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Songs naturally bind lyrics and melody into a unified representation. Using a subsequent memory paradigm, we
examined the neural processes associated with binding lyrics and melodies during song encoding. Participants
were presented with songs in two conditions: a unified condition (melodies sung with lyrics), and a separate
condition (melodies sung with the syllable “la”). In both cases, written lyrics were displayed and participants
were instructed to memorize them by repeating them covertly or by generating mental images of the songs.
We expected the unified condition to recruit the posterior superior temporal gyrus, known to be involved in
perceptual integration of songs, as well as the left inferior frontal gyrus (IFG). Conversely, we hypothesized
that the separate condition would engage a larger network including the hippocampus to bind lyrics and
melodies of songs, and the basal ganglia and the cerebellum to ensure the correct sequence coupling of verbal
and musical information in time. Binding lyrics and melodies in the unified condition revealed activation of the
left IFG, bilateral middle temporal gyrus (MTG), and left motor cortex, suggesting a strong linguistic processing
for this condition. Binding in the separate compared to the unified condition revealed greater activity in the
right hippocampus as well as other areas including the left caudate, left cerebellum, and right IFG. This study pro-
vides novel evidence for the role of the right hippocampus in binding lyrics and melodies in songs. Results are
discussed in light of studies of binding in the visual domain and highlight the role of regions involved in timing
and synchronization such as the basal ganglia and the cerebellum.
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Introduction

Although enjoyable, widespread, and seemingly effortless, learning
and remembering songs entail high-level cognitive processes that
require the binding of verbal and musical information into a unified
representation. Neuroimaging studies of song perception have led to
enlightening debates on the independence or interaction of music and
language networks (Schön et al., 2005). Two studies have suggested
the involvement of the posterior areas of the superior temporal gyrus
(STG) and superior temporal sulcus (STS) in the integration of lyrics
and melodies within songs (Schön et al., 2010; Sammler et al., 2010).
Despite these few studies that investigated the perceptual integration
of verbal andmusical informationwithin songs, the neuralmechanisms
supporting the binding of lyrics and melodies in memory have received
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relatively little attention. To further explore this issue, we examined the
cerebral structures underlying the binding of lyrics andmelodies during
encoding of new songs.

One widely used approach to study successful memory formation
has been the subsequent memory paradigm (Wagner et al., 1998;
Kim, 2011; Paller and Wagner, 2002). This paradigm allows identifying
brain activity during encoding that can predict later success in recogni-
tion by comparing subsequently recognized trials with subsequently
forgotten trials, known as the subsequent memory effect (SME). Such
a paradigm has been instrumental in revealing the distinct contribu-
tions of regions in the medial temporal lobe (MTL) to memory
(Davachi et al., 2003; Staresina and Davachi, 2006; Staresina and
Davachi, 2009; Staresina et al., 2011). One recent study used the subse-
quent memory paradigm to examine the binding of visual objects fea-
tures (i.e. shape and colors) in memory (Staresina and Davachi, 2009).
In one condition, objects imageswere presentedwith a color in a unified
manner. In two other conditions, gray-scale objects and color were
presented separately. The object in gray-scale was presented with a
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color frame displayed either simultaneously with the object (spatial
discontinuity condition) orwith a short delay (spatial–temporal discon-
tinuity condition). In these discontinuity conditions, participants were
instructed to use imagery to bind these features into a unified represen-
tation. Interestingly, the magnitude of the SME in the hippocampus,
unlike the neighboring perirhinal cortex, increased as a function of
the spatiotemporal discontinuity of the presented object and color
representations.

To further explore the role of the hippocampus in memory binding,
we developed a new paradigm involving auditory information. In this
case, participantswere required to bind lyricswith their associatedmel-
odies during song encoding. Hence, the present study aims at exploring
the underlying brain mechanisms that support the binding of lyrics and
melodies within songs. We examined subsequent memory for songs
under two encoding conditions inspired by Staresina and Davachi's
study (2009): 1) following a unified presentation of song components
(sung lyrics) and 2) following a separate presentation of song
components (simultaneous presentation of sungmelody on the syllable
“la” and of written lyrics). In both conditions, participants were asked to
covertly and repeatedly sing the resulting songuntil the next trial and to
retain the song for a recognition test. Critically, these two conditions are
inherently different in terms of the cognitive effort of the participant.
The unified presentation is a perceptually richer condition that already
provides an integrated signal while the separate condition requires
the participant to actively create a mental representation of the song.

Taking in considerationmemorymodels describing theMTL binding
function (Davachi, 2006; Diana et al., 2007; Ranganath, 2010) as well as
recent empirical findings in the visual domain (Staresina and Davachi,
2009), we suggest that the hippocampus may be required to integrate
various elements of a song into a unifiedmemory trace. Based on results
reported by Staresina and Davachi (2009), we suggest that the involve-
ment of the hippocampus during encoding of songs will enhance when
melody and lyrics are presented separately rather than in a unified pre-
sentation (sung lyrics), the hippocampus being particularly important
to actively integrate separate components of an event.

As previously discussed, binding is required to integrate information
both across space and time (Eichenbaum, 2013). It is therefore worth
noting that these dimensions might interact differently in the visual
and the auditory domains. On one hand, vision is largely governed by
space, requiring rapid binding of synchronous events (Engel et al.,
1997). On the other hand, audition is constrained by time variations
(Sanders et al., 2011; Kiebel et al., 2008; Demany et al., 2010) and con-
sequently requires precise timing and binding of unfolding sequences.
Thus, the evoked binding network cooperating with the hippocampus
may vary according to spatial and temporal demands of the task. In
particular, the cerebellum and the basal ganglia, which are highly
interconnected (Bostan et al., 2013), might be critical for binding
auditory information. A non-motor role of the basal ganglia on speech
perception has been previously proposed (for a review see Kotz et al.,
2009; Kotz and Schwartze, 2010), and cerebellum activations have
been frequently found during song perception and production (for a
review see Callan et al., 2007). From a more general perspective both
the cerebellum and basal ganglia have been shown to be crucial for se-
quence learning (Graybiel et al., 1994; Kotz et al., 2009; Shin and Ivry,
2003), and for generating temporal (Cope et al., 2014; Penhune et al.,
1998; Schwartze and Kotz, 2013; for a review see Schwartze et al.,
2012) and harmonic expectations (Seger et al., 2013). It is possible
that activation of the cerebellum and basal ganglia may allow temporal
coupling of syllables with musical notes during covert rehearsal, en-
hancing learning of the song sequence through auditory–motor binding.
This idea is supported by studies reporting striatal contributions to
auditory–motor binding in other not-singing tasks such as synchronized
tapping to sounds (Hove et al., 2013). For instance, Schmitz et al. (2013)
have shown functional connectivity between STG and basal ganglia in
an auditory–motor binding task. By presenting sounds that were
congruent or not with a human avatar breaststroke, the participants
were asked to judge small perceptual differences in velocity in the scan-
ner. The STG and STS showed greater activation for sound-movement
bound representations. In line with the suggested temporal coupling
role, the basal ganglia and the cerebellum showed greater functional
connectivity with the STG when the sounds were congruent to the
movement with which they were integrated. This supports the idea
that the basal ganglia and cerebellum may be crucial for sensory–
motor binding to couple unfolding sound with other distinct elements.
Consequently, we hypothesized that the basal ganglia and cerebellum
aswell as the hippocampusmay play an important role in binding lyrics
and melodies through covert rehearsal.

Interestingly, speech perception and memory for sentences may
strongly rely on semantic and syntactic integration of words into coher-
ent sequences (Snijders et al., 2009). These integrative processes are
considered as binding and have been shown to be supported by the
left IFG (Hagoort, 2005; Opitz and Friederici, 2003). This idea is in line
with the dual-stream model of speech proposed by Hickok and
Poeppel (2007) and is in agreement with findings reporting an
encoding role in the left IFG for words (Kirchhoff et al., 2000) and
semantic associative processes (Addis and McAndrews, 2006). The
binding view proposed by Opitz (2010), further predicts that, although
the hippocampus may be involved in the integration of the word chain
into a sentence early during encoding (as a form of relational binding al-
ready described), the hierarchical rule-based integration ofwords with-
in their grammatical role and position depends on the left IFG. Based on
this literature, it might be possible that the left IFG could be selectively
involved in binding contiguous information, at least within the verbal
domain. To this regard, melody is an inherent characteristic of the lyrics
in the unified condition, hence a stronger involvement of the left IFG
than the hippocampus could be expected. Although the integration of
linguistic content embedded in a melody has not been studied yet,
activation in the left IFG has been observed during musical imitation
and vocal learning in singing (Brown et al., 2004) as well as during per-
ceptual integration of lyrics and melodies of songs (Schön et al., 2010).
This evidence suggests the potential involvement of the left IFG to
support the mnemonic binding of sung lyrics, particularly following
the covert rehearsal imitating a given song.

In sum, the present study investigated the cerebral network in-
volved in memory binding of songs in two different conditions, where
lyrics and melodies were presented either in a unified, or in a separate
way. Given the involvement of the posterior areas of the STG/STS and
the left IFG in the processing of integrated song representations and
the left IFG in binding verbal information and vocal imitation, we pre-
dicted that these regions would show a SME in the unified condition.
Based on memory models of binding, we hypothesized that the hippo-
campus would be more involved in binding resulting in greater SME
in the separate than in the unified condition in this region. Furthermore,
the separate condition may require higher temporal and mental
imagery processing demands to allow the coupling of lyrics and
melodies in time. Hence, we predicted a SME in the basal ganglia and
the cerebellum in the separate condition.

Methods

Participants

Twenty-two healthy native French speakers participated in this
study. They were all right-handed as assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971), and reported to have normal
hearing. All participants were non-musicians and musical experience
was assessed by the Music Expertise Questionnaire (Ehrlé, 1998),
indicating that participants were not music experts (mean score ±
SD: 5.45 ± 2.79; max score: 27 points).

Participantswere included after a screening phase to verify that they
were all able to sing and imagine songs. General auditory imagery was
measured with the Bucknell Auditory Imagery Scale (Zatorre et al.,
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2010), confirming that participants had normal auditory imagery
abilities (Vividness scale mean: 5.34 ± 0.68; Control scale mean:
5.62 ± 0.66). To test the specific imagery of songs during the screening
phase, participants listened to six songs and had to repeat them aloud
and provide a subjective response on their ability to covertly rehearse
each of them. Similarly, participants were also presented six melodies
sung with the syllable “la” and accompanied by written lyrics. They
were asked to sing aloud the correspondent songs and provide a subjec-
tive rating on their ability to imagine each song. To further ensure that
participants were able to imagine a song by combining a melody with
some written lyrics correctly, we developed a song plausibility test. In
this test, participants were presented with 24 melodies and 24 written
lyrics, where half of the resulting songs had a one-to-one mapping be-
tween the number of syllables in the lyric and the number of sounds
in the melody, and half did not. Participants had to imagine the song
and respond if the combination of melody and lyrics was plausible or
not. After the screening of 37 volunteers, 13 participants were excluded
because they did not achieve an accuracy score over 66% in this test.
Additionally, two females randomly selected among those with lower
plausibility scores (67%) were excluded for gender counterbalance
proposes, resulting in the final inclusion of 22 participants (11 female;
mean age ± SD: 24.09 ± 5.45; mean year of education ± SD: 16 ±
1.69; mean song plausibility accuracy ± SD; 74% ± 0.05) in the MRI
study.

The local ethics committee has approved this study and all
participants provided signed written informed consent beforehand.

Stimuli

Two sets of 54 pairs of songs with interchangeable lyrics and melo-
dies were specifically created based on a collection of 19th Century
French folk songs (Robine, 1994). Syllables were matched to musical
notes in a one-to-one basis. Each lyric consisted of 6 to 9 pronounced
syllables and each melody consisted of 6 to 9 notes. The resulting
songs had a variable duration between 2.5 and 3 s. One set of 54 pairs
of songs was composed of original songs. The other set of 54 pairs of
songs was created by recombining the lyrics from one song of the orig-
inal pair with the melody from the other song of the original pair and
vice versa (rearranged songs). By following this procedure, the level of
familiarity for lyrics and melodies remained equivalent for the original
and rearranged songs. Melodies of each original song were either sung
with lyrics or sung using the syllable “la”. Melodies of each rearranged
song used for recognition were sung with lyrics. The same female
professional pop singer recorded all singing stimuli. Additionally,
written lyrics were used during encoding.

Procedure

Before entering the scanner, participants received a short song imag-
erywarm-up session based on the plausibility test previously described.
Scanning was divided into six sessions to allow pauses every 10 min
(without leaving the scanner or moving). Each session included 3
blocks, for a total acquisition of 18 blocks (Fig. 1). Each block included
an encoding phase followed by an immediate recognition phase (Fig. 2).

The encoding phase included 6 encoding trials consisting of original
songs and 2 baseline trials presented in random order. An encoding trial
consisted in the double presentation of each original song, followed by a
fixation-cross for a period of 6 s. During that period, participants were
asked to rehearse the song by singing covertly and repeatedly until
the next trial. In baseline trials, participantswere promptedwith awrit-
ten number presented with white noise for 6 s, to control for visual and
auditory stimulation relative to encoding trials. Following the stimulus
presentation, a fixation-cross appeared in the screen and remained for
a period of 6 s, and participants were asked to count down covertly
from the displayed number until the next trial. Thus, the inter-
stimulus interval was 12 s varying with a jitter of ±1 s that was
naturally provided by the difference in length of songs to allow for
fitting of HRF. The total duration of an encoding phase was 1 min 36 s.
At the end of the encoding phase, a slide was displayed for 7 s to
make the transition to the recognition phase.

The recognition phase consisted of 6 original songs and 6 rearranged
songs, all of which were presented in random order. No visual cue was
provided for the lyrics during recognition. After the presentation of each
song, participants were asked whether the lyric had been previously
sung with the presented melody or not, using a confidence rating scale.
Participants had 3 s to press one of four buttons: “No, sure”, “No, not
sure”, “Yes, not sure”, “Yes, sure”. Each recognition phase took 1 min 24 s.

Blocks were randomly assigned to two different encoding condi-
tions. In the unified condition, original songswere presented in a unified
manner (sung lyrics). In the separate condition, the melody of the orig-
inal songswas sung using the syllable “la” in place of lyrics and the lyrics
were presented visually. In each encoding trial, auditory stimuli were
presented twice in a row to facilitate encoding, while written lyrics
were simultaneously displayed in the screen. The assignment of songs
to either the unified or separate condition was counterbalanced across
participants so that all songs were used in both conditions. Blocks
from each condition were presented in an interleaved fashion and the
order of the blocks was counterbalanced across participants.

The total duration of the functional acquisition was approximately
54 min ± 5 min depending on the length of the brief pauses between
sessions.

fMRI parameters

Functional magnetic resonance imaging (fMRI) was performed on a
3 T Siemens TRIO scanner (Siemens) at the Centre de Neuroimagerie de
Recherche at the Pitié-Salpêtrière Hospital in Paris. Before the functional
scans, high-resolution T1-weighted images (1 × 1 × 1 mm voxel size)
were acquired for anatomical coregistration using a magnetization-
prepared rapid acquisition gradient echo (MPRAGE) sequence (TR =
2300 ms, TE = 4.18 ms).

Six series of 264 volumes of oxygenation level-dependent (BOLD)
images were obtained using a single-shot echo-planar gradient-echo
(EPI) pulse sequence (TR=2100ms, TE=29ms, the first four volumes
were later discarded to allow for T1 saturation). Forty slices were
acquired perpendicular to the hippocampal plane (voxel size 3 mm iso-
tropic, with a slice gap of 0.3mm)with a field of view of 204 × 204mm,
and a flip angle of 90°. Additionally seven series of 8 volumes (the first
four volumes were later discarded to allow for T1 saturation) were
acquired with the same parameters except the phase encoding, which
was set in the opposite direction. Those extra series were only used
for the deformation field correction proposes as described in Anderson
et al. (2003) and Smith et al. (2004). Auditory stimulationwas delivered
though MR Confon headphones and participants wore earplugs to
minimize the scanner noise during stimulus presentation and imagery.

Behavioral analyses

Behavioral data from the recognition phases were analyzed in PASW
statistics v18.0 and used for two different purposes: 1) provide an over-
all measure of recognition success, and 2) provide an individual success
score for each encoded itemwhichwas later related to fMRI data during
encoding. First, recognition responses were analyzed using receiver
operating curves, by calculating the Areas Under the Curve (AUC) for
the unified and the separate encoding conditions, which took into
account both accuracy and confidence ratings.

Individual memory scores for each encoding trial were calculated
using recognition accuracy and confidence responses for the related
original and rearranged songs in a combined score. A score of 0.5 was
given to each original or rearranged song that was correctly recognized
or correctly rejected with high confidence, and 0.25 for low-confident
correct scores. Furthermore, for each missed original song or false alarm,



Fig. 1. Experimental trials.
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the itemwaspenalizedwith a score of−0.5 for high-confident responses,
or −0.25 for low-confident responses. Thus, the maximum memory
score possible was 1, the sum of 0.5 from a high-confident hit of the orig-
inal song and 0.5 from a high-confident rejection of the rearranged song
(see Table 1a). Trials with a memory score of zero or belowwere consid-
ered unsuccessful or at chance andwere transformed to zero, since nega-
tive memory scores were not expected to modulate brain activity.

These scores were used for subsequentmemory analysis in twoways.
For the GLMmodel, scores were used to tease apart successful (hits) and
unsuccessful (misses) trials building separate regressors for SPM analysis.
Only trials with both successful recognition of the original songs and
Fig. 2. Scanning session.
rejection of the rearranged songs were considered successful. Trials with
a score of 0.25, corresponding to a high-confident correct answer
(+0.5) and a low-confident incorrect answer (−0.25) were left out of
the analysis, since they may reflect familiarity processes that are difficult
to interpret within the limits of the current design (see Table 1b).

Memory scores (ranging from 0 to 1) were also entered as a para-
metric modulator of encoding, representing a putative sign of binding
success. The parametric analysis of fMRI data assumes a gradation in
activation of brain areas involved in binding which may be modulated
not only by accuracy, but also by the degree of confidence in these
two responses, which might reflect memory strength of the encoded
item. In this way, when responses for both original and rearranged
songs are both correct and confident, the studied song may have been
better encoded, with greater detail, than when the participant was not
sure (see Table 1b).

fMRI GLM analysis

All fMRI analyses were computed using SPM8 (Wellcome Trust
Centre for Neuroimaging). Preprocessing of functional images included
spatial realignment and coregistration of the functional and anatomical
Table 1a
Binding success scores according to accuracy and confidence.

Correct response

Correct “yes”
(for original)

Correct “no”
(for rearranged)

Subject response
Yes

Sure 0.5 −0.5
Not sure 0.25 −0.25

No
Sure −0.5 0.5

Not sure −0.25 0.25



Table 1b
Binding scores for fMRI analysis.

Memory scores GLM

Both correct and sure 1 Hit
Both correct one sure 0.75 Hit
Both correct non-sure 0.5 Hit
One correct sure & one incorrect not sure 0.25 –
One correct not sure & one incorrect not sure 0 Miss
One correct sure & one incorrect sure 0 Miss
One correct not sure & one incorrect sure (−0.25) 0 Miss
Both incorrect non-sure (−0.5) 0 Miss
Both incorrect one sure (−0.75) 0 Miss
Both incorrect and sure (−1) 0 Miss
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data. Then, imageswere distortion corrected and normalized to theMNI
space and smoothed using a 3D Gaussian kernel of 8 mm full-with at
half maximum (FWHM). In the first level, the analysis was carried
within a normalized gray matter mask based on the normalized mean
anatomical image.

Data was modeled and estimated using the GLM to compare
successful versus unsuccessful encoding trials. For the GLM, trials were
binned by condition as well as encoding success (success sorting
described in the previous section) to create four different regressors (uni-
fied-successful, unified-unsuccessful, separate-successful, separate-
unsuccessful). Additionally, two regressorswere also created for the base-
line encoding trials and all recognition trials. Initially, stimulus presenta-
tion and imagery periods were modeled separately at the first level
(within-subjects level) and then combined at the second level
(between-subjects level) to form encoding trials.

First, we looked at task effects using a factorial designwith one factor
(encoding) and looking at the positive effect of encoding reflected by a t
contrast. Additionally, we used one-sample t-tests to compare activity
during successful trials only to the baseline condition, together with
one-sample t-tests of successful trials in each condition against baseline.
General activation on the separate and unified conditions, irrespective
of memory performance was compared using one-sample t-tests.
Second, we looked at SMEs comparing successful against unsuccessful
trials using one-sample t-tests in each condition.

fMRI parametric analysis

High confidence during recognition of original and rearranged is an
emergent property of memory strength, such that a greater degree of
confidence in both responses reflects stronger memory (Shrager et al.,
2008; for a review see Wais, 2008). The hippocampus has been shown
to be particularly sensitive to strong item and context associations
(Davachi, 2006), consistently with the binding role of the hippocampus
previously described. Therefore, to look at the combined effect of confi-
dence and accuracy on subsequent memory, we carried out a paramet-
ric modulation analysis. We examined the extent to which BOLD
activation was modulated by memory performance, using the memory
scores for each encoding trial previously described (see Table 1b). By
looking at modulations of activity with memory performance at each
encoding trial, the parametric approach offers the additional advantage
that it is not contaminated by possible differences in difficulty between
conditions, as opposed to the GLM. One sample t-tests were used at the
group level to evaluate SME for each encoding condition (unified and
separate) and, most importantly, for the contrast between conditions
(separate N unified, and unified N separate).

Correlation between BOLD activation and memory performance

Additionally, to explore the relationship between neural changes and
behaviorwithin our a priori regions of interest (ROIs), brain activation re-
sults from the parametric analysis from each condition were correlated
with memory performance across participants. The ROI analysis allows
a more sensitive exploration of relevant areas controlling for Type I
error (Poldrack, 2007). We used the Automated Anatomic Labeling
(AAL) atlas (Tzourio-Mazoyer et al., 2002) to define neuroanatomical
ROIs including subregions within the medial temporal lobe (hippocam-
pus, parahippocampal gyrus), basal ganglia (caudate, pallidum, and puta-
men) and IFG (orbital part, triangular part, and opercular part).

Beta values from the parametric analysis for the separate and the
unified conditions respectively were extracted within each ROI using
theMarsBar toolbox (Brett et al., 2002) and were used as a neural mea-
sure of encoding. Beta values were then correlated to recognition per-
formance, reflected by each subject's AUC for each condition. Note
that both neural and behavioralmeasures here are sensitive to accuracy
and confidence in a similar manner, being therefore suitable correlates.
Of note, unlike statistical parametric maps, this analysis illustrates indi-
vidual differences across participants, with the prediction that partici-
pants with greater activation on the ROIs would also show more
accurate recognition, incurring in greater successful binding overall.
Moreover, a comparison of ROI activation between above and below
chance performers was conducted for the separate condition.

Results

a) Behavior.
Recognition memory performance was measured using the AUC for

each encoding condition, thus taking accuracy and confidence into ac-
count. All participants recognized songs above chance in the unified
condition (p b 0.05). This suggests that participants could successfully
bind lyrics and melodies and that they followed the instructions. In
the separate condition, 7 participants did not surpass this threshold
and were thus excluded from the SPM analysis. The statistic results of
the AUC for each participant in both conditions are reported in Table 2.

b) fMRI GLM analysis.
All SPMswere threshold at p b 0.001 (uncorrected)with aminimum

cluster extent of 5 voxels (see Table 3). Anatomical location of signifi-
cant clusters was carried out based on the Automed Anatomic Labeling
(AAL) atlas (Tzourio-Mazoyer et al., 2002).

Task effects

A comparison of all encoding trials against the baseline trials re-
vealed significant activation in the bilateral STG, middle temporal
gyrus (MTG), left IFG, right caudate, left putamen and several regions
of the cerebellum (see Fig. 3A). The full list of regions activated by the
task is reported in Table 3. A comparison of unified against separate
condition revealed significantly greater activation in the bilateral STG,
bilateral MTG as well as orbital part of the left IFG and right anterior
cingulum (see Fig. 3B).

Restricting this analysis to successful trials only against the baseline
trials, additional activation was found in the right and the left hippo-
campus, as well as extended clusters in the right IFG and right caudate.
When looking at successful trials against baseline in the unified condi-
tion only, we found activation in the bilateral caudate, the left putamen
and the left hippocampus. Conversely, the separate condition revealed
activation in both the right and the left hippocampus, together with
clusters in the right and the left caudate.

Subsequent memory effects

Activation related to the subsequent memory effect (SME) for the
binding of lyrics and melodies was assessed comparing successful with
unsuccessful trials in each condition. SME in the unified condition re-
vealed a cluster in the left IFG together with activation in the bilateral
MTG and the left postcentral gyrus (Fig. 4A). Of note, we should specify
that a supplementary analysis on the unified condition including all par-
ticipants did not replicate these results. Conversely, SME during the sep-
arate condition revealed significant activation in the right hippocampus,



Table 2
Summary of behavioral results.

Separate condition Unified condition Demographic data

Subject AUC SD p AUC SD p Plausibility Age Sex Education Musical expertise

C01 0.589 0.055 0.110* 0.655 0.053 0.005 0.71 20 f 13 11
C02 0.658 0.053 0.005 0.822 0.042 0.000 0.79 21 m 15 7
C03 0.796 0.044 0.000 0.889 0.033 0.000 0.79 22 f 17 7
C04 0.503 0.056 0.963* 0.714 0.050 0.000 0.79 19 m 12 3
C05 0.547 0.056 0.395* 0.836 0.039 0.000 0.71 20 f 14 2
C06 0.551 0.056 0.363* 0.735 0.048 0.000 0.67 23 f 16 3
C07 0.837 0.040 0.000 0.785 0.044 0.000 0.67 23 f 18 4
C08 0.788 0.043 0.000 0.849 0.036 0.000 0.79 33 f 20 10
C09 0.733 0.049 0.000 0.811 0.042 0.000 0.67 21 m 16 3
C10 0.579 0.056 0.157* 0.664 0.052 0.003 0.75 31 f 17 6
C11 0.706 0.050 0.000 0.843 0.037 0.000 0.71 24 f 17 5
C12 0.639 0.053 0.013 0.685 0.050 0.001 0.71 25 m 17 4
C13 0.723 0.050 0.000 0.717 0.050 0.000 0.83 25 f 14 6
C14 0.718 0.049 0.000 0.867 0.037 0.000 0.67 25 m 16 4
C15 0.863 0.037 0.000 0.865 0.037 0.000 0.75 20 f 16 4
C16 0.687 0.051 0.001 0.701 0.051 0.000 0.71 21 m 16 10
C17 0.628 0.055 0.022 0.644 0.054 0.010 0.83 21 m 16 9
C18 0.763 0.046 0.000 0.800 0.042 0.000 0.79 21 m 16 2
C19 0.560 0.055 0.282* 0.645 0.053 0.009 0.75 43 m 17 4
C20 0.756 0.047 0.000 0.780 0.045 0.000 0.79 26 m 16 3
C21 0.504 0.056 0.941* 0.713 0.050 0.000 0.75 22 m 17 9
C22 0.683 0.051 0.001 0.801 0.044 0.000 0.75 24 f 16 4
Mean 0.67 0.05 0.76 0.04 0.74 24.09 11 f 16.00 5.45
SD 0.11 0.01 0.08 0.01 0.05 5.46 11 m 1.69 2.79

⁎ Performance at chance level. SD: standard deviation; f: female; m: male.

338 I. Alonso et al. / NeuroImage 127 (2016) 333–345
left caudate, the orbital part of the right IFG, right superior frontal gyrus,
left middle frontal gyrus, MTG and bilateral cerebellum (Fig. 4B). A full
list of regions andmean t values within each region is reported in Table 4.

c) fMRI parametric analysis.
To look at SME as a function of both accuracy and confidence and to

compare SME effects between our two encoding conditions, we carried
out a parametric modulation analysis. Parametric modulation results
were also threshold at p b 0.001 (uncorrected) with a minimum cluster
extent of 5 voxels. Results for the separate condition, unified condition,
the comparison between separate and unified conditions and vice versa
are fully reported in Table 5.

In the unified condition, SMEs were shown in areas within the left
hemisphere, including the left MTG, the left IFG and the left postcentral
gyrus (see Fig. 5A). This was not replicated in the supplementary analysis
with all participants. In the separate condition, SMEs revealed the engage-
ment a greater number of regions as described in Table 5 (see Fig. 5B).

No differences were observed when comparing the unified against
the separate condition. However, the comparisonof the separate against
the unified condition revealed significant modulation of activity with
memory scores in various regions. In the left hemisphere, few clusters
of activations were found in theMTG, the insula and the anterior cingu-
lum. In the right hemisphere, activations were found in the hippocam-
pus and the IFG, together with a cluster in the fusiform gyrus, and few
cerebellum activations in the left IV–V, left vermis IV–V and right vermis
III (see Fig. 5C).

d) Correlation between BOLD activation and memory performance.
Beta values from the parametric analysis were averagedwithin each

anatomically defined ROI and correlated with memory performance
for each condition. Similar to previous analyses, only subjects that per-
formed above chance were included in this analysis. No significant cor-
relation was found for the unified condition. For the separate condition,
a significant Spearman correlation was shown in the right pallidum
(ρ = 0.44; p b 0.05, one-tailed). Additionally, t-tests between above
and below chance performers on average beta values within ROIs
were conducted for the separate condition, revealing greater activation
of the right hippocampus (t = 2.70; df= 20; p b 0.05, two-tailed) (see
Fig. 6), left caudate (t = 3.09; df = 20; p b 0.01, two-tailed) and right
putamen (t = 2.31; df = 20; p b 0.05, two-tailed) associated with
above chance memory performance.
Discussion

The present study aimed to examine the neural substrates underly-
ing the binding of lyrics andmelodies during song encoding. To this end,
we asked if binding differed as a function of binding demands during
song encoding. In the unified condition, participants listened to melo-
dies sung with lyrics while also viewing the written lyrics. By contrast,
in the separate condition, participants listened to melodies sung with
the syllable “la”while viewingwritten lyrics andwere required tomen-
tally combine these two separate features into a song. Following each
stimulus presentation in both conditions, participants were asked to
mentally rehearse and maintain each song. We measured mnemonic
binding using a memory test in which the correct combination of lyrics
and melody corresponding to the original songs had to be recognized
among other rearranged songs.

Behavioral results

Behavioral analysis using receiving operating curves revealed that all
22 participants recognized songs in the unified condition, whereas only
15 participants were able to recognize songs above chance in the sepa-
rate condition. Despite all participants were able to imagine a song by
combining a melody with some written lyrics, as shown by the song
plausibility test taken prior to the experiment, behavioral results indi-
cate that the additional cognitive effort required for binding under the
separate encoding condition trades off with memory performance
when compared to the unified condition. It could be argued that creat-
ing a song representation from separate lyrics and melodies poses an
additional process for the encoding of a song. Moreover the higher
perceptual similarity between encoding and retrieval on the unified
condition may have facilitated the recognition under this condition. Of
note, we used the syllable “la” for the aural presentation of the melody
on the separate condition. Thismethodological choice,made to enhance
the timbre similarity between conditions and facilitate encoding (as
opposed to an instrumental timbre, see Weiss et al., 2012), introduces
certain verbal interference during the presentation of the stimuli.
Thus, it is complicated to dissociate the effects of difficulty frompossible
differences on the nature of binding itself. Due to this overall difference
on performance between conditions, our experimental design cannot



Table 3
GLM task effects.

Cluster
size
(k)

MNI
coordinates

Region Side Region
size
(k)

Mean
t

265 56, 0, 46 Precentral R 216 4.152
Middle frontal gyrus R 49 3.997

9 48, 38, 28 Middle frontal gyrus R 7 3.736
15 56, 32, 2 IFG triangular R 15 3.652

6778 −66, −22, 8 IFG triangular L 1664 4.589
IFG orbital L 440 4.658
IFG operculumcular L 742 4.453
Middle frontal gyrus L 552 4.180
Middle frontal gyrus orbital L 98 4.904
Heschl gyrus L 35 5.468
Insula L 213 3.875
Postcentral L 82 3.864
Precentral L 999 4.267
Rolandic operculum L 97 4.280
MTG L 666 5.249
Superior temporal pole L 196 5.603
STG L 861 5.647

1623 64, −4, −2 STG R 1008 5.494
Superior temporal pole R 297 4.829
MTG R 189 4.610
Rolandic operculum R 34 4.225
Heschl gyrus R 26 5.049
Middle temporal pole R 9 3.970

1259 6, 2, 66 Supp motor area L 569 4.299
Superior frontal gyrus L 245 4.021
Supp motor area R 205 4.496
Middle frontal gyrus L 140 3.867
Superior frontal gyrus
(medial)

L 95 3.789

667 −48, −44, 52 Inferior parietal lobe L 382 3.862
Supramarginal L 161 4.017
STG L 96 3.910

13 −20, −72, 6 Calcarine L 13 3.489
2295 28, −64, 6 Calcarine R 704 4.009

Cerebellum VI R 573 4.332
Calcarine L 312 3.839
Cerebellum Crus1 R 308 3.973
Lingual R 175 4.010
Cuneus R 56 3.825
Cuneus L 44 3.932
Superior occipital gyrus R 35 3.872
Vermis VI 33 3.979
Middle occipital gyrus R 19 3.778
Fusiform R 15 3.799

63
−8, −74,

−14
Cerebellum VI L 57 3.700

Lingual L 5 3.560

195
−42, −66,

−26
Cerebellum VI L 110 3.848

Cerebellum Crus1 L 85 4.001

250
−22, −70,

−58
Cerebellum VIII L 149 4.628

Cerebellum VIIb L 8 4.075
918 30, −64, −52 Cerebellum VIII R 536 4.731

Cerebellum Crus2 R 228 3.762
Cerebellum VIIb R 128 3.836
Cerebellum Crus1 R 14 3.659

17 −20, 2, 8 Putamen L 16 3.646
10 20, −6, 24 Caudate R 10 3.529
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exclude the interference of difficulty on comparison between conditions
(particularly on theGLManalysis). Consequently, only participantswith
above chance performance in both conditions were included for neuro-
imaging analysis, and thus, the SME resulting from the comparison of
trials within condition should not be contaminated by difficulty factors.

Task general activation

Given our encoding instructions, general task activations irrespec-
tive of memory performance were expected to reflect a network
associated with processes supporting covert singing. Brain activity dur-
ing the taskwas shown in the bilateral cortical regions in the IFG,medial
frontal gyrus (MFG), superior frontal gyrus, STG, MTG, the temporal
pole, the SMA, the left IPL, left supramarginal gyrus areas VI, VIIb and
VIII within the cerebellum bilaterally, and subcortical activations in
the right caudate and left putamen. These activations are consistent
with an extended covert singing network, in line with previous studies
on covert singing (Langheim et al., 2002; Callan et al., 2006). Interest-
ingly, the unified condition elicited greater activation in the STG and
MTG, together with the orbital part of the left IFG and the left anterior
cingulum relative to the separate condition. In the unified condition the
auditory input already contained an integrated representation of the
song, as opposed to the separate condition. Hence, it is possible that the
reported greater general task activations for the unified condition may
be reflecting such greater perceptual richness. This interpretation is in
line with studies showing the implication of the posterior STG
(Sammler et al., 2010; Schön et al., 2010) and the IFG (Schön et al.,
2010) on the integration of lyrics and melody during song perception.
Since these contrasts merged activation from subsequently recognized
and forgotten trials, it is not surprising that noMTL activationwas shown.

To have a more detailed idea of activations related to our encoding
task, we focused only on successful trials (in which encoding was cer-
tainly happening) as compared to baseline trials. This contrast revealed
additional activations in bilateral hippocampi, as well as the right IFG
and right caudate, supporting the involvement of those structures dur-
ing the present song encoding task.Whenwe limited this comparison to
the separate condition, bilateral activation was found in the hippocam-
pus and the caudate. However, in the unified condition the comparison
of subsequent successful encoding trials against baseline only revealed
significant activation in the left hippocampus, and not the right. Al-
though not being memory specific, the lateralization of this activation
profile is in line with previous results (Alonso et al., 2014), which
have shown the detrimental effect of a left hippocampal lesion on the
integration of lyrics and melodies during listening to songs presented
in a unified manner.

Binding of lyrics and melodies in unified condition

Subsequentmemory effects in the unified condition revealed activa-
tions in the bilateralMTG, the left postcentral gyrus and, in linewith our
hypothesis, in the left IFG, suggesting the involvement of an auditory–
articulatory network. The parametric analysis, more sensitive tomemo-
ry strength, showedmodulations of activity in relation to SME in similar
regions to the GLM in the left hemisphere. Given that songs under the
unified condition already provide an integrated percept to be covertly
repeated, it is possible that this condition may have strongly taxed the
phonological loop (Buchsbaum et al., 2005; Buchsbaum and
d'Esposito, 2008; Buchsbaum, 2013). This interpretation is coherent
with previous data showing left IFG activation in relation to articulatory
learning (Rauschecker et al., 2008). Although we expected the bilateral
activation of theposterior STG/STS, cortical activationwas found instead
in the middle portion of the temporal lobes. The posterior STS and the
MTG have been previously shown to be functionally related during
the integration of audiovisual information (Beauchamp et al., 2004). It
is possible that the visually provided lyrics may have elicited a more
multimodal integration than the previous studies in song perception,
which highlighted mainly the posterior STG/STS. It is interesting to
note that both STG and MTG regions were more active in the unified
than the separate condition, already showing a perceptual integration
role. Nevertheless, it is difficult to determine why only MTG and not
STG showed activation during encoding in the unified condition.

Both the GLM and the parametric analysis showed activation in the
left IFG, in agreement with the binding role of Broca's area for language
suggested by previous studies (Hagoort, 2005). Our results further
extend the role of this area in the particular case of lyrics andmelody in-
tegration, although these results were not replicated when performing



Fig. 3. General task effects.
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the analysis with all the participants (by including the 7 excluded par-
ticipants). Taking into account the strong evolutionary impact of
language, it may be the case that binding involving verbal (syntactic
and articulatory) information, presented in a unified way, may be
processed in a specialized region, such as Broca's area. This interpre-
tation is in agreement with previous results showing a key role of the
left inferior prefrontal cortex on word assembling and encoding (Clark
and Wagner, 2003), notably driven by articulatory components of the
Fig. 4. GLM subsequen
phonological system. In light of themusic research literature, our results
extend the role of IFG and MTG previous suggested for the recognition
and mental imagery of familiar songs (Herholz et al., 2012) to the
encoding and mental imagery of new songs. However, it remains
open if other non-verbal auditory binding examples, such as for in-
stance timbre and melody, may depend on similar mechanisms, or
whether the involvement of the left IFG is restricted to binding verbal
information.
t memory effects.



Table 4
GLM analysis of encoding.

Unified: successful N unsuccessful Separate: successful N unsuccessful

Region Side Size (k) MNI coordinates Mean t Region Side Size (k) MNI coordinates Mean t

IFG-triangular L 18 −46 34 4 4.35 MFG L 7 −28 32 30 4.08
Postcentral gyrus L 20 −64 −18 20 4.11 MTG L 6 −48 −4 −16 3.91
MTG L 9 −66 −28 2 4.11 Cerebellum IX L 11 −2 −52 −44 4.05
MTG R 6 46 −22 −12 4.21 Caudate L 10 −6 14 −2 4.03

SFG R 8 22 40 34 4.42
IFG — orbital R 5 44 24 −10 4.21
Cerebellum III R 6 6 −42 −10 3.88
Hippocampus R 6 30 −18 −12 3.97
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Binding of lyrics and melodies in separate condition

A different network of regions was obtained when lyrics and
melodies were presented separately during encoding. In line with our
hypothesis, results from the GLM revealed active clusters in the right
hippocampus, left caudate, and the cerebellum bilaterally, as well as in
other regions including the right IFG, right superior frontal gyrus
(SFG), left middle frontal gyrus (MFG) and left MTG. The parametric
analysis coincided with the GLM on the implication of the left MTG,
left caudate and vermis III. However, the parametric analysis showed a
slightly different network, suggesting that confidence nuances on accu-
racy that could be related to recollection processesmight be particularly
relevant to understand binding on the separate condition. Modulations
of brain activity related to subsequent memory were shown as well in
Table 5
Parametric analysis of encoding.

Unified

Region (aal) Cluster size (k) Region size (k)
MNI coordinates
(x, y, z)

Z

Left hemisphere
Middle temporal gyrus 7 7 −48 −16 −12 3.42

IFG — triangular 9 8 −44 34 −2 3.39
Postcentral gyrus 5 4 −52 −4 16 3.30
Right hemisphere
No significant activations

Unified N separate

Region (aal) Cluster size (k) Region size (k)
MNI coordinates
(x, y, z)

Z

No significant activations for this condition

Significant clusters (p b 0.001; k ≥ 5), and the regions within them from the “automated anato
the right caudate, SFG bilaterally, left MFG, a small region in the left
IPL and some additional cerebellum areas.

It may be worth mentioning that, although we did not have an a
priori hypothesis for the MTG and other reported SME modulation of
activity in areas such as the IPL, the SFG and the anterior cingulum,
these structures have been previously related to the inhibition of overt
responses in language, essential for covert production of inner speech
(Perrone-Bertolotti et al., 2014). Thus, we interpret the present findings
in the context of the covert singing imagery demands. However, it
should be noted that the MTG also holds a relevant function for
processing complex linguistic lexical-meaning relations required for
rapid reading (Fujimaki et al., 2004; Simos et al., 2002; Yarkoni et al.,
2008). Although the experiment was constructed to depend on an
aural representation of a song (recognition was only based on auditory
Separate

Region (aal) Cluster size (k) Region size (k)
MNI coordinates
(x, y, z)

Z

Left hemisphere
MTG 23 23 −60 −8 −22 3.78
SFG (medial) 8 6 −12 26 60 3.77
SFG (medial) 24 23 −2 52 16 3.36
IPL 6 5 −62 −48 36 3.57
Caudate 29 27 −6 12 −2 3.89
Anterior cingulum 30 25 −4 38 4 3.56
Cerebellum IV–V 8 4 −14 −32 −16 3.49

Right hemisphere
SFG (medial) 10 8 2 62 14 3.33
MFG (p. orbitalis left) 43 30 0 42 −10 3.53
Fusiform gyrus 5 1 34 −70 −8 3.40
Caudate 6 6 10 10 −10 3.18
Vermis III 24 9 8 −46 −12 3.82
Cerebellum II 71 54 24 −84 −38 4.20
Cerebellum X 5 3 18 −38 −42 3.74

Separate N unified

Region (aal) Cluster size (k) Region size (k)
MNI coordinates
(x, y, z)

Z

Left hemisphere
MTG 30 30 −56 −4 −22 4.27
Insula 16 11 −38 −12 −4 4.58
Anterior cingulum 9 9 −6 40 6 3.45
Anterior cingulum 7 5 −4 30 14 3.60
Cerebellum IV–V 45 20 −14 −30 −14 3.73
Vermis IV–V 18 7 −4 −64 −10 3.49
Right hemisphere
IFG (p. orbitalis) 8 6 32 18–22 3.33
Fusiform gyrus 43 32 24 −74 −14 3.79
Fusiform gyrus 6 5 26 −56 −12 3.27
Right hippocampus 6 6 32 −20 −12 3.36
Vermis III 43 23 6 −42 −10 3.85

mical atlas”.



Fig. 5. Parametric analysis subsequent memory effects.

Fig. 6. Difference in right hippocampus activation during the separate condition between
below and above chance performers (*p b 0.05). Error bars represent standard error of the
mean.
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stimuli and the imagery period during encoding prompted the covert
rehearsal of an auditory representation), it is difficult to quantify the
possible contribution of the written lyric support that could have
enhanced the activation of the left MTG during both unified and sepa-
rate conditions.

Taken together, the GLM and the parametric analysis highlight the
implication of the basal ganglia, specially the left caudate, and the cere-
bellum bilaterally, in line with our predictions. Moreover, a correlation
was found between memory performance and right pallidum activa-
tion, together with greater activation of the left caudate and right puta-
men for above chance performers as compared to participants that
performed below chance. Thus, the implication of the basal ganglia dur-
ing encoding on the separate condition is consistent both within and
across subjects. This result suggests the involvement of sequencing
and timing networks (Penhune et al., 1998; Nenadic et al., 2003; Ivry
and Spencer, 2004; Tillmann et al., 2008; Callan et al., 2007;
Schwartze et al., 2012) for the binding of auditory information. More-
over, the separate condition showed greater SMEmodulation of activity
as compared to the unified condition in various areas that seem to be-
long to an auditory–motor integration network (Zatorre et al., 2007;
Brown et al., 2004), including the cerebellum, the left insula, left MTG,
left anterior cingulate, right fusiformgyrus, right orbital IFG and, critical-
ly, the right hippocampus. These areas are relevant for the coupling of
perception and action and have been already reported in studies involv-
ing speech and singing (Ackermann and Riecker, 2004; Callan et al.,
2007, Herholz et al., 2012). In particular, we argue that the cerebellum
seems to be crucial to provide a precise timing context (Janata and
Grafton, 2003; Ivry and Spencer, 2004; Callan et al., 2007; Schwartze
et al., 2012) inwhich lyrics andmelodies could be boundwhen present-
ed separately.



343I. Alonso et al. / NeuroImage 127 (2016) 333–345
Although the activation of the right hippocampus found in the GLM
was not significant in the parametric analysis at a robust threshold,
greater activation was found in the right hippocampus during the sepa-
rate condition as compared with the unified condition, in line with our
predictions. The correlation analysis of brain activity and memory per-
formance across participants that performed above chance did not
show any significant correlation. However, a comparison between
above and below chance performers revealed greater activation of the
right hippocampus for above chance performers. This pattern of results
could suggest a threshold memory process for the involvement of the
right hippocampus during encoding on the separate condition. The
greater implication of the hippocampus on the separate condition is in
agreement with similar studies in the visual domain suggesting an in-
creasing involvement of the hippocampus with greater discontiguity
of the elements to bind (Staresina and Davachi, 2009). However, a cru-
cial novelty in our design is that subjectswere asked tobind trial-unique
information, as melodies from every songwere different. Thus, the cog-
nitive demandsmay differ from those in visual studies presenting a lim-
ited number of contexts (i.e. four colors) for possible binding (Staresina
and Davachi, 2009).

This joint evidence suggests the cooperation of the right hippocam-
puswith basal ganglia to achieve the binding of lyrics andmelodies that
are presented separately. The striatum and hippocampus have previ-
ously been found to cooperate via the prefrontal cortex in a variety of
tasks (Seger, 2006), including encoding of words (Sadeh et al., 2011;
for a review see Battaglia et al., 2011), spatial navigation (Brown et al.,
2012; Hartley and Burgess, 2005), sequence learning and consolidation
(Albouy et al., 2008; Kotz et al., 2009; Tubridy and Davachi, 2011;
Schwartze et al., 2012; Albouy et al., 2013; Chan et al., 2013). This
large body of research has challenged the competitive view of hippo-
campal and basal ganglia function, and led to a growingnumber of stud-
ies to also assess mnemonic functions of the striatum for both
procedural and declarative memory (Scimeca and Badre, 2012; Badre
et al., 2014; Censor et al., 2014). The present findings are in agreement
with this new approach, and suggest that, when auditory information
that unfolds over time is involved, the striatum may cooperate with
the hippocampus to achieve encoding.

Parametric analyses further highlight the combined activation of
frontal areas with the cerebello-striatal circuit. This is consistent with
previous studies implicating such a network in the integration of tem-
poral structure and memory content, including processing of durations
(Hälbig et al., 2002; Teki et al., 2012) and subsequent long-term storage
of temporal structure (Schwartze et al., 2012). One possible interpreta-
tion of the greater right IFG activation found during separate as com-
pared to unified condition is that it could reflect inhibition (for a
review see Aron et al., 2004) related to the verbal suppression
(Robinson et al., 2015) of the syllable “la”, which was required to com-
bine the written lyrics with themelody. However, some studies suggest
that the role of the right IFG may not be limited to inhibition (see
Hampshire, 2015), supporting its involvement for the detection of im-
portant cues (Hampshire et al., 2010) and for encoding (Addis and
McAndrews, 2006; Bor et al., 2004). Interestingly, a recent case study
(Herbet et al., 2015) suggests that the direct stimulation of the pars
opercularis of the right IFGmaybe related to themelodically intoned ar-
ticulation of words such as during singing. Although a particular cogni-
tive role of the right IFG remains unclear, laterality differences in the IFG
have been previously reported in a study comparing the perception of
songs to speech sounds (Merrill et al., 2012), which reported right and
left lateralized activations respectively. Despite the fact that in our
study songs were presented in both conditions, one plausible interpre-
tation is that encoding under unified and separate conditions may
have respectively rely more on the verbal (Opitz and Friederici, 2003)
or on the musical structure (Koelsch and Friederici, 2003), resulting in
the laterality differences found in the IFG.

Interestingly, although previous studies have described a particular
role of the posterior STG during song integration (Sammler et al.,
2010; Alonso et al., 2014), our results did not show the involvement
of this area in the separate condition. It is possible that integration ef-
fects found previously in this region may be dependent on the physical
properties of songs that already integrate both components into an au-
ditory signal, and thus are specific to encoding of sung lyrics. Conversely
the profile of activity shown in response to the separate condition may
correspond to a more independent perceptual processing of lyrics and
melodies. Thus, we argue that the binding of song elements presented
separately may have enhanced the involvement of other structures
such as the right hippocampus, left caudate and cerebellum to bridge
the gap between lyrics and melodies and encode an integrated song
representation.

Conclusion

The present study examined the neural substrate underlying the
binding of lyrics and melodies during song encoding. Overall, we ob-
serve involvement of the right hippocampus along with an auditory–
motor network engaged in timing and sequencing processing for bind-
ing lyrics and melodies when they are presented separately. Further-
more, we provide novel evidence that the left IFG is involved in the
binding of verbal andmelodic information that is presented in a unified
song. Although the present study represents a first step to address the
implication of the hippocampus in binding songs, future studies isolat-
ing factors such as number of contexts, salience, semantic content or
rhythmical structure of the songs may contribute to better understand
song encoding. Furthermore, in light of these results, we suggest that
other structures such as the IFG, basal ganglia and the cerebellum are
relevant for binding auditory information. We encourage future studies
to explore the particular role of these brain structures in more detail to
complete our understanding of binding auditory information within
and between modalities.
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