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Despite general agreement on shared syntactic resources in music and language, the neuroanatomical under-
pinnings of this overlap remain largely unexplored. While previous studies mainly considered frontal areas as
supramodal grammar processors, the domain-general syntactic role of temporal areas has been so far
neglected. Here we capitalized on the excellent spatial and temporal resolution of subdural EEG recordings
to co-localize low-level syntactic processes in music and language in the temporal lobe in a within-subject
design. We used Brain Surface Current Density mapping to localize and compare neural generators of the
early negativities evoked by violations of phrase structure grammar in both music and spoken language.
The results show that the processing of syntactic violations relies in both domains on bilateral temporo-
fronto-parietal neural networks. We found considerable overlap of these networks in the superior temporal
lobe, but also differences in the hemispheric timing and relative weighting of their fronto-temporal constit-
uents. While alluding to the dissimilarity in how shared neural resources may be configured depending on the
musical or linguistic nature of the perceived stimulus, the combined data lend support for a co-localization of
early musical and linguistic syntax processing in the temporal lobe.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Language and music are two primary channels of human auditory
communication, and their similarities and differences have long
interested scholars (Darwin, 1871/1989; Koelsch, 2012; Patel, 2008;
Rousseau, 1781/1998;Wallin et al., 2000). A great deal of work has con-
centrated on syntax in both domains, i.e. the rules that determine how
single words or notes are strung together into sentences or musical
pieces in a way that meaning and harmony build up over the course
of the sequence. Comparative research of psycholinguists and musicol-
ogists has stressed the similar syntactic architecture of language and
music, both sharing hierarchical and recursive features hidden behind
ce current density; ECoG, elec-
early left anterior negativity;
ed potential; fMRI, functional
us; IPL, inferior parietal lobe;
oral gyrus; PCG, postcentral
yrus; STG, superior temporal

.
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a linear surface structure that may be best visualized as syntactic trees
(language: Chomsky, 1957, 1995) (music: Katz and Pesetsky, 2011;
Lerdahl and Jackendoff, 1983; Rohrmeier, 2011). Based on these formal
parallels, neurocognitive theories proposed that language comprehen-
sion and music perception should share a set of cognitive operations
to segment, parse, and integrate the syntactic structure of speech and
music streams, and be grounded in jointly recruited cortical areas
(Koelsch, 2011; Patel, 2003).

Much effort has beenmade to prove the functional overlap of syntac-
tic operations in music and language (for an overview, see Koelsch,
2011) by means of interference paradigms in behavioral (Fedorenko
et al., 2009; Slevc et al., 2009) and event-related potential studies
(ERP; Koelsch et al., 2005a; Steinbeis and Koelsch, 2008), the demon-
stration of syntactic enhancement in one domain after training in the
other domain (Jentschke and Koelsch, 2009; Jentschke et al., 2005;
Marin, 2009), and the occurrence of parallel agrammatic deficits in
both language and music (Jentschke et al., 2008; Patel et al., 2008).
The neuroanatomical underpinnings of these observed interactions are
currently hotly debated.Wherewould a supramodal “syntax processor”
be located in the brain? Amajority of researchers assume that the fron-
tal lobe hosts domain-general syntactic resources (Fadiga et al., 2009;
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Fiebach and Schubotz, 2006; Gelfand and Bookheimer, 2003; Koelsch,
2005; Patel, 2003; Tettamanti and Weniger, 2006) though to date this
is not unequivocally proven (Fedorenko et al., 2011; Rogalsky et al.,
2011). Alternatively, the possibility of overlapping syntactic processes
in temporal brain areas has been mostly neglected, although these re-
gions are frequently reported as part of the syntax processing network
in language (Kaan and Swaab, 2002) and music (Koelsch et al., 2002).
Here we report for the first time on the neuroanatomical co-localization
of early musical and linguistic syntax processing in the temporal lobe.

For a long time, syntax processing has been regarded as one cardi-
nal function of the left inferior frontal gyrus (IFG; Bookheimer, 2002;
Friederici, 2002; Grodzinsky and Santi, 2008; Moro et al., 2001;
Musso et al., 2003; Sahin et al., 2009). Its presumed role in integrating
single linguistic items into larger, hierarchical structures (Friederici,
2002; Hagoort, 2005; Shalom and Poeppel, 2008; Ullman, 2001) and
the predictive power of these structures to generate expectancies of
forthcoming events are exactly the core processes that are assumed
to be shared by language and music (Brown et al., 2006; Koelsch,
2009; Patel, 2003). However, the circuitry of syntactic comprehension
clearly involves a broader network beyond the frontal lobe, including
anterior, middle, and posterior temporal areas as demonstrated by
numerous language neuroimaging studies probing syntax processing
(Friederici et al., 2003, 2010; Humphries et al., 2005, 2006; Kaan and
Swaab, 2002; Noppeney and Price, 2004; Spitsyna et al., 2006; Tyler
et al., 2011; Vandenberghe et al., 2002). One specific role of the tempo-
ral lobe in language is the retrieval of word-level syntactic information
such as word category and its matching with contextually predicted
phrasal constituents (Friederici, 2002; Hagoort, 2009; Pulvermüller
and Shtyrov, 2006; Snijders et al., 2009). Notably, these low-level proce-
dures clearly differ from the higher-order combinatorial function of the
frontal lobe (Friederici, 2002; Shalomand Poeppel, 2008), although suc-
cessful syntactic parsing requires the mutual information exchange be-
tween temporal and frontal areas via white matter fiber tracts
(Friederici, 2009; Tyler and Marslen-Wilson, 2008).

If language and music syntax processing are really similar (Koelsch,
2005, 2011; Patel, 2003, 2008), neural resource overlap should not be
restricted to higher-order computations in the frontal lobe, but is likely
to concern low-level syntactic retrieval and matching processes in the
temporal lobe aswell. Indirect support for this idea comes from the sim-
ilarity of brain potentials evoked by syntactic violations in language and
music ERP studies. In language, the presentation of an unexpected syn-
tactic word category elicits an Early Left Anterior Negativity (ELAN;
Friederici et al., 1993; Hahne and Friederici, 1999; Lau et al., 2006;
Neville et al., 1991). The ELANpeaks between 100 and 200 ms after pre-
sentation of the syntactic violation, andmay be interpreted as an “error
signal” evoked whenever the incoming word does not match the
expected category, hindering initial phrase-structure building.Most im-
portantly, generators of the ELAN have been localized in the anterior
superior temporal gyrus (STG) with weaker inferior frontal lobe contri-
bution (Friederici et al., 2000; Groß et al., 1998; Herrmannet al., 2011b).
In music, the presentation of a harmonically unexpected chord at the
end of a sequence of harmonies evokes an Early Right Anterior Negativ-
ity (ERAN; Koelsch, 2009; Koelsch et al., 2000) that shows correspon-
dence to the ELAN with regard to functional characteristics, latency,
polarity and assumed neural generators. Note that although the ELAN
shows left-, and the ERAN right-hemispheric weighting, both compo-
nents have generators in both hemispheres (ELAN: Friederici et al.,
2000; Herrmann et al., 2011b; Knösche et al., 1999; ERAN: Maess
et al., 2001). Correspondingly, bilateral temporal and frontal activations
(with different hemispheric weighting) were frequently observed in
fMRI studies during the processing of linguistic (Kaan and Swaab,
2002; Vigneau et al., 2006, 2011) and musical syntax (Abrams et al.,
2011; Koelsch et al., 2002; Koelsch et al., 2005b; Krumhansl, 2004;
Minati et al., 2008; Tillmann et al., 2006). Consequently, a number of
studies, including the present study, use the labels ELAN and ERAN for
their established functional significance, rather than to indicate a
significant lateralization (e.g., Eckstein and Friederici, 2006; Koelsch,
2009). Overall, the similarities of ELAN and ERAN have frequently
been taken as indices for a noticeable overlap of (early) syntactic mech-
anisms in language andmusic, located in the temporal and frontal lobes
(Koelsch, 2005, 2011).
The present study

This body of work qualifies the superior temporal and inferior
frontal lobes as likely shared regions in musical and linguistic syntax
processing. However, the ultimate proof of this assumption requires
(a) a within-subject (as opposed to between-subjects) comparison
of supposedly analogous syntactic operations in music and language,
(b) a demonstration of overlap at single-subject level, because aver-
aging across individually variable anatomy blurs brain activations
and can create an artificial overlap of closely neighboring, but
non-overlapping, functions (Cohen et al., 2004; Fedorenko et al.,
2012; Korzyukov et al., 2007; Ojemann, 1979), (c) a high spatial res-
olution, as well as (d) a high temporal resolution to not confound
early and late syntactic processes. So far, no study has ever ful-
filled these requirements, and the broadly accepted assumption of
neuroanatomically overlapping syntactic functions is mainly based
on between-subjects comparisons of group average data. While
these limitations can be easily circumvented in future study designs
(Abrams et al., 2011), demands (c) and (d) are hard to meet with
conventional EEG/MEG and fMRI methods because they do not pro-
vide sufficient spatial and temporal resolution at the same time.

The present study used intracranial EEG recordings to assess the
assumed co-localization of low-level syntactic processes in the tem-
poral lobe. The major benefits of intracranial recordings are their ex-
cellent temporal resolution along with a spatial resolution that largely
excels the one achieved with scalp EEG and shows superior robust-
ness against recording artifacts (Ball et al., 2009; Bullock et al.,
1995; Lachaux et al., 2003; Menon et al., 1996; Zaveri et al., 2009).
Thus intracranial recordings provide optimal signal quality for the lo-
calization of transient electrophysiological effects like the ELAN and
ERAN. We compared linguistic and musical syntax processing in five
patients with subdural electrodes implanted in the left or right
perisylvian region for presurgical evaluation of temporal lobe epilep-
sy. In each patient, we applied both a sentence comprehension
(Friederici et al., 1993; Hahne and Friederici, 1999) and a chord se-
quence paradigm (Koelsch, 2009) containing syntactic violations
known to evoke an ELAN or ERAN in scalp recordings, i.e. triggering
supposedly similar early syntactic processes in both domains. The
electrocortical equivalents of the ELAN and ERAN were identified in-
dividually and subjected to Brain Surface Current Density (BSCD)
mapping in order to reconstruct and compare their neural generators.
If low-level syntactic processes in language and music as reflected in
the ELAN and ERAN share resources in the temporal lobe, this should
be seen in a spatial overlap of their neural generators in respective
areas within subjects.
Material and methods

Participants

Data were obtained from 5 adult patients (Table 1) undergoing
presurgical evaluation of pharmacoresistant epilepsies by means of
subdural electrodes. In three patients, electrodes covered left, in
two patients right perisylvian brain areas (for electrode positions,
see Supplementary Fig. S1). The mean duration of epilepsy was
18.6 years (for medical details, see Table 2). All patients were native
speakers of German, right-handed, and had left-hemispheric lan-
guage dominance. None of them was a professional musician.



Table 1
Personal data of the patients.

Patient Age Gender Handed-ness
(LQ)

Language
Dominance

School
Education

Musical
Training

P1 29 M R (83) left (fMRI) 12 years 2 years
P2 18 M R (75) left (fMRI/e-stim.) 12 years 4 years
P3 28 F R (80) left (fMRI/e-stim.) 9 years 2 years
P4 28 F R (82) left (fMRI) 12 years 4 years
P5 53 M R (100) left (fMRI) 10 years 0 years

Gender: F=female, M=male. Handedness is indicated according to the Edinburgh
Handedness Inventory (Oldfield, 1971): LQ=laterality quotient, R=right handed.
Language dominance was assessed as part of the patients' clinical evaluation using
standard fMRI protocols or electrical stimulation (e-stim.). Musical training indicates
the accumulated years of playing an instrument.
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Stimulus material

All patients participated in a language and amusic experiment. In the
language experiment, patients listened to short sentences that were ei-
ther syntactically correct or incorrect (mean duration: 1738 ms, range:
1268–2670 ms; Hahne and Friederici, 1999; see left panel of Fig. 1). Cor-
rect sentences consisted of a noun phrase [Np], an auxiliary [Aux],
and a past participle [Pp] (e.g., Das Geheimnis wurde geflüstert. —
The secret was whispered.). Syntactically incorrect counterparts of
these sentences contained an additional preposition–determiner
combination [P] before the past participle (e.g., *Der Plan wurde im
geflüstert. — The plan was in-the whispered.). Since German grammar
demands a preposition–determiner combination to be followed by a
noun phrase, the immediate succession by a past participle repre-
sents an outright word category error. To ensure that participants
could not anticipate the upcoming syntactic violation as soon as a
preposition was encountered, a third category of syntactically cor-
rect filler sentences was presented, containing a complete noun
phrase, as expected (e.g., Der Name wurde im Versteck geflüstert. —
The name was in-the cranny whispered.). Sentences were spoken by
a professional female speaker (for a detailed description of stimulus
preparation, see Hahne and Friederici, 1999). To provide participants
with an easy timbre detection task, one word was occasionally spo-
ken by a male voice (see below; Jentschke and Koelsch, 2009). Dur-
ing the experiment, participants listened to 132 correct, 132
incorrect, 66 filler sentences and 48 sentences containing a voice
change; filler and sentences with voice change were excluded from
the data analysis. Sentences were presented with a pause of 2 s be-
tween consecutive trials.

In the music experiment, participants listened to chord sequences
ending either on a regular or an irregular chord function, as depicted
Table 2
Medical data of the patients.

Patient Duration of
epilepsy

Diagnosis (ILAE) Pathology

P1 22 years TLE with SPS/CPS evolving to GTC Dysplasia, left hipp

P2 7 years Symptomatic focal epilepsy with SPS/CPS
evolving to GTC

Focal cortical dysp
temporo-mesial

P3 5 years Cryptogenic focal epilepsy with CPS
evolving to GTC

Normal

P4 9 years TLE with SPS/CPS evolving to GTC Normal

P5 50 years Symptomatic focal epilepsy with CPS
evolving to GTC

AHS, right

The diagnosis of epilepsy is indicated according to the nomenclature of the International Le
zures, CPS = complex partial seizures, and GTC = generalized tonic–clonic convulsions. AH
(active pharmaceutical ingredient, API) at the day of testing indicated in the right most colu
Fissure), T = temporal (inferior to the Sylvian Fissure), and P = parietal (posterior to the C
in right panel of Fig. 1 (for the evaluation of these stimuli in healthy
students, see Experiment 2A in Sammler, 2009). The initial five
chord functions were identical in both sequence types: dominant
[V] in sixth chord position — tonic [I] in root position — subdominant
[IV] in sixth chord position — subdominant [IV] in root position —

dominant [V] in root position. In regular sequences, the final chord
function was a tonic [I] (e.g., C–E–G in a C major sequence), irregular
sequences ended on the major chord built on the lowered second de-
gree of the scale [♭II] (e.g., D♭ – F – A♭ in C major). According to the
theory of harmony (Piston, 1948/1987; Schönberg, 1969), the tonic
chord (as opposed to the ♭II) is the most regular and expected chord
at the final position of these sequences. To avoid confounding brain po-
tentials evoked by physical deviance due to the out-of-key notes in ♭II,
all pitch classes of ♭II were inserted in the harmonic context as passing
and auxiliary notes (see 8th notes in right panel of Fig. 1). Furthermore,
sequences were composed such that ♭II introduced only one new pitch
whereas the regular final tonic introduced two new pitches (see arrows
in right panel of Fig. 1). Therefore, syntactically irregular ♭II were acous-
tically probably more similar to the previous harmonic context than
syntactically regular tonic chords, allowing us to attribute brain re-
sponses evoked by the final ♭II to the processing of the syntactic, not
acoustic, irregularity (for a discussion on the inter-relationship between
music-syntactic and acoustic deviance, see Bharucha and Stoeckig,
1987; Bigand et al., 2003; Koelsch, 2012; Koelsch et al., 2007).

Chord sequences were created using Cubase SX 2.0 (Steinberg
Media Technologies, Hamburg, Germany) and presented with grand
piano sound (Steinberg, The Grand) in all 12 major keys. The presen-
tation time of all chords was 500 ms, except for the final chords,
which had a duration of 1000 ms and were followed by a 500-ms
pause. Participants listened to 144 regular and 144 irregular se-
quences that were pseudorandomly intermixed so that two subse-
quent sequences were always presented in different tonal keys and
not more than three sequences of the same type (regular/irregular)
followed each other. To provide participants with an easy timbre de-
tection task, another 36 sequences were included that contained one
chord played by a deviant instrument (bells, VST sound a1); these se-
quences were excluded from the ERP analysis.

Procedure

The experiment was conducted at bedside. Stimuli were presented
via headphones (Koss Porta Pro, Milwaukee, WI, USA) with a Laptop
(HP compaq nx7010) using Presentation 0.70 (Neurobehavioral Sys-
tems, Inc., Albany, CA, USA). The patients were instructed to pay at-
tention to the sentences and chord sequences and to press a button
whenever they detected a deviant instrument or male voice. Patients
Medication Electrode
positions

Days after
implantation

ocampus 1000 mg Levetiracetam, 1500 mg
Oxcarbazepin

Left hemisphere 7
6 F, 17 T, 9 P

lasia, left 300 mg Oxcarbazepin Left
hemisphere

5

4 F, 25 T, 3 P
400 mg Lamotrigin Left

hemisphere
17

4 F, 23 T, 5 P
No medication Right hemisphere 6

2 F, 28 T, 2 P
1200 mg Oxcarbazepin Right

hemisphere
17

7 F, 18 T, 7 P

ague Against Epilepsy (ILAE): TLE = temporal lobe epilepsy, SPS = simple partial sei-
S = ammonshornsclerosis. Medication indicates the daily dose of the anticonvulsant

mn. Electrode positions: F = frontal (anterior to the Central and superior to the Sylvian
entral and superior to the Sylvian Fissure).



Fig. 1. Stimulus material employed in the language and music experiments.
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were not informed about the syntactic violations. Music and language
stimuli were presented separately in 12 short blocks with a duration of
3 min each. Music and language blocks alternated, counterbalanced
across patients.

To test the patients' behavioral ability to explicitly discriminate syn-
tactically correct and incorrect stimuli, a separate music and a language
block was added at the end of the session during which patients were
asked to indicate via button press, whether the final chord/word was
regular/correct or irregular/incorrect. Participants' performance was
tested during the random presentation of 24 regular and 24 irregular
sequences in the music block, and 24 correct, 24 incorrect and 12 filler
sentences in the language block. Patients were instructed to respond
quickly within a 2-second time interval after the onset of the critical
chord or word. In total, the EEG and behavioral experiment lasted ap-
proximately 90 min. The researchprotocolwas approved by the institu-
tional review boards at the University Medical Center Freiburg and at
the University Clinic in Bonn. Prior to the study, written informed con-
sent was obtained from each patient.
Data acquisition and analysis

Data were collected at the Epilepsy Center of the University Medical
Center Freiburg (Germany), as well as in the Clinic for Epileptology at
the University Hospital in Bonn (Germany). The EEG signal was
recorded from subdural grid and strip electrodes as well as from
depth electrodes placed according to medical needs (Lesser et al.,
2010). In Freiburg, EEG data were acquired with a Neurofile NT digital
video EEG system (Natus Medical Incorporated, San Carlos, CA, USA).
In Bonn, the data were recorded with the digital EPAS system and its
implemented Harmonie EEG software (Natus Medical Incorporated,
San Carlos, CA, USA). Depending on the amplifier, the data were sam-
pled at 1000 or 1024 Hz. For all patients, the exact locations of the elec-
trodeswere determined bymeans of co-registered and normalized pre-
and postoperative magnetic resonance images with a resolution of
1×1×1 mm using the automated visualization method by Kovalev et
al. (2005). Because most of the patients exhibited pathologies in the
medial temporal lobe, only data from electrodes placed on lateral
perisylvian brain areas were analyzed. Across patients, 69% (N=105)
of the contacts were placed on the temporal, 15% (N=23) on the
Fig. 2. Brain potentials evoked in the language experiment in patients with left-hemispheri
errors of mean (SEM) are shown at electrodes with the strongest relative negativity (left col
critical word. (Note that this choice of electrodes is not meant to suggest any localization of
by-sample t-test are color coded below the diagrams. Vertical dashed lines indicate the max
maps (middle) depict the difference of the mean potentials of incorrect minus correct words
reconstruction of the individual electrode positions (Kovalev et al., 2005). Electrodes depict
most inferior portion of the frontal, and 16% (N=25) on the parietal
lobe.

Data processing was done with the in-house software EEP 3.2
(Nowagk and Pfeifer, 1996; commercially available as EEProbe fromAd-
vanced Neuro Technology, ANT, Enschede, Netherlands) and EEGlab
6.01 (Delorme andMakeig, 2004). In a first step, channelswith aberrant
inter-ictal activity or technical artifacts (mean=1.4 channels; range:
0–3 channels) were identified by an experienced epileptologist and ex-
cluded from the analysis. Datawere re-referenced to a common average
reference of the remaining electrodes of the grid, and the sampling rate
in all data sets was adjusted to 500 Hz after antialias filtering with a
250-Hz low-passfilter (FIR, 241 or 247 points depending on the original
sampling rate, Blackman window). Subsequently, data were filtered
using a 0.4-Hz high-pass filter (FIR, 6931 points, Blackman window; to
eliminate slowdrifts and to adjust the baseline), and a 25-Hz low-pass fil-
ter (FIR, 213 points, Blackmanwindow; to eliminate fast oscillations). Af-
terwards, data were visually inspected, and epochs containing inter-ictal
activity or technical artifactsweremanually rejected under supervision of
an epileptologist. In a final step, data were averaged for each condition
(regular chord, irregular chord, correct past participle, incorrect past par-
ticiple) in a 1000-ms post-stimulus window.

One important issue for processing event-related electrophysio-
logical data is baseline correction. Usually, a pre-stimulus baseline
of several hundred milliseconds is used, e.g. −200 to 0 ms as in clas-
sical ERAN experiments (Koelsch et al., 2000). In the language exper-
iment, because the word category prior to the participle differs
(auxiliary vs. preposition), this approach could introduce offset ef-
fects, i.e. an artificial displacement of pre-onset word category effects
into the ERP of the participle (Steinhauer and Drury, 2012). To over-
come this difficulty, a high-pass filter (0.4 Hz; see above) was
employed in both experiments, i.e. a baseline filter that removes
unphysiological DC offsets (DC attenuation at b−133 dB) so that
EEG signals are aligned to the zero potential line. Therefore, averaging
of ERPs does not require further baseline correction (Friederici et al.,
2000; Tervaniemi et al., 1999). The validity of this approach was ver-
ified by inspecting the auditory evoked potentials evoked at sentence
onset (see Supplementary Fig. S1).

The ELAN and ERANwere calculated as difference potentials between
ERPs following the irregular chord/incorrect past participle and ERPs fol-
lowing the regular chord/correct past participle (filler sentenceswere not
c electrodes (top) and right-hemispheric electrodes (bottom). ERPs and their standard
umn) and positivity (right column) peaking between 100 and 250 ms after onset of the
the underlying generators that will be determined with BSCD.) p-Values of the sample-
imum excursion between 100 and 250 ms entered into the BSCD mapping. Topography
at this time point plotted onto the individual, MNI-scaled brains of each patient with a
ed in the left and right columns are marked by a white circle in the topography maps.
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analyzed). Note that the labels ELAN and ERAN are employed irrespective
of investigated hemisphere, in their function as a language andmusic re-
lated brain potential, respectively (see Introduction). The regular/correct
and the irregular/incorrect conditions were compared in each patient in-
dividually bymeans of sample-by-sample t-tests (independent variables,
unequal variance) with a criterion of pb .05 for a minimum of 15 consec-
utive samples (for a similar approach, see Gaillard et al., 2006). The rele-
vant time point for source localization was identified as the peak latency
of the greatest amplitude excursion across electrodes occurring between
100 and 250 ms after onset of the critical chord orwordwithin the signif-
icant time windows. The time range from 100 to 250 ms was chosen
based on a number of scalp EEG (Hahne and Friederici, 1999; Koelsch,
2009) and MEG studies (Friederici et al., 2000; Maess et al., 2001).

In a second processing step, Brain Surface Current Density mapping
(BSCD; Ball et al., 1999; Knösche et al., 1996, 1999) was applied to re-
construct the distributed neural sources of the observed effects. Note
that it is not possible to infer the localization of the sources from the to-
pography of the localfield potentials alone, e.g. half-waybetween a pos-
itive and a negativemaximum, because the topography usually displays
several positive and negative maxima (see Figs. 2 and 3) and it is not
clear which of those are poles of the same dipole. BSCD mapping can
solve this problem. This method is based on the Minimum Norm algo-
rithm (Hämäläinen and Ilmoniemi, 1994; Ilmoniemi, 1991) and, in con-
trast to conventional dipole localization, does not require a priori
knowledge on the nature and number of the generators, but allows to
reconstruct distributed sources of arbitrary shape and extent within
the assumed source space (for a comprehensive review on dipolar vs.
distributed source models, see Michel et al., 2004). The source space
of the BSCD method comprises the surface of the brain at a constant
depth from the inner surface of the skull. This choice is particularly ro-
bust and does not need individual anatomical information on cortical
folding. The depth information is sacrificed on purpose, because it is es-
pecially ill-determined by the data alone, if no plausible assumption on
the shape of the sources (e.g., whether the source is point-like or focal)
is possible. Compensationmethods for this inevitable depth bias usually
only work for small ranges of source shapes. Although methods can be
tuned to yield localization errors of only a few millimeters also in
depth direction for focal sources (Dümpelmann et al., 2009; Zhang
et al., 2008), it is less likely that this can be generalized to arbitrary
source geometries (see also Fuchs et al., 1999, 2007).

In general, one has to be aware that the electrode grid captures only
a cutout of the brain activity during the task consequently leading to
generator solutions including only parts of a possibly more widespread
neural network. Therefore, the coverage of the perisylvian brain regions
allows to find sources within the respective temporal brain areas, to a
lesser extent also in inferior frontal and inferior parietal regions, but
not in more dorsal structures or even contralateral brain areas
(Dümpelmann et al., 2009). Moreover, it is important to note that the
general spatial resolution of the reconstructed activity cannot exceed
the spatial sampling of the intracranial EEG data, which does, however,
not mean that particular features, such as peaks, cannot be localized
with higher accuracy. In simulations using similar settings to the one
used here, localization errors for single focal sources near the brain sur-
facewere quantified as below 5 mmby Zhang et al. (2008) and Fuchs et
al. (2007). Similar results were reported by Dümpelmann et al. (2009).

BSCD mapping was applied on the peak of the difference waves
between 100 and 250 ms after onset of the final word/chord using
ASA 2.32 (ANT Software, Enschede, Netherlands; Zanow and
Knösche, 2004). The volume conductor model was made up by one
compartment for the cortical surface of the individual MNI-scaled
brains. This subject-specific source space model was tessellated
with 5168 triangles (7-mm edge length), reconstruction surface
Fig. 3. Brain potentials evoked in the music experiment in patients with left- and right-hem
lenient criterion in the sample-by-sample t-test of pb .05 in 10 consecutive sampling point
was defined in a depth of 7 mm, and 2586 triplets of orthogonal di-
poles were equidistantly placed on this surface (7-mm distance).
Their magnitudes were computed using the minimum-norm least-
squares method. Magnitudes of the effect maxima were read out
and z-transformed separately for the language and the music data
with respect to the magnitudes of all dipoles in the respective hemi-
sphere in each patient. MNI coordinates of effect maxima with
z-values≥3.09 (corresponding to pb .001) were compared across
the domains. Anatomical localizations of effect maxima were identi-
fied by an experienced neuroanatomist via visual inspection of the
individual high-resolution anatomical scans.

Results

Language

Patients detected, on average, 99.17% of the voice deviants with an
average false alarm rate of 0.48% showing that they had attended to
the stimulus material. All patients performed well above chance
level when asked to detect the syntactic errors within the sentences,
as assessed in the final behavioral block of the session (mean: 97.08%,
SD: 4.32%, range: 89.58–100%), showing the patients' sensitivity to
the syntactic errors (Table 3).

In all participants, word category violations elicited an early negativ-
ity aswell as a simultaneous early positivitywith ameanpeak latency of
185 ms after onset of the critical word (Fig. 2). This effect was found
irrespective of whether electrodes were implanted in the left or the
right hemisphere, although it peaked earlier at left (mean: 157 ms)
compared to right recording sites (mean: 226 ms).

The BSCD mapping showed major sources of brain activity along
the superior and middle temporal gyrus (STG/MTG) in all patients,
extending into adjacent postcentral (PCG; P1, P2) and inferior frontal
gyrus (IFG; P1) as well as inferior parietal brain areas (P3) depending
on the extent of grid coverage (left panel of Fig. 4). Table 4 summa-
rizes the MNI coordinates of the local source maxima separately for
each patient.

An additional effect peaking at 70 ms after onset of the participle,
i.e. before the ELAN time window, was found in patients with right-
hemispheric electrodes. Furthermore, a number of electrodes showed
pre-onset differences between correct and incorrect conditions that
are most likely due to the different word categories (auxiliary vs. prep-
osition) preceding the critical past participle. Note that these differences
are desired consequences of our baseline filter (see Material and
methods and Discussion) to avoid offset effects (Steinhauer and
Drury, 2012).

Music

Patients detected an average of 97.78% of the deviant instruments
with a 0.27% false alarm rate, showing that they had attended to the
stimuli. When asked to discriminate regular and irregular sequences
(as assessed in the final block of the experiment), patients performed
on average at 77.08% (SD: 18.46%, range: 50–97.92%). Four patients
performed above chance, P5 was at chance level as revealed by bino-
mial tests (Table 3).

In all patients, irrespective of whether the electrodes were placed in
the left or right hemisphere, we observed an early negativity as well as
a simultaneous early positivity with a mean peak latency of 188 ms
after onset of the irregular chords (range: 166–204 ms; Fig. 3). These ef-
fects were found to peak slightly earlier in right-hemispheric (mean:
171 ms) compared to left-hemispheric recordings (mean: 199 ms).
ispheric electrodes. The structure of the figure is analogous to Fig. 2. * indicates a more
s.
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Table 3
Behavioral performance of each patient in the language and the music experiment.

Patient Language Music

%Correct p-Value %Correct p-Value

Left-hemispheric electrodes
P1 100.00% b .001 77.08% b .001
P2 89.58% b .001 97.92% b .001
P3 100.00% b .001 70.83% b .001

Right-hemispheric electrodes
P4 97.92% b .001 89.58% b .001
P5 97.92% b .001 50.00% >.440

p-Values indicate whether patients performed above (pb .05) or below (p>.05) chance
level (50%).
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Like in the language experiment, the BSCD mapping revealed dis-
tributed generators along the STG and MTG in all patients, extending
into the adjacent PCG (P1) and pars opercularis of the IFG (P1, P2, P5;
right panel of Fig. 4 and Table 4).

Language vs. music

Patients' performance in detecting deviant voices and instruments
did not differ (Wilcoxon signed ranks test: Z(4)=−0.82; p>.414).
Nominally, patients appeared to perform better in detecting syntactic
errors in sentences than irregular chords in music, however, this differ-
ence did not reach statistical significance as only 4 out of the 5 patients
showed better performance for language than for music violations
(Wilcoxon signed ranks test: Z(4)=−1.63; p=.103).

Within each single patient, the BSCDmapping revealed considerable
overlap during the processing of word category and musical harmony
violations (compare left and right panels of Fig. 4). Neural sources
were overall stronger and more extended during the language than
the music experiment (compare nAm in Table 4). Closer inspection re-
vealed an average of 3.7 (range: 2–7) significant sourcemaxima in each
participant (out of 1293 possible maxima per hemisphere) that were
subsequently compared to estimate the precision of the overlap
(Table 4). Particular correspondence between the coordinates of source
maxima was observed in the anterior (P1, P3), mid (P2, P4, P5), or pos-
terior STG (P4, P5). The variable position of source maxima along the
y-axis of the STG may be accounted for by the natural variability of
brain anatomy and the uniqueness of grid position in the single subjects
(Cohen et al., 2004; Frost and Goebel, 2012; Korzyukov et al., 2007;
Ojemann, 1979). Furthermore, P1 showed additional overlap in the
left IFG and PCG, and P3 exhibited similar sources in the left IPL and
SMG. The examination of all effect maxima demonstrated that the Eu-
clidian distance between sources inmusic and languagewas on average
3.6 mm, ranging from 0 to 9.27 mm (Table 4). Within the spatial reso-
lution of approx. 7 mm given in the present study (see Materials and
methods) this indicates that brain potentials in both domainswere gen-
erated by identical or immediately adjacent dipoles.

In addition to this result, the extracted source maxima show that
the overlap between the two processing domains was not complete.
A subset of generators in the language experiment –mainly addition-
al activation peaks in the temporal lobe – did not have correspondent
maxima in the music domain, not even at a lowered threshold of
z≥2.33 or z≥1.65 (corresponding to pb .01 and pb .05, respectively).
Conversely, the music experiment evoked additional frontal activity
in three patients (P2, P5, and at a lowered threshold also in P3) that
was not observed in the language experiment. Note that parts of the
pars opercularis of the IFG and the PrCG were covered in all patients
with an average of 4.6 electrodes (range: 2–7; see Table 2) making
it principally possible to capture some activity of the most inferior
portion of the frontal lobe, i.e. the location thought to host generators
of the scalp-recorded ELAN (Friederici et al., 2000) and ERAN (Maess
et al., 2001). Taken together, the generators of the ELAN and ERAN
differed with regard to the relative weighting of temporal and frontal
lobe involvement, with stronger weights in the temporal cortex for
language and stronger weights in the frontal cortex for music
violations.

Apart from that, the latency of music- and language-related effects
appeared to differ depending on the side of implantation. Language-
related potentials peaked earlier in left-hemispheric contacts, whereas
music-related potentials peaked earlier in right-hemispheric con-
tacts (Fig. 5). This observation was statistically significant (Pearson's
Chi-square test:χ2(4)=5, pb .026) and is in line with the assumed dif-
ferential hemispheric weighting of syntax processing in language and
music (Maess et al., 2001).

Discussion

The present study investigated the neuroanatomical co-localization
of musical and linguistic syntax processing by means of subdural re-
cordings in a within-subject design. The combined data demonstrate
that the detection of syntactic violations in music and speech relies on
partly overlapping, bilateral temporo–fronto-parietal neural networks
that differ, however, in the timing and relative weighting of their
constituents.

Domain-general resources

Both word category violations in sentences and harmonic irregular-
ities in chord progressions elicited early negativities and simultaneous
positivities with a peak latency of about 200 ms. These electrophysio-
logical potentials are consistentwith the latency and the typical polarity
inversion of the scalp-recorded ELAN and ERAN at mastoid leads when
referenced to nose electrode (Hahne and Friederici, 1999; Koelsch,
2009; Koelsch et al., 2000; Maidhof and Koelsch, 2011), suggesting
that the observed effects represent electrocortical equivalents of the
scalp-recorded ELAN and ERAN.

In both language and music experiments, BSCD mapping identi-
fied sources of the ELAN and ERAN within superior temporal, and
partly inferior frontal and parietal brain areas. A number of MEG
and fMRI studies have reported the involvement of STG, IFG and fron-
tal operculum in the processing of word category violations (Brauer
and Friederici, 2007; Friederici et al., 1999, 2000, 2003; Knösche
et al., 1999; Rüschemeyer et al., 2005). Likewise, the involvement of
the IFG, anterior insula, ventral PrCG, and STG has been frequently
shown during the processing of harmonic irregularities (Kim et al.,
2011; Koelsch et al., 2001, 2002, 2005b; Maess et al., 2001; Minati
et al., 2008; Sammler et al., 2011; Tillmann et al., 2003, 2006), and
the processing of music-syntactic relations in melodies (Krumhansl,
2004; Platel et al., 1997; Schmithorst, 2005; Zatorre et al., 1994). Fi-
nally, also the supramarginal gyrus and inferior parietal lobe are
well-known constituents of the neural networks processing musical
(Foster and Zatorre, 2010; Koelsch et al., 2005b; Platel et al., 1997;
Schmithorst, 2005; Tillmann et al., 2003) and linguistic material
(Bahlmann et al., 2007; Corina et al., 1999; Demonet et al., 2005;
Price, 2010; Ravizza et al., 2004), most often associated with working
memory for pitch (Gaab et al., 2003; Koelsch et al., 2009; Schulze
et al., 2011; Vines et al., 2006) and working memory for verbal infor-
mation (Buchsbaum and D'Esposito, 2009; Henson et al., 2000;
Hickok et al., 2003; Paulesu et al., 1993).

The within-subject comparisons of the BSCD mapping of both ex-
periments revealed a noticeable overlap of parts of the individual net-
works in the processing of musical and linguistic syntax with major
convergence zones in the temporal lobe, as predicted. Within the spa-
tial resolution of the reconstructed activity, local effect maxima in
music and language were consistently observed at identical or immedi-
ately adjacent coordinates lending support for the hypothesis of tempo-
ral brain regions that process musical and linguistic irregularities in a



Fig. 4. Results of the Brain Surface Current Density (BSCD) mapping in the language experiment (left panel) and the music experiment (right panel).
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Table 4
MNI coordinates of the local source maxima obtained in the BSCD mapping.

Patient Language Music Euclidian distance

Region BA x y z nAm z-value Region BA x y z nAm z-value

Left-hemispheric electrodes
P1 PCG 1/2/3 −59 −12 21 0.22 6.47 PCG 1/2/3 −59 −12 21 0.15 6.59 0.00

IFG, p.op. 44 −52 15 4 0.13 3.27 IFG, p.op. 44 −52 15 4 0.14 5.94 0.00
aSF – −56 0 4 0.13 3.69 aSF – −54 5 1 0.13 5.62 6.14
aSF – −51 14 −6 0.14 4.08 –

aSTG 22 −53 7 −12 0.16 4.57 –

mMTG 21 −62 −19 −12 0.13 3.70 –

mMTG 21 −59 −9 −18 0.15 4.34 –

P2 mSTG 22 −62 −18 6 0.25 5.98 mSTG 22 −61 −13 −1 0.21 7.69 8.66
mSTG 22 −63 −26 4 0.24 5.64 mSTG 22 −63 −22 2 0.22 7.80 4.47
mSTG 22 −59 −5 3 0.22 4.97 –

PCG 1/2/3 −61 −15 18 0.24 5.53 –

IFG, p.op./PrCG 44/6 −55 9 15 0.12 4.09 –

IFG, p.op./PrCG 44/6 −55 7 8 0.12 4.04 –

P3 SMG 40 −59 −41 27 0.52 6.46 SMG 40 −57 −48 32 0.14 2.98a 8.83
IPL 7 −45 −47 48 0.31 3.48 IPL 7 −45 −47 48 0.10 1.82b 0.00
IPL 7 −46 −39 50 0.29 3.20 –

aSTG 22 −57 −2 −7 0.34 3.93 aSTG 22 −57 −2 −7 0.17 3.94 0.00
mSTG 22 −59 −11 3 0.37 4.35 –

pMTG 21 −62 −42 4 0.24 6.42 –

PrCG 6 −56 3 13 0.10 1.81b –

Right-hemispheric electrodes
P4 pSTG 22 65 −33 12 0.26 8.39 pSTG 22 66 −31 3 0.17 7.16 9.27

mSTG 22 66 −22 −7 0.12 2.92a mSTG 22 66 −19 −2 0.12 4.57 5.83
P5 pSTG 22 67 −36 6 0.19 6.44 pSTG 22 67 −36 6 0.10 4.78 0.00

mSTG 22 67 −26 3 0.19 6.34 mSTG 22 67 −26 3 0.13 6.74 0.00
mSTG 22 68 −26 13 0.18 5.88 –

mSTG 22 62 −6 −6 0.11 3.20 –

IFG, p.op. 44 55 13 −5 0.10 4.78 –

Source magnitudes are indicated in nAm and z-transformed with respect to the magnitude of all generators within the respective hemisphere. Only maxima with z-values≥3.09
(corresponding to pb .001) are reported. When sources were found at this threshold in one but not the other experiment, z-values in the respective domain were lowered to z≥2.33
(corresponding to pb .01)a or z≥1.65 (corresponding to pb .05)b to identify possibly weaker sources (as marked by italic font). Euclidian distance is indicated in mm. BA, Brodmann
area; a, anterior; m, mid; p, posterior; STG, superior temporal gyrus; MTG, middle temporal gyrus; SF, sylvian fissure; IFG, inferior frontal gyrus; p. op., pars opercularis; PrCG,
precentral gyrus; PCG, postcentral gyrus; SMG, supramarginal gyrus; IPL, inferior parietal lobe. Coordinates refer to the stereotactic space of the Montreal Neurological Institute
(Evans et al., 1994; Mazziotta et al., 1995).
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domain-general way (Koelsch, 2005; Patel, 2003, 2008). The putative
shared role of the temporal lobemight be to identify the syntactic status
of each incoming item, such as word category (Hagoort, 2009; Indefrey
and Levelt, 2004; Snijders et al., 2009) or chord function (Klein and
Zatorre, 2011), and to match it with local syntactic expectancies in co-
operation with the inferior frontal lobe.

Overall, this role of the temporal lobe integrates into the framework
of predictive coding as a domain-general principle of brain organization
(Friston, 2002, 2010). This model proposes a hierarchical cognitive
architecture whereby lower-level brain areas (e.g. the temporal
Fig. 5. Latency differences of language- and music-related ERPs depending on the site
of implantation.
lobe) estimate the input within contextual constraints provided
from higher-level areas via backward connections. A mismatch be-
tween the contextually predicted and truly perceived input pro-
duces an error signal (e.g., the ELAN and ERAN) that may lead
to the revision of higher-level representations (e.g., the so far
established syntactic phrase-structure or tonality) via forward
connections. Translated to syntax in music and language, both
stimuli trigger an interactive process of higher-order predic-
tion based on the rule-based regularities of the surroundings and
lower-level validation of these predictions, i.e. the matching of
each item of the incoming auditory sequence against an expected
syntactic form (see also Vuust et al., 2009). The present data are
not suited to comment on higher-level processes (and primarily
address the processing of syntactic violations as opposed to regular
material, for discussion see Rogalsky et al., 2011). However, they
suggest that some of the mentioned low-level matching processes
may not only exert functional similarity across the music and lan-
guage domain but also indeed rely on partly shared neuroanatom-
ical resources in the superior temporal lobe.

Between-domain differences

Despite the partial overlap of brain activations in music and lan-
guage, a subset of generators in the language experiment – mainly
additional activation peaks in the temporal lobe – did not find corre-
sponding maxima in the music domain, whereas themusic experiment
evoked additional frontal activity (owing to the placement of a few elec-
trodes on the most inferior portion of the pars opercularis of the IFG and
the PrCG) that was not observed in the language experiment. Note, how-
ever, that this does not rule out frontal lobe involvement in the language
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experiment (see P1), as the recordingsmayhave been essentially blind to
activity from ELAN-related sources beyond electrode coverage.

As far as the unequal frontal (15% of contacts) and temporal elec-
trode coverage (69% of contacts) allows to say, these data may sug-
gest that the neural networks involved in the generation of the
ELAN and ERAN differ with respect to the relative weighting of
their temporal and frontal constituents. A putative temporal pre-
dominance in the language experiment converges with the results
of previous MEG and fMRI studies that consistently observed stron-
ger temporal than frontal activity during local syntactic processing
(e.g., Friederici et al., 2000, 2003; Herrmann et al., 2009, 2011b)
(for a review, see Kaan and Swaab, 2002), while music syntax re-
search very much focused on the preeminent role of the frontal
lobe (Koelsch et al., 2005b; Levitin and Menon, 2003; Maess et al.,
2001; Sammler et al., 2011). This different weighting might reflect
a different degree of automaticity (Maidhof and Koelsch, 2011) as
endorsed by the behavioral data and by fMRI studies showing a
shift of linguistic syntax processing from the frontal lobe (suggesting
the involvement of controlled processes) to the temporal lobe
with increasing language proficiency (Brauer and Friederici, 2007;
Rüschemeyer et al., 2005). In this context, the choice of experimental
paradigms is an issue that deserves consideration and is more exten-
sively discussed below.

Apart from a different fronto-temporal weighting, language poten-
tials exhibited shorter latencies in the left hemisphere, while music po-
tentials peaked earlier in right-hemispheric recordings. Although based
on between-subjects comparisons, this differential hemispheric timing
fits with prevailing models that claim a relative specialization of the
left and right hemisphere for linguistic and musical stimulus features,
respectively, such as segmental and suprasegmental (Friederici and
Alter, 2004) or temporal and spectral information (Zatorre et al.,
2002). In other words, the time course of brain activity within spatially
overlapping neural resources may determine their relative specializa-
tion for language or music.

Furthermore, syntactic violations in language (but not music)
evoked anadditional effect peaking at 70 msafter onset of the participle
(i.e. before the ELAN time window) in patients with right-hemispheric
electrodes. This negativity is reminiscent of the very early effects ob-
served by Herrmann et al. (2009) or Pulvermüller et al. (2008) between
40 and 80 ms in syntactic mismatch negativity paradigms. According to
these studies, the effect might correspond to a modulation of the P50—

a component that has been associated with auditory arousal, preferen-
tial attention to sensory inputs and “gating in” of relevant information
(Herrmann et al., 2009, 2011a). The fact that the P50 was modulated
by the syntactic category of the words might reflect the tuning of audi-
tory areas towards the morpheme “ge-” of the participle that could be
used as a form-based indicator of syntactic category in the present stim-
ulus material (for similar findings in the visual modality, see Dikker
et al., 2009).

Finally, in the language, but not the music experiment, a number of
electrodes showed pre-onset differences between correct and incorrect
conditions that are most likely due to the different word categories
(auxiliary vs. preposition) preceding the critical past participle (left
panel of Fig. 1). This point has recently been subject to critique
(Steinhauer and Drury, 2012) stating that the ELAN may merely reflect
the tail of pre-onset word category effects (i.e. spill-over effects) or the
spurious displacement of pre-onset effects to the ELAN time window
and beyond due to baseline correction (i.e. offset effects). In the present
study, we avoided offset effects using a baseline filter (see Material and
methods and Supplementary Fig. S1 for validation of the filter) rather
than forcing the potentials together as usually done in a conventional
baseline correction. Consequently, differences are visible prior to parti-
ciple onset, but are not transferred into the critical time window. Nota-
bly, and incompatible with a spill-over effect, potentials at each
electrode inverted polarity at the onset of the participle. This pattern
is in line with the onset of a new cognitive operation (Michel et al.,
2004), most likely related to the phrase-structure violations in the
employed sentence material.

Choice of paradigms

A general challenge in between-domain comparative research is the
choice of experimental paradigms and the assertion that those trigger
supposedly analogous cognitive processes in the two domains. What
is the language equivalent of a harmonic violation in chord sequences?
We chose word category and harmonic violations – both local syntactic
violations – based on the temporal, morphological and conceptual sim-
ilarities of the ELAN and ERAN, i.e. being an “error signal” evokedwhen-
ever the predictedword or chord category does notmatch the expected
input (see Introduction). Moreover, the ELAN and ERAN have been
shown to partly interact in interference paradigms (Maidhof and
Koelsch, 2011), in line with the overlap observed in the present study.

On the other hand, it could be argued that a very local analysis of the
prepositional phrase may have been sufficient to detect the phrase-
structure violations (Hagoort, 2009; Pulvermüller, 2002), whereas the
detection of the music-syntactic violations depended on the analysis of
local dependencies and the integration of harmonic functions across an
extended musical context alike (Bigand and Parncutt, 1999; Garza
Villarreal et al., 2011; Koelsch, 2011, 2012). Note that such a difference
in processing complexity naturally reduces the chance to find complete
overlap in a direct comparison but allows attributing the partial overlap
to the smallest common denominator of the two paradigms: shared as-
pects of local syntactic analysis inmusic and language, as initially hypoth-
esized. The co-localization of higher-order syntactic processes remains an
interesting topic for future research.

Conclusion

In sum, the within-subject comparison of perisylvian electrocortical
potentials demonstrates that local syntactic processes inmusic and lan-
guage are subserved by partially shared neuroanatomical regions that
differ however in their relative weighting and timing. Areas of main
overlapwere found in the bilateral superior temporal lobe in agreement
with the hypothesis that musical and linguistic syntax processing share
low-level mechanisms that match the perceived information with the
contextually predicted input, and thus contribute to the establishment
of a coherent mental representation of the musical and linguistic
structure.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.09.035.
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