, wialeoneously responding to 0.5% and 0.2% of noeatsul
stimuli (false alarms). Those overall rates diddiffer across groups (Mann-Whitney test, P=0.01t6
hits, and P=0.111 for false alarms). Hit ratesedétl across the 5 categories of stimuli in coniffeteedman
test, P<0.001), but not in musicians (P=0.47). dhlg difference between groups was the better
performance for music in musicians than in cont(®&% vs 85%; Mann-Whitney test, P=0.025), while
groups did not differ for the other 4 categoriglseie were no significant differences involving éatdarm

rates.

3.2 fMRI results

We will briefly report the overall correlates of scal expertise at the whole-brain level, then focu

on activations in the ventral visual cortex.



3.2.1 Whole-brain correlates of musical expertise
We contrasted music minus non-musical stimuli (kerds, faces, houses and tools), separately in

musicians and controls. In both groups, this shoaredxtensive bihemispheric network with a notiteab
enhancement in musicians. In order to identifydhmonalities between controls and musicians, we
computed the conjunction of activations in the tyroups (voxelwise P<0.001 each, clusterwise P<0.05
corrected), masking by music minus rest in contaold musicians, respectively. This showed bilateral
activations in the lateral and mesial prefrontatexq anterior insula, intraparietal sulcus (IP8)d inferior
temporal gyrus (left: -54 -58 -6, Z=4.70; right: MB#4 -55 -9, Z=6.20) (Figure 2A, red activationdje then
looked for specific correlates of musical expertiBe do so, we compared the contrast of music mmimns
musical stimuli, in musicians relative to contrdisorder to restrict the analysis to regions dtguavolved
in music processing, this comparison between grawgssrestricted to regions activated by music miess
in musicians (see Methods section). This showeddsi#l left-predominant cortical activations in tageral
and mesial prefrontal and rolandic cortex, IPS peral and occipital lobe, and right-predominant
cerebellum (Figure 2A, green activations). Thisiseluded bilateral inferior temporal activatiohsf(. MNI
-54 -55 -18, Z=5.87; right: MNI 54 -46 -21, Z=6.08)symmetry analysis confirmed that this expertise-
related network predominated in the left hemispliEigure 2B, blue activations), including the irder
frontal gyrus (MNI -54 8 12, Z=6.69), frontal eyielfl (MNI -21 -13 60, Z=5.08), intraparietal (MN21 -52
48, Z=3.56) and supramarginal areas (MNI -63 -197225.58). The contrast opposite to the one assgssi
musical expertise, i.e. the subtraction of musiougiother categories in controls more than in nnss;
masking by music minus rest in controls, showedctorations.

In summary, as compared to all the other typesimiu§i, musical notations yielded extensive
bilateral brain activations. Some of those actoratiwere common to musicians and controls, while
activations reflecting musical expertise includeft-lateralized perisylvian regions, left intrapeail cortex,
and bilateral ventral temporal cortex. Ventral pdo-temporal activations, which are the focushis$ study,

will now be examined in more detail.

3.2.2 Activations in category-selective regions
As a first approach, we identified category-selectccipitotemporal regions, and studied their

activation by musical stimuli, and how those adtvas were modulated by musical expertise (Figyré\&
apply the term of selectivity to situations in winia cortical region is activated significantly mémeone
category of items than by other visually comparatil®uli. Selective regions were identified by casting
each of the four non-musical categories minushheetother ones, pooling controls and musicianse Nt
we took care to exclude music from the procedurgetdcting regions of interest, so as to avoidlaages in
the subsequent study of music-related activatidhs showed a typical mosaic of ventral occipitgpenal
areas (Figure 3, top panel): the VWFA for writteards (MNI -54 -55 -15 Z=7.10), the right-hemispher
FFA for faces (MNI 42 -43 -21, Z>8), the bilateR¥PA for houses (left: MNI -27 -49 -6, Z>8; rightN\130



-43 -9, Z>8), and the bilateral LOC for tools (1é¥tNI -48 -70 -3, Z>8; right: MNI 48 -64 -3, Z>8).
Activations for the five types of stimuli minus taegere computed in the six peak voxels for eacljestip
and were entered in ANOVAs with subjects as ranésetor, type of stimuli and location as within-sedi
factors, and musical expertise as between-sulgettif (Figure 3, bottom panel). We focused ouryees
not on overall differences in activation level beém musicians and controls, but on the differebeéseen
groups in the relative activation for the varioasegories of stimuli.

In each category-selective region, we comparedcawmesated activation with the activation induced
by the locally preferred type of stimulus (e.g. d®for the VWFA, or faces for the FFA). In all regs but
one, the activation evoked by written music waskee#han the activation induced by the locally pregd
category (all Ps<0.0012). The only exception wasMWFA, where music activation did not differ from
activation by words (F(1,42)=1.5, P=0.23) (intel@cbf the “music vs preferred” factor x region :
F(5,210)=22.2, P<0.001). Zooming in on the VWFA, atiserved a clear difference between groups: in
control subjects, music activated the VWFA lessitivards (F(1,22)=7.48, P=0.012). Conversely, in
musicians, activation was stronger for music tlmnwfords (F(1,20)=19.46, P<0.001; interaction graup
type of stimulus F(1,42)=25.6, P<0.001). In allathegions, the group x stimulus interaction fatedeach
significance.

In summary, musical expertise changed the profictivation across types of stimuli in the
VWEFA, while the properties of the other categoriestve regions were not affected. The activation
induced by music in the VWFA was pushed higher tih@nactivation by the usually preferred stimuli,

namely words.

3.2.3 Music- and word-related activations in the ventral occipitotemporal cortex
In the above analyses, we pooled activations byralsrand musicians in order to identify the peak

with the highest overall selectivity for words. this location, we showed that activation to musiaahtion
in musicians actually exceeded activation to wofdhés demonstrates that there is at least a clasérpity
between the regions that subtend the visual privgee$ music and words. However, we cannot yet
determine whether those regions are actually idehtor whether they differ according to categosy. (

music vs words) and to musical expertise.

3.2.3.1Group analyses
As a first step to clarify this issue, we identfimferior temporal activations, contrasting woaas

music stimuli to the average of the other threegaties (faces, houses, tools), separately in alsrand
musicians. Activations to words peaked at MNI -58 -15 (Z=6.83) in controls, and at MNI -57 -58 -15
(Z=4.61) in musicians. Activations to music werkatd@ral, peaking in controls at MNI -54 -58 -6 {Jef
Z=4.79) and MNI 54 -55 -12 (right, Z=5.91), justtaior to the LOC as identified in the previoustgat In
musicians, there were similar bilateral peaks atl M3l -58 -9 (left, Z>8) and MNI 54 -49 -18 (rigl#>8).
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Those music-related activations were significasttpnger in musicians than in controls (Left: MR#-55
-18, Z=5.47; Right: MNI 54 -46 -21, Z=5.87). Thirs the left hemisphere, the peak coordinates of
activations to words and music in controls and giass were packed within a few millimeters. However
such group-level analyses are blurred by individaaiability and may miss small but systematic with

subject differences in topography (Cohen et abD420

3.2.3.2Individual analyses of left occipitotemporal activations
To circumvent the blurring of group-level analysasd to compare the topography of activations

statistically, we localized individual peak actiesits by music minus all other stimuli (except wordsd by
words minus all other stimuli (except music), witlai left occipitotemporal ROI (see Methods section.
Figure 4A).

Before moving to topographical analyses, noteitidividual analyses provided an improved
understanding of regional selectivity for words amgksic. The activation profile at the group-levebg of
the VWFA showed an interaction of stimulus type argertise (Figure 3, bottom panel), with activiasio
stronger for words than music in naive subjectd,stronger for music than for words in musicians.
However, the average of activation profiles atwdlial peaks (Figure 4B) reveals a simpler pattemord
peaks show more activation for words than musit,@2)=38.6, P<0.001), and music peaks more aativati
for music than words (F(1,42)=35.4, P<0.001), withsignificant interaction with the level of expset
(interaction at the word peak : F<1; interactiothat music peak : F(1,42)=2.4, P=0.14). Note tbatHis
analysis, the location of individual peaks andwtton strength were identified from independeriagets,
avoiding double dipping biases (see Methods; Kskgee et al., 2009).

The extraction of individual activation peaks alknws to compare the coordinates for words and
music between musicians and controls. Rather tharg the raw MNI coordinates, we basically rotates
coordinate axes using Principal Component Anal§a3A). Indeed, activations fit in an almost flattocal
space, in which coordinates are not independeettathe overall 3D slant of the temporal cortaxd the
arbitrary MNI axes may not be the most informati@presentation of the topography of individual eak
This procedure simply provides the most synthetig to describe the topography of activations. PCA
resulted in 3 components accounting for 60%, 21d,18% of the variance. The first component
corresponded to an axis with an anterior, mesial,slightly ventral orientation, to which the seda@nd
third axes were orthogonal (Figure 4C). The loedion of activation peaks was quite consistentsro
individual : Extreme individual coordinates weredahan 2.2 SD away from the mean, along the 3 axes
both groups, for words and music, except for alsiegntrol subject whose peak for music was 3.5 SD
above the mean along the second axis (ie morerpeastesial). Coordinates along the 3 axes of the ne
reference frame were entered in ANOVAs with sulsiest random factor, musical expertise as between-
subject factor and type of stimuli as within-subjector (Table 2 and Figure 4C). Along the firsisa

activations were more anteromesial for words tlwmfusic (F(1,42)=23.3, P<0.001), without any
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difference as a function of musical expertise. Altime second axis, activations were more anteraldiar
musicians than for controls (F(1,42)=6.9, P=0.0TBjs effect of expertise along the second axis stamg
for words (F(1,42)=7.85, P=0.0076), and non-sigatiit for music (F<1), although the interaction was
significant (F=1). There were no other significdifterences or interactions.

Thus, musical expertise changed the peak locafisonl-selective regions in the ventral stream,
but the peak location of music-related activatidigsnot change. Indeed, ventral activations to musi
differed neither in location nor in peak intengi<1) between musicians and naive subjects. Wemneds
that expertise could be reflected in a third pateméhe spatial extent of activations. For eadbjextt, we
computed the volume of the clusters comprisingrbdesidual peaks for words and music described in
section 2.4. This volume was entered in an ANOV#wsubjects as random factor, musical expertise as
between-subject factor and type of stimuli as withuibject factor (Figure 5A). There was an inteosct
between expertise and type of stimuli (F(1,42)=1B<0.001). The volume activated by music was more
than twice as large in musicians than in contnolegn: 1251 and 585 niprespectively; F(1,42)=18.4,
P<0.001), while the volume activated by words ditl differ between musicians and controls (mean: 594
and 702 mm) respectively; F<1).

In summary, (1) activations for music were posteaiod lateral to activations for words, a differenc
which could not be established using group-levelyses; (2) in musicians, activations for wordseverore

anterolateral than in controls; (3) the volume cfvation to music was larger in musicians thaoadntrols.

3.2.4 Psychophysiological interaction
The previous results show that the organizatioveotral activations varies with perceptual

expertise: despite identical word reading compedgetie location of word-selective activations digie
between controls and musicians, while music-relatgiyations peaked at the same location despijerma
difference in musical expertise. We reasoned #ititpugh subjects without musical training couldtipdly
process the musical stimuli at a visual level, gsin occipito-temporal area whose peak locatidteistical
to that of musicians, they should differ in thelipito use these stimuli to activate additionaas involved
in auditory, semantic or motor knowledge. Thus,estipe may depend on the brain-scale networks tohwh
occipitotemporal visual areas give access, irrdmeof their exact location. If so, then ventralsit peaks
should be connected to very different functionalwaeks in musicians and controls, while word peaks
should show similar connections. To test this hlgpsis, we studied the functional networks assatatth
those regions using PPl analyses. As explaindaeiftethods section, we identified individual left
occipitotemporal word-selective and music-seleci¢®ls, and looked for brain regions which would be
more (or less) correlated to each of those ROIsmdumusic viewing than during word reading. We thics
separately for musicians and controls, and alsgeoed the two groups (Figure 6).

This analysis revealed, first, a set of left-predwant language-related regions more connecteceto th

word ROI during word reading than during music viregv This network was found in both controls and
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musicians, with no significant differences betwgesups. Second, we found a set of bilateral fronto-
temporo-parietal regions more connected to the eR8€il during music viewing than during word reading
This music network was stronger and more exterisiveusicians than in controls, with a left-hemisphe
predominance. The opposite contrasts (strongeeledions to the word ROI during music perceptiarnoo
the music ROI during word perception) showed naifitant activations.

Thus, the PPI analysis showed that although w@tsRad different locations in musicians and
controls, they were connected to the same fundtianguage networks. Conversely, music ROIs did not
differ in location, but were larger and connectednore developed networks in expert musicians ian

naive controls.

4 Discussion
4.1 Summary

We used fMRI to study activations induced by musicdation in the occipitotemporal cortex, in
professional musicians and naive controls, compgatiem to activations by written words and othasses
of objects. Whole-brain analyses showed strongambins to music in the bilateral occipitotemparaitex
of both musicians and controls, with an additianatease in musicians. Among the usual occipitotaap
category-selective regions, the VWFA was the omlg tb demonstrate a significant impact of musical
expertise on its activation profile: in group arsaly, activations for words and music were overtagppwvith
activations stronger for words than for music inteols, and stronger for music than for words irsmoians.
Because group-level analyses blurred potentialgggahical distinctions between music- and wordtegla
activations, we moved to individual-level analysBsose allowed us to reach a more accurate descripk
the topography of activations and of the correlafesxpertise, and to address the four predictiamsh
were put forward at the outset. First, activatifoxanusic were significantly posterior and latexal
activations for words. Second, the volume of atitivato music was larger in musicians than in colstr
Third, activations for words were more anteroldtaranusicians than in controls. Fourth, PPl anedys
showed that the functional connectivity of the vahtvord-selective regions did not differ according
musical expertise, whereas the connectivity oflusic-selective regions was strongly enhanced in

musicians.

We will first discuss the topography of music-rethictivations, irrespective of musical expertise,

and then turn to the mechanisms of expertise.
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4.2 Music-related activations
4.2.1 Whole-brain study

Whole-brain analyses showed extensive bilateralatains for music, as compared to all other
stimuli averaged together (Figure 2), includingioeg presumably involved in attentional processing

sensorimotor interactions (see Supplemental méteria

4.2.2 Dissociation between words and music reading

Music-related activations in the left occipitotemglacortex peaked close but posterior and lateral t
word-related activations (Figure 4), but, as shawgroup-level analyses, activations for those two
categories were largely overlapping. In this coftsttould we consider that music-selective acivetiexist
in the left occipitotemporal cortex? Discussing tiase of word reading, Cohen and Dehaene (2004)
proposed to break down the ambiguous notion ot8eity into three logically independent features:
functional specialization, reproducible locationdaegional selectivity. Functional specializatrefers to
the fact that the visual system as a whole devadomserties only relevant to one class of stinsuigh as for
instance invariance for changes between uppertoaver-case letters (Dehaene et al., 2001; Qiab,et a
2010). We assume that such specialization occugsih@xpert musicians, since they exhibit enhanced
perceptual performance with music stimuli and iaseal intensity and volume of the activations indumye

music stimuli.

The distinct notion of reproducible location applighenever the neurons subtending functional
specialization tend to be grouped together in sfixee region of visual cortex. It does not implhattihis
region should not also harbor other neurons wiffieidint preferences. Here, group-level analyses/sto
that music activates the occipitotemporal cortex définite location, different from the categopfextive
activations for faces, houses or tools, suggesépgpducible location. Still, group-level analy$aited to
show topographical differences between activatfonsusic and activations for words. This leadsauthe
third concept, regional selectivity, which appheisenever some region is devoted solely to the g of
one category of objects. On the basis of imagirig,datreme regional selectivity would imply activa by
the relevant category of items only, with no adimaat all by other types of stimuli. This criteni is met in
some studies using high-resolution techniques (&lebal., 1994; Tsao et al., 2006). In the presasg,
individual analyses showed that the average pe=ititm of ventral activations differs between musid
words. However this difference is small, and adiores largely overlap, showing no evidence for oegi

selectivity for music as compared to words, buteatiuding it either.

Neuropsychological observations may play a critiok#, as dissociated impairments affecting only

one category of objects are direct arguments ffioral selectivity. Typically, in the few publishedses of
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pure alexic musicians, the reading impairment &ffboth words and music, while sparing other catego
of objects (Dejerine, 1892; Fasanaro et al., 1880ersdorf and Heilman, 1998). However, Cappelédtsil.
(2000) reported a case of selective music read#figilt The patient was a professional musiciapiaao
and guitar performer, a prolific song writer, ampesenced music proof-reader, and she could sigigtand
sight-read at the piano. Following encephaliti® shffered from a left ventral posterior tempoesidn
which, based on the published brain images, mdgdaged at MNI -55 -45 -20, plus a more postenghtr
occipital lesion. She suffered from alexia affegtselectively musical notes, while sparing wordsnhers
and other symbols. This carefully studied caseesponded to a “classical” dissociation according to
Shallice’s typology (1988), as word reading wagspantirely, while the patient "was no longer able
read even a single musical note of melodies, inetuthose she had herself composed". This repgdests
that, despite the substantial overlap we observddpsinted words, regional selectivity for musictation
may prevail, at least in some expert musicianss €bnclusion should however remain cautious, as thi

finding has not been replicated in another patsnget.
4.2.3 The topography of music-related activations

The origins of the distinct neural locations of thasic and word reading mechanisms are presently
unclear. Srihasam et al. (2014) trained monkeydeatifying alphabetic symbols, Tetris-like geonnt
shapes, and sketchy cartoon faces. Following trgimhonkeys developed regions selective for eatheof
three sets, at reproducible locations within themtotemporal cortex. Identical reinforcement silgere
used for the 3 sets of stimuli, showing that regl@egregation was not a result of task-relatedtfon.
Srihasam et al. (2014) also showed that activatieere identically located irrespective of the orafewhich
the sets had been trained. Similarly to Srihasaah €2014), we would argue that the observed patié
selectivity for music versus words is likely rteld to innate constraints underlying the mosaic of
occipitotemporal category-selectivity. Srihasamle{2014) put forward such candidate constraigits b
showing that category-selective areas differ ifirtbensitivity to central vs peripheral locationdao curvy
vs straight shapes. At present, the logic undeglytire functional organization of the occipitotengiaortex
is not understood with sufficient detail to allow to understand the precise location of activationsords
and music, one may point to both visual commorealitind differences between the two systems. Oorthe
hand, words and musical notation both resort tedhvhigh-contrast, monochromatic linear shapeth avi
high number of line junctions and important higealation details. Such commonalities may explaa th
proximity, within the visual cortex, of word-relat@nd music-related activations. On the other hteae
are visual differences potentially relevant to wattselectivity. Compared to intrinsically lindatter
strings, musical notes occupy a 2-dimensional pomif space: while letter identity is invariant fassition,
note identity varies according to its vertical piasi and also according to external cues suchedsgmbols

and time signature, a type of long-distance spd&akndency which has no equivalent with letters.
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4.3 Correlates of musical expertise
At the whole-brain level, musical expertise wasewtd by left-predominant activations in a set of

frontal and parietal regions. This overall ressiltongruent with Muaykil et al. (2015), who recgritdund
left frontal and parietal activations in subjeciiwmelementary musical competence, and with Steetaat.
(2003), who found training effects of music readimghe left inferior parietal lobule. Wong & Gaigh
(2010a), report bilateral activations in musicgbents, and also mention left inferior parietal eations. The
present study focusses on occipitotemporal praogsaind it is out of our scope to speculate on the

interpretation of whole-brain activations, beyomgcking that our results fit with the literature.

We have shown that musicians have larger musiteckkzctivations in the left occipitotemporal
cortex than controls, with no increase in activa@mnplitude. Activation enhancement is one of thesible
correlates of extensive practice, while it is oftentlear whether it corresponds to increases iettent or
the strength of activations, or both (Kelly and &amn, 2005; Chang, 2014). For instance, the adiguisif
reading expertise leads to enhanced responses Witk-A, both in terms of peak amplitude and of atiske
to the peak (Dehaene et al., 2010). Likewise, atitim at or around the location of the Fusiformd-Acea
has been reported to increase with the acquisiti@xpertise for cars, birds, or a class of nogeétble”
shapes (Gauthier et al., 1999; Gauthier et al.0R®dore recently, Harley et al. (2009) showed thatial
expertise in analyzing radiological images is datesl with enhanced activation in the right fusiiaregion.
In music reading, Wong & Gauthier (2010a) foundmsgier activation in musicians than in controlshia t
fusiform gyrus, slightly more mesial but only 2 naiffi along the anteroposterior axis (MNI -40 -58 ;1d8s
compared to the present results. These activatiomsasting single notes versus letters and othmabels
are described as posterior to letter-selectivesat®a no coordinates are reported for the |a@ariously,
Wong & Gauthier (2010a) found no significant effeEexpertise when using strings of notes, letiers
symbols. In an EEG study, Proverbio et al. (2008l an increase in the amplitude of the occipibmteral
N170 wave in response to music notation, with heftaRispheric predominance, in musicians relative to
controls. The coordinates of the left temporal gatoes explaining the surface voltage for musimsti

(Talairach coordinates -48.5 -55 -17.6) are in gagceement with the present observations.

We can only speculate on the behavioral correlatése increase in activation volume in musicians.
Musicians exhibit enhanced perceptual abilitiesioisical stimuli, as reflected for instance by @ucion
of perceptual crowding, selectively for musicalrstili, in proportion to music reading fluency (Woagd
Gauthier, 2012). Another facet of expertise mayheeencoding of frequent combinations of notesh s
rhythmic, melodic, or chord patterns, as a singliea. Indeed, musicians develop automatic holistic
perception for printed music (Wong and Gauthied,(®f). Following brain lesions, such encoding may be
lost, resulting in “note-by-note” reading (Stanzcet al., 1990). Expertise in word reading involves

analogous perceptual tuning, namely reading-sekeciduction of crowding (Huckauf and Nazir, 2007,
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Pelli and Tillman, 2008), and synthetic perceptbeomplex objects such as frequent groups ofrkette
(Vinckier et al., 2007; Grainger and Ziegler, 2011)

In order to enrich the analysis of individual difaces beyond the main contrast between musicians
and naive subjects, we tried to identify correlategariants of musical expertise. We compared oiass
with a more extensive training to read “harmoniaisic (e.g. piano) vs musicians playing monodic
instruments (e.qg. flute). Furthermore, despitetiahivariance in our sample, we tried to study theact of
the order of acquisition of music relative to worélbose do not reveal significant effects relewantentral

occipitotemporal activations (see Supplemental Kel)e

Changes in the ventral cortex probably accounbiily a part of musical perceptual expertise.
Indeed, we have shown fingerprints of expertistnénleft-predominant dorsal visual stream. Congnder
the importance of spatial information in musicalation, it is likely that music reading expertisealves a
close interaction of skilled dorsal and ventralgassing, possibly subtending spatial and featugigaties
of musical notation, respectively (Stewart, 200Bickier et al., 2006; Vinckier et al., 2007). N@kso that
the role of the music-selective region under stumlycerns the identification of notes, but possituy of
other musical symbols (crescendo, sharp, etc) esidibe recognition of those symbols can be spared
patients with left occipitotemporal lesions disingtmusic reading (Fasanaro et al., 1990; Capfietieal.,
2000).

4.4 Impact of musical expertise on the processing of words

A consequence of musical expertise was the anteraladisplacement of activations for words.
Note that in musicians and controls, who had timeesexpertise in word reading, word-related actorai
differed neither in volume nor in amplitude. Oneyrhgpothesize that, during the simultaneous aciipisi
of written words and musical notation, the two eps$ compete for cortical space, the development of
musical skills “pushing” words to a more anteriocadtion. Proverbio et al. (2013) found that le&ifarm
activations to words were about one centimeter ranterior in musicians than in controls, without
assessing the significance of this difference asidgthe spatially imprecise method of event-relate
potentials. Another example of interaction betweategories of visual objects in defining the layoiit
cortical specialization was reported by Dehaerad.€2010), who showed that literacy was correlatéd a
shrinking of face-selective areas contiguous toM&-A, and an increase in face-induced activatiothe
right FFA (see also Plaut and Behrmann, 2011; Regadl., 2014). Srihasam et al. (2014) showed that
when monkeys learned a second symbol set, actingainmluced by a first-learned set moved away glight

again suggestive of competition between categfoiesortical space.
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4.5 Expertise and long-distance connectivity

The PPI analysis provided independent confirmatan the ventral music-selective area is involved
in expert music processing, while the neighborimgdaselective area is not. Previous studies hage/sh
correlates of music processing in the form of iasesl functional connectivity across distributecbeal
networks, during beat perception (Grahn and Ro®w@9p, musical improvisation (Pinho et al., 2014 a
motor synchronization to auditory stimuli (Kraugeak, 2010). We extend these results by puttiniggta an
increase of long-distance connectivity of the misglective visual region, during the perceptiomuoisical
notation in musicians. When studying the connegtiof the word-selective area, no difference wamtb
between controls and musicians during music vieniegause this area is not the gateway to the music
network, nor during word viewing, because the twaugs shared the same level of expertise for word

reading.

To conclude, expert object recognition involvescpptual aspects, which are subtended by changes
in the visual cortex, but also attentional process®l domain-specific knowledge, which rely onriisted
cerebral regions (for a review see Harel et all320In the present study, which focused on thealis
component of expertise, we observed an expansitreadrea which is activated by music notation more
than by other categories of stimuli. Increasesctivation have been observed in other fields ofiais
expertise (Kelly and Garavan, 2005; Chang, 20h4)uding word reading (Dehaene et al., 2010) and
mirror-reading (Poldrack et al., 1998; Poldrack &abrieli, 2001). Moreover, we observed a displaa@m
of word-related activations in musicians, suggestite existence of some form of competition between
categories for the colonization of visual cortey (@ Beeck and Baker, 2010). Finally, establishifgidge
between the perceptual and the distributed comgsmémusic expertise, we showed that musicians
develop novel functional connectivity between tleatval music-selective area and distant non-peue¢pt

regions.
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Musicians Controls
Melody score 14.6 (1.5) 8.8 (3.0)
Tuning score 13.8 (3.4) 9.4 (3.2
Speed score 14.8 (1.8) 11.6 (3.1
Beat score 13.2(1.4) 9.5 (2.5)
Total score 56.4 (4.2) 39.4 (104

Table 1. Mean (SD) behavioral scores on the PROMS test. ¢varss performed significantly
better than controls in all 4 subtests (t-testPaid.001)
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Mean MNI coordinates
Stimuli Group X y z
Music Controls -52 -61 -9
Musicians -54 -60 -9
Words Controls -47 -56 -13
Musicians -51 -52 -12

Table 2: Mean MNI coordinates of individual peak activatidnswords and music, in controls and
musicians.
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Captions to figures
Figure 1. (A) Examples of stimuli used in the fMRI experinhefB) Hit rate in detecting repetitions of

words, faces, houses, tools and music scores, sicians (yellow bars) and controls (green bars)simlans

were more proficient than controls with music sedife=0.025).

Figure 2. Whole-brain music-selective responses, assesstempontrast of music minus non-music
stimuli. (A) Red activations: conjunction of musielective responses in controls and in musiciaasking
by music minus rest in controls and musicians,eesyely. Green activations: Correlates of musical
expertise, assessed by comparing music-selecspemses in musicians minus in controls, masking by
music minus rest in musicians. (B) Asymmetry of tberelates of musical expertise, showing a séfof

hemispheric activations.

Figure 3. Top panel: category-selective activations assesg@dntrasting each non-musical category minus
the other three, pooling controls and musiciang€iwise P<0.001, clusterwise 0.05 corrected). Botto
panel: Barcharts show the change in BOLD signdlitfary units) at the peak of the category-selectiv
regions relative to baseline, in controls (greers}and in musicians (yellow bars), induced by mst),

words (W), faces (F), houses (H) and tools (T)oEbars represent 1 SEM across subjects afteragatiotn

of each subject’s overall mean. Musical expertlsnged the profile of activation of the VWFA, while
properties of the other category-selective regiwase not affected. In controls, music activated\liéFA

less than words, while in musicians, activation stasnger for music than for words.

Figure 4. Analyses of individual left occipitotemporal acttions to music and words. (A) Individual peaks
were identified within a left occipitotemporal regiof interest (blue). (B) Mean amplitude of actioas at
individual peaks, showing larger activation at wpesks for words (W) than music (M), and larger
activation at music peaks for music than wordsh bimusicians and controls. (C) Mean MNI x and y
coordinates (+/- 1 SEM) are shown for music (trlaagand words (circles), in controls (green) and
musicians (yellow). The first two axes of the PG& ahown in red. Activations for music were posteri
and lateral to activations for words, and activagior words were more anterolateral in musiciaas tin

controls.

Figure 5. Mean volume of the activation clusters surroundiaividual word peaks during the perception of
words (W), and music peaks during the perceptiomasic (M), respectively. The volume of activation

music was larger in musicians than in controls (B&D).
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Figure 6. Functional connectivity of ventral visual cortexrthg the processing of written words and music.
Left occipitotemporal word-selective and music-stle ROIs were identified in each subject (seaufég

4). Psycho-physiological interaction (PPI) analyssessed which brain regions were correlatedtidth
word ROI (left column) and the music ROI (right woln), during word more than music perception (green
and during music more than word perception (rezf)asately for musicians and controls. A set of left
predominant language-related regions were moreemied to the word ROI during word reading than
during music viewing in controls (A) and musicigi3, with no difference across groups (C). A bitate
network was more connected to the music ROI dumngic than during words viewing in controls (D) and

musicians (E), with a strong predominance in titedaroup (F).
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Whole-brain correlates of musical expertise

(A) Music > other stimuli

in musicians > controls
(musical expertise contrast)
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Figure 3

Activations in category-selective regions
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o Figure 4
Individual left occipitotemporal activations

to music and words
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Figure 6
Psychophysiological interaction
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