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1. ABSTRACT

Human brain functions involved in selective
attention to particular sounds have been studied extensively
with non-invasive measurements of electro-magnetic and
hemodynamic brain activity. Here we review studies
indicating that selection of the attended sounds for further
processing occurs in the auditory cortex. The exact locus of
this selection process in the auditory cortex appears to
depend on the auditory attribute, i.e., location or pitch,
separating the attended sounds from the irrelevant ones.
Recent neuroimaging studies extend this finding from
processing of non-speech sounds to attentional selection of
relevant speech differing by its location or speaker identity
from concurrent irrelevant speech. These studies suggest
also that selective listening to speech depends less on
prefrontal control functions than other kinds of listening
tasks demanding selective attention.
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2. INTRODUCTION

A listener in the middle of a noisy crowd of
chatting people may still selectively attend to the voice of a
particular speaker. Some 50 years ago, a number of
experiments demonstrated that a difference in the location
(e.g., left vs. right ear), pitch (e.g., a male vs. female voice),
or both between the attended speech and concurrent
irrelevant speech facilitates such selective listening
compared with a situation where the relevant and irrelevant
speech messages are separated only by their semantic
contents, i.e., two different messages are spoken
simultaneously by the same voice in the same location (1-
5). These studies also showed that such selective listening
tasks are quite easy to perform and that the irrelevant
speech messages are not processed much. For example, a
listener attending to a speech message delivered to one ear
and repeating (“shadowing”) it aloud word by word does
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not necessarily notice when the language of the irrelevant
speech message delivered to the opposite ear is changed or
when the irrelevant speech message is momentarily
reversed, i.e., presented backwards (1). These findings
supported the so-called early-selection or filtering theories
of selective attention (6).

However, the early studies on selective listening
demonstrated that even irrelevant speech is processed to
some degree during selective listening to another speech
message. For instance, a listener attending to a message
delivered to one ear may notice physical changes or novel
sounds in a to-be-ignored input delivered to the other ear,
e.g., a change from a male voice to a female voice or tones
superimposed on irrelevant speech (1). Moreover, it was
demonstrated that significant words in the irrelevant
message, for example, the listener’s own name (7,8) or a
word semantically related to the attended speech (9,10),
may sometimes catch the listener’s attention. Such findings
led to a modified filter theory proposing that the attentional
filter attenuates but does not totally prevent the processing
of irrelevant sounds (9,11). Therefore irrelevant speech
may sometimes activate word representations in a mental
dictionary, especially if these representations are highly
primed, such priming being involuntary and unconscious.

However, it was also demonstrated (12) that
words in irrelevant speech delivered to one ear that are
semantically related to the shadowed words delivered to the
other ear distract shadowing more in the beginning of the
task than later during the task performance. Such results
suggest that attentional selection of relevant speech or other
sounds is a dynamic process that becomes more efficient
during the performance of a selective listening task.

3. BRAIN ACTIVITY ASSOCIATED WITH
SELECTIVE AUDITORY ATTENTION

Brain activity associated with selective attention
to sounds has been studied extensively with event-related
brain potentials (ERPs) elicited by attended and unattended
sounds in the scalp-recorded electroencephalogram (EEG).
In a paradigm developed by Hillyard and colleagues (13), a
human listener is presented with tones delivered randomly
to the left and right ear or with tones varying randomly in
pitch (14), or both (15), and the listener is instructed to
selectively attend to tones with a designated location and/or
pitch in order to find deviant target tones (e.g., tones with a
slightly higher pitch or shorter duration) among otherwise
constant attended tones. These studies showed that ERPs
elicited by the attended tones are negatively displaced in
relation to ERPs to the unattended tones. This attentional
effect begins at the time zone of the N1 deflection (peak
latency about 100 ms from sound onset), but it may last for
several hundred milliseconds as demonstrated first by
Naétdnen and colleagues (16). The generator process of the
early portion of this attentional effect has been localized to the
auditory cortex by scalp current density analysis of ERP
responses (17,18,19) and by modeling the sources of
magnetoencephalographic (MEG) counterparts of ERPs
(20,21,22,23,24). These findings suggest that selection of
attended sounds on the basis of their location or pitch takes
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place in the auditory cortex. ERP studies also indicate
involvement of the prefrontal brain areas in selective
listening, as lesions in the dorsolateral prefrontal cortex
diminish selective attention effects on auditory ERPs (25).
Moreover, the early ERP attention effect generated in the
auditory cortex is followed by a later attention-related
negative ERP deflection (14,26). Scalp current density
analysis suggests that this later attention effect originates
from the frontal lobes (16).

According to Ndéténen’s (27-29) attentional-trace
theory, selection of attended sounds for further processing
on the basis of their location or pitch is based on matching
auditory inputs with the attentional trace, which is a
facilitation pattern in the auditory cortex representing the
attended sounds. This theory is supported by studies
showing that the negative-polarity displacement of the ERP
to the attended sounds in relation to the ERP to the same
sounds when they are unattended during attention to other
sounds is caused by a large and long-duration processing
negativity (PN) ERP component elicited by the attended
sounds, which match perfectly with the attentional trace
(31-34). Furthermore, these studies have shown that even
to-be-ignored sounds elicit some PN that is larger in
amplitude and longer in duration the more these sounds
resemble the attended sounds, i.c., the better they match
with the attentional trace (31-34). According to Naétinen
(27-29), the early component of PN overlaps with the
exogenous N1 components and therefore enhances the
amplitude of the N1 deflection. While the early PN
component is generated in the auditory cortex by the
selective matching process, the later (>300 ms from sound
onset) and more frontally distributed PN component
(14,17,35) might be generated by a prefrontal process
maintaining the attentional trace by top-down modulation
of some neuron populations in the auditory cortex
representing the attended sounds. In addition to active
maintenance, the attentional trace appears to depend on
physical reinforcement given by the attended sounds, since
to-be-attended sounds delivered at very long intervals do
not elicit any PN (30).

The attentional-trace theory contradicts the
original proposal of Hillyard ef al. (13) that the enhanced
(more negative) N1 deflection elicited by the attended
sounds compared to the unattended sounds would simply
indicate amplified processing of the attended sounds or
attenuated processing of the unattended sounds. Yet,
Hillyard et al.’s proposal is supported by results showing
that when attended and unattended tones are delivered to
the opposite ears at a rate of several tones per second, the
attention effect at the N1 latency is generated in the same
auditory-cortex region as the supratemporal subcomponent
of the N1 (24). Moreover, under such conditions, this N1
effect may be preceded by an even earlier attention effect,
namely, a positive-polarity enhancement of the ERP to the
attended tones as ecarly as 20-50 ms after sound onset
(24,36). However, the existence of such an early filtering
process capable of selecting attended sounds among other
sounds in conditions with large physical separations
between the attended and unattended sounds does not rule
out the existence of a later selection process based on an
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attentional trace and capable of fine-tuned discriminations
between the attended and unattended sounds differing only
slightly, e.g., in pitch (30,32,37).

Moreover, Néitdnen’s (27-29) suggestion that
selective listening is based on attentional selection of sounds
at a relatively late processing stage in the auditory cortex,
rather than, for example, gating of sensory inputs ascending
from the thalamus to the auditory cortex, is supported by
functional magnetic resonance imaging (fMRI) findings
indicating that the effects of selective attention occur
predominantly in non-primary areas of the auditory cortex
(38-40). Separability of the attention-related activations from
the exogenous stimulus-dependent activations in the auditory
cortex is also supported by fMRI results showing different
dependency of attention-related and stimulus-dependent
activations on the presentation rate of sounds (41).

Naétdnen’s (27-29) proposal that prefrontal
cortical areas have a central role in the control and
maintenance of auditory selective attention has been also
supported by a number of fMRI and positron emission
tomography (PET) studies (42-44). For example, in their
PET study, Alho and colleagues (44) used a paradigm
similar to that applied in many ERP and MEG studies
(13,23,24,36). They presented tones at a fast rate (6 per
second) to each ear and the participants’ task was to attend
either to the left-ear tones or to the right-ear tones in order
to find from the attended tone sequence occasional target
tones of 500 Hz occurring among the frequent non-target
tones of 400 Hz. In a control condition, the left-ear and
right-ear tone sequences were to be ignored and visually
presented letters were to be attended. Comparison of brain
activity in the selective listening and visual-attention
conditions showed that selective listening to tones at a
designated location is associated with bilateral activations
in the auditory and prefrontal cortices, as well as with a
unilateral activation in the right parietal cortex. The latter
finding is consistent with results showing that the right
parietal cortex has an important role in directing attention
spatially (45). For example, patients with right parietal
lesions often neglect sounds occurring in the left hemispace
(46).

According to Néétdnen’s original theory (27), the
attentional trace represents different features of the
attended sounds. However, it appears that the sound
location and pitch are processed separately in attentional
selection. For example, varying the pitch of tones over a
wide range during selective listening to tones at a
designated location or delivering tones randomly to the left
or right ear during selective listening to tones of a
designated pitch does not affect the amplitude or latency of
the PN elicited by the attended tones (47). Moreover, when
the listeners selectively attend to tones occurring among to-
be-ignored tones differing from the attended ones in
location, pitch, or both, long-duration PNs lasting for
several hundred milliseconds are elicited both by the
attended tones, as well as by those to-be-ignored tones that
share either the pitch or location with the attended tones
(47-49). However, the PNs to these to-be-ignored tones are
smaller in amplitude than the PNs to the attended tones.
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This is probably because the attended tones, defined by
both location and pitch, elicit overlapping location-specific
and pitch-specific PNs and even an additional PN generated
by integration of location and pitch information (48,49).
Thus, selection by sound location and selection by pitch
appear to be based on independent, exhaustive processes,
i.e., finding a mismatch between the auditory input and the
attentional trace on one dimension, e.g., location, does not
lead to termination of processing of the sound on other
dimensions, e.g., pitch. Furthermore, the scalp distribution
of the PN for the to-be-ignored tones sharing the location
with the attended tones and the scalp distribution of the PN
for the to-be-ignored tones sharing the pitch with the
attended tones differ from each other (48,49). This suggests
that at least partly different areas in the auditory cortex are
involved in generating these effects. These findings are in
line with studies in non-human primates indicating that
spatial and non-spatial auditory features are processed in
different functional areas of the auditory cortex (50,51,52).

Evidence for separate processing of spatial and
non-spatial auditory features in the human auditory cortex
has been also found in fMRI studies. Alain and colleagues
(53) investigated brain activity during sound localization
and identification using a delayed matching-to-sample task,
which required the participants to hold either the sound
location or pitch in their working memory for a comparison
with the location or pitch of a subsequent sound,
respectively. Stronger activity during the location task than
during the pitch task was observed in several brain regions
including the posterior middle temporal gyrus and the
superior and inferior parietal cortices in both hemispheres,
as well as the right superior and left middle frontal gyri
(Figure 1), orange squares). The pitch task, in turn, was
associated with a stronger activity than the location task in
the right inferior frontal cortex and in the auditory cortices
bilaterally, the latter activations extending from the primary
auditory cortices to the anterior auditory association
cortices on the supratemporal plane (Figure 2, orange
squares).

Separate spatial and non-spatial auditory
processing was also suggested by the fMRI study of
Maeder and colleagues (54). They investigated brain
activity during sound localization and during recognition of
complex environmental sounds. The inferior parietal lobule
and parts of the premotor cortex were more active
bilaterally during sound localization than during sound
recognition, as well as the right prefrontal cortex, including
the inferior frontal gyrus (Figure 1, yellow squares). The
recognition task, in turn, was associated with a higher
activity than the localization task bilaterally in the anterior
part of the middle temporal gyrus and in the inferoposterior
part of the precuneus, as well as in the posterior part of the
left inferior frontal gyrus and in the left parahippocampal
gyrus (Figure 2, yellow squares).

4. BRAIN ACTIVITY ASSOCIATED WITH SPEECH
LISTENING

Numerous PET and fMRI studies have focused
on brain activity during listening to continuous speech (55-
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SPATIAL AUDITORY PROCESSING

Figure 1. Cortical activations associated with spatial
processing. Colored squares indicate projections of the loci
of activation maxima onto the lateral or medial surface of
each hemisphere. Orange indicates local maxima of the
activation difference between spatial and non-spatial
auditory working memory tasks in the study by Alain et al.
(53). Yellow indicates local maxima from the comparison
between sound-localization and sound-recognition tasks in
the study by Maeder et al. (54), and dark green refers to the
activation difference between selective listening to either
speech delivered to the left ear or speech delivered to the
right ear (data averaged across the two conditions) and
reading (cf. Figure 2) in the study by Alho ef al. (83). For
the study by Maeder et al. (54), only maxima obtained at
least in 12 out of the 18 participants are shown.

9). These studies found activation in the left inferior
prefrontal cortex (55-59), at or near Broca’s area (60).
These left prefrontal areas are activated also during reading
tasks and they are thought to be involved in semantic or
syntactic processing, or both (56,57,61-66). Another
common finding during listening to speech is enhanced
activity in the left superior temporal cortex, especially in
the areas posterior to the primary auditory cortex, i.e., in
Wernicke’s area (67), which has a central role in
phonological processing, as indicated by speech-perception
deficits in patients with lesions in this area (67-69), as well
as by PET and fMRI studies demonstrating that even
meaningless syllables activate this brain region (70-72).

However, temporal-cortex areas lateral and
anterior to the primary auditory cortex are also involved in
speech processing. For example, in their PET experiment,
Scott and colleagues (73) studied hemodynamic brain
activations during listening to natural speech (Sp), noise-
vocoded speech (VCo), spectrally rotated speech (RSp),
and rotated noise-vocoded speech (RVCo). VCo is
produced by replacing the speech signal in different
frequency ranges with noise that follows the energy
changes in speech. It sounds like a harsh whisper and is
comprehensible after some training. In RSp, the spectral
structure of ordinary speech is rotated. Its temporal and
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spectral complexity is similar to ordinary speech and it
contains some phonetic structures (e.g., fricatives) and it
may become partly intelligible after extensive training. In
RVCo, in turn, the spectral structure of VCo is inverted
making speech totally unintelligible even after extensive
training. It was found that a part of the left superior
temporal gyrus lateral and anterior to the primary auditory
cortex along with the left posterior superior temporal sulcus
respond to the presence of phonetic information, i.e., these
areas were more active in the Sp, VCo and RSp conditions
than in the RVCo condition. More anterior regions in the
left superior temporal sulcus were activated only during
listening to intelligible signals, i.e., they were more active
in the Sp and VCo conditions than in the RSp and RVCo
conditions. The right ventrolateral superior temporal gyrus,
in turn, was more active during listening to signals with
dynamic pitch variation (Sp and RSp) than during listening
to signals consisting of noise (VCo and RVCo).

In their fMRI study, Davis and Johnsrude (74)
investigated brain activity associated with speech
comprehension. They distorted spoken sentences in three
different ways and varied the amount of distortion. In one
condition, the speech was split into short segments and
every other segment was replaced with signal-correlated
noise that had the same spectral profile and amplitude
envelope as speech but was unintelligible. The amount of
intelligibility was increased by decreasing the duration of
noise segments (separated by 200-ms speech segments)
from 500 ms down to 100 ms. In another condition, they
presented noise-vocoded speech (see above) and improved
intelligibility by increasing the number of frequency bands
used in vocoding. In a third condition, speech was
presented over a background of speech-spectrum noise and
intelligibility was improved by attenuating the noise. As
participants listened to these different speech signals, brain
activity along the superior and middle temporal gyri of the
left hemisphere and in a smaller homologous area in the
right hemisphere increased with improving intelligibility of
speech. Correlations between intelligibility and brain
activity were also found in the left inferior frontal gyrus
and in the left hippocampus.

The aforementioned superior temporal sulcus areas appear
to overlap with those that Belin et al. (75) found to be
responsive to human voice (Figure 2, blue squares). In their
fMRI study passive listening (no task instruction was given
to the participants) to vocal sounds including both speech
and non-speech (e.g., coughs, laughs, and cries) was
associated with a higher activity along the superior
temporal sulcus in relation to listening to other complex
sounds. These voice-specific activations were observed
bilaterally but they appeared to be stronger in the right
hemisphere. The important role of the right superior
temporal sulcus region in processing human voice was
supported by the results of von Kriegstein and colleagues
(76). In their fMRI study the listeners were presented with
sentences varying in verbal content and speaker identity. In
one condition the listeners were to attend to the verbal
content and to find a particular sentence irrespective of who
spoke the sentence, whereas in the other condition they
were to recognize a particular speaker irrespective of the
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VOICE/SOUND RECOGNITION

Figure 2. Cortical activations associated with voice and
sound recognition. Colored squares indicate projections of
the activation maximum locations onto the lateral or medial
surface of each hemisphere. Orange indicates local maxima
of the activation difference between non-spatial and spatial
auditory working memory tasks in the study by Alain et al.
(53). Yellow indicates results of comparison between
environmental sound recognition and sound localization
tasks in the study by Maeder et al. (54). Blue indicates
local maxima revealed by comparison of passive listening
to human voice with listening to other complex sounds in
the study by Belin et al. (75). Red indicates local maxima
of the activation difference between attention to the voice
and attention to the content during listening to sentences in
the study by von Kriegstein et al. (76). Light green squares
indicate local maxima of the activation difference during
selective listening to either a male or female voice (data
averaged across the two conditions) and reading (cf. Figure
1) in the study by Alho et al. (84). For Maeder et al. (54),
only maxima obtained at least in 12 out of the 18
participants are shown and the crossed yellow square
indicates a maximum in the left ventromedial
parahippocampus projected onto the lateral surface of the
hemisphere.

meaning of the sentence. The right anterior superior
temporal sulcus showed higher activity during the voice-
recognition task than during the verbal-content task (Figure
2, red squares). The left posterior middle temporal gyrus, in
turn, was more active during the content task than during
the voice-recognition task, whereas the middle regions of
the superior temporal and middle temporal gyri were
activated by both tasks in comparison with a control task
where the listeners were to recognize a particular speech-
envelope noise pattern among other noise patterns. In a
further study, von Kriegstein and Giraud (77) found that the
right anterior superior temporal sulcus was equally
activated both during recognition of a particular familiar
voice among other familiar voices and during recognition
of a particular unfamiliar voice among other unfamiliar
voices. However, the right posterior superior temporal
sulcus displayed stronger activity when the voices were
unfamiliar than when they were familiar.
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5. BRAIN ACTIVITY ASSOCIATED WITH
SELECTIVE LISTENING TO SPEECH

One might assume that selective listening to
continuous speech would enhance brain activity in the
auditory and prefrontal cortices like selective listening to
non-speech sounds (42-44) and especially the activity in the
left-hemisphere areas involved in speech processing, since
attention to discrete syllables and words has been found to
activate  predominantly the left auditory cortex
(28,29,64,78,79). However, brain activity associated with
selective attention to continuous speech might differ from
brain activity during selective attention to discrete auditory
stimuli, such as tones, syllables, and words (42-44,64,78-
80), because human listeners are highly experienced in
attending to continuous speech. Such experience might
explain the very early onset of the attention effects
observed in the few ERP studies on selective listening to
continuous speech (81,82). In these studies, ERPs elicited
by words in the attended and unattended speech messages
delivered to the opposite ears differed from each other as
early as 40-50 ms from word onset. However, the early
onset of these attention effects might also be related to the
high rate of sounds in continuous speech, since ERP and
MEG studies on selective attention to tones have shown
that the latencies of the attention effects depend on the rate
of the attended sounds (23,24,29,36). There may also be
differences in the effects of selective attention to
continuous speech on brain activity depending on whether
the attended speech differs in location or in pitch (e.g.,
male vs. female voice) from concurrent irrelevant speech
due to the segregated processing of spatial and non-spatial
auditory information reviewed above. However, in both
kinds of selective listening conditions, the listener may also
use semantic and prosodic (e.g., rhythm and intonation)
features of the attended speech in order to separate it from
the concurrent irrelevant message(s). Finally, when
selective attention to speech is based on speaker identity,
one might expect enhanced attention-related activity
especially in the superior temporal sulcus of the right
hemisphere which is also activated during voice
recognition (75-77).

In two recent PET studies, Alho and colleagues
(83,84) investigated effects of attention on brain activity
during selective listening to speech. In their first study
(83), two messages spoken by the same female voice were
delivered to opposite ears together with a third written
message running on a screen in front of the participant,
whose task was to attend to one message at a time in order
to be able to recall it afterwards and to ignore the other two
messages. During selective listening to the message
delivered to the right ear, activity increased bilaterally in
the auditory cortical areas of the superior temporal gyrus
and sulcus in comparison with the reading task. However,
no enhanced activity was observed in the left auditory
cortex during selective listening to the left-ear message in
relation to the reading task, this comparison revealing
enhanced activity only in the right superior temporal gyrus
and sulcus. The prominent activation in the right superior
temporal areas in both listening conditions was reasoned to
be caused either by enhanced processing of the prosodic
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SELECTIVE SPEECH LISTENING

B Location selection (left/right ear)
M Pitch selection (male/female voice)
OOverlap

Figure 3. Brain areas showing enhanced activity during
selective listening to speech on the basis of either its
location (left or right ear) or its pitch (male or female
voice). Red indicates brain areas with significantly
enhanced activity (p<.05, corrected for multiple
comparisons) during selective listening to the left-ear or
right-ear message (data averaged across the two conditions)
in relation to a reading task with two irrelevant speech
messages. Green indicates areas with significantly
enhanced activity during selective listening to the male or
female voice (data averaged across the two conditions) in
relation to a reading task with two irrelevant speech
messages. Yellow indicates an overlap of these attention
effects. Data from Alho ef al. (83,84).

features in the attended speech, such as the rhythm and
intonation, as prosodic features are processed
predominantly in the right auditory cortex (85-88), or by
enhanced activity in the right superior temporal sulcus
areas involved in voice processing (75-77). The lack of
increased activity in the left hemisphere during selective
listening to the left-ear message than during reading, in
turn, was thought to be due to activation in the left auditory
cortex, including Wernicke’s area, even during reading
(69,70). This interpretation was supported by comparisons
of the two selective listening conditions with an additional
control condition in which the participants were to
discriminate meaningless letter strings running on the
screen and to ignore the two concurrent speech messages.
These comparisons revealed bilateral activity in the
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superior temporal cortices. More prominent left-hemisphere
activity during listening to the right-ear message than
during listening to the left-ear message was probably due to
the fact that during spatial auditory attention tasks the
attention effects are sometimes observed to be larger in the
hemisphere contralateral to the attended direction
(23,36,44).

The second PET study on speech listening by
Alho et al. (84) was similar to the first one except that the
two concurrent speech messages were now spoken by
different voices (male and female) and they were delivered
binaurally and therefore perceived as originating from the
same location. Comparison of brain activity during
selective listening to either speech message with brain
activity in a reading condition where the two spoken
messages were to be ignored showed bilateral activations
along the superior temporal sulci. These activations were
thought to be associated with enhanced processing of the
attended voice (75-77). However, it was acknowledged that
the activation in the left hemisphere might be partly caused
by enhanced activity in the anterior areas of the left
superior temporal sulcus involved in speech comprehension
(73,74). Furthermore, the activity in the right hemisphere
might be partly due to enhanced processing of the prosody
in the attended speech (85-88).

With regard to segregated spatial and non-spatial
auditory processing discussed above, it is of interest to
compare the results from the two selective speech-listening
studies of Alho and colleagues (83,84). Figure 3
superimposes the brain areas showing significantly
enhanced activity during selective listening to speech
delivered to the left ear or to speech delivered to the right
and the areas showing significantly enhanced activity
during selective listening to the male or female voice. As
seen in Figure 3, in the right hemisphere, the activation
associated with spatial (left vs. right ear) selective listening
to speech appeared to extend to more posterior temporo-
parietal areas than activity associated with non-spatial
(male vs. female voice) selective listening to speech. The
activity associated with non-spatial selective listening, in
turn, tended to occupy in both hemispheres superior
temporal sulcus areas anterior and inferior to those
activated by spatial selective listening to speech.

Thus, these results (83,84) suggest that somewhat
different cortical areas may be involved in spatial and non-
spatial selective listening to speech. These results are in
line with the studies by Alain et al. (53) and Maeder et al.
(54) showing segregation of auditory-cortex areas involved
in spatial and non-spatial auditory working memory and
discrimination. As seen in Figure 1, the attention-related
activations observed by Alho ef al. (83) during spatial
selective listening to speech have their maxima in the right
hemisphere at or in the vicinity of the posterior temporal
and parietal activations related to spatial auditory
processing according to the results of Alain ez al. (53) and
Maeder et al. (54). As seen in Figure 2, the attention-
related activations observed by Alho et al. (84) during
selective listening to either a male or female speaker, in
turn, have their maxima in the anterior superior temporal
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sulcus bilaterally. The right hemisphere maximum is in the
vicinity of the anterior temporal activations related to
recognition of complex sounds according to Maeder et al.
(54) and to voice recognition according to von Kriegstein et
al. (76). Moreover, the activation peaks in the middle part
of the left and right superior temporal cortex observed by
Alho et al. (84) are in the vicinity of activations associated
with voice processing according to Belin et al. (75), with
working memory for pitch according to Alain et al. (53),
and with sound recognition according to Maeder et al. (54).

Finally, although previous studies showed
enhanced activity in the prefrontal cortex during selective
listening to non-speech sounds (42-44), no prefrontal
activity was observed in the selective speech-listening
studies by Alho and colleagues (83,84). This lack of
prefrontal activity might be due to the fact that the
prefrontal areas activated by selective listening to speech
were also activated in the comparison conditions by reading
or letter-string discrimination. However, this appears not to
be the case, since in the second selective speech listening
study by Alho and colleagues (84), comparison of brain
activity during speech listening or reading with that
recorded during an additional resting condition without any
spoken or written messages showed no prefrontal
activations. Therefore it appears that speech listening and
reading depend less on prefrontal control functions than do
other types of tasks demanding selective attention.

6. SUMMARY AND CONCLUSIONS

In summary, brain imaging studies suggest that
partly different cortical areas are involved in spatial and
non-spatial auditory processing (23,24,75,76) including
attentional selection of speech for further processing on the
basis of its locus of origin or speaker identity (83,84). As
seen in Figures 1 and 2, most of these studies found activity
associated with spatial auditory processing in posterior
temporal and temporo-parietal regions especially in the
right hemisphere, while activations related to non-spatial
voice or sound recognition are observed bilaterally along
the superior temporal gyrus and sulcus. As seen in these
figures, the distances between the activation peaks found in
different studies on spatial auditory processing (Figure 1)
are relatively long, as well as the distances between
activation peaks found in voice/sound recognition studies
(Figure 2). However, it should be borne in mind that these
activation peaks do not indicate the total activated cortical
areas. For example, although the activation peaks observed
in the superior temporal cortex by Alho and colleagues
(83,84) are in different locations for spatial and non-spatial
selective listening (see the green squares in figures 1 and 2)
there is an overlap between the superior temporal areas
showing significant activations in these studies (Figure 3).
Furthermore, in PET and fMRI studies reviewed here, the
imaging data were averaged across the participants after
normalization of individual brains in a common anatomical
space, i.e., the Talairach space (89). However, there is
substantial between-participant variation in the coordinates
of different brain structures even after such normalization
procedures (90). Therefore, the loci of activation peaks
seen in imaging data averaged across individual brains do
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not necessarily correspond to the loci of activation peaks in
different individuals. Yet, the activation peaks in the data
averaged across participants still suggest the brain areas
were individual activations overlap. Finally, the spatial
resolution in the PET data of Alho ef al. (83,84) is only 1-2
cm which complicates anatomical interpretation of their
results.

Bearing the aforementioned methodological limitations in
mind, the results from PET studies on selective listening to
natural speech by Alho and colleagues (83,84) still suggest
that selective attention to speech enhances processing of
speech in the auditory cortical areas along the superior
temporal gyrus and sulcus. This activity extends in the right
hemisphere to the parietal cortex, if the relevant and
irrelevant spoken messages are separated spatially, and to
the anterior superior temporal sulcus areas binaurally, if the
relevant speech differs from the irrelevant speech only in
terms of the different voices of the speakers. These results
are in line with studies showing that different cortical areas
are involved in spatial and non-spatial auditory processing
(48-53). Thus the right temporo-parietal areas appear to
have an important role in the spatial selection of an
attended speech message for further processing, whereas
the left and right anterior superior temporal sulcus areas are
presumably involved in the selection of an attended speech
message on the basis of the speaker’s voice. However,
there is a substantial overlap between the areas in the
middle parts of the superior temporal cortices showing
enhanced activity during spatial and non-spatial selective
listening to speech. These overlapping activations might be
caused by effects of attention on initial auditory processing
observed also for non-speech sounds (40-44), as well as by
effects of attention on left-temporal activity associated with
speech comprehension (73-74), right-temporal activity
related to processing of prosody (85-88), and bilateral
temporal activity associated with voice recognition (75-77).
Finally, the studies by Alho er al. (83,84) revealed no
prefrontal activity during selective attention to speech,
while such activity is observed, for example, during
selective listening to non-speech sounds (42-44). The lack
of such prefrontal activations during selective listening to
speech might be due to the fact that speech listening even
in a distracting environment is an over-learned skill
rehearsed in everyday life. Therefore, perhaps selective
listening to speech has become less dependent on the
prefrontal control functions than other kinds of attentional
tasks.
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