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Abstract: To date, the underlying cognitive and neural mechanisms of absolute pitch (AP) have
remained elusive. In the present fMRI study, we investigated verbal and tonal perception and working
memory in musicians with and without absolute pitch. Stimuli were sine wave tones and syllables
(names of the scale tones) presented simultaneously. Participants listened to sequences of five stimuli,
and then rehearsed internally either the syllables or the tones. Finally participants indicated whether a
test stimulus had been presented during the sequence. For an auditory stroop task, half of the tonal
sequences were congruent (frequencies of tones corresponded to syllables which were the names of
the scale tones) and half were incongruent (frequencies of tones did not correspond to syllables).
Results indicate that first, verbal and tonal perception overlap strongly in the left superior temporal
gyrus/sulcus (STG/STS) in AP musicians only. Second, AP is associated with the categorical percep-
tion of tones. Third, the left STG/STS is activated in AP musicians only for the detection of verbal-
tonal incongruencies in the auditory stroop task. Finally, verbal labelling of tones in AP musicians
seems to be automatic. Overall, a unique feature of AP appears to be the similarity between verbal
and tonal perception. Hum Brain Mapp 00:000-000, 2012.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Absolute pitch (AP) is defined as the ability to identify
any pitch of the Western musical scale without an external
reference tone [Miyazaki, 1988; Takeuchi and Hulse, 1993].
To date, the underlying cognitive and neural mechanisms
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of AP have remained elusive. Although AP is a rare abil-
ity, understanding the underlying processes is fundamen-
tal because AP can serve as a model to understand how
very special abilities are represented in the brain [Zatorre,
2003] and to investigate general human perceptual and
mnemonic processes in the auditory domain [Bermudez
and Zatorre, 2009]. Different hypotheses have been put
forward to explain AP, for example, categorical percep-
tion/processing of pitch information [Rakowski, 1993; Sie-
gel, 1974], the association of tones with verbal labels
[Siegel, 1974], the wuse of multiple coding strategies
[Zatorre and Beckett, 1989], and the assumption of internal
templates of tones which decrease the working memory
(WM) load for tonal material [Hantz et al., 1992; Klein
et al., 1984; Zatorre et al., 1998]. These different hypotheses
are not necessarily mutually exclusive. Zatorre [2003]
acknowledged the potential complexity of the underlying
mechanisms of AP by ascribing AP to two separable
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cognitive components. He suggested first, that AP posses-
sors perceive and encode tones within very narrow and
fixed pitch categories (first component: perception/encod-
ing), and second, that these categorized pitches are subse-
quently associated with (verbal) labels (associative
memory).

First Component—Perception/Encoding

Several studies [Rakowski, 1993; Siegel, 1974] suggested
that AP musicians perceive tones categorically, in contrast
to individuals without AP. In line with this hypothesis,
neurophysiological differences were observed between AP
and non-AP musicians during the perception of tones
[Hirata et al., 1999; Itoh et al., 2005, Wu et al., 2008], sug-
gesting that perception and early auditory encoding of
tones might rely on different processes in AP compared to
non-AP musicians. Using fMRI, Schulze et al. [2009]
observed a stronger activation of the left superior temporal
sulcus (STS) in AP musicians compared to non-AP musi-
cians during tone perception. Independent of the ability of
AP, an increased activation of the STS is typically found
when the perception of speech is compared with the per-
ception of non-speech in humans [Binder et al.,, 2000;
Dehaene-Lambertz et al., 2005; Jancke et al., 2002; Lieben-
thal et al., 2005; Specht et al., 2005]. This difference is pre-
sumably due to a categorical (e.g., speech) versus a non-
categorical (e.g., non-speech) perception, which involves
the STS and/or the superior temporal gyrus [STG; Leech
et al., 2009; Liebenthal et al., 2005; Luo et al., 2005; Motto-
nen et al., 2006]. Therefore, the stronger activation of the
left STS in AP compared to non-AP musicians during
pitch perception indicates a more categorical perception in
AP musicians [Bermudez and Zatorre, 2009; Schulze et al.,
2009]. That is, the neural correlates subserving verbal and
tonal perception might show a larger overlap in musicians
with than without AP.

At a structural brain level, it has been suggested that AP
is associated with an increased leftward planum temporale
asymmetry [Keenan et al, 2001; Luders et al, 2004;
Schlaug et al.,, 1995; Zatorre et al., 1998]; however, these
results remain inconsistent [see Bermudez et al., 2009].
Other studies also indicated that AP musicians show a
changed connectivity in the temporal lobe [Loui et al.,
2010; Oechslin, Imfeld et al., 2009]. Therefore, accumulat-
ing data indicate that AP is associated with both structural
[Keenan et al., 2001; Loui et al., 2010; Luders et al., 2004;
Oechslin, Imfeld et al., 2009; Schlaug et al., 1995; Zatorre
et al., 1998] and functional [Ohnishi et al., 2001; Schulze
et al., 2009] modifications in the temporal lobe.

Second Component—Associative Memory

The association of tones with verbal labels [Siegel, 1974;
Takeuchi and Hulse, 1993] or multiple codes [Zatorre and
Beckett, 1989] has been suggested to play a role in AP and

is thought to be reflected functionally and anatomically in
the posterior dorsal frontal region [Bermudez et al., 2009;
Bermudez and Zatorre, 2005; Zatorre et al., 1998]. In the
search for the underlying cognitive neural substrate of AP,
short-term memory and working memory had also been
investigated. Event-related potential (ERP) studies indicate
that AP musicians may not, or to a lesser degree, require a
WM update during a pitch memory task compared with
non-AP musicians [Hantz et al.,, 1992; Itoh et al., 2005;
Klein et al., 1984; Wayman et al., 1992; but see also Hirose
et al., 2002], because internal templates facilitate memory
for tones [Zatorre, 2003]. These findings were corroborated
by fMRI results showing more activation in the right pari-
etal lobe (superior parietal lobule/intraparietal sulcus;
SPL/IPS) in non-AP compared to AP musicians during a
pitch WM task [Schulze et al., 2009], an area known to be
involved in WM [Baddeley, 2003; Schulze et al., 2011a].

To acknowledge potential differences between encod-
ing/perception and WM [Bermudez and Zatorre, 2009;
Schulze et al., 2009; Zatorre, 2003] we investigated these
processes separately in the present fMRI study. Tonal and
verbal perception and WM rehearsal were compared
between AP musicians and non-AP musicians, to our
knowledge for the first time. If, as suggested, verbal and
tonal perception are more similar in musicians with than
without AP [Schulze et al., 2009], then a difference should
be observed in the left STS in non-AP musicians when
comparing verbal versus tonal perception, but not in the
AP musicians. During tonal WM stronger activation of
classical WM areas (Broca’s area, left premotor cortex, left
parietal lobe, and cerebellum) in non-AP musicians, com-
pared to AP musicians [Schulze et al., 2009] was expected.

Auditory Stroop Task

Miyazaki [2004] conducted an ‘auditory stroop” experi-
ment by presenting AP musicians with congruent (sung
tone name and frequency of sung tone name were the
same) and incongruent auditory stimuli (sung tone name
and frequency of sung tone name were different). Partici-
pants were asked to repeat the syllables, ignoring the
pitch. The results showed longer reaction times for incon-
gruent than congruent stimuli, supporting the notion that
verbal labeling of tones is automatic for AP musicians and
difficult to suppress, even if disadvantageous. These
results were replicated by Itoh et al. [2005], who in addi-
tion demonstrated that a left posterior temporal negativity
in AP possessors (“AP negativity”) with a latency of 150
ms was modulated by the incongruency during a listening
and pitch-naming task. In the present experiment we
investigated the neural correlates of perception and WM
of congruent and incongruent sequences in musicians with
and without AP. In contrast to non-AP musicians, AP
musicians were expected to show a superior WM perform-
ance for the congruent compared to the incongruent stim-
uli [Itoh et al, 2005; Miyazaki, 2004; Siegel, 1974].
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Performance of AP and non-AP musicians in two AP tests
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Figure 1.
Performance in two AP test for AP and non-AP musicians.
Chance level was 25% (answers within one semitone of the pre-
sented pitch were regarded as a correct answer; see Materials
and Methods).

Furthermore, areas in the left temporal lobe [Itoh et al.,
2005] were hypothesized to show a difference in AP, but
not in non-AP, musicians between the perception of con-
gruent and incongruent sequences.

MATERIALS AND METHODS

Stimuli, procedure, and scanning paradigm have been
employed by our group in previous experiments [Schulze
et al., 2011a,b].

Participants

AP and non-AP musicians were recruited from the
“University of Music and Theatre Mendelsohn Bartholdy”
in Leipzig. Eight musicians (three males) were assigned to
the AP group after performing two AP tests (see below).
Within the AP group mean age was 25.4 years (SD = 4.57;
range: 21-33). AP musicians had started their musical
training at an average age of 5.94 years (SD = 0.86 years)
and their AP ability was discovered on average when they
were 9 years old (SD = 5.32). Seven of the AP musicians
were not native German speakers, but they studied in Ger-
many and spoke German fluently (and, as can be seen in
the results, no difference in the verbal WM task was
observed between AP and non-AP musicians). Eight right-
handed (three males) professional musicians without AP
were chosen from a pool of 16 musicians that had taken
part in previous experiments [Schulze et al., 2011a,b] to
match the AP group for age and gender. Within the non-
AP group mean age was 24.8 years (SD = 2.00; range: 22—
27). Non-AP musicians had started their musical training
at an average age of 6.38 years (SD = 0.92 years). Two par-
ticipants, who were not native speakers of German (one
male, both spoke German fluently), were included in the
group of non-AP musicians. Eight non-AP musicians and

six AP musicians were right-handed according to the
Edinburgh Handedness Inventory [Oldfield, 1971]; mean
lateralization quotient was 95% for non-AP musicians, and
56% for AP musicians, with no significant difference
between the two groups (Mann-Whitney test: P = 0.33).
An independent-samples t-test showed no difference
between AP and non-AP musicians for the age of musical
commencement (t14 = 0.98, P = 0.34). The study was
approved by the local ethics committee of the University
of Leipzig, and conducted in accordance with the Declara-
tion of Helsinki.

AP Testing

AP was confirmed using two established AP tests
[Keenan et al., 2001; Schulze et al., 2009] in which partici-
pants had to name sine wave tones (duration of each tone
= 500 ms). The first AP test consisted of 13 tones, ranging
from F#4 (370 Hz) to F#5 (740 Hz). Each tone was pre-
sented four times, resulting in 52 sine wave tones. The sec-
ond AP test consisted of 12 sine wave tones which were
presented four times, resulting in 48 tones to name. The
tones in this AP test ranged from C2 (65 Hz) to G5 (1568
Hz). In accordance with previous studies [Keenan et al.,
2001; Loui et al., 2010; Miyazaki, 1988; Takeuchi and
Hulse, 1993; Ward and Burns, 1982; Wynn, 1992, 1993]
answers within one semitone of the presented pitch were
regarded as correct answers, that is, the chance level of
correct responses was 25%. Participants were instructed to
respond as fast and as accurately as possible. Both AP and
non-AP musicians performed the AP test. As shown in
Figure 1, AP musicians performed significantly better than
chance (P > 0.001) in both AP tests. They gave 92% (SEM
= 22%) in the first and 82% (SEM = 5.6%) correct
responses in the second AP test. Non-AP musicians per-
formed at chance level in both test (P > 0.45 for both). AP
musicians responded on average within 1416 ms (SEM =
453 ms) in the first, and 2024 ms (SEM = 902 ms) in the
second test (reaction times were measured with regard to
the offset of the tone that had to be named).

To investigate the ability of participants to name the
tones in more detail, they were given an AP questionnaire.
Participants indicated in this AP questionnaire whether
they could name some tones played by their instrument.
Although non-AP musicians performed at chance in the AP
test, six out of the eight non-AP musicians tested indicated
that they can name some tones played by their instrument.

Stimuli

To ensure that activation differences were not due to
different physical properties of the stimuli, we presented
tones and syllables simultaneously. Each auditory stimulus
comprised a spoken syllable and a simultaneously pre-
sented sine wave tone (see Fig. 2), matched for loudness.
The frequencies of the sine wave tones corresponded to
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Figure 2.

Experimental conditions. Verbal and tonal condition: Each audi-
tory stimulus comprised of a spoken syllable and a simultane-
ously presented sine wave tone. The frequencies of the sine
wave tones corresponded to the frequencies of the tones of the
Western chromatic scale. The syllables were the spoken Ger-
man names of the scale tones (e.g., gis [g-sharp], ¢, etc.). Con-
gruent and incongruent condition: In 50% of the sequences the
frequency of the sine wave tones corresponded to the simulta-
neously presented syllables (congruent sequences) and in the
remaining 50% of sequences, the frequency of the sine wave
tones did not correspond to the syllables (incongruent sequen-
ces). Congruent and incongruent conditions were only com-
pared during the tonal condition.

the frequencies of the tones of the Western chromatic scale
(based on A4 = 440 Hz), and ranged from 261 Hz to 523
Hz (C4-C5; one octave), resulting in 13 different tones of
12 pitch classes. The syllables were spoken by a professio-
nal male speaker and were the German names of the scale
tones (e.g., gis [g-sharp], ¢, etc.), resulting in 12 different
syllables (tones with a frequency of 261 Hz and 523 Hz
are both referred to as c). In each experimental trial, five
such stimuli were presented in a sequence. Each stimulus
had duration of 400 ms, with periods of 150 ms of silence
between them, resulting in a sequence length of 2600 ms.

Procedure

There were two tasks, a verbal and a tonal task (see Fig.
2 for illustration). In both tasks, participants listened to
sequences of five auditory stimuli (the sample stimuli
sequence). They were instructed to internally rehearse the
syllables during the verbal task or the tones during the
tonal task for 4200 up to 6200 ms. At the end of each trial
a test stimulus was presented, consisting of the simultane-
ous presentation of one syllable and one sine wave tone,
and participants had to indicate by a button press,
whether the syllable (in the verbal task), or the sine wave
tone (in the tonal task), had already been presented during
the sample stimuli sequence.

Auditory Stroop Task

The syllables were the names of the scale tones. In 50%
of the sequences the frequency of the sine wave tones cor-
responded to the simultaneously presented syllables (con-
gruent sequences) and in the remaining 50% of sequences,
the frequency of the sine wave tones did not correspond
to the syllables (incongruent sequences). Congruent and
incongruent conditions were only compared during the
tones condition (see Fig. 2 for a visualization of examples
for congruent and incongruent sequences). To ensure that,
as in the congruent condition, there would be no differ-
ence between the verbal and tonal “contour” in the incon-
gruent sequences, the verbal and tonal contours were
matched (e.g., verbal sequence (F G A D B) and tonal
sequence (A B C# F# D)).

During a pink noise control condition, participants did
not perform a verbal or tonal WM task: Pink noise was
presented instead of the sample stimuli sequence and the
test stimulus to control for the auditory perceptual input.
Additionally, participants pressed a predefined button af-
ter the end of the sequence to account for the motor
response.

The sequences were presented pseudorandomly in a
blocked design, and participants started either with a
verbal or tonal block (counterbalanced across participants
and groups) for a total of 10 blocks. Each block consisted
of 16 experimental sequences (+1 sequence), resulting in
160 experimental sequences, 80 presented during the
verbal task, and 80 presented during the tonal task. At the
beginning of each block a visual cue indicated whether the
WM task for the next block was the verbal or tonal task.
In each block, three pink noise control sequences (+1
sequence) were presented additionally, resulting in a total
of 30 pink noise control sequences. The blocks and sequen-
ces used were identical for the tone and verbal WM task.
Participants were repeatedly instructed not to sing or hum
aloud during the scanning session.

Behavioral Data Analysis

Performance data (as percentage of correct responses)
were analyzed with the SPSS v.16 statistical software pack-
age (SPSS, Chicago, IL). If the data were normally distrib-
uted (Shapiro-Wilk test) ANOVAs and t-tests were used to
analyze within-participant and between-participant differ-
ences, respectively. If the data were not normally distrib-
uted non-parametric test equivalents were used (Wilcoxon
tests and Mann-Whitney U tests).

Scanning Paradigm

The scanning paradigm was a modified version of the
sparse temporal sampling technique [Hall et al., 1999], that
is, auditory stimulation was presented in the absence of
the scanner noise. Two scans per trial were acquired. This
allowed us to scan the hemodynamic response associated
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with (a) the perception/encoding (first scan) and (b) the
rehearsal (second scan) of the sequences. Five different
onsets of the auditory sequence relative to the first scan
were used to allow optimal sampling of the hemodynamic
response associated with the encoding (scans occurred 0,
500, 1000, 1500, or 2000 ms after the auditory presenta-
tion). The rehearsal time differed in length accordingly (re-
hearsal times: 4200, 4700, 5200, 5700, or 6200 ms). The first
scan was associated with perceptual/encoding processes,
and the second scan captured the BOLD response associ-
ated with the WM rehearsal process. This scanning para-
digm, which had been used by our group in previous
experiments [Schulze et al., 2011a,b], enabled us to analyze
data of the first scan (encoding/perception) and second
scan (WM rehearsal) separately.

Data Acquisition

The experiment was carried out on a 3T scanner (Sie-
mens TRIO, Erlangen). Before each functional session, an
anatomical reference data set was acquired for each partic-
ipant, which was standardized to the Talairach stereotactic
space [Talairach and Tournoux, 1988]. A bunched gradi-
ent-echo EPI sequence was used with a TE of 30 ms, a flip
angle of 90° and a TR of 6600 ms and an acquisition band-
width of 100 kHz. 24 axial slices were acquired rapidly
within approximately 1600 ms, so that no scanning
occurred during the rest of the TR. The matrix dimensions
were 64 x 64 with a field of view (FOV) of 192 mm, result-
ing in a voxel size of 3 x 3, slice thickness of 4 mm, and
an interslice gap of 1 mm.

Data Analysis

Pre-processing, statistical analysis and visualization of
the fMRI data were performed with the software package
LIPSIA [Lohmann et al., 2001]. An offline motion correc-
tion was performed on the functional images, using the
Siemens motion correction protocol. Thereafter, functional
slices were aligned to a 3D stereotactic coordinate refer-
ence system. The registration parameters were acquired to
achieve an optimal match between the functional slices
and the individual 3D reference dataset, which was stand-
ardized to the Talairach stereotactic space [Talairach and
Tournoux, 1988]. In addition to this linear transformation,
a non-linear registration was performed between the ana-
tomical 3D datasets of the group [Thirion, 1998], and the
resulting deformation fields were applied to the associated
functional datasets. In the last step of pre-processing, the
data were smoothed with a Gaussian filter of 8-mm full
width at half maximum. The statistical evaluation was
based on the general linear model [Friston et al., 1998].
Contrast images were generated by computing differences
between the parameter estimates (e.g., between the tonal
and the verbal condition). To restrict the statistical analysis
to relevant voxels inside the brain, a mask was applied to

eliminate data from outside the brain and in the ventricu-
lar system. In addition, contrast images showing differen-
ces between AP and non-AP musicians for the verbal-
tonal perception were restricted to the left hemisphere
according to our hypothesis [see Introduction, and Hirata
et al., 1999; Itoh et al.,, 2005; Loui et al., 2010; Oechslin,
Imfeld et al., 2009; Schulze et al., 2009; Wilson et al., 2009].

Contrast images were entered into a second-level ran-
dom effects analysis. One-sample t-tests were performed
to evaluate whether observed differences were signifi-
cantly different from zero. To protect against false-positive
activation, the results were corrected for multiple compari-
sons by the use of cluster-size and cluster-value thresholds
obtained by Monte Carlo simulations with a significance
level of P < 0.05 [Lohmann et al.,, 2008]. Clusters were
obtained with a voxel-wise threshold of P < 0.005 and an
extent threshold of 10 voxels [Forman et al., 1995].

The activation differences between verbal and tonal per-
ception; verbal and tonal rehearsal; incongruent and congru-
ent perception; and incongruent and congruent rehearsal
were compared between AP and non-AP groups using inter-
action contrasts (group x condition). Significant activation
differences observed in these interaction contrasts were then
further investigated with within-group comparisons (verbal
vs. tonal perception, verbal vs. tonal rehearsal, incongruent
vs. congruent perception, and incongruent vs. congruent re-
hearsal were compared in AP and non-AP musicians sepa-
rately) and with between-group comparisons (congruent
perception, congruent rehearsal, incongruent perception,
incongruent rehearsal, verbal perception, verbal rehearsal,
tonal perception, and tonal rehearsal were compared
between AP and non-AP musicians). Therefore, within- and
between-group analyses were reported in regions showing a
significant (group x condition) interaction.

RESULTS

Performance data for both groups is visualized in Figure
3. Performance of AP musicians in the tonal task was signifi-
cantly better compared to the non-AP musicians (t14 = 2.64,
P = 0.02). In the verbal task, performance did not differ
between groups (Z = 0.21; P = 0.83). Significant differences
between groups were observed for the congruent condition
(Z =2.7; P = 0.007), but not for the incongruent condition
(Z =1.1; P = 0.268; Bonferroni corrected alpha for multiple
comparisons: P < 0.025). Within-participant differences
between the congruent and the incongruent condition were
neither observed for the AP musicians (Z = 1.28; P = 0.202)
nor for the non-AP musicians (Z = 0.49; P = 0.622).

An ANOVA with within-participant factor Material
(congruent/incongruent) and between-participant factor
AP (AP and non-AP) was used to analyse reaction times.
This analysis showed no main effect of Material (F114 =
0.055, P = 0.82) or AP (F;14 = 0.11, P = 0.75), and no
Material*AP Interaction (F 14 = 2.40, P = 0.14).
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Correct responses (in %) for incongruent and congruent
sequences in AP and non-AP musicians
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Figure 3.
WM performance (in % correct responses) for AP and non-AP musi-
cians presented as a function of sequence type (congruent/incongru-
ent)—error bars indicate the standard error of mean (SEM).

fMRI Data

Significant activation differences observed in the interac-
tion contrasts were further investigated with within-group
and with between-group comparisons (see Materials and
Methods). Activations are listed in Table I and are shown
in Figure 4 (a complete list of activation differences
between and within groups for all conditions is provided
in the Supporting Information Table I).

Verbal Versus Tonal Perception and Rehearsal

The statistical analysis for the contrast showing differ-
ences between AP and non-AP musicians for the verbal-
tonal perception was restricted to the left hemisphere (see
Methods). AP musicians showed stronger activation of
the left middle occipital gyrus (BA 19) during verbal
compared to tonal perception. In non-AP musicians an
increased BOLD response was observed in the left ante-
rior STG/STS (BA 22/38) and in the left lingual gyrus
(BA 18) during verbal compared to tonal perception (see
Fig. 4). Neither for AP musicians nor for non-AP musi-
cians, we observed stronger activation for tonal percep-
tion when compared to verbal perception. Furthermore,
for both groups, no functional differences between the
verbal and the tonal condition were observed during
rehearsal.

Incongruent Versus Congruent Perception and
Rehearsal

The superior frontal gyrus (SFG; BA 10) bilaterally, the
anterior and middle portion of the left STG/STS (BA 22),
and the right postcentral gyrus (BA 43) exhibited stronger

activation during incongruent compared to congruent per-
ception in AP musicians (see Fig. 4).

No structure showed an increased BOLD response dur-
ing congruent compared to incongruent perception in AP
musicians.

In contrast to AP musicians, who showed stronger acti-
vation only during incongruent compared to congruent
perception (but not vice versa), non-AP musicians exhib-
ited stronger activations only for congruent compared to
incongruent perception.

The left supramarginal gyrus/STG (BA 40/41), the right
lingual/fusiform gyrus (BA 19/37), the cuneus (BA 18/19)
and the cerebellum bilaterally showed increased activation
for the perception of the congruent compared to the incon-
gruent sequences in non-AP musicians.

For both groups, no functional differences were
observed comparing congruent and incongruent rehearsal.

Tonal Perception and WM Between AP and
Non-AP Musicians

The comparison of tonal perception and WM between
AP and non-AP musicians was of interest in the present
study because a stronger activation of the left STG/STS
was expected [Schulze et al, 2009], but no differences
were observed. The complete list of activation differences
between and within groups for all conditions is provided
in the Supporting Information Table I.

DISCUSSION
Behavioral Data

A better performance for the congruent, but not the
incongruent sequences was observed for the AP musi-
cians compared to the non-AP musicians. Our behavioral
results therefore indicate that the verbal labelling of the
tones in AP musicians is at least partly automatic, even if
this is disadvantageous. Thus, these results corroborate
findings by Miyazaki [2004] and Itoh et al. [2005]. Over-
all, AP musicians showed a better performance for tone
sequences (incongruent and congruent together) than
non-AP musicians, a result which is consistent with the
literature [Siegel, 1974; Zatorre et al., 1998]. Furthermore,
our data did not show a difference between musicians
with and without AP for the verbal sequences, indicating
that AP musicians do not simply have a better WM
capacity.

fMRI Data

As hypothesized, we observed a stronger BOLD
response in the left STG/STS during verbal perception
compared to tonal perception in non-AP musicians, but
not AP musicians. This result is in accordance with a
study [Schulze et al, 2009] that showed a stronger
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Verbal - Tonal

A

Interaction: verbal - tonal perception

AP vs. non-AP musicians

B

Stronger activation of verbal than tonal perception
non-AP musicians

Auditory Stroop

Interaction: incongruent - congruent peroeption
AP vs. non-AP musicians

Stronger activation of incongruent than
congruent perception

AP musicians

Figure 4.

Significant differences are shown with blue (A) or red/yellow
(B-D) color-coding using a cluster threshold of P < 0.05, cor-
rected. A — Interaction contrast: difference verbal—tonal was
compared between AP and non-AP musicians. B — Stronger acti-
vation of left STG/STS during verbal compared to tonal percep-

involvement of the left STS in AP musicians during the
perception of tone stimuli, compared to non-AP musicians.
This finding is taken here to reflect a more categorical per-
ception in AP musicians based on the following considera-
tions. Humans show a stronger activation of the left
anterior and mid-portion of the STG/STS during the per-
ception of verbal material compared to tones [Binder et al.,
2000; Liebenthal et al., 2005]. This structure appears to be
important in phonemic perception and categorical percep-
tion. A more posterior activation of the left STG/STS
exhibited stronger activation after a training in which par-
ticipants learned to perceive stimuli as intelligible speech,
compared to a pre-training condition in which the same
stimuli could not be understood [Desai et al., 2008; Leech
et al., 2009; Mottonen et al., 2006]. Furthermore, Scott and
colleagues [e.g., Scott et al., 2000, 2006] demonstrated that
the perception of intelligible speech, contrasted against the
perception of noise-vocoded speech (that contained some
phonetic information), elicited activations in the left ante-
rior STS. Results by Dick et al. [2010] suggest that the left
posterior STS region is involved in the categorization of
auditory information that is relevant for behavior. This
conclusion is based on an increased activation of the left

tion in non-AP musicians. C — Interaction contrast: difference
incongruent — congruent perception has been compared
between AP and non-AP musicians. D — Stronger activation of
left STG/STS during incongruent compared to congruent per-
ception in AP musicians.

posterior STS in violinists (compared to non-violinists)
during listening to music, a region that is typically associ-
ated with the analysis of speech.

Because the neural correlates underlying verbal and
tonal perception have, to our knowledge, never been com-
pared between AP and non-AP musicians before, our
study reports for the first time that this well-known
verbal-tonal difference in the left STG/STS is not observed
in AP possessors. Thus, our findings indicate that verbal
and tonal perception strongly overlap in the left STG/STS
in AP musicians, but not in non-AP musicians. This cor-
roborates and extends findings by previous studies:
Schulze et al. [2009] reported a stronger activation of the
left STS in AP musicians compared to non-AP musicians
during tonal perception. However, the activation observed
in the present study is more anterior than the activation
reported in the previous study [Schulze et al., 2009]. This
discrepancy is presumably due to two aspects. First, all
tones in the present experiment—in contrast to Schulze
et al. [2009]—corresponded to the frequencies of the tones
of the Western musical scale and second, the reported con-
trasts. While Schulze et al. [2009] compared only tonal per-
ception between AP and non-AP musicians, the present
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study included a verbal condition. In contrast to Schulze
et al. [2009], no difference in the left STS was observed in
the present study when comparing tonal perception
between AP and non-AP musicians. This might be due to
the smaller group size in the present study. In another
study speed and accuracy during a pitch naming task in
AP musicians was associated with activation in the left
posterior STG [Wilson et al., 2009] and the authors sug-
gested that this finding points to a neurobiological basis of
an AP template in the temporal lobe. These functional dif-
ferences [Schulze et al., 2009; Wilson et al., 2009] were sup-
ported by anatomical differences between musicians with
and without AP: Loui et al. [2010] showed that individuals
with AP possess enhanced white matter connectivity
between STG and MTG, a neural correlate that might
underlie the modified perception in AP musicians. Fur-
thermore, whereas Oechslin, Meyer et al. [2009] observed
that the ability of AP is associated with different func-
tional responses to verbal material in the temporal lobe,
we did not observe differences in the temporal lobe
between both groups during the verbal task.

To summarize, the observed overlap between verbal
and tonal perception in the left STG/STS associated with
AP suggests a categorical perception of tones in AP musi-
cians, comparable to verbal perception. Thus, the findings
reported here support the assumption that AP already
influences perception [Zatorre, 2003].

The second main result is that incongruent sequences
elicited an increased BOLD response in the left anterior
STG/STS in AP musicians, but not in non-AP musicians,
in a similar region that was more strongly involved during
verbal compared to tonal perception in non-AP musicians
but not in AP musician. This indicates that the anterior
STG/STS is involved in detecting the incongruencies
between tones and tone-names. As already discussed
above, the middle portion of the STS is involved in phone-
mic processing [e.g., Binder et al., 2000; Liebenthal et al.,
2005; Scott et al., 2000, 2006], categorical perception [Lie-
benthal et al., 2005], and processing of intelligible verbal
material [e.g., Scott et al., 2000, 2006].

Itoh et al. [2005] conducted an EEG study to investigate
the auditory stroop effect in AP and non-AP musicians.
They observed an ‘AP negativity” (maximal over left poste-
rior STG regions, with a peak latency of 150 ms), which
was elicited during both listening and pitch-naming condi-
tions. Notably, this effect was modulated by stimulus
incongruency, and the amplitude of this effect was signifi-
cantly smaller for incongruent compared to congruent
stimuli. Our results together with previous EEG studies
[Hirata et al., 1999; Itoh et al., 2005; Wu et al., 2008] cor-
roborate the notion that AP affects tone processing as early
as during perception. Furthermore, the present fMRI study
revealed that the left STG/STS in AP musicians might
underlie the perception of incongruency during an audi-
tory stroop task.

In addition, AP musicians, but not non-AP musicians,
showed an increased activation of the superior frontal

gyrus (SFG; BA 10), also termed frontopolar cortex, during
the perception of incongruent sequences compared to con-
gruent sequences. The frontopolar cortex is known to be
involved in a multitude of higher-level cognitive tasks [for
an overview see Koechlin and Hyafil, 2007], for example
in (i) decision making, especially during more unstruc-
tured situations, (ii) the exploration and selection of all
possible options and switching back and forth between
alternatives, and (iii) solving several internal tasks and
integrating their results. Thus, our data indicate that for
the AP musicians the incongruent condition increased the
cognitive demand in terms of attention, working memory
and multitasking, presumably due to the internal discrep-
ancy of the stimuli [for an overview see Gilbert et al.,
2006]. The functional difference, that is, a stronger involve-
ment of the frontopolar cortex during the perception of
incongruent compared to congruent sequences, together
with the behavioral result of a tendency towards a better
performance for congruent compared to incongruent
sequences, suggest that the verbal labelling of tones is at
least partly automatic in AP musicians, even if this is
disadvantageous.

Interestingly, even though sine wave tones were used
[which are more difficult to name than tones played by an
instrument; see Takeuchi and Hulse, 1993] and although
we controlled for the contour between tones and tone
names in the incongruent condition (see Materials and
Methods), a difference in brain activation for non-AP
musicians between the incongruent and congruent condi-
tion was observed: The left supramarginal gyrus/STG, the
right lingual/fusiform gyrus, and bilaterally the cuneus
and the cerebellum showed increased activation during
the perception of the congruent compared to the incongru-
ent sequences.

These functional differences in non-AP musicians were
surprising because (i) non-AP musicians did not show a
performance difference between congruent and incongru-
ent sequences and (ii) non-AP musicians’ performed at
chance for the AP tests. However, it has been proposed
that there are latent forms of AP [for an overview see
Vitouch, 2003], which provides a potential explanation for
the observed activation difference between the perception
of congruent and incongruent sequences in non-AP musi-
cians. This interpretation was corroborated by the answers
of the non-AP musicians given for the AP questionnaires:
Six out of the eight non-AP musicians tested indicated that
they can name some tones played by their instrument
(such as the tones of the open strings of a string
instrument).

The supramarginal gyrus and the cerebellum, which
interestingly showed increased activation during the con-
gruent compared to the incongruent sequences in non-AP
musicians, are part of a network underlying verbal and
tonal WM [Gaab et al., 2003; Gaab and Schlaug, 2003;
Hickok et al., 2003; Koelsch et al., 2009; Schulze et al.,
2011a]. Our results indicate that non-AP musicians relied
more strongly on these classical WM regions during the
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congruent compared to the incongruent condition. Activa-
tion in the occipital cortex, which again was more strongly
activated in non-AP musicians during the congruent con-
dition compared to the incongruent condition, has been
observed to be involved in the perception of tones and
melodies [Belin et al., 1999; Platel et al., 1997, Satoh et al.,
2001], and when musicians imagined to play [Meister
et al., 2004] or actually played their instrument [Parsons
et al., 2005]. This suggests, together with our results, that
some form of visual imagery might have played a role
during perceiving congruent, compared to incongruent,
sequences in non-AP musicians. Because this study was
mainly designed to investigate congruent and incongruent
perception and rehearsal in AP musicians, future studies
are needed to investigate how congruency influences per-
ception and rehearsal of pitch information in musicians
without absolute pitch.

It should be noted that the differences observed between
AP and non-AP musicians cannot be due to the fact that
German was not the native language for more of the AP
musicians because: (a) the participants were studying
music in Germany and where fluent German speakers, (b)
we did not observe a behavioral difference in WM for
verbal material between both groups, and (c) no functional
difference in the left STG/STS was observed during verbal
perception between AP and non-AP musicians.

It has been suggested that there are two main auditory
pathways that both project from the auditory cortex
[Hickok and Poeppel, 2007; Rauschecker, 1998; Rau-
schecker and Scott, 2009; Rauschecker and Tian, 2000]: A
dorsal pathway projects into the posterior parietal and
frontal cortex and is thought to be responsible for spatial
processing [Rauschecker and Scott, 2009] and sensorimotor
integration [Hickok and Poeppel, 2007]. A ventral “what”
pathway projects into the anterior temporal cortex and is
involved in the identification of auditory objects [Hickok
and Poeppel, 2007; Rauschecker and Scott, 2009]. Our find-
ing of an absent functional difference between verbal and
tonal perception and the stronger activation of the left
STG/STS during incongruent compared to congruent
sequences in AP musicians suggests that the left anterior
STG/STS (i.e., part of the “what” pathway) is in AP musi-
cians also involved in perceiving (and identifying) tones.

It is assumed that the ability of AP does not only influ-
ence the perception of tones, but also WM for tones. Sev-
eral studies [Hantz et al., 1992; Klein et al., 1984, Wayman
et al., 1992] reported a lack, or a reduction, of the P300-
ERP in AP musicians in a pitch memory task. Because the
P300 is an electrophysiological index for WM processes
[Klein et al., 1984], this was taken to reflect that AP musi-
cians update their WM less frequently (compared to non-
AP musicians) due to internal tone templates [Zatorre
et al., 1998]. Schulze et al. [2009] also observed a stronger
activation of the right SPL/IPS, possibly indicating a stron-
ger involvement of WM related areas in non-AP musicians
compared to non-AP musicians during a WM task for
tones. Therefore, we expected differences for tonal WM

between AP and non-AP musicians in the present study.
However, when comparing tonal or verbal WM between
AP and non-AP musicians, no differences were observed.
Perhaps the functional differences observed during tonal
perception in our study also contributed to a superior per-
formance of AP musicians during the tonal WM task; this
issue remains to be specified.

SUMMARY AND CONCLUSIONS

The data reveal that, in the left STG/STS, neural resour-
ces for verbal and tonal perception overlap more strongly
in AP musicians than in non-AP musicians. Likewise, the
left anterior STG/STS is involved in the detection of incon-
gruent stimuli during an auditory stroop task in AP musi-
cians, but not in non-AP musicians. This is taken to reflect
that perceiving and identifying tones involves the “what”
pathway of the auditory system (of which the anterior
STG/STS is part) in AP musicians. Our results also indi-
cate that first, AP is associated with the categorical percep-
tion of tones; second, the left STG/STS is activated in AP
musicians only for the detection of verbal-tonal incon-
gruencies in the auditory stroop task; and finally, verbal
labelling of tones in AP musicians seems to be automatic.
Overall, a unique feature of AP appears to be the similar-
ity between verbal and tonal perception.
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