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Inferior Frontal Gyrus Activation Predicts Individual
Differences in Perceptual Learning of Cochlear-Implant
Simulations
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This study investigated the neural plasticity associated with perceptual learning of a cochlear implant (CI) simulation. Normal-hearing
listeners were trained with vocoded and spectrally shifted speech simulating a CI while cortical responses were measured with functional
magnetic resonance imaging (fMRI). A condition in which the vocoded speech was spectrally inverted provided a control for learnability
and adaptation. Behavioral measures showed considerable individual variability both in the ability to learn to understand the degraded
speech, and in phonological working memory capacity. Neurally, left-lateralized regions in superior temporal sulcus and inferior frontal
gyrus (IFG) were sensitive to the learnability of the simulations, but only the activity in prefrontal cortex correlated with interindividual
variation in intelligibility scores and phonological working memory. A region in left angular gyrus (AG) showed an activation pattern that
reflected learning over the course of the experiment, and covariation of activity in AG and IFG was modulated by the learnability of the
stimuli. These results suggest that variation in listeners’ ability to adjust to vocoded and spectrally shifted speech is partly reflected in
differences in the recruitment of higher-level language processes in prefrontal cortex, and that this variability may further depend on
functional links between the left inferior frontal gyrus and angular gyrus. Differences in the engagement of left inferior prefrontal cortex,
and its covariation with posterior parietal areas, may thus underlie some of the variation in speech perception skills that have been
observed in clinical populations of CI users.

Introduction
Cochlear implants (CIs) can restore hearing after sensorineural
hearing loss, or provide auditory input to children born deaf.
These prostheses deliver tonotopically distributed electrical stim-
ulation to the auditory nerve via an electrode array that is inserted
into the cochlea. CIs provide a limited degree of spectral resolu-
tion, sufficient for good speech intelligibility in quiet (Moore and
Shannon, 2009), but lose much detail of the original signal.
Acoustic cues that are important for decoding verbal and non-
verbal information may thus be weakened or lost. Postlingually
deafened, adult CI users commonly report that speech and the
sensation of pitch sound very different from their previous memo-
ries, and it can take some time for users to adapt to the new input
(Tyler et al., 1997; Reiss et al., 2007; Moore and Shannon, 2009). In
addition to the limited availability of acoustic cues, the placement of
the electrode array can further affect the intelligibility of the speech
signal (Skinner et al., 2002; Finley et al., 2008). If the array has a
relatively shallow insertion into the cochlea, the spectral features of
speech may be signaled at more apical places than in normal hearing.

Thereby, the speech signal is in effect shifted up in frequency (Dor-
man et al., 1997; Shannon et al., 1998; Rosen et al., 1999).

Some CI users learn to use their device exceedingly well, and
are even able to use the telephone with ease. There is, however,
considerable interindividual variability in outcome, for which the
main predicting factors include age of implantation, duration of
deafness, and residual speech perception levels before implanta-
tion (UKCISG, 2004). Cognitive factors, such as verbal learning
and phonological working memory, have also been implicated in
implantation outcomes, both in adults (Heydebrand et al., 2007)
and children (Fagan et al., 2007). However, no currently known
set of factors can account for all of the interindividual variability
that is observed clinically.

The adaptation to the novel stimulation from a CI is mediated
by plasticity in the ascending auditory pathway (Fallon et al.,
2008) and the cortex. Functional imaging of CI users using
positron emission tomography (PET) has identified neural cor-
relates of postimplant sound and speech perception in primary
and secondary auditory cortex, prefrontal and parietal cortex,
and visual cortex (Wong et al., 1999; Giraud et al., 2000, 2001;
Giraud and Truy, 2002; Green et al., 2005). Variation in speech
perception is associated with activity in temporal and prefrontal
cortex (Mortensen et al., 2006; Lee et al., 2007). Technical limi-
tations of functional magnetic resonance imaging (fMRI) with
implant devices, and radiation exposure limits with PET, have
prevented the imaging of neural changes associated with initial
perceptual and linguistic processing of the novel-sounding CI
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input. The current study used fMRI and a
simulation of the spectral resolution and
spectral shifting of a cochlear implant. Its
aim was to identify cortical changes in na-
ive, hearing listeners as they learnt to un-
derstand this novel input over the course
of a training session, and to relate these
changes to their capacity in phonological
working memory.

Materials and Methods
Noise-vocoding was used to simulate the
spectral resolution and spectral shifting of a
cochlear implant (Fig. 1). The number of
spectral channels and degree of shift of the CI
simulation was set to a level that was suffi-
ciently difficult to understand initially, yet
allowed learning to occur on a time scale that
can be tracked in a functional imaging study
(i.e., minutes, rather than seconds or hours).
A condition in which the spectral informa-
tion in the speech signal was inverted such
that low frequencies in the speech input became high and vice versa,
served as a control for learnability as well as for the overall acoustic
properties of the stimuli. To examine the relationship between
intelligibility-related neural activity and memory systems, a battery of
phonological working memory and vocabulary tests was adminis-
tered before scanning (see supplemental materials, available at
www.jneurosci.org).

Participants. Twenty right-handed native speakers of English (10
male, mean age 25 years, range 19 –31 years) participated in the ex-
periment, and a further five (3 male, mean age 24, range 22–25) took
part in a pretest. None reported having a history of hearing disorder
or neurological illness, taking medication, or having prior experience
with CI simulations. All volunteers gave informed written consent
and were paid for their participation. The study was approved by
the University College London Department of Psychology Ethics
Committee.

Materials and methods. Stimulus materials were created from record-
ings of sentence lists (Bench et al., 1979) which comprise 336 syntactically
and semantically simple sentences. Recordings were made in a sound-
damped room by a male native English speaker, recorded to MiniDV
tape (Brüel & Kjaer 4165 microphone, digitized at a 48 kHz sampling
rate with 16 bit quantization) and edited using Final Cut Pro (Apple
Inc.) and Matlab (MathWorks) software.

The sentences for the “learnable” condition were individually manip-
ulated using noise-vocoding (Shannon et al., 1995) and spectral shifting
(Dorman et al., 1997; Shannon et al., 1998; Rosen et al., 1999). These
techniques simulate two critical aspects of how stimulation produced by
a cochlear implant may differ from that of normal hearing; respectively,
a coarse spectral resolution resulting from the limited number of effec-
tive frequency channels, and a misalignment of the frequencies delivered
to the implant’s electrode array with the tonotopy of the basilar mem-
brane. Noise-vocoding involves dividing the frequency spectrum into
analysis bands, extracting the amplitude envelope from each band, and
multiplying the envelope with a noise-excited carrier band whose center
frequency and cutoffs are matched to its respective analysis band. The
amplitude-modulated carrier bands are then added together. Spectral
shifting additionally alters the cutoff frequencies of the carrier bands by a
factor that reflects a given misalignment of cochlear place according to
Greenwood’s frequency–position function (Greenwood, 1990). Our ma-
nipulations simulated eight effective frequency channels, and a basal-
ward shift of 4.8 mm from the apex of the basilar membrane. The filter
cutoff frequencies that were used for the analysis- and noise-bands are
shown in Table 1; otherwise the signal processing procedure followed
Rosen et al. (1999). Stimuli for the “inverted” control condition were
processed identically, except that the mapping from analysis bands to
carrier bands was inverted in the frequency domain; that is, the ampli-

tude envelope from the lowest analysis band was mapped to the highest
carrier band, the second lowest analysis band mapped to the second
highest carrier band, etc. This produced stimuli with acoustic character-
istics that were highly matched to the learnable condition, but were un-
intelligible and could not be understood even with training. Examples of
the learnable and inverted stimuli are in supplemental materials (avail-
able at www.jneurosci.org).

Pretest. A behavioral pilot study was conducted to ensure that the
spectrally inverted stimuli were indeed unintelligible and could not be
understood after training. The design and procedure of the pretest
was identical to that of the fMRI experiment, except that instead of
collecting verbal responses during test phases, listeners were asked to
type on a computer keyboard what they heard after the first presen-
tation of each stimulus; after this they saw the sentence presented on
the screen. The responses to “vocoded” and “vocoded-inverted” stim-
uli were binned in four blocks of 25 and scored in terms of the per-
centage of correctly reported key words. In the vocoded condition,
the average scores from blocks one to four were 39.3, 47.0, 62.8, and
65.2; representing an average improvement of 26%. The correspond-
ing scores in the vocoded-inverted condition were 1.0, 0.3, 1.3, and
1.0, indicating that, as expected, listeners are unable to adjust to the
spectral inversion manipulation within the context and time frame of
this experiment.

Training design and procedure. The training materials comprised of
100 vocoded-shifted and 100 vocoded-inverted sentences. On each
trial, subjects would first hear a sentence while the instruction “Lis-
ten” was displayed on the screen. This was then followed by a second
presentation at which, simultaneously, a written version of the sentence was
shown on-screen. The mean interstimulus interval between these “listening”
and “listen � feedback” trials was 5 s (jittered up to �1 s). The order of
learnable and inverted trials was pseudo-randomized such that not more
than three trials of one type could occur in a row. The training session was

Figure 1. Spectrograms of the sentence “The sweet shop was empty” in the learnable (A) and spectrally inverted (B) conditions.
In both conditions the original speech signal was noise-vocoded and spectrally shifted upward. Stimuli in the inverted condition are
not intelligible, and listeners cannot adapt to this distortion.

Table 1. Parameters of the filter bank used in vocoding for the analysis bands of
the original speech signal and the shifted noise carrier bands (in Hz)

Band

1 2 3 4 5 6 7 8

Analysis bands
Lower cut-off 70 172 317 526 825 1253 1866 2743
Center frequency 116 238 412 662 1020 1532 2265 3315
Upper cut-off 172 317 526 825 1253 1866 2743 4000

Noise bands
Lower cut-off 294 493 778 1185 1768 2604 3801 5515
Center frequency 385 623 963 1451 2149 3149 4581 6632
Upper cut-off 493 778 1185 1768 2604 3801 5515 7970
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broken up into four blocks of 50 sentences (25 vocoded and 25 vocoded-
inverted in each; Fig. 2). In between the training blocks, and at the be-
ginning and end of the experiment, there were five test phases which
consisted of 10 sentences each. During a test phase, subjects were asked to
repeat aloud what they could understand after having heard a vocoded
sentence once, while the instruction “Repeat” was displayed on-screen.
These verbal responses were recorded and scored off-line as the per-
centage of key words that were repeated correctly in each test phase.
For each individual subject, the items that made up the “learnable,”
“inverted,” and “test” conditions were drawn at random from the
corpus of 336 sentences, such that a particular sentence would not
occur more than once in the experiment. A repeated-measures
ANOVA with the factors “test phase” and “percentage of correct key-
words,” with a planned t-contrast comparison of block 1 and block 5,
was used to test for a change in intelligibility over the course of the
experiment.

fMRI data acquisition and analysis. Stimuli were delivered using Matlab
with the Psychophysics Toolbox extension (Brainard, 1997) and re-
sponses recorded in Audacity (audacity.sourceforge.net). Subjects wore a
headset with electrodynamic headphones and an optical microphone
(MR Confon GmbH). Whole-brain functional and structural magnetic
resonance imaging (MRI) data were acquired on a Siemens Avanto 1.5
tesla scanner (Siemens AG) with a 12-channel birdcage head coil. A
gradient-echo echo-planar imaging sequence was used for the functional
scans (repetition time � 3 s, echo time � 50 ms, flip angle � 90°, isotropic
voxel size � 3 mm3, 35 axial slices, 805 volumes; total duration � 40.3 min).
A T1-weighted anatomical scan was acquired after the functional run (high-

resolution magnetization-prepared rapid-acqui-
sition gradient echo, voxel size � 1 mm3, 160
sagittal slices).

MRI data were analyzed using SPM5 (Well-
come Department of Imaging Neuroscience,
London, UK) with the MarsBaR extension for
region-of-interest analyses (Brett et al., 2002).
Functional MRI volumes that had been ac-
quired during the test phases were discarded.
The remaining 668 fMRI volumes were re-
aligned, slice-timing corrected, coregistered
with the structural scan, segmented, normal-
ized to a standard stereotactic space (Montreal
Neurological Institute) on the basis of the seg-
mentation parameters, and smoothed with an
isotropic Gaussian kernel of 6 mm full-width at
half-maximum. Statistical whole-brain analy-
ses were conducted in the context of the gen-
eral linear model, and included four effects of
interest at the single-subject level (learnable vs
inverted, each under listening and listening �
feedback conditions). Event-related hemody-
namic responses for each event type were mod-
eled as a canonical hemodynamic (gamma
type) response function.

Results
Effect of learnability
We first compared the hemodynamic response elicited by listen-
ing to learnable cochlear-implant simulations to the response
elicited by listening to spectrally inverted control stimuli. A
random-effects group analysis was used to compare the learnable
and inverted conditions on listening trials. This included a co-
variate for the mean repetition test scores from each subject,
averaged across the session. The statistical threshold was set at
p � 0.001 at the voxel level (uncorrected for multiple compari-
sons) with a cluster extent threshold k � 30 voxels. This analysis
revealed greater activation for learnable stimuli in the left supe-
rior temporal sulcus (STS) and the left inferior frontal gyrus (IFG;
Table 2). The average percentage of signal change across the ses-
sion was obtained for each condition and for each subject in the
two clusters of significantly activated voxels. These regionally av-
eraged percentages of signal change confirmed that the overall
effect of learnability was present at both sites, both in the trials
where participants initially listened to a stimulus and in the trials
where they received simultaneous written feedback during stim-
ulus presentation (Fig. 3).

Individual differences in learning
Behavioral data collected over five test blocks indicated that par-
ticipants improved significantly in the identification of words
within sentences in the learnable condition, albeit with consider-
able variability of scores over time (Fig. 4). While nearly all par-
ticipants repeated fewer than 10% of keywords correctly in the
first test phase, some improved considerably (by �60%) over the
course of the experiment, while others barely improved at all (by
�5%). The neural correlates of this variability were investigated
as follows. Voxels showing interindividual variation in the effect
of learnability were defined by masking inclusively (at a height
threshold of p � 0.001) the effect of overall learnability and the
effect of a covariate coding the improved intelligibility over the
course of the experiment for each subject (calculated as the dif-
ference between the first and last test phase). This revealed an area
on the inferior frontal gyrus in which the neural learnability ef-
fect, that is, the difference between the responses to the learnable

Figure 2. The fMRI session consisted of five test phases and four training phases (A). During each training phase (B), listeners
were presented with 50 pairs of listening and feedback trials, half of which were potentially learnable. Listeners always heard the
spoken version of a sentence first, followed by a second auditory presentation with simultaneous written feedback. During the test
phases, participants heard 10 sentences without feedback, and repeated back what they understood after each sentence (C).

Table 2. Summary of activation clusters in the random-effects group analyses

Location
Coordinates
(MNI space) Z-score

Extent
(mm 3)

Learnability effect
Left IFG �52 16 18 4.24 1125
Left STS �52 �48 2 4.12 234

Individual variation in learning
Left IFG �46 26 20 3.44 36

Individual variation in working memory
Left IFG �44 14 26 4.26 645

Increase with learning
Left AG �36 �58 50 4.01 396
Left SMG �66 �28 32 3.63 243

Stereotactic coordinates refer to peak voxels. MNI, Montreal Neurological Institute.
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and inverted conditions, correlated signifi-
cantly with individual participants’ behav-
ioral learning scores. From these voxels,
regionally averaged percentages of signal
change were obtained as an index of effect
size in each condition for each subject
(Fig. 5).

The analysis was repeated with a predic-
tor that, instead of intelligibility, coded indi-
vidual composite working memory scores,
measured using a battery of phonological
working memory tests (see supplemental
materials, available at www.jneurosci.org).
This, again, revealed an area of the inferior
frontal gyrus in which the overall neural ef-
fect of learnability correlated positively with
individual working memory scores (Fig. 5).
This area partially overlapped with the one
identified on the basis of intelligibility. In
contrast, neither the intelligibility scores nor
the phonological working memory scores
correlated significantly with activation in
the superior temporal lobe.

Neural basis of intelligibility changes
over time
To identify brain areas which change over
time as a function of learning, a covariate
of interest was included at single-subject
level in addition to the four experimental
conditions, which represented the indi-
vidual learning curve. The learning curve
was derived by cubic interpolation of the
five behavioral test scores over the course
of the experiment. A random-effects
group analysis ( p � 0.001, uncorrected; k � 30) of this covariate
revealed significant activations in two regions in the inferior pa-
rietal lobe, specifically the left supramarginal gyrus (SMG), and
the left angular gyrus (AG), in which the fMRI signal intensity
correlated with the participants’ intelligibility scores over the
course of the experiment (Fig. 6). For these two regions we again
obtained the percentages of signal change in each condition and
for each subject (Fig. 6). A repeated-measures ANOVA with the
factors area, trial type, and learnability showed that there was no
significant difference in these regions between the learnable and
inverted stimuli, during either the listening or listening � feed-
back trials, although there was a trend for the learnable stimuli to
activate the angular gyrus more, over time, during the listening �
feedback trials ( p � 0.07).

Patterns of functional connectivity, as indexed by correlations
of the average signal strength over time in a particular region,
were investigated between the two parietal regions, and the re-
gions in left IFG and STS that had been identified on the basis of
the effect of overall learnability. This was done by calculating the
correlations in regional signal change in each of the four regions,
separately for the learnable and inverted conditions (two-tailed
Pearson’s product-moment correlations; � level set to 0.004 to
correct for multiple comparisons). This analysis showed signifi-
cant correlations of responses between STS and IFG, and between
AG and SMG, for both learnable and inverted conditions. There
was also a significant correlation between responses in IFG and
AG in the learnable condition only. No other connections be-
tween the four regions were significantly correlated (Fig. 6B).

Discussion
A left-lateralized system in IFG and STS was sensitive to the learn-
ability of the cochlear implant simulations, showing greater ac-
tivity when listening to learnable sentences than when listening to

Figure 3. Overall effect of learnability. Two regions, on the left IFG and left STS, were sensitive to the learnability of the stimuli (A).
Results are shown for a t-contrast of the learnable and the inverted conditions in a random-effects group analysis (height threshold p �
0.001; cluster extent threshold k�30 voxels). The bar graphs show the pattern of mean signal change in the two regions for the learnable
and inverted conditions, separately for trials in which listeners initially heard a sentence, and for when they received feedback (B). Error bars
represent SEM. Stereotactic coordinates of the peak activations are given in the Montreal Neurological Institute system. L, Left hemisphere.

Figure 4. Box plot showing the behavioral learning effect. Over the course of the training,
listeners reported more keywords correctly during the test phases (main effect of test phase,
F(4,19) � 26.17, p � 0.001; planned comparison of test phase 1 and 5, t(1,19) � 7.65, p �
0.001). Red lines indicate the median, blue edges represent 25 th and 75 th percentiles, dashed
lines cover the range of data points excluding outliers, and red crosses mark individual outliers.
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spectrally inverted sentences. The STS has consistently been im-
plicated in the processing and representation of intelligible
speech, including in studies that used noise-vocoding as a way of
manipulating the intelligibility of speech (Scott et al., 2000, 2006;
Davis and Johnsrude, 2003; Obleser et al., 2007a, 2008), conse-
quent to acoustic-phonetic processing in the superior temporal
gyrus (STG) (Jacquemot et al., 2003; Obleser et al., 2007b;
Obleser and Eisner, 2009). Many of these studies have revealed a
sensitivity in the left and right STS to the number of channels in
the vocoded speech signal (Davis and Johnsrude, 2003; Scott et
al., 2006; Obleser et al., 2008). Consistent with this work, we
propose that in the present study, the left STS is responding to the
speech characteristics that are preserved in the cochlear implant
simulation.

In contrast to STS, the left IFG has typically been implicated in
higher-order language processes, and activity in this area has
been described in a number of previous functional imaging stud-
ies of passive speech perception (Davis and Johnsrude, 2003;
Friederici et al., 2003; Rodd et al., 2005; Obleser et al., 2007a). For
example, activation has been observed in the left IFG when par-
ticipants heard sentences containing ambiguous words (Hoenig
and Scheef, 2009), during aspects of syntax processing (Tetta-
manti et al., 2009), and when the semantic predictability of a
sentence supported comprehension (Obleser et al., 2007a). Left
IFG has been proposed to act as a unification space, integrating
linguistic information across the phonological, semantic, and
syntactic levels (Hagoort, 2005). Prefrontal regions receive pro-
jections from both the anterior and posterior auditory streams of
processing (Romanski et al., 1999; Scott and Johnsrude, 2003;

Rauschecker and Scott, 2009). In the
present study, the functionality of the left
IFG could thus include the specific use of
the simultaneous written feedback to en-
hance comprehension of the speech, or
more generally in the use of linguistic
knowledge—lexical, syntactic, or contex-
tual—to support comprehension.

The training paradigm of this study
aimed to elicit relatively rapid perceptual
learning of the type that may be targeted
in computer-based rehabilitation pro-
grams (Fu and Galvin, 2007; Stacey and
Summerfield, 2007). The profile of behav-
iorally measured intelligibility effects (Fig.
4) shows that the biggest differences in in-
telligibility occurred over the first trials,
and performance continued to improve
more slowly across the rest of the session.
This pattern is consistent with other audi-
tory learning paradigms, which have
found that the biggest improvements in
performance often occur at the start of
training (Wright and Fitzgerald, 2001;
Hawkey et al., 2004). The improvement in
the current study was far from reaching
ceiling, and previous behavioral training
studies suggest that learning would likely
continue with further training sessions
(Rosen et al., 1999; Fu and Galvin, 2007;
Stacey and Summerfield, 2007). Fitting
the individual learning profiles to the neu-
ral activity revealed two regions in left
SMG and AG in which intelligibility-

related change was correlated with change in activation over the
course of the training session. This suggests that, alongside the
activation in left STS and IFG—which was associated with in-
creases in the intelligibility of spectrally degraded speech—neural
activity in the left inferior parietal lobe underlies the behavioral
adaptation to the stimuli. In AG, the time-dependent effect was
broadly modulated by intelligibility during the perception trials
in which written feedback was provided. In contrast, activity in
the SMG did not differ between the learnable and inverted trials,
nor between trials in which the subjects listened to the stimuli and
those in which written feedback was presented simultaneously
with the CI simulation. This may imply that the AG is implicated
in the specific use of other linguistic information to support
learning, while the SMG may be more generally sensitive to time-
dependent exposure to the stimuli, rather than to the linguistic
content.

The increase in speech intelligibility over time suggests that
the effects of learnability and adaptation should be related. There
was indeed a significant correlation in activation between the AG
and the IFG for only the learnable trials, which may be subserved
by a bidirectional anatomical connection between these regions
via the superior longitudinal fasciculus (Frey et al., 2008). In-
creased functional connectivity between the left IFG and angular
gyrus has been demonstrated when context helps the compre-
hension of noise vocoded speech (Obleser et al., 2007a), and
when subjects are making overt semantic decisions about noise
vocoded speech (Sharp et al., 2009). Both regions have been im-
plicated in other learning processes in speech perception, such as
learning to perceive a non-native phonemic contrast (Golestani

Figure 5. Effects of individual variation. The learnability effect was modulated by interindividual differences in the amount of
learning (left) and in working memory capacity (right). These effects were observed in the left inferior frontal gyrus, but not in
superior temporal cortex, in a whole-brain analysis. Stereotactic coordinates of the peak activations are given in the Montreal
Neurological Institute system. L, Left hemisphere.
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and Zatorre, 2004), which supports the
possibility that they are part of a more
generalized learning mechanism which
not only applies to spectrally degraded
speech, but also to other listening situa-
tions where perceptual processing is ef-
fortful. We suggest that in the present
study, the functional connectivity be-
tween the left IFG and AG may have a spe-
cific role in the task of mapping between
the written sentence information and the
heard CI simulation when the simulation
is learnable.

An extensive network of brain regions
thus underlies adaptation to a CI simula-
tion. Among recipients of CIs there is con-
siderable variation in outcome, and this
variation can only in part be explained by
known predictive factors such as the pre-
implantation level of residual hearing. CI
users’ neural capacity for adaptation may
be facilitated by cognitive functions which
are not primarily part of the central audi-
tory system (Moore and Shannon, 2009).
In our study, we observed a wide range of
scores in participants’ comprehension of
CI simulations, which were correlated
with activity in the left IFG. In contrast to
the IFG, the response in STS did not vary
with individual differences in intelligibil-
ity. This pattern of results is consistent
with claims that the basic speech percep-
tion system, as represented by the activity
in the STS, works to its fullest extent with
what it can process from the incoming sig-
nal, and is not modulated by feedback
projections from high-order language
areas (Norris et al., 2000). The lack of
association between activity in STS and
individual differences in learning, in con-
trast with the strong association between
comprehension and left IFG, suggests that
variation in successful processing of CI
simulations can depend on high-level, lin-
guistic and cognitive factors that go be-
yond relatively early, acoustic-phonetic
processes.

One candidate higher-order cognitive
factor that has been implicated in the suc-
cessful use of CIs is phonological working
memory (pWM). Several behavioral stud-
ies have found that phonological working
memory scores are positively correlated
with successful perception of speech fol-
lowing cochlear implantation in children (Pisoni and Geers,
2000; Cleary et al., 2001; Pisoni and Cleary, 2003; Dillon et al.,
2004). More generally, developmental language disorders
such as specific language impairment or dyslexia often involve
a deficit in working memory (Bishop, 2006; Ramus and
Szenkovits, 2008). For the participants in the current study, a
composite measure of phonological working memory corre-
lated with activity in the left IFG. Functional imaging studies
have outlined a network of brain areas underlying phonolog-

ical working memory, including the inferior parietal lobe and
the inferior frontal gyrus (Buchsbaum and D’Esposito, 2008),
and one study specifically linked IFG activation in a pWM task
with the encoding, maintenance, and response elements of
pWM (Strand et al., 2008). The current study shows a neural
link between variation in pWM capacity and variation in
speech intelligibility, which thus represents a potential func-
tional anatomical basis for the variation that is observed in the
responsiveness to postimplant rehabilitation.

Figure 6. Areas of the brain that change over time with learning. Two regions in inferior parietal cortex (in blue) show an
increase in activation over time which reflects learning curves modeled at a single-subject level (A). The bar graphs show the
patterns of mean signal change in these two regions for the learnable and inverted conditions. Error bars represent SEM. These
areas exhibit differential correlation patterns with activity in the superior temporal sulcus and inferior frontal gyrus, which were
sensitive to overall intelligibility (B). Solid lines indicate significant correlations ( p � 0.004) in signal change in the learnable and
inverted listening conditions; dashed lines indicate nonsignificant correlations. Stereotactic coordinates of the peak activations in
A are given in the Montreal Neurological Institute system. L, Left hemisphere.
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It is possible that the use of sentences as stimuli has empha-
sized individual differences in higher-order language processing
(Hervais-Adelman et al., 2008), and this may interact with pWM
processes. Neuropsychological studies have reported patients
who had deficits in pWM and who made errors processing pho-
nemes in sentences, but not in isolated words (Jacquemot et al.,
2006). This possibility should be tested with further studies using
adaptation to single-word or sublexical stimuli.

Our results suggest that individual variation in the compre-
hension of a cochlear implant simulation is at least in part deter-
mined by differences in the employment of higher-order
language processes to help decode the speech sequences, and
functional connectivity between the frontal and parietal lobes,
rather than differences in the quality of acoustic-phonetic pro-
cessing or representations in the dorsolateral temporal lobes.
Furthermore, the results show that variation in phonological
working memory scores shares an anatomical location in left IFG
with individual variability in the learning of the CI simulations.
Problems with speech and language processing commonly co-
occur with problems in phonological working memory tasks. We
suggest that one of the linguistic properties of the left IFG is to act
as an interface for the interaction of speech perception and pho-
nological working memory when processing spoken sentences,
and that activation differences in this area across individuals are
associated with differences in the successful adaptation to a CI
simulation.
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