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There is evidence from the visual, verbal, and tactile memory
domains that the midventrolateral prefrontal cortex plays a critical
role in the top–down modulation of activity within posterior cor-
tical areas for the selective retrieval of specific aspects of a mem-
orized experience, a functional process often referred to as active
controlled retrieval. In the present functional neuroimaging study,
we explore the neural bases of active retrieval for auditory non-
verbal information, about which almost nothing is known. Human
participants were scanned with functional magnetic resonance im-
aging (fMRI) in a task in which they were presented with short
melodies from different locations in a simulated virtual acoustic
environment within the scanner and were then instructed to re-
trieve selectively either the particular melody presented or its loca-
tion. There were significant activity increases specifically within the
midventrolateral prefrontal region during the selective retrieval of
nonverbal auditory information. During the selective retrieval of
information from auditory memory, the right midventrolateral pre-
frontal region increased its interaction with the auditory temporal
region and the inferior parietal lobule in the right hemisphere.
These findings provide evidence that the midventrolateral prefron-
tal cortical region interacts with specific posterior cortical areas in
the human cerebral cortex for the selective retrieval of object and
location features of an auditory memory experience.
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Functional neuroimaging studies have established a relation-
ship between the ventrolateral prefrontal cortex and certain

aspects of memory retrieval. For instance, there is evidence for
the involvement of the left ventrolateral prefrontal region in
selective verbal retrieval, such as the free recall of words that
appear within particular contexts (lists) (1), verbal fluency (a
form of selective verbal retrieval from semantic memory) (2, 3),
and various other forms of verbal semantic retrieval (4–6). More
precisely, it has been proposed that the two midventrolateral
prefrontal cortical areas 45 and 47/12 are critical for the active
selection and retrieval of information from memory when stimuli
are related to other stimuli/contexts in multiple and more-or-less
equiprobable ways, so that memory retrieval cannot be a matter
of mere recognition of the stimuli or supported by strong and
unique stimulus-to-stimulus or stimulus-to-context associations
(7). In previous functional neuroimaging studies, we were able to
show activity increases that were specific to the midventrolateral
prefrontal cortex for the active retrieval of visual and tactile
stimuli (8, 9). A more recent study has shown that patients with
lesions to the ventrolateral prefrontal region, but not those with
lesions involving the dorsolateral prefrontal region, show im-
pairments in the active controlled retrieval of the visual contexts
within which words had appeared (10). This impairment was not
accompanied by general memory loss of the type observed after
limbic medial temporal lobe lesions (11–13). Patients with ven-
trolateral prefrontal lesions performed as well as normal control
subjects on recognition memory of the presented stimuli, but
were impaired when they were asked to retrieve selectively

specific aspects of the memorized information in a task in which
words and their context entered into multiple relations with each
other across trials and, therefore, retrieval could not be sup-
ported by simple recognition memory (10). Taken together, these
results suggest that the midventrolateral prefrontal cortex plays a
critical role in the top–down modulation of activity for the re-
trieval of specific features of mnemonic information when simple
familiarity and/or unambiguous stimulus-to-stimulus relations are
not sufficient for memory retrieval.
Although there is considerable evidence of direct anatomical

connections between auditory cortical regions in the temporal
lobe and the ventrolateral prefrontal cortex (14–20) and the
presence of auditory responsive neurons for complex sounds in
the ventrolateral prefrontal cortex (21, 22), there is no study
examining the potential involvement of the ventrolateral prefrontal
region in the controlled selective retrieval of auditory nonverbal
information in the human brain. Most studies investigating the role
of the prefrontal cortex in the auditory domain have focused on
verbal phonological and semantic memory (23–25). The aim of the
present study was to examine the hypothesis that the midventro-
lateral prefrontal cortex is involved in the active controlled retrieval
of nonverbal auditory information from memory, in a manner
analogous to its previously demonstrated role in the retrieval of
verbal and nonverbal visual and tactile information (8, 9, 26).
In the present functional magnetic resonance imaging (fMRI)

study, on each trial, one of four different melodies was presented
from one of four locations in a virtual acoustic environment (Fig.
1A) and, after a short delay, the subjects were instructed via a
cue to retrieve either the specific melody (regardless of its lo-
cation) or the location (regardless of the melody that was
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presented there) (Fig. 1B). The subjects were thus required to
isolate the instructed component of the previously memorized
auditory stimulus complex, namely the melody or the location. The
experimental design prevented the establishment of strong and
unique relations between the melodies and the locations because,
across trials, all four melodies were presented from each one of the
four locations with equal probability. Intermixed with these “active
retrieval” trials requiring the isolation of a specific feature of the
stimulus complex were “recognition” control trials that were
identical in terms of the initial stimulus presentation period but,
following the delay, the subjects were instructed simply to recog-
nize (based on familiarity) the previously encoded stimulus com-
plex of the melody and its location. No isolation of a specific
aspect of the memory (melody or location) was required in these
recognition control trials. There were also “baseline” control trials

in which no auditory stimulus was presented during the retrieval
period. The hypothesis to be tested predicted selective activity
increases in the midventrolateral prefrontal cortex during the ac-
tive retrieval of specific aspects of the encoded auditory stimuli in
comparison with the simple recognition of that stimulus, that is,
during the test period of the active retrieval trials versus the same
period in the recognition control trials.

Results
The comparison of the blood oxygenation level-dependent (BOLD)
signal during the test period of the active retrieval trials with that
during the test period of the recognition control trials revealed
selective activity increases within the midventrolateral prefrontal
cortex, as hypothesized (Table 1). There were peaks of increased
functional activity located bilaterally below the inferior frontal
sulcus within the pars triangularis of the inferior frontal gyrus where
area 45 lies [MNI (Montreal Neurological Institute) coordinates (x,
y, z) 54, 20, 18, t = 4.38, right hemisphere; −52, 22, 22, t = 5.00, left
hemisphere] (Fig. 2). In addition, there were bilateral peaks within
the complex formed by the horizontal ramus of the Sylvian fis-
sure where cytoarchitectonic analysis shows that caudal area 47/
12 lies and continues into the connectionally and phylogeneti-
cally related cortex of the anterior insula (27, 28) [MNI coordi-
nates (x, y, z) 34, 22, 4, t = 4.65, right hemisphere; −32, 20, −6, t =
4.48, left hemisphere] (Fig. 2). The criteria for distinguishing
area 47/12 from the anterior insula are discussed in Supporting
Information. A third peak that did not reach significance was
situated in the right hemisphere anterior to the rostral tip of the
horizontal ramus at the border of area 45 with area 47/12 [(x, y, z)
52, 38, −6, t = 3.17]. In summary, there was clear activity increase
in the midventrolateral prefrontal region lying below the inferior
frontal sulcus (i.e., areas 45 and 47/12), but no significant activity
increase was observed in the dorsolateral prefrontal cortex (areas
46, 9/46, 9, and 8B) or in the frontal pole (area 10). For in-
formation on the location, cytoarchitectonic features, and con-
nections of midventrolateral prefrontal areas 45 and 47/12, see
refs. 2, 19, and 27. Activity increases were also observed bilaterally
in the inferior frontal junction (IFJ) where the inferior frontal
sulcus joins the inferior branch of the precentral sulcus, in left
premotor area 6, and in the paracingulate cortex (Table 1).

A B

C

Fig. 1. Schematic diagram of the experimental
paradigm and scanning protocol. (A) Locations
used to present the melodies. Gray indicates the
four locations that were used only during the test
period of the recognition control trials. (B) Illustra-
tion of the testing procedure. All trials started with
the presentation of a cross in the middle of the
screen followed by the encoding period, during
which the auditory stimulus was presented. After a
variable delay, a visual instructional cue was pre-
sented and the test period followed after the dis-
appearance of the visual cue. A second auditory
stimulus was presented during the test period for
the experimental and recognition control trials but
not during the baseline control trials. The subjects’
responses were recorded during the test period.
The duration of the various periods was the same
for the experimental and control trials. (C ) Illus-
tration of the sparse-sampling fMRI scanning used
in this experiment.

Table 1. Peak maxima from the comparison of the experimental
active retrieval with the recognition control test period

Stereotaxic
coordinates
(MNI space)

Brain area x y z t value
Cluster volume,

mm3

Right hemisphere
MVLPFC (area 45) 54 20 18 4.38 1,248
MVLPFC (area 47/12) 34 22 4 4.65 1,536
MVLPFC (rostral)* 52 38 −6 3.17 12
IFJ 50 6 30 5.63 4,408

Left hemisphere
MVLPFC (area 45) −52 22 22 5.00 2,096
MVLPFC (area 47/12) −32 20 −6 4.48 1,088
IFJ −44 16 28 5.54 3,696
Premotor (area 6) −50 0 40 4.50 752
Premotor (area 6) −40 −4 54 4.28 1,064
Paracingulate region 0 18 48 4.84 4,936

IFJ, inferior frontal junction; MVLPFC, midventrolateral prefrontal cortex.
*This peak did not reach significance.
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Additional imaging results are included in Supporting In-
formation together with the behavioral results.
Because it has been argued that the dorsolateral prefrontal

cortex is specifically involved in the memory of spatial stimuli
and the ventrolateral prefrontal cortex in the memory of non-
spatial stimuli (29–31), we examined separately the active re-
trieval trials in which the subjects retrieved the melody of the
encoded auditory stimulus and the trials in which they retrieved
the location. The separate comparisons of the test periods of
each one of these two types of active retrieval trial with the test
period of the recognition control trials provided very similar
results, namely significant activity increases within the mid-
ventrolateral prefrontal cortex (areas 45 and 47/12) but no sig-
nificant activity in the middorsolateral prefrontal cortex (areas
46 and 9/46), further emphasizing the selectivity of the mid-
ventrolateral prefrontal region in the selective retrieval from
memory of both object (melody) and spatial aspects of nonverbal
auditory stimuli (Supporting Information). Furthermore, when we
compared directly the two active retrieval conditions, namely the
active retrieval of the melody versus the active retrieval of the
location, no activity differences were observed in the prefrontal
cortex, again emphasizing the fact that active retrieval of both
object (melody) and location recruits the same prefrontal regions
and, therefore, their direct comparison did not yield any signifi-
cant activity differences. Additional results are included in Sup-
porting Information.
The analyses presented above demonstrate that the mid-

ventrolateral prefrontal cortical region is involved in the active

retrieval of auditory information from memory. We next proceeded
to test the hypothesis that this ventrolateral prefrontal region may
be interacting functionally with the auditory temporal region that is
known to play a role in the encoding and retention of auditory
stimuli (32, 33) and the parietal region that processes spatial in-
formation (34–36). We therefore examined whether there was a
significant change in functional connectivity between the mid-
ventrolateral prefrontal cortex and the secondary auditory temporal
and the posterior parietal region during the active retrieval com-
pared with the recognition control trials. We tested each one of the
peaks within the midventrolateral prefrontal cortex, and area 45 in
the right hemisphere was found to interact functionally during ac-
tive retrieval with the secondary auditory cortex in the upper bank
of the superior temporal sulcus (Fig. 2) [MNI coordinates (x, y, z)
50, −22, 0, t= 3.70, P= 0.00018 uncorrected,MNI coordinates (x, y, z)
56, −50, 18, t = 3.46, P = 0.00045 uncorrected] and the inferior pa-
rietal lobule, namely area PG of the angular gyrus (Fig. 2) [MNI
coordinates (x, y, z) 44, −64, 20, t = 3.78, P = 0.00015 uncorrected,
MNI coordinates (x, y, z) 54, −64, 24, t = 2.69, P = 0.05 uncorrected].
Anatomical studies have shown that area 45 in the midventrolateral
prefrontal cortex is strongly interconnected with the auditory cortical
areas of the superior temporal gyrus and sulcus via the extreme
capsule fasciculus and the arcuate fasciculus and also with the pos-
terior part of the inferior parietal lobule via the second branch
of the superior longitudinal fasciculus (14, 20, 37). Separate
analyses for the retrieval of the melody and location are pre-
sented in Supporting Information.
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Fig. 2. Results from the comparison of the experimental active retrieval and recognition control trials. The vertical interrupted white lines projected onto a
three-dimensional cortical surface rendering of the right hemisphere indicate the rostrocaudal levels (y 22, 24, 26) in the MNI standard stereotaxic space of the
three coronal sections that illustrate the bilateral activity increases observed in ventrolateral areas 45 and 47/12. The red circles on the surface rendering along
the superior temporal gyrus and sulcus as well as in area PG indicate the loci of peaks that interacted with right area 45 during active retrieval. These peaks
(y −22, −44, −50, −64) are illustrated within the boxes outlined in red. AR, ascending ramus of SF; CS, central sulcus; HR, horizontal ramus of SF; IFS, inferior
frontal sulcus; IPRS, inferior precentral sulcus; IPS, intraparietal sulcus; L, left hemisphere; PF, area PF of Economo; PG, area PG of Economo; POS, postcentral
sulcus; R, right hemisphere; SF, Sylvian fissure; SFS, superior frontal sulcus; STG, superior temporal gyrus; STS, superior temporal sulcus; TS, triangular sulcus.
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Discussion
During the test phase of the active retrieval trials, the subjects
had to retrieve selectively either the specific melody or the specific
location of the memorized auditory stimulus complex that was
presented during the encoding phase of the trial. In other words,
the subjects were required to isolate a specific feature from a
previously encoded stimulus complex and, importantly, correct
performance could not rely on the simple recognition/familiarity
of the stimulus. The results clearly demonstrate involvement of the
midventrolateral prefrontal cortex in selective auditory memory
retrieval: Increased activity within the midventrolateral prefrontal
region was observed both when the subjects were retrieving the
specific melody presented and also when retrieving the specific
location. There was no activity in the middorsolateral prefrontal
cortex or the frontopolar region during these retrieval periods.
These findings are consistent with the hypothesis tested, as well as
earlier research that had shown selective increases of activity
within the midventrolateral prefrontal cortex during the selective
retrieval from memory of visual and tactile information (8, 9).
The next major finding was the demonstration of interaction

between the midventrolateral prefrontal region and distinct poste-
rior cortical areas for active retrieval. During the active retrieval
period, there was an increase in the connectivity of ventrolateral
prefrontal area 45 in the right hemisphere with the parabelt audi-
tory region along the superior temporal gyrus and sulcus and the
inferior parietal region (area PG) (Fig. 2). In other words, isolation
from memory of the relevant feature of the encoded auditory in-
formation (i.e., melody or location) increased interaction between
area 45 and auditory and spatial processing cortical regions. There
are considerable anatomical data that the midventrolateral pre-
frontal cortex (and particularly area 45) is extensively connected
with the superior temporal gyrus and the nearby dorsal bank of the
superior temporal sulcus (through the extreme capsule and the
arcuate fasciculus) and also with the inferior parietal lobule (area
PG) (via the second branch of the superior longitudinal fasciculus)
(14, 16–18, 20, 37). The superior temporal region of the primate
brain is critical for the encoding and short-term maintenance of
auditory information (32, 33, 38), whereas the caudal superior
temporal gyrus and the adjacent parabelt region in the caudal
superior temporal sulcus entering the inferior parietal lobule are
involved in the spatial aspects of auditory coding (34, 36). Indeed,
a recent study using transcranial magnetic stimulation has shown
that the caudal part of the superior temporal gyrus, close to the
inferior parietal lobule, is involved in auditory localization to a
greater extent than the more rostral temporal region (39).
The present demonstration of functional interaction of the mid-

ventrolateral prefrontal region with posterior auditory cortical areas
during active retrieval from recent auditory memory and the
presented anatomical studies suggest a cortical circuit critical
for the active controlled retrieval of auditory information. These
interactions are occurring in the right hemisphere which is known
to play a greater role in the nonverbal processing of auditory in-
formation, such as melodies (40). It is interesting to note here also
the demonstration of a right hemisphere asymmetry in the monkey
auditory superior temporal gyrus for the processing of auditory
nonvocal sounds (41, 42), suggesting a general primate asymmetry
in favor of the right hemisphere for the processing of non-
communicative auditory stimulation. We expect that retrieval of
other types of nonverbal auditory information will again involve
the midventrolateral prefrontal cortex in interaction with auditory
temporal and parietal areas, primarily in the right hemisphere.
What might be the neurophysiological role of the midventro-

lateral prefrontal cortex in memory retrieval? We and others
have argued that the self-initiated or instructed isolation of a
specific feature from a memory experience (active retrieval) in-
volves top–down modulation by the ventrolateral prefrontal
cortex within specific posterior association cortical areas involved

in the perceptual and mnemonic processing of various types of
information and that the increased interactions observed during
the retrieval of particular aspects of the mnemonic experience
reflect this top–down modulation (4, 7, 9, 43). Recordings in
nonhuman primates in the ventrolateral prefrontal cortex have
provided evidence at the neuronal level for this active retrieval
process. It has been shown that a class of neurons exhibits dif-
ferential instruction-related activity according to the type of re-
trieval that must be performed by the monkey, thus signaling the
initiation or noninitiation of the retrieval of specific information
(44). A second class of neurons increase their firing rate during the
delay after the instruction cue and before the test phase and, im-
portantly, their firing is not modulated in the control trials or during
the precue interval when the encoded event is simply stored in
memory (44). Thus, the firing of these neurons is not related to
encoding, maintenance, or simple recognition of an event in mem-
ory but rather to the active retrieval of specific features. We con-
ceptualize active retrieval as a top–down modulation of information
within specific posterior cortical areas, that is, a type of attentional
orienting toward a specific feature within a memory representation
that leads to enhancement of the relevant feature and inhibition of
the irrelevant features, resulting in successful retrieval of the re-
quired specific information (7, 44). Importantly, there is evidence
from studies of patients that the prefrontal cortex has a modula-
tory control role in activity in posterior auditory areas (45, 46).
Given the evidence for specialized areas involved in auditory

processing in the superior temporal region (47) and the ana-
tomical connections of the midventrolateral prefrontal region to
the auditory temporal region and adjacent inferior parietal lob-
ule (14–20), it can be hypothesized that the midventrolateral
prefrontal cortex plays a key role in the isolation of particular
aspects of memorized auditory stimuli in interaction with specific
posterior temporoparietal cortical areas by enhancing relevant
and inhibiting irrelevant features. This interaction was reflected
in the increased connectivity of the midventrolateral prefrontal
cortex with these specific posterior association cortical regions.
In addition to the ventrolateral prefrontal cortex, there was

increased activity in the paracingulate region of the dorsomedial
frontal cortex during the active retrieval period (Table 1). Ana-
tomical studies have shown that the midventrolateral prefrontal
cortex is linked with this dorsomedial frontal region in the
monkey (19), and there is resting-state connectivity evidence for
this linkage in the human brain (48). It should also be pointed
out that this dorsomedial frontal region was coactivated with the
ventrolateral prefrontal region in our previous functional neu-
roimaging studies of active memory retrieval (9, 26). We have
recently provided evidence in a behavioral-lesion study in the
human brain that the dorsomedial frontal region is indeed in-
volved in memory retrieval (10). In a visual–verbal paradigm it
was shown that, whereas the ventrolateral prefrontal cortex is
specifically involved in the isolation of particular information
from a previously encoded event, the dorsomedial frontal region
is more generally involved in memory retrieval. Thus, it can be
argued that the specific contribution of the ventrolateral pre-
frontal cortex may be to interact with the posterior parietal and
temporal association cortex for the isolation and hence retrieval
of particular features of a memorized event, whereas the para-
cingulate medial frontal cortex, which has direct access to the
hippocampal episodic memory system via the cingulate fasciculus
(49, 50), plays a more general role in memory retrieval.
The present findings also address the question of whether

functional processing in the prefrontal cortex can be segregated
along the spatial vs. nonspatial dimension of the stimuli to be
retrieved. One major theoretical position of lateral prefrontal
function has been that the dorsal aspect of the midlateral pre-
frontal cortex (areas 46 and 9/46) is involved in spatial mnemonic
processing, whereas the ventral aspect of the midlateral pre-
frontal cortex (areas 45 and 47/12) is involved in object
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processing (e.g., 30, 51, 52). Recent findings from recording
studies in nonhuman primates, however, indicate that prefrontal
neurons in both the dorsal and ventral prefrontal cortex respond
to sound cues during a nonspatial auditory memory task (53). In
the present auditory memory retrieval study, there were trials in
which the location of the stimulus had to be retrieved and trials in
which the object (i.e., the melody) had to be retrieved. Active
retrieval of both the location and the melody led to activity in-
creases within the midventrolateral prefrontal cortex and not in the
middorsolateral prefrontal region (areas 46 and 9/46). These find-
ings are consistent with results obtained using visual and tactile
stimuli with the same experimental paradigm. The activity foci
observed in the present study for the selective retrieval of the lo-
cation or the melody fall within the same midventrolateral pre-
frontal cortical region where activity peaks were observed in relation
to the active retrieval of visual or tactile information (8, 9). This
evidence is consistent with the interpretation that the midventro-
lateral prefrontal region in interaction with posterior cortical areas
is involved in active memory retrieval, whereas the middorsolateral
prefrontal region in interaction with the parietal region is involved
in the manipulation of the information in working memory (54, 55).
Although activity increases during location retrieval were not ob-
served within area 46 or area 9/46, there was an activity increase in
the dorsal premotor region close to the frontal eye field (56). Ac-
tivity in this region often increases in relation to explicit or implicit
eye movement activity and also in many spatial working memory
tasks (57), as would be expected in a region that is either explicitly
(e.g., turn eyes to the left side) or implicitly (e.g., prepare an eye
movement to the left side) involved in eye movement processing.
Note that, in the present experiment, we ensured that the

difficulty of the two types of retrieval, namely the retrieval of the
location and the retrieval of the melody, was equal across sub-
jects and that the attentional demands and depth of encoding
were identical for both conditions, because the subjects did not
know what type of trial they were performing until the pre-
sentation of the retrieval cue. This is important, given that previous
research had indicated modulations of activity with increasing
specificity or difficulty of the task and attentional demands (4, 58).
As discussed above, the role of the midventrolateral prefrontal

cortex in active retrieval is not unique to auditory stimuli. Active
retrieval of other types of sensory information also depends on
the midventrolateral prefrontal cortex, although in interaction
with different posterior cortical association areas (8, 9). In previous
studies, increased interaction was seen between the midventro-
lateral prefrontal cortex and the fusiform gyrus for the active re-
trieval of faces (8), the rostral inferior parietal region for the active
retrieval of vibrotactile information (9), and the left hemisphere
language areas for the active retrieval of verbal information (26).

Materials and Methods
Experimental Design and Testing Procedure. Twelve healthy volunteers (five
males, seven females) with normal hearing participated in the study after
providing informed, written consent according to the institutional guidelines
established by the Research Ethics Board of theMontreal Neurological Hospital
and Institute. All of the subjects were right-handed as assessed with a hand-
edness questionnaire (based on ref. 59), and their age ranged from 20 to 34 y
(mean 24.1, SD 3.82). The subjects had no formal musical or voice training.

A set of auditory stimuli that lasted 1 s and consistedofmelodies presented from
different locations was created for this study. These auditory stimuli were com-
binationsof four0.25-s pulse trainsatC4, F4,G4, andA4thathaddifferent temporal
envelopes and were presented at a comfortable sound intensity. A head-related
transfer functionwasused to createa simulatedvirtual acoustic environmentwithin
the scanner. Toaid in the localizationof the sounds, thepulse trainswere composed
of 40 harmonics. The melodies were presented from different spatial locations 45°
apart in a half-circle at 0° azimuth. The distance between the different locations
was chosen on the basis of a pilot study that showed that the subjects were able to
discriminate with accuracy melodies that were delivered at a 45° distance from
one another (Fig. 1A). The same stimuli were used across all trials.

There were three types of trial: experimental active retrieval, recognition
control, and baseline control trials. During scanning, these three types of trial

were pseudorandomly intermixed (Fig. 1B). All trials had the same sequence
of events. The trial started with a fixation point appearing in the center of
the screen for 1 s. The offset of the fixation point was followed by the
encoding period of the trial, during which the screen was blank and an
auditory stimulus was presented for 1 s: one of the four melodies presented
from one of the four locations. Any one of the four melodies could be
presented from any one of the four locations and, across trials, the same
four melodies were presented from the same four locations in all possible
combinations with the same probability of occurrence. The subjects had
been instructed to encode and maintain the auditory stimulus (i.e., the
specific melody and its location) until the test period. Following a delay of
3–4 s, an instructional visual cue appeared on the screen for 0.3 s providing
an instruction about the test auditory stimulus, which appeared at the offset of
the visual cue. The test auditory stimulus was presented for 1 s. In the active
retrieval trials, the visual instructional cue indicated retrieval of either the
particular melody or the particular location of the auditory stimulus pre-
sented during the encoding phase of the trial to compare it with the stim-
ulus presented during the test period. A red circle instructed the subjects to
retrieve the melody of the encoded stimulus and to decide whether the
melody of the test stimulus was the same as the melody of the encoded
stimulus and to press the appropriate one of the two response keys to in-
dicate the choice, whereas a blue square instructed the subjects to retrieve
the location of the encoded stimulus and to decide whether the specific
location of the test stimulus was the same as that of the encoded stimulus
and press the appropriate response key to indicate the decision. The subjects
were required to press the left response key if the test stimulus matched the
encoded stimulus along the required dimension and to press the right re-
sponse key if it did not. In other words, during the test phase, the subjects
had to isolate from the memorized encoded stimulus either the melody or
the location to compare it with the test stimulus and press one of two re-
sponse keys to indicate the decision. These were the experimental active
retrieval trials, the active retrieval condition.

If the visual cue was a yellow rectangle, the subjects would simply have to
recognize the test stimulus, that is, to decide whether it was the same as the
encoded stimulus and press the appropriate one of two response keys. In
other words, in this case there was no need to isolate selectively one aspect of
the encoded stimulus but simply to make a same/different memory decision.
These recognition trials constituted the recognition control condition. In
these trials, there was no need to retrieve specific aspects of the auditory
stimulus (i.e., themelody or the location). In the test period of the recognition
control trials, the subjects were presented either with the exact same stimulus
encoded at the beginning of the trial or one of four other familiar melodies
presented from one of four other familiar locations. These familiar melodies and
locationswere never presented during the encoding period. Themelodies were
composed of the same pulse trains as the melodies presented in the encoding
period (i.e., C4, F4, G4, and A4) but in different combinations and with
different temporal envelopes. The locationswere different from the locations
of the encoded stimulus and were always in the opposite quarter of the
virtual acoustic environment compared with the encoded stimulus (Fig. 1A).

Finally, if the visual cue was a white cross, the subjects did not have to
retrieve any information from the encoded stimulus because no test stimulus
was presented, and they simply had to press any one of the two response keys
as soon as the visual cue disappeared to control for motor output. These trials
constituted the baseline control condition.

Because all trials shared a common encoding period and the different trials
were presented in a pseudorandom order, it was not possible for the subjects
to know what type of trial they were performing during the encoding phase,
that is, until the presentation of the instruction by the visual cue. Thus, the
strength of attention and encoding of the auditory stimulus (melody and
location) was the same across all types of trial. Scanning commenced 3.9–5.4 s
after the onset of the visual instruction cue to capture the hemodynamic
response function related to the memory retrieval the subjects were making
during the test period (Fig. 1C). In this manner, we also ensured that the
scanner noise did not interfere with the perception of the auditory stimulus.

Data Acquisition and Analysis. Scanning was performed with a 1.5-T Siemens
Sonata MRI Scanner. After a high-resolution T1-weighted anatomical scan
(whole-head, 1-mm3 isotropic resolution), six runs of 46 images each [35
oblique T2* gradient echo planar imaging (EPI) images, voxel size 3.7 × 3.7 ×
3.7 mm, time of repetition (TR) 13.98 and 14.48 s, time of acquisition (TA)
2.975 s, echo time (TE) 45 ms, flip angle 90°] sensitive to the BOLD signal
were acquired. Each run consisted of 46 trials and lasted between 10 and
11 min. A single-trial sparse-sampling design was used to ensure that the
subjects were able to hear the stimuli without the scanner noise and that
there would be no contamination of the BOLD response to the auditory
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stimuli from the BOLD response to the scanner acquisition noise (60, 61)
(Fig. 1C). The scan acquisition occurred after the test period of each trial.

We excluded from the analysis the first two frames of each run and the
trials in which the subjects made an error. Images were realigned by using
AFNI image registration software (62), blurred, and nonlinearly registered in
the Montreal Neurological Institute standardized stereotaxic space (63, 64).
Statistical analyses of the functional data were performed with FMRISTAT

(65). A detailed description of the methods is provided in SI Materials
and Methods.
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