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Conditional Associative Memory for Musical Stimuli in
Nonmusicians: Implications for Absolute Pitch
Patrick Bermudez and Robert J. Zatorre
Montréal Neurological Institute, McGill University, Montréal, Québec, Canada H3A 2B4

A previous positron emission tomography (PET) study of musicians with and without absolute pitch put forth the hypothesis that the
posterior dorsolateral prefrontal cortex is involved in the conditional associative aspect of the identification of a pitch. In the work
presented here, we tested this hypothesis by training eight nonmusicians to associate each of four different complex musical sounds
(triad chords) with an arbitrary number in a task designed to have limited analogy to absolute-pitch identification. Each subject underwent a functional magnetic resonance imaging scanning procedure both before and after training. Active condition (identification of
chords)– control condition (amplitude-matched noise bursts) comparisons for the pretraining scan showed no significant activation
maxima. The same comparison for the posttraining scan revealed significant peaks of activation in posterior dorsolateral prefrontal,
ventrolateral prefrontal, and parietal areas. A conjunction analysis was performed to show that the posterior dorsolateral prefrontal
activity in this study is similar to that observed in the aforementioned PET study. We conclude that the posterior dorsolateral prefrontal
cortex is selectively involved in the conditional association aspect of our task, as it is in the attribution of a verbal label to a note by
absolute-pitch musicians.
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Introduction
Absolute or, as it is commonly referred to, perfect pitch is generally defined as the ability to identify the names of musical pitches
without reference to a standard (Bachem, 1937; Ward, 1999).
Although it seems likely that early and intensive musical training
is necessary to develop absolute pitch (AP), these do not seem to
be sufficient conditions, and the factors, genetic or otherwise,
that interact with this training to dispose the individual to the
acquisition of AP are still very much in question (Takeuchi and
Hulse, 1993; Baharloo et al., 1998; Zatorre, 2003). A considerable
amount of research has delved into various behavioral aspects of
AP (Takeuchi and Hulse, 1993; Ward, 1999), but relatively few
studies have investigated its neural correlates (Klein et al., 1984;
Hantz et al., 1992; Wayman et al., 1992; Zatorre et al., 1998;
Keenan et al., 2001). Electrophysiological studies using eventrelated potential techniques (Hantz et al., 1992; Wayman et al.,
1992), for instance, have mainly shown a reduced P300 component among AP musicians in auditory oddball paradigms.
The scientific interest of AP lies in the fact that performing a
relatively simple AP task, such as hearing a note in isolation and
giving its name, represents a fairly well circumscribed complex
cognitive task that can lend insight into various aspects of cognitive processing. We can describe some of the components in the
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chain of processing needed to accomplish an AP task without
understanding how the ability is acquired. In a positron emission
tomography (PET) study by Zatorre et al. (1998), both AP and
non-AP musicians listened passively to single notes and, in a
separate condition, identified ascending or descending major or
minor thirds. Activation in the left posterior dorsolateral frontal
(DLF) cortex for AP possessors when identifying single notes,
and nonpossessors when identifying the interval between two
notes, was hypothesized to be a reflection of the ability to retrieve
an arbitrary conditional association between a stimulus attribute
(pitch or interval value) and a verbal label (note or interval
name). This interpretation is based on an accrual of evidence
from human lesion studies (Petrides, 1990, 1997), monkey lesion
work (Stamm, 1973; Podbros et al., 1980; Petrides, 1986), and
functional brain imaging in healthy individuals (Petrides et al.,
1993b; Owen et al., 1996; Lepage et al., 2003; Boettiger and
D’Esposito, 2005) concerning fine distinctions in the behavioral
roles ascribed to different areas of the DLF cortex. Whereas the
mid-DLF cortex seems to be involved in modality-independent
monitoring of information in working memory, the posterior
DLF cortex seems crucial in the conditional aspect of associations
in which there are competing possible responses to various
stimuli.
The experiment presented here sought to test the post hoc
hypothesis of Zatorre et al. (1998) that the posterior DLF cortex is
involved in the conditional association between an auditory stimulus and an arbitrary label. We designed a task intended to have
limited analogy to AP identification for musically naive subjects
and a functional magnetic resonance imaging (fMRI) protocol to
detect the predicted involvement of the posterior DLF in the
performance of this task.
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Materials and Methods
Subjects. Subjects were eight normal, right-handed volunteers (six
women, two men; mean age, 26.1 years) from the working and studying
environment of the Montreal Neurological Institute (MNI) at McGill
University. None had formal musical knowledge that would allow them
to conventionally label the experimental stimuli or have preexisting associations for them.
Stimuli. Stimuli consisted of minor, augmented, diminished, and major triads constructed with piano timbres on a C4 root and lasting 2 s
each, as well as bursts of white noise with temporal envelopes matched to
the chordal stimuli.
Experimental task and training. Subjects took part in two fMRI scanning sessions, one before and one after training. There were two training
sessions outside the scanner, the first 2 d before and the second 1.5 h
before the posttraining scan. During this training, subjects learned to
associate each of the four chordal stimuli described above with one of
four numbers (1– 4). These chords were presented binaurally through
dynamic headphones in a fixed order, along with their associated numerals appearing on a computer screen (20 trials; five repetitions of each
chord). A recall test was then performed during which the chords were
presented in a randomized order (40 trials; 10 repetitions of each chord).
Subjects responded by identifying the chord with a button press of the
right hand on a custom four-button response box and were given feedback after incorrect responses by hearing the stimulus again and seeing its
associated numeral on the screen. This process of learning and recall was
repeated five times in each of two training sessions.
Scanning. Scanning was performed on a Siemens (Erlangen, Germany)
Vision 1.5 T magnetic resonance imaging scanner using a temporally
sparse volume acquisition (Belin et al., 1999) in a block design. This
entailed two runs of 96 volume acquisitions at 10 s intervals with stimulus
presentations grouped into 80 s blocks. The “on” blocks contained auditory stimulation, either chords or acoustically matched noise bursts,
whereas the “off” intervals served as a silent baseline. The 20 slices comprising the functional volume were acquired 5 s after each stimulus onset.
A T1-weighted three-dimensional volume was acquired for anatomical
localization for each subject [echo time (TE), 9.2 ms; repetition time
(TR), 22 ms; matrix size, 256 ⫻ 256; voxel size, 1 ⫻ 1 ⫻ 1 mm]. A
functional volume was then defined, consisting of 20 contiguous 5-mmthick axial T2* gradient echo-planar images (TE, 50 ms; TR, 10 s; matrix
size, 64 ⫻ 64; voxel size, 5 ⫻ 5 ⫻ 5 mm) aligned in plane with the Sylvian
fissure.
During the active condition of the posttraining fMRI session, subjects
heard one chord every 10 s presented binaurally via pneumatic earphones
and identified it with a button press, as in the recall condition during
training (with the exception of feedback). For the pretraining fMRI session, subjects were instructed to give an arbitrary button press to each
stimulus, because they had not yet acquired the means to respond meaningfully. During the control condition, which served as a basic auditory
stimulation and sensorimotor control, subjects heard the noise stimuli
and gave an arbitrary button press. During silent periods, subjects simply
lay at rest.
Analyses. Blood oxygenation level-dependent (BOLD) images were
motion corrected and spatially smoothed with a 10 mm full-width at
half-maximum Gaussian blurring kernel. Both functional and anatomical images were then linearly transformed into MNI stereotaxic space
(Collins et al., 1994). Statistical analysis of the BOLD data was based on a
general linear model with correlated errors (Worsley et al., 2002). The
following three t statistic subtraction images were generated for both the
pretraining and posttraining fMRI sessions: (1) active condition
(chords) ⫺ control condition (noise), (2) active condition (chords) ⫺
silence condition, and (3) control condition (noise) ⫺ silence condition.
The first of these, chords ⫺ noise, is the subtraction of interest that we
shall dwell on, especially in the comparison between scanning sessions pretraining (S1) and posttraining (S2), therefore, S2chords ⫺ noise
⫺ S1chords ⫺ noise. A minimum threshold for statistical significance for the
subtractions and comparisons between pretraining and posttraining
fMRI sessions was computed according to the random field theory
(Worsley et al., 2002).

Figure 1. Average subject performance on the recall task in training sessions 1 and 2. Error
bars indicate SE.

Additionally, we performed a variant of the conjunction analysis introduced by Price and Friston (1997) to determine which areas of activity
were common to both the contrast of interest in this experiment and the
tone perception condition among AP subjects in the PET experiment of
Zatorre et al. (1998). Briefly, this consists of performing a logical “AND”
operation on all suprathreshold voxels existing in both the t statistic
image of the tones ⫺ noise contrast in AP subjects from Zatorre et al.
(1998) and the t statistic image of the S2chords ⫺ noise ⫺ S1chords ⫺ noise
contrast in this study. This method is simple to implement and interpret
and avoids some problems associated with the method of Price and Friston (1997) (Nichols et al., 2005). The voxel sizes for both t statistic images
are comparable (1.5–2 mm in each dimension), although the reconstruction and analysis of the PET data of Zatorre et al. (1998) used larger
filtering than our fMRI data (18 mm Hanning vs 10 mm Gaussian,
respectively).

Results
Behavioral
The average absolute correlation between stimulus and subject
button-press for the pretraining fMRI session was r ⫽ 0.077 (that
is, essentially random). An ANOVA on the percentage of correct
identification scores from the two training sessions revealed a
significant session ⫻ recall interaction (F ⫽ 5.19; p ⫽ 0.003) (Fig.
1). Subjects showed gradual and significant improvement during
the first training session (first vs fifth recall test; p ⬍ 0.001) and
maintained stable performance throughout the second training
session with an average no different from the highest scores
achieved in the first ( p ⫽ 0.41). Performance of the task during
the posttraining scan was significantly weaker ( p ⬍ 0.0001),
likely attributable to a combination of more difficult performance conditions and relatively poorer sound quality (pneumatic transducers) compared with the laboratory training conditions. Also, whereas the response required of subjects during
training was self-paced, responses not given within 4.5 s in the
scanner were counted as errors. Despite this, in-scanner performance was significantly above chance (mean, 57%; p ⬍ 0.001).
Imaging: contrasts
A statistical threshold of t ⫽ 4.9 was established using the abovedescribed methods. The noise ⫺ silence subtractions of both the
S1 and S2 scans showed activity in primary and secondary auditory cortices related to the perception of the auditory stimuli, as
well as motor and sensory activity related to the right-handed
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Table 1. Maxima for the S2chords ⴚ noise ⴚ S1chords ⴚ noise contrast
Stereotaxic coordinates
(MNI space)
x
Right hemisphere
Middle frontal gyrus (rostral area 8)
Middle frontal gyrus (area 8)
Middle frontal gyrus (area 8)
Medial aspect of superior frontal gyrus
(area 8)
Medial aspect of superior frontal gyrus
(pre-SMA)
Middle frontal gyrus (rostral area 6)
Middle frontal gyrus (rostral area 6)
Mid-ventrolateral frontal (area 47/12)
Mid-ventrolateral frontal (area 47/12)
Angular gyrus (area 7)
Left hemisphere
Middle frontal gyrus (rostral area 8)
Inferior parietal lobe (area 7, near border with 40)
Inferior parietal lobe (area 7, near border with 40 and 39)

y

z

t value

44
38
42

34
18
14

18
32
36

5.13
5.95
5.99

4

26

40

5.18

2
32
36
30
30
34

20
⫺2
⫺2
26
24
⫺56

50
48
58
6
2
48

5.98
5.35
6.26
4.85
4.84
5.80

⫺42

22

22

6.88

⫺32

⫺52

42

5.42

⫺36

⫺52

48

5.25

SMA, Supplementary motor area.

response through the custom four-button response box. The
chords ⫺ noise subtraction for the pretraining fMRI session
(S1chords ⫺ noise) showed no suprathreshold activation other than bilateral minima in the auditory cortices, immediately posterior to
Heschl’s gyrus in the right hemisphere (x ⫽ 44, y ⫽ ⫺26, z ⫽ 14;
t ⫽ ⫺7.64) and more posteriorly in the planum temporale on the
left (x ⫽ ⫺44, y ⫽ ⫺36, z ⫽ 16; t ⫽ ⫺7.62). However, this same
contrast in the posttraining fMRI session (S2chords ⫺ noise) showed
a number of significant peaks, most notably the left and right
posterior DLF cortices (cytoarchitectonic area 8) (Petrides and
Pandya, 1994), right rostral area 6/caudal 8, bilateral midventrolateral frontal activations (area 47/12), and the inferior
parietal lobes bilaterally (areas 7 and 40). We further contrasted
the chords ⫺ noise subtraction between sessions (S2chords ⫺ noise
⫺ S1chords ⫺ noise). This contrast yields essentially the same pattern
of activation as S2chords ⫺ noise alone, and we will therefore focus
on S2chords ⫺ noise ⫺ S1chords ⫺ noise henceforth, with the benefit of
its direct pretraining/posttraining comparison (Table 1). Of note
are the following: (1) a peak centered at the inferior portion of the
left middle frontal gyrus, near the rostral border of area 8 and
partly in the inferior frontal sulcus (Fig. 2a); (2) a band of activity
along area 8 of the right middle frontal gyrus with at least two
separate peaks (Fig. 2b,c); and (3) a peak centered at the junction
of the right posterior middle frontal gyrus, the superior precentral sulcus, and the superior frontal sulcus, corresponding to rostral area 6/caudal 8 (Figs. 2d, 3). The bilateral mid-ventrolateral
activity reported for S2chords ⫺ noise (x ⫽ ⫺36, y ⫽ ⫺54, z ⫽ 50; t ⫽
6.50; x ⫽ 30, y ⫽ 24, z ⫽ 2; t ⫽ 6.41) is just below statistical
threshold in the right hemisphere in the between-session contrast
(x ⫽ 30, y ⫽ 26, z ⫽ 6; t ⫽ 4.85).
Imaging: conjunction
A spatial conjunction between the tones ⫺ noise contrast in AP
subjects from Zatorre et al. (1998) and the S2chords ⫺ noise ⫺
S1chords ⫺ noise contrast of this study shows an area of overlap in
the left middle frontal gyrus, in the rostral portion of area 8 (Fig.
4a). It was noticed that the pattern of frontal lobe activity is
primarily in the left hemisphere in the results of Zatorre et al.
(1998), whereas our activity is more extensive in what seem to be

Figure 2. S2chords ⫺ noise ⫺ S1chords ⫺ noise contrast. The sagittal cuts to the left of the figure
indicate the location of the coronal cuts to the right. a, Inferior portion of the left middle frontal
gyrus, near the rostral border of area 8 and partly in the inferior frontal sulcus. b, c, A band of
activity along area 8 of the right middle frontal gyrus. d, The junction of the right posterior
middle frontal gyrus and superior precentral sulcus, corresponding to rostral area 6/caudal 8.

homologous areas of the right hemisphere. We verified this by
“flipping” our results about x ⫽ 0, thereby effectively creating a
mirror image at the midsagittal line, and proceeded to use this
image in a conjunction operation identical to that described
above. This provides an additional common area more posteriorly and superiorly along area 8 of the middle frontal gyrus (Fig.
4b).

Discussion
In this work, a hypothesis proposed by Zatorre et al. (1998) concerning the involvement of the posterior DLF in the conditional
associative aspect of the note-naming ability of AP musicians was
tested. This was done by having musically naive subjects learn to
discriminate between four types of musical sounds and associate
each to an arbitrary label. The data presented are concordant with
the proposed hypothesis.
Posterior dorsolateral frontal activations
Data from a number of monkey, human lesion, and imaging
studies are converging to suggest that posterior DLF regions cor-
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is no explicit visual involvement in our auditory conditional associative task.
The overlap between our data and
those of Zatorre et al. (1998) in the posterior DLF cortex provides the strength of
converging evidence (Fig. 4). In the task of
Zatorre et al. (1998), a single tone selected
from the range of F #3 to C #5 was presented and covertly named by musicians
with AP. In our task, a chord was identified
by nonmusicians who had learned to associate each of four chords with a number.
Both of these tasks require the association
of a stimulus dimension to an arbitrary label, the creation of an association where no
intrinsic one exists.
Mid-ventrolateral prefrontal activations
The mid-ventrolateral prefrontal cortex
(area 47/12) is thought to be involved in
the maintenance of memory components
and active or selective retrieval among several encoded features of a stimulus or several possible responses to stimuli in situations in which the
correct response is not immediately suggested by strong
stimulus-to-stimulus associations (Kostopoulos and Petrides,
2003). Such active retrieval mechanisms are different from basic
recognition memory. Activation of the mid-ventrolateral prefrontal cortex in this study was most obvious in the S2chords ⫺ noise
contrast and somewhat stronger in the right hemisphere, which,
again, is consistent with the tonal nature of stimuli. The locations
of our peaks are very similar to those reported by other researchers (Cadoret et al., 2001; Kostopoulos and Petrides, 2003) in
studies in which a task required selective postencoding retrieval
among various features of a stimulus.

Figure 3. The S2chords ⫺ noise ⫺ S1chords ⫺ noise group contrast and a 40% thresholded probability map of the right precentral
gyrus, derived from the MNI International Consortium for Brain Mapping 152 subject normal cohort (Mazziotta et al., 2001), are
overlaid onto a three-dimensional rendering of a single subject. This clearly illustrates the position of the peak shown in Figure 2d
as lying anterior to the precentral gyrus in rostral area 6/caudal 8.

responding to areas 8 and rostral 6 are involved in critical aspects
of conditional associative memory (Halsband and Passingham,
1985; Petrides, 1985; Crowne et al., 1989; Halsband and Freund,
1990; Petrides et al., 1993a; Lepage et al., 2003). This type of
memory is implicated in situations in which several alternative
responses to different stimuli exist and a correct response must be
provided when cued by the appropriate stimulus. This is to be
distinguished from a simple stimulus–response association in
which a response to a cue is extinguished in the absence of that
cue. For instance, in a condition of a PET study in which subjects
had to identify one of eight abstract designs previously associated
with one of eight color cues, Petrides et al. (1993a) observed
activity in the left caudal superior frontal sulcus, area 8. In our
results, activity in a similar area was somewhat more extensive in
the right hemisphere, perhaps because of the tonal nature of the
stimuli (Zatorre et al., 2002), but strongly bilateral nonetheless
(Fig. 2).
Considerable controversy exists in the brain-imaging literature concerning results for conditional motor tasks, typically in
the form of a specific motor act of the hand cued by either an
auditory or visual stimulus (Deiber et al., 1997; Grafton et al.,
1998; Kurata et al., 2000). Nearly all such studies elicit activity
contralateral to the hand used and often more posteriorly in area
6. We call attention to the fact that our area 6 activity is rostral
(Amiez et al., 2005) and ipsilateral to the hand used to respond in
our task (Figs. 2d, 3). Now, to be clear, our task is not a strict
motor conditional task. Given the way subjects were trained (see
Materials and Methods, Experimental task and training), the
conditional association is likely to have formed between a sound
(chord heard through headphones) and numeral (1– 4 seen on
screen) or, more abstractly, sound and number. In our task, the
way to indicate this correspondence of chord to number is indeed
a motor response, but the initial association itself is not to the
motor act. This perhaps accounts for part of the difference in
observed results, but, more importantly, our data favor certain
models that ascribe multimodal executive function to some of the
frontal lobe areas implicated. It should also be noted that, despite
the fact that this peak of activation overlaps with an area suspected to contain the frontal eye field (Paus, 1996; Rosano et al.,
2003; Koyama et al., 2004; Pierrot-Deseilligny et al., 2004), there

Temporal and parietal lobe activations
An unpredicted but potentially interesting result is that of pretraining and posttraining differences in the activity of the auditory cortex, principally the auditory belt posterior to Heschl’s
gyrus (Penhune et al., 1996; Schneider et al., 2002). The pretraining contrast of chords ⫺ noise (S1chords ⫺ noise) showed significant
minima bilaterally, whereas the same contrast posttraining
(S2chords ⫺ noise) did not, suggesting a change in the cortical response to the stimuli after training. The results of session 1 may
have been caused by the greater spectral composition of the
white-noise control stimuli compared with the chord stimuli.
Both stimulus types elicited less BOLD response in the second
session and it would seem that the relative relationship of the
stimuli to each other also changed. There is precedent for reduced
auditory cortex response as a result of training and exposure
(Cansino and Williamson, 1997; Morris et al., 1998; Jäncke et al.,
2001; Teismann et al., 2004), and our data are likely another
example of short-term plasticity in auditory cortices as a function
of learning.
Bilateral parietal activity, specifically in the left angular gyrus
and right inferior parietal lobule (areas 7 and 40, respectively),
was also notable in the S2chords ⫺ noise and S2chords ⫺ noise ⫺
S1chords ⫺ noise contrasts. These regions are frequently implicated,
in concert with frontal areas, for aspects of directed and intentional action and response selection (Rizzolatti and Luppino,
2001; Rubia et al., 2001; Göbel et al., 2004), as well as the direction
of attention to motor acts (Rushworth et al., 1997, 2001; Nobre,
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many aspects of cerebral function, some universal and some,
perhaps, not. In conjunction with the results of Zatorre et al.
(1998), it is interesting to note that the cognitive requirements of
one of the latter stages of AP identification can be shown to have
common neural substrates in AP musicians, non-AP musicians,
and nonmusicians alike.
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