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Specialized neural dynamics for verbal and tonal memory: fMRI
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Abstract
Behavioral and neuropsychological studies have suggested that tonal and verbal short-term
memory are supported by specialized neural networks. To date however, neuroimaging investi-
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gations have failed to confirm this hypothesis. In this study, we investigated the hypothesis of
distinct neural resources for tonal and verbal memory by comparing typical nonmusician listeners to individuals with congenital amusia, who exhibit pitch memory impairments with preserved verbal memory. During fMRI, amusics and matched controls performed delayed-matchto-sample tasks with tones and words and perceptual control tasks with the same stimuli. For
tonal maintenance, amusics showed decreased activity in the right auditory cortex, inferior frontal gyrus (IFG) and dorso-lateral-prefrontal cortex (DLPFC). Moreover, they exhibited reduced
right-lateralized functional connectivity between the auditory cortex and the IFG during tonal
encoding and between the IFG and the DLPFC during tonal maintenance. In contrasts, amusics
showed no difference compared with the controls for verbal memory, with activation in the left
IFG and left fronto-temporal connectivity. Critically, we observed a group-by-material interaction in right fronto-temporal regions: while amusics recruited these regions less strongly for
tonal memory than verbal memory, control participants showed the reversed pattern (tonal >
verbal). By benefitting from the rare condition of amusia, our findings suggest specialized cortical systems for tonal and verbal short-term memory in the human brain.
KEYWORDS
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1 | I N T RO D UC T I O N

short-term memory (i.e., words, syllables), neuroimaging studies have
suggested that the cortical networks supporting rehearsal processes

Short-term memory is a cognitive ability allowing for the maintenance

during maintenance are similar to those involved in speech perception

of information for a short period of time (seconds or minutes, see

and production (Buchsbaum & D’Esposito, 2008; Buchsbaum, Olsen,

Baddeley, 2010; Cowan, 2008; D’Esposito, 2007; Logie & D’Esposito,

Koch, & Berman, 2005; Schulze & Koelsch, 2012). This conclusion

2007). Short-term memory is often linked to working memory
(Baddeley, 2010; Cowan, 2008): while short-term memory has been
used to refer to the simple temporary storage of information (maintenance), working memory refers to the maintenance and the simultaneous manipulation of information (Baddeley, 1986; Engle et al.,
1999). In the present study, we focused on short-term memory by
studying the maintenance of tonal and verbal information. For verbal

derives from the observation of activations of left inferior frontal
regions during short-term memory tasks requiring subvocal rehearsal
as the main strategy of maintenance (Awh et al., 1996; Fiez et al.,
1996; Gruber & von Cramon, 2003; Paulesu, Frith, & Frackowiak,
1993; Ravizza, Delgado, Chein, Becker, & Fiez, 2004). Furthermore,
the posterior parietal cortex (PPC), notably the inferior parietal lobule,
and the left planum temporale, are thought to support the temporary

*Both authors contributed equally to this work
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storage of verbal information (Buchsbaum et al., 2005; Buchsbaum &
wileyonlinelibrary.com/journal/hbmhbm
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D’Esposito, 2008; Hickok, Buchsbaum, Humphries, & Muftuler, 2003).

Peretz, & Hyde, 2002; Peretz, 2016; Stewart, 2011; Stewart, von

In addition to the cortical networks supporting rehearsal and passive

Kriegstein, Warren, & Griffiths, 2006; Tillmann, Albouy, & Caclin,

storage, other frontal regions are recruited during verbal short-term

2015; Tillmann, Leveque, Fornoni, Albouy, & Caclin, 2016). Amusics’

memory. Notably, the Dorso-Lateral-Prefrontal-Cortex (DLPFC)

deficits are most pronounced along the pitch dimension, and have

(Curtis & D’Esposito, 2003; D’Esposito, 2007; Logie & D’Esposito,

been traced down to impairments in pitch memory (Albouy, Mattout,

2007; Owen, 2000) has been shown to be involved in the monitoring

et al., 2013; Albouy, Schulze, Caclin, & Tillmann, 2013; Gosselin, Joli-

of information stored in memory (D’Esposito, 2007; Owen, 2000; Pet-

coeur, & Peretz, 2009; Tillmann et al., 2015, 2016; Williamson, McDo-

rides, 1991, 1994).

nald, Deutsch, Griffiths, & Stewart, 2010; Williamson & Stewart,

In contrast to verbal short-term memory, the behavioral and cere-

2010). In contrast, amusics show normal short-term memory abilities

bral correlates of tonal short-term memory have been much less

for verbal material (Tillmann, Schulze, & Foxton, 2009; Williamson &

investigated. Using classic interference tasks, original studies have

Stewart, 2010), and more generally intact speech processing, except

hypothesized that the temporary storage of pitch in tonal memory is

along the pitch dimension (Tillmann et al., 2015). The pitch memory

supported by a specialized subsystem in the brain (Deutsch, 1970,

deficit

is

associated

with

delayed

magnetoencephalographic

1975; Pechmann & Mohr, 1992). Notably, Deutsch’s (1970) described

responses in bilateral IFG and superior temporal gyrus (STG) during

that pitch memory is subject to interference from other pitch informa-

the encoding of melodies and right-lateralized functional anomalies in

tion (tones), but not from verbal information (e.g., numbers). However

the DLPFC and PPC during the maintenance of the melodic informa-

this hypothesis has been challenged, notably by Semal, Demany,

tion in short-term memory (Albouy, Mattout, et al., 2013). These

Ueda, and Halle (1996) who have specified that pitch memory is influ-

results highlight deficits in the pitch perception and memory network

enced more strongly by the proximity of the pitch of the interfering

described in typical individuals (Albouy et al., 2017; Albouy, Baillet, &

sounds than by the verbal versus nonverbal nature of the interfering

Zatorre, 2018; Kumar et al., 2016; Zatorre et al., 1994) and are in

material. Overall, behavioral studies have suggested that tonal short-

agreement with functional and anatomical anomalies observed in the

term memory might recruit cognitive mechanisms that are very similar

amusic brain (see Peretz, 2016 for review). Anatomical abnormalities

to those involved in verbal (i.e., phonological) short-term memory

have been reported in the right IFG, amusics’ brains showing

(Salame & Baddeley, 1989; Schendel & Palmer, 2007; Williamson,

decreased white matter concentration associated with increased gray

Baddeley, & Hitch, 2010).

matter concentration in this region (Albouy, Mattout, et al., 2013;

When investigating the neural correlates of tonal (pitch) memory,

Hyde, Zatorre, Griffiths, Lerch, & Peretz, 2006), and in the right STG

activations involving the inferior frontal gyrus (IFG), the DLPFC and

(Hyde et al., 2007, see also Mandell, Schulze, & Schlaug, 2007 for

the insular cortex, along with the planum temporale, the intra parietal

abnormalities observed in the left hemisphere). The hypothesis of an

sulcus (IPS), the hippocampus, the supramarginal gyrus (SMG), and

abnormal right fronto-temporal pathway in the amusic brain has

cerebellum have been reported (Albouy et al., 2013; Albouy, Mattout,

received support by the observation of reduced fiber connectivity in

Sanchez, Tillmann, & Caclin, 2015; Albouy, Weiss, Baillet, & Zatorre,

the right arcuate fasciculus (Loui, Alsop, & Schlaug, 2009). To relate

2017; Foster, Halpern, & Zatorre, 2013; Foster & Zatorre, 2010; Gaab,

anatomical anomalies to behavioral expressions, functional investiga-

Gaser, Zaehle, Jancke, & Schlaug, 2003; Griffiths, Johnsrude, Dean, &

tions have reported decreased right fronto-temporal connectivity

Green, 1999; Holcomb et al., 1998; Kumar et al., 2016; Zatorre,

between the auditory cortex and right IFG observed during pitch per-

Evans, & Meyer, 1994). While the brain regions involved in pitch

ception (Hyde, Zatorre, & Peretz, 2011), pitch memory (Albouy et al.,

memory are highly comparable to brain regions recruited for the main-

2015), and also bilaterally during resting state (Leveque et al., 2016).

tenance of verbal information, several of these findings reveal more

Overall, behavioral and neuroimaging studies on congenital amusia

strongly right-lateralized activations and thus suggest a potential spe-

suggest that an altered recruitment of right fronto-temporal regions is

cialization of each hemisphere for different materials (Caclin & Till-

linked to amusics’ pitch memory deficits. In contrast, amusics show pre-

mann, 2018; Peretz & Zatorre, 2005; Samson & Zatorre, 1992).

served memory abilities for verbal material thus suggesting a neural

However, when directly comparing the cortical networks involved

separation of the core regions involved in tonal and verbal short-term

in auditory short-term memory for verbal and tonal materials either in

memory. However, this potential neural separation in the amusic brain

nonmusicians or musicians, hemispheric specialization failed to be

has not been investigated with neuroimaging to date.

confirmed (Hickok et al., 2003; Koelsch et al., 2009; Schulze &

To directly test the hypothesis of distinct neural resources for

Koelsch, 2012; Schulze, Zysset, Mueller, Friederici, & Koelsch, 2011).

verbal and tonal memory, we used functional magnetic resonance

Thus, it has been hypothesized that while verbal and tonal information

imaging (fMRI) while amusics and matched controls performed a mem-

recruit similar subparts of more general working memory and short-

ory task and a perception task for either verbal or tonal materials. By

term memory brain networks, these two types of information are not

contrasting memory and perception tasks, we aimed to identify the

necessarily processed in the same way in terms of network dynamics

brain networks specifically related to memory maintenance in each

(Caclin & Tillmann, 2018; Hirel et al., 2017; Peretz & Zatorre, 2005).

group.

A way to explore this hypothesis of distinct neural resources for

Finally, in addition to testing the hypothesis that tonal and verbal

the two materials (verbal, tonal) is to study individuals with congenital

memory maintenance rely on partly distinct brain mechanisms, we

amusia (hereafter amusia), a lifelong disorder of music processing that

investigated amusics’ pitch short-term memory deficits during the

cannot be explained by hearing loss, brain damage, cognitive deficien-

encoding of tonal information, a processing step for which abnormal

cies, and that has not been linked to speech impairments (Ayotte,

brain functioning has been reported (see above). The experiment was
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thus divided into six runs: 4 runs with tonal material (2 runs for tonal

testing sessions with the Montreal Battery of Evaluation of Amusia

encoding, 2 runs for tonal maintenance) and 2 runs with verbal mate-

(MBEA, see Supporting Information Table S1; Peretz et al., 2003). Par-

rial (2 runs for verbal maintenance).

ticipants were considered amusic when they scored below 23 across

Based on previous studies, we expected to observe impaired

the six tasks of the battery (maximum score = 30), the cut-off being

memory performance in amusic participants relative to controls for

two standard deviations below the average of the normal population.

the tone sequences, but not for the verbal sequences (see Tillmann

To evaluate pitch discrimination thresholds (PDT), all participants

et al., 2009). Furthermore, we predicted abnormal fronto-temporal

were tested with a two-alternative forced-choice task using a two-

BOLD activation and connectivity in amusics as compared with con-

down/one-up adaptive staircase procedure (see Tillmann et al., 2009

trols during tonal encoding and maintenance (Albouy et al., 2015;

for details). The average PDT of the amusic group (ranging from 0.13

Albouy, Mattout, et al., 2013; Hyde et al., 2011; Leveque et al., 2016),

to 2.41 semitones) was significantly higher (worse) than that of the

and typical left fronto-temporal activity during verbal memory in both

control group (ranging from 0.05 to 0.67 semitones, see Supporting

amusics and controls.

Information Table S1). In agreement with previous findings (Foxton,

When contrasting verbal maintenance and tonal maintenance in

Dean, Gee, Peretz, & Griffiths, 2004; Tillmann et al., 2016, 2009;

the amusic group, we expected to observe an enhanced recruitment

Whiteford & Oxenham, 2017), we observed a partial overlap in pitch

of the maintenance network for verbal material, as amusics show

discrimination thresholds between amusic and control groups.

altered maintenance of pitch information, but preserved maintenance
of verbal information. This difference should be observed specifically

2.2 | Stimuli

in the right hemisphere, where decreased activity during pitch maintenance has been reported in congenital amusia (Albouy, Schulze, et al.,
2013). Finally, if distinct networks are recruited for tonal and verbal
memory [with a right lateralization for tonal information and left lateralization for verbal information, see Peretz & Zatorre, 2005], the interaction between group and material (control [tonal > verbal]: amusics
[verbal > tonal]) should also highlight this difference in the right
hemisphere.

During fMRI acquisition, participants performed four tasks: a memory
task and a perception task for piano tones, a memory task and a perception task for monosyllabic words (see Figure 1a). As mentioned
above, for the tonal tasks both encoding and maintenance were investigated, whereas for the verbal task only maintenance was investigated (Figure 1c), so there were two times more trials for the tonal
tasks. For all tasks, two sequences (of words or tones) were presented
sequentially and separated by a silent delay. In the memory task, participants were required to indicate whether the two sequences were

2 | MATERIAL AND METHODS

the same or different. In the perception task, they were required to
ignore the first sequence and indicate whether the last two items of

The data were acquired in two different fMRI centers, in Lyon

the second sequence were the same or different. The perception task

(France) and Montreal (Canada), using identical 3 T Philips Achieva

was designed as a control condition: participants listened passively to

scanners, including the same update (R3.2.2), 32-channel head coil,

the same stimuli (i.e., the first sequence) as the one used in the mem-

and imaging parameters. Similar systems were used for stimulus pre-

ory task, but without actively encoding the information in memory. All

sentation (see Section 2.6). All participants were native French

tasks involved two three-sound (words or tones) sequences (S1, S2),

speakers.

separated by a silent maintenance period of 9 s. For both tonal and
verbal materials, each sound had a duration of 250 ms, and the three

2.1 | Participants

sounds were presented successively with an interstimulus-interval
of 0 ms.

Eighteen amusic adults and 18 nonmusician controls matched for gen-

For the tonal material, 120 different three-tone melodies (that

der, age, handedness, years of education, and years of musical instruc-

were used as S1 for the 120 tonal trials, 60 for the memory task,

tion, participated in the study (see details in Supporting Information

60 for the perception task, see below) were created using eight piano

Table S1). The amusic group was composed of 13 participants from

tones differing in pitch height (Cubase software, Steinberg), all belong-

Lyon and 5 from Montreal. The control group was composed of

ing to the key of C Major [C3, D3, E3, F3, G3, A3, B3, and C4, material

14 participants from Lyon and 4 from Montreal. Details about the

from Albouy, Mattout, et al., 2013]. For the verbal material, 60 differ-

groups are presented in supplementary material. All participants had

ent sequences were created using six monosyllabic French words:

right-handed laterality and reported no history of neurological or psy-

toux (/tu/ - cough), loup (/lu/ - wolf ), boue (/bu/ - dirt), mou (/mu/ -

chiatric disease. They gave their written informed consent and

soft), goût (/gu/ - taste), and pou (/pu/ - bug). The words were spoken

received a monetary compensation for their participation. All partici-

by a female voice and the recordings were processed with STRAIGHT

pants were tested with standard audiometry and none of them had

(Kawahara & Irino, 2004) to reach a fixed pitch of 230 Hz for each of

moderate (35 dB) or severe (more than 40 dB) peripheral hearing loss

them (within the range of the piano tones used in the tonal tasks). The

at the frequencies of interest (between 25 and 1,000 Hz). Note how-

sounds were then equalized in loudness using MATLAB software

ever that one amusic participant showed a mild hearing loss at

(material adapted from Tillmann et al., 2009). The words were selected

250 Hz in the right ear (threshold at 30 dB), and one control partici-

from a pool of recorded words judged as intelligible by eight native

pant showed a mild hearing loss in the left ear at 1,000 Hz (threshold

French speakers. For verbal and tonal material, half S1 sequences con-

at 30 dB). All participants had been thoroughly evaluated in previous

tained items repetition (words or tones) in the second and third
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FIGURE 1 (a) Examples of the stimuli used in the memory and perception tasks. (b) Performance of amusic and control groups (white, controls;
red, amusics) in terms of d0 , presented as a function of material (orange, tonal; blue, verbal) and task (M: memory task; P: perception task). Error
bars indicate SEM. (c) Design for the fMRI experiment, the sparse sampling protocol, timeline of events during one trial, and brain activity for all
participants. Left panel: For maintenance runs, the volume acquisition occurred just before the second sequence (at the end of the silent delay),
the acquisition thus starting from 5,500 to 6,000 ms after the end of S1. Sections show brain regions where activation was increased during
maintenance in memory trials (tonal top panel and verbal lower panel) as compared with baseline (silence) in all participants. FDR corrected
p < .05. The comparison between perception trials and baseline did not show any significant cluster. These scans were performed for both tonal
and verbal trials. Right panel: For encoding runs (two runs, tonal material only), acquisition started 3,500–4,000 ms after the end of the S1
sequence. Sections show brain regions where activity was increased during encoding in memory trials (tonal material) as compared with baseline
(silence) and perception trials vs. baseline (silence) in all participants. FDR corrected p < .05. Results are displayed on the single subject T1 image
in the MNI space provided by SPM12 [Color figure can be viewed at wileyonlinelibrary.com]

position of the sequence and the other half did not contain item repe-

selected from the remaining words that were not presented in the

tition within the sequence (Figure 1a).

S1 sequence.

2.3 | Memory tasks
2.4 | Perception tasks
There were 60 memory trials (S1, silence, S2) for tones and 30 memory trials (S1, silence, S2) for words, each set being equally composed

The perception task consisted of 60 trials (S1, silence, S2) for tones

of 50% same and 50% different trials. For different trials, one item of

and 30 trials (S1, silence, S2) for words (see Figure 1a). Trials were

the S2 sequence was different from the S1 sequence (in positions

divided into same and different. Importantly, S1 sequences in percep-

1 to 3, equally distributed across trials). For melodies, this new item

tion trials were not strictly identical to S1 sequence in memory trials,

created a contour-violation in the melody. The pitch interval size

to avoid exact stimulus repetition, but were similar in terms of

between the original tone in S1 and the changed tone in S2 was

melodic contour for the tonal material. Moreover, the perception

above the PDT of all participants and controlled so that there were

and memory trials followed the same constraints in terms of trials

50% of the trials with a medium interval size (of 1.5, 2, and 2.5 tones

characteristics (amount of same and different trials, position of the

in equal proportion) and 50% of trials with a large interval size (of 3,

new element in the different trials, pitch interval of the changed

3.5, and 4 tones). For verbal sequences, the changed word was

tone, etc.).

859

ALBOUY ET AL.

2.5 | Procedure
Amusic and control participants performed the four tasks during fMRI
recording. Presentation software (Neurobehavioral systems, Albany,
CA, USA) was used to run the experiment and to record button
presses. Stimuli were presented via MRI-compatible insert earphones
(NordicNeuroLab, in Lyon and Etymotic Research in Montreal). The level
of sound presentation was set to 70 dB SPL for all participants.
The experiment was divided into six runs of about 9 min each:
4 runs with tonal material (2 runs for tonal encoding, 2 runs for tonal
maintenance) and 2 runs with verbal material (verbal maintenance).
Within a run, memory and perception tasks were presented in blocks
of 15 trials each and the task order was counterbalanced across runs

5,500–6,000 ms after the end of S1 (Figure 1c, upper panel), thereby
decreasing the likelihood of capturing the activity related to the
encoding of the S1 stimulus. In two additional runs, we measured the
activity related to the encoding of the tonal stimuli (Figure 1c lower
panel, with fMRI volumes acquired 3,500–4,000 ms after the end of
S1, that is, at the expected peak of the hemodynamic response for
auditory processing of S1). The encoding scans were performed only
for the tonal material (2 runs) to investigate whether amusics’ altered
responses observed during the encoding of melodies with MEG
(Albouy, Mattout, et al., 2013) could be observed with another imaging method. Note that the maintenance scans were performed for
both verbal and tonal materials (2 runs each).

and participants. At the beginning of each run, 5 trials of silence
served as baseline. Task instructions were presented visually at the

2.7 | Preprocessing

beginning and at the middle of each run. During fMRI acquisition, par-

All image preprocessing was performed using SPM12 (Wellcome Trust

ticipants were asked to keep their eyes closed. When the task chan-

Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm/, London,

ged, participants heard a salient tone burst, looked at the visual

UK). Before preprocessing, all images were checked for artifacts and

instruction on the screen, and closed their eyes again. The runs were

automatically aligned so that the origin of the coordinate system was

separated by 2–3 min of break. Participants were informed about the

located at the anterior commissure. Preprocessing included the

material (tones or words) and the order of the to-be-performed tasks

realignment of functional images and the co-registration of functional

before each run.

and anatomical data. We then performed a spatial normalization

For each trial within a run, participants indicated their answers by

(voxel size, 3 × 3 × 3) of the T1 and the EPI images to the Montreal

pressing one of two keys of a response device with their right hand

Neurological Institute templates provided with SPM12 (MNI T1 tem-

after the end of S2. They had 2 s to respond before the next trial,

plate and EPI template, respectively). Finally, functional images were

which occurred between 2.5 and 3.0 s after the end of S2. In each

spatially smoothed (Gaussian kernel, 5 mm full-width at half-maximum

task, trials were presented in a pseudo-randomized order with the

[FWHM]).

constraint that the same trial type (same or different) could not be
repeated more than three times in a row. Before entering the scanner,

2.8 | fMRI analyses

participants performed 15 practice trials for each task (with simulated
scanner noise) with response feedback. No feedback was given during

Multicenter studies can entrain site-dependent effects in fMRI sensi-

the main experiment.

tivity, notably regarding activation effect sizes. Friedman and Glover
(2006) have suggested that these confounding effects are mainly

2.6 | fMRI design and acquisition parameters

linked to different field strength, hardware, and software used in different centers. In the present study, we used similar hardware, soft-

At the beginning of the MRI session, a high-resolution 3D anatomical

ware, same update versions, fMRI sequences, and head coil in the two

MPRAGE T1-weighted image was acquired for each participant using

MRI centers in order to reduce the risk of scanner site effect. More-

a gradient-echo sequence [160 sagittal slices; time to repetition (TR),

over, note that in order to control for confounding site effects, scan-

2,800 ms; time to echo (TE) 3.8 ms; flip angle (FA), 8 ; matrix size,

ner site (Lyon, Montreal) was modeled as a covariate of noninterest in

240 × 240; field of view (FOV) 240 × 240 mm2; voxel size, 1 ×

all group-level fMRI analyses presented below. Individual contrast

1 × 1 mm3].

maps were first calculated for each participant. A hemodynamic

A gradient-echo EPI pulse sequence was used to measure whole-

response function (HRF) was chosen to model the BOLD response

brain blood oxygenation level-dependent (BOLD) signal (47 axial slices

such that it accounted for the long TR of 14 s (micro time resolution

acquired in ascending sequential order, TR, 14,000 ms; volume acqui-

of 80 ms; micro time onset 1; high-pass filter 360-s). At the first level,

sition, TA = 3,000 ms; TE, 30 ms; FA, 90 ; 3 mm slice thickness; no

for each participant, changes in brain regional responses were esti-

gap; matrix size, 80 × 80 FOV 240 × 240 mm2; voxel size, 3 × 3 ×

mated by a general linear model (Friston et al., 1995) and the following

3

3 mm ). The long TR (14 s including 3 s of image acquisition, TA) is

contrasts were performed for each material: (1) memory versus silence

related to the sparse-sampling paradigm (Figure 1c) that was used to

(the scans acquired at the beginning of each run, without any auditory

maximize task-related BOLD response and minimize auditory masking

stimulation), (2) perception versus silence, and (3) memory versus

due to MRI scanning noise (Belin, Zatorre, Hoge, Evans, & Pike, 1999).

perception.

Auditory events were synchronized with fMRI image volume acquisi-

Contrasts were computed separately for encoding and mainte-

tions at a rate of one image per trial. Within different blocks, we

nance scans (for tonal material). We then analyzed within and

aimed to capture the hemodynamic response associated with two dif-

between-group effects at the second level. Statistical inferences were

ferent processes. First, the activity related to the maintenance of the

performed at a threshold of p < .05 after False Discovery Rate correc-

tonal and verbal stimuli was measured with fMRI volumes acquired

tion for multiple comparisons.
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2.9 | Functional connectivity

ps < .04), but not for verbal tasks (memory and perception, all ps > .98).

Functional connectivity analysis was performed using the CONN-fMRI
toolbox for SPM (http://www.nitrc.org/projects/conn). Temporal correlations were computed between the BOLD signals from seed regions of
interest (ROIs) to all other voxels in the brain. A general linear model
was fitted to analyze BOLD activity of each participant for each condition (without HRF convolution). Data were band-pass filtered
(0.008–0.09 Hz) and nuisance covariates were included to control for
fluctuations in BOLD signal resulting from cerebrospinal fluid, white
matter, and their derivatives. Eight seed ROIs from the FSL Harvard–
Oxford and AAL atlases were selected based on previous studies showing differences between amusics and controls in terms of effective or

For controls, performance was better for tonal material than for verbal
material for the memory task (p < .001), but not for the perception task
(p = .49). For amusics, performance was not significantly different for
the verbal material and the tonal material in both tasks (all ps > .86).
Finally, amusics’ performance in the tonal memory task was positively correlated (Pearson’s) with the MBEA (r[16] = .49 p = .03), but
not with the PDT (r[16] = −.23 p = .37). Additionally, amusics’ performance in the tonal perception task was negatively correlated with the
PDT (r[16] = −.51 p = .03), but not with the MBEA (r[16] = .40
p = .09). None of these correlations were significant in controls (all
ps > .16, see Supporting Information Figure S1).

functional connectivity during tonal perception and memory or at rest
(Albouy et al., 2015; Albouy, Mattout, et al., 2013; Hyde et al., 2011;

3.2 | fMRI

Leveque et al., 2016). Atlas-based seed definition was chosen so that

Five main sets of fMRI analyses were performed on correct trials only

the seed regions encompass the different coordinates of the studies

to investigate brain activity related to correctly performed encoding

reported above. These regions were bilateral Heschl’s Gyri (right,

and maintenance of auditory information.2 The first set aimed to

x = 46, y = −17, z = 10; left, x = −42, y = −19, z = 10), bilateral IFG

define memory-related neural networks by examining brain activa-

(opercular part, right, x = 50, y = 15, z = 21; left, x = −48, y = 13,

tions in all participants when maintaining or encoding auditory mate-

z = 19), bilateral anterior (right, x = 62, y = −2, z = −2; left, x = −54,

rial in memory as compared with silence trials (memory vs. silence;

y = −10, z = −10) and posterior STG (right, x = 62, y = −24, z = 2; left,

maintenance scans for verbal and tonal materials, encoding scans for

x = −58, y = −24, z = 2). Mean activation in these regions was

tonal material). To confirm that the perception task did not recruit

regressed on a voxel-by-voxel basis to determine where activity significantly co-varied with the activity in that seed. Statistical analyses of
correlations between the seeds and cortical areas within the memory
network were performed in two steps: first, by performing the memory
vs. perception contrasts of the correlation values at the first level and,
second, by comparing groups at the second level analysis for each

memory networks, we also computed the perception versus silence
contrasts. To investigate whether these networks are differently
(or similarly) recruited in amusic and control groups, we compared the
groups for each material (brain activations and functional connectivity
metrics) during the maintenance of verbal information (second set),
and of tonal information (third set).

material. Statistical significance was established with a voxel-level
threshold of p < .001 with a cluster-level correction at q-FDR p < .05.

In the fourth set of analyses, we investigated potential differences
between the two types of materials (verbal and tonal) in each group
as well as the interaction between group and task. Finally, in addition
to testing the hypothesis that tonal and verbal memory maintenance

3 | RESULTS

rely on partly distinct brain mechanisms, the fifth set of analysis

3.1 | Short-term memory deficit for tones, but not
for words in congenital amusia

intended to further characterize the cerebral underpinnings of amusics’ pitch short-term memory deficits by investigating brain activations and connectivity metrics during tonal encoding.

Task performance was evaluated using d0 (signal detection theory1).
Behavioral data were analyzed with a 2 × 2 × 2

ANOVA

with group as

between-participant factor, and material (tones, words) and task (mem-

3.3 | Distributed networks supporting encoding and
maintenance of auditory information

ory, perception) as within-participant factors (see Figure 1b). All
assumption were met for the ANOVA (Shapiro–Wilk for normality, all ps >
.08; and Levene’s test for homogeneity of variance, all ps > .16). The
main effect of group was significant (F[1,34] = 11.91, p = .001), with

Figure 1c shows the brain regions where activity was increased for
memory tasks and perception tasks as compared with baseline
(silence) during maintenance (tonal and verbal memory, left panel) and

amusics showing decreased performance in comparison to controls.

encoding (tonal memory, right panel) for all participants. While brain

The main effect of material (F[1,34] = 3.83, p = .05) was significant as

regions related to encoding in memory of tonal material (see Support-

well as the interaction between material and group (F[1,34] = 12.16;

ing Information Table S2) included mainly auditory regions, brain

p = .001). Moreover, the material-by-group-by-task interaction (F

regions related to the maintenance of tonal and verbal materials in

[1,34] = 7.25; p = .01) reached significance. Post-hoc tests (Tukey cor-

memory included bilateral superior- and inferior-frontal regions, in

rected) revealed that amusics’ performance was decreased in compari-

addition to primary and secondary auditory cortices. These analyses

son to controls for the tonal tasks (within and between tasks, all

showed that participants recruited a more distributed network during
maintenance than during the encoding of auditory information for

When necessary for d0 estimation, 0 was replaced by 0.01 for the number of
false alarms, and 1 by 0.99 for the maximum number of hits (Macmillan and
Creelman (1991)).
1

Correct trials: Tonal tasks: controls 90.79%  5.45 (mean  SD), amusics
80.32%  10.17; Verbal tasks controls 83.85%  7.67, amusics 82.88%  7.88.

2
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FIGURE 2

Functional imaging results. (a) Maintenance scans for verbal material (blue squares). Top panel: Memory versus perception for all
participants FDR-corrected p < .05. Scatter plot represents parameter estimates (p.e.) extracted from the left IFG for each group (red: amusics,
white: controls) as a function of behavioral performance in the memory task for words; bottom panel: Seed-to-voxel functional connectivity results
for the contrast memory vs. perception (verbal), all participants. Black dot indicates the seed region in the left anterior STG. (b) Maintenance scans
for tonal material (orange squares). Left panel: Controls versus amusics (memory vs. perception) FDR-corrected p < .05. Scatter plot represents
parameter estimates (p.e.) extracted from the right IFG for the control group (white circles) as a function of their behavioral performance in the
memory task for tones. Right top panel: Amusics versus controls (memory vs. perception). Scatter plot represents parameter estimates (p.e.)
extracted from the left STG for the amusic group (red circles) as a function of their behavioral performance in the memory task for tones. Right
lower panel: Seed-to-voxel functional connectivity results for the contrast controls versus amusics (memory vs. perception tonal). Black dot indicates
the seed region in the right IFG. All results are displayed on the single subject T1 in the MNI space provided by SPM12. The areas of activation are
detailed in Supporting Information Table S2 [Color figure can be viewed at wileyonlinelibrary.com]
memory trials (see also Supporting Information Figure S3 for a direct

temporal connectivity during the maintenance of the verbal

comparison between encoding and maintenance in each participant

sequences in memory trials as compared with perception trials

group separately). Interestingly, the contrast between perception trials

(between the left anterior STG and the left IFG, x = −48; y = 18;

and silence did not reveal any significant cluster for the maintenance

z = 11; t = 4.63 p < .05 FDR-corrected, k = 106 voxels, see Support-

scans. This suggests that the perception task was a proper control

ing Information Table S2, Figure 2a, lower panel).

condition, as it did not involve memory-related brain networks. As

To investigate the cortical networks related to the maintenance

expected, for encoding scans, bilateral auditory regions were recruited

of pitch information in memory, we first pooled all participants

in the perception task, reflecting automatic sound processing during

together in a second level analysis (memory vs. perception contrast).

passive listening. Here below, we investigated whether memory-

This analysis did not reveal any significant cluster. One hypothesis to

related BOLD activity for the memory vs. perception trials differs as a

explain this absence of effect would be that the two groups recruited

function of the group (amusics, controls) and as a function of the type

different networks during memory maintenance, the indices of which

of auditory material (tones, words).

would have been obscured by pooling the participants across groups
(see also Supporting Information Figure S2). To test this hypothesis,

3.4 | Altered brain responses for tones, but not for
words in congenital amusia

we performed group comparisons at the whole brain level.
Group comparisons for the memory vs. perception contrast during tonal maintenance revealed that as compared with controls, amu-

For verbal maintenance, all participants were first pooled together in

sics showed decreased BOLD activity in right superior frontal regions

the second level analysis (Figure 2a) to show that the maintenance of

(including the right DLPFC and IFG), right temporal cortices (Figure 2b

verbal information in memory is supported by activity in the opercular

Left panel), and left IFG (see Supporting Information Table S2). More-

part of the left IFG (x = −40; y = 16; z = 22; t = 4.75; p < .05 FDR-

over, activity in the right IFG was positively correlated with behavioral

corrected; k = 126). Moreover, parameter estimates extracted from

performance in the memory task for tones in controls r(16) = .80,

this region were positively correlated with participants’ behavioral

p < .0001, but not in amusics r(16) = .25, p > .05. Moreover, note that

performance in the memory task for words r(34) = .49, p < .05. Inter-

fMRI activity during tonal maintenance was not correlated to partici-

estingly, group comparisons did not show any significant cluster (see

pants’ pitch discrimination abilities (PDT).

also Supporting Information Figure S2A). Finally, functional connectiv-

Interestingly, the reverse contrast (amusics vs. controls) revealed

ity analysis showed that participants exhibited increased left fronto-

that amusic participants had greater activity in auditory regions (see
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FIGURE 3

Functional imaging results, maintenance scans. (a) Group by material interaction, p < .05 FDR-corrected. Memory vs. perception
contrasts were performed at the first level each material for all participants. (b) Bar plots represent parameter estimates for the difference tonal
minus verbal for significant regions for each group (red, amusics; white, controls). Errors bars represent the SEM [Color figure can be viewed at
wileyonlinelibrary.com]

Supporting Information Table S2) and were showing a negative corre-

show any significant cluster using FDR correction. To highlight the

lation between BOLD activation in the left STG and behavioral perfor-

potential differences between materials, we investigated the inter-

mance in the tonal task r(16) = −.78, p < .001. Amusics are thus

action between group and materials. Interestingly, the Group by

recruiting for tonal maintenance a cortical network involving princi-

Material interaction (Controls: Tones > Words and Amusics: Words

pally sensory regions. This result was confirmed by a supplementary

> Tones, Figure 3, p < .05 FDR-corrected) was significant in the

analysis comparing encoding and maintenance scans in each group

right auditory cortex (x = 48; y = −14; z = 8; t = 4.40, k = 160 vox-

(for the memory vs. perception contrast): while control participants

els) as well as in the right DLPFC (x = 42; y = 18; z = 32; t = 3.90,

recruited different networks for the different processing stages (see

k = 104 voxels) and the right IFG (x = 56; y = 18; z = 22; t = 4.01,

Supporting Information Figure S2), these comparisons were not signif-

k = 31 voxels).

icant in amusic participants.
Finally, functional connectivity analysis showed that, as compared

To further analyze this effect, parameter estimates were
extracted for these regions and the differences between materials

with controls, amusics exhibited decreased connectivity between the

(tonal minus verbal) were analyzed with a 2 × 3

right IFG and the right DLPFC during the maintenance of tonal

region (right auditory cortex, right IFG, right DLPFC) as within-

sequences in memory (x = 24; y = 46; z = 32; t = 4.78 p < .05 FDR-

participant factor, and group (amusics, controls) as between-

corrected, k = 30 voxels, Figure 3b).

participant factor.

ANOVA

with

The main effect of region, F(2,68) = 2.98, p = .06, as well as the

3.5 | Distinct networks for tonal and verbal
maintenance

group by region interaction F(2,68) = 2.88, p = .06 were not significant. Finally, as expected, the main effect of group was significant F
(1,34) = 17.60, p < .001: while amusics showed greater BOLD activa-

In line with previous reports in nonmusician participants (Koelsch

tion in these regions for verbal memory as compared with tonal mem-

et al., 2009; Schulze et al., 2011; Schulze & Koelsch, 2012), the

ory (all ps < .02), controls showed the effect in the opposite direction

contrast between materials (tonal, verbal) in each group did not

(tonal > verbal all ps < .02, see Figure 3).

FIGURE 4

Functional imaging results, encoding scans for tonal material. (a) Memory versus perception for all participants FDR-corrected p < .05.
Results are displayed single subject T1 in the MNI space provided by SPM12. The areas of activation are detailed in Supporting Information
Table S2. Errors bars represent the SEM. (b) Seed to voxel functional connectivity results for the contrast controls > amusics (memory
vs. perception tonal). Black dot indicates the seed region in the right anterior STG [Color figure can be viewed at wileyonlinelibrary.com]
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3.6 | Altered maintenance of tonal information is
associated to altered encoding in congenital amusia
In the final set of analyses, we investigated the cortical networks
related to the encoding of pitch information in memory (memory

in low-level encoding of tones. fMRI analyses of tonal encoding were
in line with this hypothesis, with amusics showing decreased frontotemporal connectivity as compared with controls when they were
actively encoding tones in memory (memory vs. perception).

vs. perception). First, all participants were pooled together in the secinformation in memory (as compared with perception) recruited right-

4.1 | Distributed networks supporting encoding and
maintenance of auditory information

lateralized regions including the IFG, the Rolandic operculum, the

The fMRI results in all participants during the encoding of the tonal

superior temporal sulcus, the hippocampus, and the left superior fron-

memory task (as compared with silence, Figure 1c) revealed a classic

tal, pre-central gyrus and STS (see Supporting Information Table S2

pattern of activity in bilateral auditory and right inferior frontal corti-

and Supporting Information Figure S2). Group comparison did not

ces (see Supporting Information Table S2 and Supporting Information

show any significant cluster.

Figure S2). This activation pattern is in line with recent studies show-

ond level analysis (Figure 4a), which revealed that encoding of pitch

Finally, functional connectivity analysis revealed that amusics showed

ing the role of these regions, together with functional and effective

decreased fronto-temporal connectivity (between the right anterior STG

connectivity between them, in online maintenance and integration of

and right Rolandic operculum/IFG) during the encoding of the tonal

sequential auditory events (Albouy et al., 2015, 2017; Albouy et al.,

sequences in memory (Memory vs. perception contrast, x = 44; y = 0;

2018; Albouy, Mattout, et al., 2013; Foster & Zatorre, 2010; Kumar

z = 6; t = 5.03 p = .019 q-FDR-corrected, k = 52 voxels, Figure 4b).

et al., 2016; Zatorre et al., 1994). In addition to the auditory cortices
and inferior frontal regions, activity emerged in bilateral frontal

4 | DISCUSSION

regions including the DLPFC and IFG during maintenance of tonal and
verbal materials. This finding accords with previous data showing a
strong implication of these regions in the maintenance of information

In the present study, we investigated the cortical networks related to
tonal and verbal short-term memory. Using fMRI, we studied amusics’
and controls’ brain responses associated with (1) the maintenance of
verbal and tonal materials in short-term memory and (2) the encoding
of tonal information. As expected, behavioral results showed that amusic participants exhibited impaired performance as compared with controls for tonal short-term memory, but not for verbal information.
During tonal maintenance (memory as compared with perception), controls recruited auditory, as well as inferior- and superiorfrontal regions (including IFG and DLPFC) and showed increased connectivity between the right IFG and the right DLPFC. Amusics, however, recruited a cortical network that was similar to the one involved
during the encoding of tonal information, encompassing mainly auditory regions. These results confirm the differential role of auditory
regions (sensory regions) and the DLPFC (associative, multimodal

in short-term memory (Logie & D’Esposito, 2007) and more specifically for pitch memory processing (Peretz & Zatorre, 2005; Zatorre
et al., 1994); Finally, it is worth noting that while perception trials
recruit bilateral auditory cortices during encoding, those trials did not
show any significant cluster in comparison to silence for the maintenance. This confirms that participants were not recruiting memory
networks for performing the perception task, which thus can be considered as an appropriate control condition. This assumption also finds
support on the fact that amusics’ PDT were negatively correlated with
their performance in the tonal perception task, but not with the tonal
memory task, thus confirming that the perception task requires mainly
pitch discrimination and not memory processes. In order to investigate
if specific memory networks can be observed for different auditory
materials, we investigated the memory vs. perception contrast for verbal and tonal memory between groups.

region) in low-level encoding and in memory representation (requiring
higher levels of processing), respectively (D’Esposito, 2007; Logie &
D’Esposito, 2007), and suggest that altered recruitment of higher
order cortical areas underpins amusics’ deficits of maintenance of
tonal information.

4.2 | Short-term memory deficit and altered brain
responses for tones, but not for words in congenital
amusia

Interestingly, in contrast, amusics showed brain activations similar

In comparison to controls, amusics’ behavioral performance was unim-

to controls’ activations for the maintenance of verbal material in

paired for verbal material, but was impaired for tonal material

short-term memory, suggesting at least some distinct cortical net-

(Figure 1b) for both memory and perception trials. Regarding memory,

works for tonal and verbal memory. This hypothesis of distinct

this observation agrees with the behavioral data reported by Tillmann

resources was confirmed by a group by material interaction revealing

et al. (2009), who suggested that the short-term memory deficit in

that right fronto-temporal regions were more active in amusics for

congenital amusia might be pitch-specific and not affecting other

verbal than for tonal memory, while the reversed pattern was

memory domains. This is also in line with results showing deficits in

observed in controls. Observing normal recruitment of high-level

tonal short-term memory, but normal memory spans implemented

regions for verbal material in the amusic brain, as well as decreased

with verbal materials such as digits (Albouy, Schulze, et al., 2013; Wil-

representation for tonal material, suggests that tonal and verbal mem-

liamson, McDonald, et al., 2010). Interestingly, controls exhibited bet-

ory are processed with different neural dynamics in the amusic brain.

ter performance for tonal memory in comparison to verbal memory

Moreover, these results suggest that amusics’ deficits in recruiting

(probably benefiting from the contour information in tonal sequences,

high-level regions during tonal memory may be related to their deficit

see Tillmann et al., 2009), while amusics not. Observing similar
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performance between the two groups for verbal information, but

Pfeifer, Krause, & Pollok, 2015). Taking together these various lines of

strongly decreased performance for the tonal information in amusics

evidence and the increased connectivity between the right IFG and

constitutes evidence for the pitch-related short-term memory deficit

the right DLPFC in controls as compared with amusics observed in

in congenital amusia, but not a general short-term memory deficit,

the present study, our data provide further support that the high-level

which would affect verbal memory too.

representations of pitch information (e.g., melodic contour) is sup-

In line with Tillmann et al. (2016), we propose that pitch discrimi-

ported by the DLPFC in interaction with IFG and auditory cortices

nation deficits can be excluded as the sole cause of impaired short-

(Figure 2b, Supporting Information Figure S2). This was confirmed by

term memory performance because: (1) the pitch thresholds of 12 out

a positive correlation between activity in the right IFG and controls’

of 18 amusics were comparable to those of controls (see also Tillmann
et al., 2009), (2) impaired tonal short-term memory was observed in
amusics (in comparison to controls) for pitch changes corresponding
to intervals that were larger than the PDTs of all amusics tested here,
(3) neither amusics’ nor controls’ tonal memory performance was correlated with their PDTs (analysis performed in each group separately,
see Supporting Information Figure S1), and (4) fMRI activity during
tonal maintenance was not correlated to participants’ PDT (for each
group).
To link brain activation to the behavioral expressions of the deficit, we contrasted amusics’ and controls’ BOLD responses during
tonal and verbal maintenance. Group comparison for verbal maintenance did not reveal any significant clusters. Indeed, and as
expected, both amusic and control groups showed greater activation

behavioral performance in the tonal memory task.
In addition to regions in the right hemisphere, amusics showed
decreased activity in the left IFG as compared with controls (Figure 2b
right upper panel). This agrees with previous studies suggesting that
bilateral fronto-temporal pathways support the maintenance of pitch
information (Albouy et al., 2017; Kumar et al., 2016; Zatorre et al.,
1994), as well as a number of working memory studies showing that
the left IFG is implicated in tasks requiring maintenance through articulatory rehearsal processes (Awh et al., 1996; Paulesu et al., 1993).
The present results confirm that the role of the left IFG is not
restricted to phonological working memory, but also extends to the
rehearsal of pitch information (see Koelsch et al., 2009; Kumar
et al., 2016).

in the left IFG during verbal memory as compared with verbal per-

Overall, these results suggest that while controls combined

ception, and activity in this region was positively correlated with par-

rehearsal strategies (involving sensory and inferior frontal regions) and

ticipants’ behavioral performance (Figure 2a). The observation of

high-level working-memory resources (recruiting superior frontal

activity in several parts of the left IFG (pars triangularis and opercu-

regions) to perform tonal maintenance, amusics did not. Interestingly,

laris) for verbal memory is in line with a number of neuroimaging

this interpretation was confirmed by the contrast amusics versus con-

studies that posit a role for subvocal rehearsal mechanisms in verbal

trols, showing that during tonal maintenance, amusics recruit mainly

short-term memory in this region (Gruber & von Cramon, 2003; Pau-

auditory regions (see Supporting Information Table S2, Figure 2b, right

lesu et al., 1993; Ravizza et al., 2004). This result thus supports the

upper panel), while the reversed contrast (controls vs. amusics) reveal

dominant hypothesis suggesting the existence of similarities

right frontal regions including the DLPFC and the IFG. Observing

between the cortical networks for short-term memory for words on

activity in auditory regions in the amusic brain during maintenance

one hand and speech perception and production on the other. More-

could be considered as a marker of maladaptive plasticity, as also sug-

over, functional connectivity between left anterior STG and left IFG

gested by the negative correlation between BOLD activity in left audi-

was increased during verbal memory as compared with verbal per-

tory cortex and behavioral performance for tonal memory in the

ception in both groups, suggesting that short-term memory proces-

amusic group.

sing for verbal material in the amusic brain is preserved and recruits

The fMRI studies have suggested a differential role of superior

similar networks to those observed in controls. Preserved behavioral

frontal and sensory and inferior frontal regions in short-term memory

performance and cerebral activation during verbal short-term memory thus confirm that in congenital amusia, there is not a general
short-term memory deficit.
In contrast to verbal memory, amusics showed altered brain
responses for tonal memory. As compared with controls, they showed
decreased activity in right auditory regions, right IFG and right DLPFC
during tonal maintenance (memory vs. perception contrast, Figure 2b,
left panel). The observation of decreased activity in the right DLPFC is
in agreement with Albouy, Mattout, et al. (2013), whose analysis of
gamma-band activity (measured with MEG) showed that while controls recruited the right DLPFC during the maintenance delay of a
melodic contour task (peak at x = 45, y = 31, z = 25 in Albouy, Matt-

(D’Esposito, 2007; Logie & D’Esposito, 2007; Owen, 2000). It has
been proposed that the sensory and inferior frontal regions play a
general role in memory, notably by triggering active low-level encoding strategies (Owen, 2000). In contrast, superior frontal regions (such
as the DLPFC) have been hypothesized to mediate more complex
types of processing. The DLPFC could be considered as a specialized
region where stimuli or events, previously encoded and maintained in
other association cortical areas, can be re-coded, monitored, and
manipulated (D’Esposito, 2007). Observing that, for tonal material,
amusics recruit mostly brain areas that are typically more strongly
involved in low-level memory processes (encoding), in addition to

out, et al., 2013 and x = 48, y = 34, z = 18 in the present study), amu-

their reduced responses in regions requiring high-level memory mech-

sics did not. The role of the right DLPFC in tonal maintenance is in

anisms (monitoring and manipulation for the DLPFC), let us argue that

line with a recent study showing that the modulation of this region

amusics’ short-term memory deficit is related at least partly to the

with 35 Hz (gamma) transcranial Alternating Current Stimulation caus-

transformation of tonal information into high-level memory represen-

ally improves pitch memory performance in congenital amusia (Schaal,

tation (e.g., computation of pitch contour).
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4.3 | Distinct networks for tonal and verbal
maintenance
Overall, the results described above show comparable cerebral networks in amusics and controls for verbal material, but altered brain
activity in amusics for tonal material. This provides evidence of the
specificity of the short-term memory deficit for pitch in the amusic
brain, and by extension suggests that these mechanisms are inherently
dissociable. This hypothesis was directly addressed by the interaction
between group and materials (tonal, verbal) (Figure 3) highlighting
right temporo-frontal regions. In amusics, the right fronto-temporal
network including high-level (DLPFC) cortical regions were less
strongly recruited during impaired tonal memory than during unimpaired verbal maintenance. This result can reflect impaired use of
working memory networks for tonal memory in the amusic brain, but
could also be interpreted as an over-recruitment of right frontotemporal regions for verbal memory. This result suggests that in order
to achieve normal levels of verbal retention, amusics might compensate with an additional dependence on working memory networks in
the right hemisphere. This potential mechanism of compensatory plasticity constitutes supplementary evidence for the atypical function of
the right fronto-temporal pathway in congenital amusia.
By contrast with amusics, controls recruit the right fronto-

when encoding melodies in memory, as compared with simple perception, amusics showed normal BOLD activity in the ventral auditory
pathway (see Norman-Haignere et al., 2016 for similar conclusion
regarding the auditory cortex). Activity in the hippocampus is in line
with a recent study (Kumar et al., 2016) showing this region is
involved in the analysis of auditory stimuli in real time during encoding, via auditory-hippocampal connections.
In contrast to these fMRI data, MEG data revealed altered
responses in amusics’ fronto-temporal pathway (Albouy, Mattout,
et al., 2013): amusics exhibiting delayed responses (between 20 and
40 ms) in comparison to controls. While these fine temporal differences could be well estimated using the high temporal resolution
imaging technique of MEG, they were not measurable with low temporal resolution imaging methods of the present study (NormanHaignere et al., 2016).
Nevertheless, the present fMRI data congruently demonstrate
that the functional connectivity between the right IFG and the right
anterior STG was decreased in congenital amusia (Figure 4b), even
though the overall level of activity in the right IFG during pitch encoding was comparable between the two groups (Supporting Information
Figure S2). This result is in agreement with anatomical data (Albouy,
Mattout, et al., 2013; Hyde et al., 2006; Hyde et al., 2007; Loui et al.,
2009) and functional data (Albouy, Mattout, et al., 2013; Hyde et al.,

temporal network more for tonal than verbal memory. Based on these

2011; Leveque et al., 2016) showing that abnormalities in the right

results, we can conclude that while controls may use similar networks

IFG as well as impaired functional and effective (backward) connectiv-

for verbal and tonal maintenance, they tend to recruit more right

ity between frontal and auditory regions are linked to amusics’ pitch

lateralized regions for tonal memory. This observation, combined with

encoding deficits, as measured behaviorally (see Tillmann et al., 2016;

the observed unimpaired recruitment of high-level regions in the left

Peretz, 2016 for reviews). Furthermore, these results suggest that the

hemisphere for verbal material in the brains of amusics, as well as

right IFG plays a crucial role in supporting pitch encoding in the typical

decreased recruitment of right-hemispheric structures for tonal mate-

brain.

rial, suggests that tonal and verbal memory may be processed with

Overall the encoding scans confirmed the role of the connectivity

different neural dynamics. This conclusion was confirmed by the later-

between right temporal regions and right IFG in supporting online

alization of functional connectivity effects that were preserved in the

integration of sequential pitch events in short-term memory. The defi-

left hemisphere for verbal memory in the amusic brain, but decreased

cit in low-level encoding of tones in congenital amusia might be the

in the right hemisphere as compared with controls for tonal memory.

“upstream” precursor to the deficit observed later for high-level repre-

Overall, our results confirmed Peretz’s and Zatorre’s hypothesis

sentation during tonal maintenance. This hypothesis is in line with a

(Peretz & Zatorre, 2005) that while verbal and tonal information share

recent study, where increasing the time available to encode pitch

several subparts of more general working memory and short-term

information resulted in preserved tonal maintenance in congenital

memory brain networks, these two types of information are not

amusia (Albouy, Cousineau, Caclin, Tillmann, & Peretz, 2016).

dynamically processed in the same way.

4.4 | Altered maintenance of tonal information is
associated to altered encoding in congenital amusia

5 | CONC LU SION
This study provides evidence for specialized cortical dynamics for

In the present study, in addition to testing the hypothesis that tonal

tonal and verbal short-term memory in the human brain and improves

and verbal memory maintenance rely on partly distinct brain mecha-

our understanding of the neural underpinnings supporting amusics’

nisms (via the comparison of tonal and verbal maintenance in amusics

deficits. The findings confirmed the behavioral memory deficits in

and matched controls, as discussed above), we also intended to fur-

congenital amusia for tonal material and showed that the brain mech-

ther characterize the cerebral underpinnings of amusics’ pitch short-

anisms supporting the maintenance of verbal information seem to be

term memory deficits. Using MEG, amusics’ deficits have been

preserved in this developmental disorder.

reported to start already during pitch encoding (Albouy et al., 2015;
Albouy, Mattout, et al., 2013). Here, fMRI analyses during encoding
revealed that both amusics and controls recruited bilateral temporal
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