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Abstract
Neurobiological correlates of adaptation to spectrally degraded speech were investigated with
fMRI before and after exposure to a portable real-time speech processor that implements an
acoustic simulation model of a cochlear implant (CI). The speech processor, in conjunction with
isolating insert earphones and a microphone to capture environment sounds, was worn by
participants over a two week chronic exposure period. fMRI and behavioral speech
comprehension testing was conducted before and after this two week period. After using the
simulator each day for 2 hours, participants significantly improved in word and sentence
recognition scores. fMRI shows that these improvements came accompanied by changes in
patterns of neuronal activation. In particular, we found additional recruitment of visual, motor, and
working memory areas after the perceptual training period. These findings suggest that the human
brain is able to adapt in a short period of time to a degraded auditory signal under a natural
learning environment, and gives insight on how a CI might interact with the central nervous
system. This paradigm can be furthered to investigate neural correlates of new rehabilitation,
training, and signal processing strategies non-invasively in normal hearing listeners to improve CI
patient outcomes.

1. INTRODUCTION
Cochlear implants (CIs) can restore hearing to profoundly deaf individuals through direct
stimulation of auditory neurons in the VIII cranial nerve. Patient performance on language
tasks after implantation varies substantially, both in terms of asymptotic performance level,
and in terms of the speed with which this level is achieved (Bassim et al., 2005). In the
immediate postoperative period, some patients exhibit poor performance at speech
comprehension and are sometimes only capable of detecting the presence of sounds.
Improvement of CI user performance typically involves months of rehabilitation (sometimes
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as long as one year) that culminates in asymptotic performance levels that vary among
different patients; even those who share a common model of implant and electrical
stimulation strategy (Dorman, 1993).

Cochlear implants use a microelectrode array surgically implanted into the inner ear, which
results in a fixed number of sites where the nerve population can be effectively stimulated—
see (Wilson, 2000) for a description of basic functioning principles of CIs. This results in
limited spectral resolution for CI users; with typical performance shown to be equivalent to
having 8 spectral bands or channels of information (Shannon et al., 2004). Studies that
utilize neuroimaging techniques have demonstrated that the processing of acoustic signals in
the brain differs between CI users and normal hearing subjects. Some of the first positron
emission tomography (PET) studies proved that auditory stimulation with CIs produces
bilateral activations in the primary and secondary auditory cortex (Herzog et al., 1991).
Subsequent studies found that activations in these areas differed between normal hearing
subjects and different groups of CI users (Giraud et al., 2001a; Giraud et al., 2000; Naito et
al., 1997; Wong et al., 1999). Moreover, differences were also found in the inferior frontal
cortex (Wong et al., 1999), as well as in regions outside classical language areas such as
dorsal occipital cortex (Giraud et al., 2001a), precuneus (Giraud et al., 2001a) and
subcortical auditory regions (Giraud et al., 2000). Additionally, studies of speech perception
with CI users have reported recruitment of cortical regions such as visual cortex (Giraud et
al., 2001b; Green et al., 2008; Kang et al., 2004) or the posterior cingulate (Kang et al.,
2004), regions which are not usually reported with normal hearing subjects. These combined
data provide evidence that CI users and normal hearing subjects use differing neural
strategies to achieve speech comprehension. However, in these studies it is difficult to
distinguish if these neuronal differences result only from adaptation to processing the
degraded signal or from other factors such as recovery from long periods of deafness or
maturation—the latter being a particular confound in the case of studies involving young
children. In addition, each CI user has a unique deafness, with the onset, mechanism, and
nature of deafness being patient-specific. Therefore, it is impractical to control the
perception of external stimuli across individual CI users. The second limitation is that
almost all CI devices are incompatible with functional magnetic resonance imaging (fMRI),
the most powerful of the present ensemble of functional neuroimaging technologies with
respect to localization and tracking of changes over time. Therefore, it is impractical to
study this intuitively desirable population for the purposes envisioned.

Rather, the larger population of normally hearing listeners represents the ideal target
population. Acoustic simulation models of CI’s have become a common means to test
processing strategies (Shannon et al., 2004) and evaluate training (Harnsberger et al., 2001;
Li and Fu, 2007). These models manipulate the acoustic signal in the same way as a typical
CI, simulating for a normal hearing listener what a real CI user might hear. Davis and
Johnsrude (2003) and Narain et al. 2003 observed a left-lateralized response to vocoded
speech primarily in the superior temporal gyrus, inferior frontal and premotor as compared
to normal speech. Other studies looked at adaptation specifically (e.g., Eisner et al. 2010,
Hervais-Adelman et al. 2012, Erb et al. 2012). Eisner et al. (2010) observed the effect of
short term training in the scanner by interleaving blocks of training and testing with vocoded
sentences, finding that the left inferior frontal gyrus (IFG) and left superior temporal sulcus
(STS) were sensitive to the learnability of the sentences, while the left angular gyrus (AG)
reflected the most significant activation directly related to the learning process. Hervais-
Adelman et al. (2012) attempted to exclude the confound of sentence level processing by
focusing on single words, and reported differences between clear speech and vocoded
speech in the left insula, and prefrontal and motor cortices, but found no interaction between
test sessions (before and after training) and speech type. Instead of training inside the
scanner, Erb et al. (2012) used sought to predict individual differences in vocoded speech
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adaptation ability by correlating with various metrics including amplitude modulation rate
discrimination and gray matter volume (left thalamus).

Typically, acoustic models of CI speech are used for offline processing in a laboratory, a
drawback which prevents interaction with the environment and scenarios truly realistic of
what CI users face in the real world. Further, it is impossible for participants to hear their
own voice in real time or during conversation. The goal of this study was to investigate the
neural correlates of adaptation to degraded speech using a free-learning paradigm that
permits our subjects to adapt in natural everyday environments linking perception and
sensory motor systems. In addition to measuring changes in speech recognition
performance, functional magnetic resonance imaging (fMRI) was conducted for each subject
before and after a two-week exposure period, which involved wearing a real-time portable
CI simulator for 2 hours each day. The portable CI simulator, implemented on the iPod
Touch (Smalt et al., 2011), was based on work by Kaiser et al. (2000) and can be used to
evaluate different CI training protocols.

2. METHODS
2.1 Subjects

Fifteen right-handed self-reported normal hearing subjects (9 male, 6 female) were recruited
from the Purdue University student body to participate in the experiment involving a two-
week exposure period with vocoded speech. In addition, eight control subjects were
recruited (5 male, 3 female) were recruited who participated in the behavioral testing only
with no training involved in between. Participants were closely matched in age (mean age:
24 ± 3 years) with no history of auditory disorders. Only two subjects had ever been exposed
to noise vocoded-speech (exposure group), while none of the other participants had any
experience with that type of auditory stimulus. All subjects gave informed consent in
compliance with a protocol approved by the Institutional Review Board of Purdue
University.

2.2 Experimental Paradigm
This experiment consisted of three different components: (1) an un-supervised learning
period with a real-time portable cochlear implant simulator to improve performance in
degraded speech comprehension; (2) behavioral testing sessions conducted in a sound
treated room before and after the learning period to measure any changes in word
comprehension of degraded speech; and (3) two fMRI imaging sessions performed prior and
subsequent to each behavioral sessions. Fig. 1 provides a schematic of this experiment
protocol.

2.3 Portable CI Simulator
A CI speech processor uses an array of non-overlapping filters which divide an acoustic
signal it up into frequency bands corresponding to the number of electrodes in a CI. The
amplitude and rate of electrical stimulation in each channel is determined based on the
information in each frequency band. In a noise-vocoded simulation of a CI, the carrier
frequency in each band is modulated with band-pass noise with the resulting acoustic signal
being the sum of each channel (Shannon et al., 1995).

A portable implementation of CI simulation on the iPod Touch (Smalt et al., 2011) was
developed based upon on the vocoder from Kaiser et al. (2000), and was used in this
experiment to degrade naturally produced speech in real-time. The program can be used on
the the Apple iPod Touch and iPhone; devices that carry an ARM processor equipped with a
vector floating point unit. The Apple RemoteIO audio libraries enabled the real-time
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simulation to run at a latency of 10 ms from audio input to output. The portability of the
iPod provided a number of benefits for training purposes, allowing participants to not only
hear sounds in their environment, but to hear their own speech. Butterworth infinite impulse
response (IIR) filters of order N=4 were used in each of eight un-shifted (i.e. ideally
inserted, no basalward shift) noise band channels, with the filter bank logarithmically spaced
using (Greenwood, 1990) in the range from 250 Hz to 8 kHz.

2.4 Behavioral Training and Testing Procedures
To assess perceptual learning as a result of exposure to the real-time CI simulator, the device
was worn by all 15 normal-hearing participants over a two week chronic exposure period for
two hours per day. Participants were instructed to actively listen to speech or music
throughout each two hour period. The device recorded the total run time for the program to
verify that the participants were using the device for the required duration. The apparatus
consisted of a lapel microphone and insert earphones, rated at 35–42 dB noise isolation
(Etymotic, 2010).

Participants wore their portable simulator during testing which consisted of a word and
sentence recognition task carried out in a sound treated room before and after exposure
under free field conditions (Smalt et al., 2011). Three tests to measure degraded speech
performance were used: phonetically-balanced (PB) words, PRESTO multi-talker sentences,
and semantically anomalous sentences (Park et al., 2010). Participants wore their portable
simulator during the entire testing session in a sound treated room before and after exposure
under free field conditions. Although all stimuli were presented in their original form
through the loudspeaker, participants only heard degraded speech through their simulator.
The number of presentations of each stimulus type was 50 (words), 90, and 50 (sentences)
respectively, where no stimuli were repeated across sessions. Subjects were asked to repeat
out loud the word or sentence they heard while wearing the portable CI simulator. Each
stimulus was presented twice, and included two corresponding responses. Scoring was done
for each participant based on the percent correct of key words, as obtained from a recording
of their verbal responses. The overall score for a given test was taken as the mean score of
all of that subjects’ trials.

Overall differences in speech perception before and after exposure were evaluated with a
three way ANOVA for each test type (PB, PRESTO, anomalous sentences). Factors in the
analysis included group (exposure, control), session (pre/post), and subject, with planned
comparisons across each session to look for a learning effect. Only the first response to each
stimulus was used in the ANOVA.

2.5 fMRI Experimental Paradigm
Patterns of neural activation as measured by the fMRI BOLD effect were evaluated before
and after chronic exposure to the portable CI simulator using an auditory sentence
comprehension blocked experimental paradigm previously demonstrated to be highly
reliable across imaging sessions at the group level (Gonzalez-Castillo and Talavage, 2011).
In the current study, two functional runs (duration=380 s) of the above-mentioned paradigm
were conducted each for two run types: normal and degraded (CI simulated) speech. Each
functional run had the same structure of blocks (Fig. 2), including 5 repetitions of the
following sequence of blocks: visual instructions (5 s); auditory stimulus block (25 s); visual
instructions (5 s); response/attention control task (15 s); and rest (20 s). During the visual
instruction presentation and response/ attention control task blocks, no auditory stimulus
was presented to the subjects. In the auditory stimulus blocks of the run, participants were
asked to listen to six sentences from the City University of New York (CUNY) (Boothroyd
et al., 1988) presented binaurally via pneumatic headphones while looking at a fixation
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crosshair. Following this listening period, subjects responded to 3 fill-in-the-blank multiple
choice questions displayed on the screen regarding one of the previously presented
sentences, selected at random.Subjects were familiarized with the task by exposure to a
practice run before entering the scanner during each session. This experimental paradigm
was performed twice for each participant approximately two weeks apart (sentences were
never repeated within or across sessions). Comparing across sessions (pre/post exposure),
changes in brain activation exhibited by the CI sentences that differ from the normal
condition would likely be a result of changes in processing strategies due to adaptation to
transformed inputs.

2.6 fMRI Data Acquisition
Imaging was conducted at the Purdue MRI Facility (West Lafayette, IN) on a General
Electric (Waukesha, WI) 3T Signa HDx scanner, using an 16-channel brain-array coil
(Invivo), matching scan parameters to that of (Gonzalez-Castillo and Talavage, 2011).
During the two imaging sessions, a single high resolution axial fast spoiled gradient-echo
sequence acquisition (38 slices, slice thickness=3.8 mm, spacing=0 mm, FOV=24 cm, in-
plane resolution=256×256) was followed by four functional runs. Functional runs were
obtained using a multi-slice echo planar imaging sequence (TR=2.5 s, TE=22 ms, 38 slices,
slice thickness=3.8 mm, spacing=0 mm, in-plane resolution= 64×64, FOV=24 cm, flip
angle=77°). Additionally, at the end of each imaging session, sagittal high resolution T1-
weighted images (number of slices=190; slice thickness=1.0 mm; FOV=24 cm; in-plane
resolution=256×224) were also acquired for alignment and presentation purposes. In
addition to imaging data, behavioral data was collected while subjects were in the scanner.
Subjects indicated their selection of the missing word during Response blocks via a 4-button
response box (CURDES Fiber Optic Response Box Model No: HH-2×4-C). Both responses
and response times were recorded.

2.7 fMRI Data Analysis
Data analysis was conducted using SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/). Pre-
processing steps for each subject included: (1) discarding three initial volumes to account for
T1 saturation, (2) motion correction, (3) registration of each functional run to the subjects
segmented gray matter maps from the T1 weighted anatomical scan, (4) segmentation and
transformation of the anatomy to the standard MNI, (5) applying the MNI transformation to
the EPI data, (6) spatial smoothing with a Gaussian kernel (full width at half-maximum =
6mm). Individual subject analyses were first performed in all subjects to compare fMRI
activation in the Listen block as compared to the Rest block (Listen > Rest) using the
canonical HRF. This analysis was performed for both CI simulated and normal sentences.
Statistical maps of activation from the (Listen > Rest) condition were compared across
subject using a paired t-test across session (pre / post exposure), and across sentence type
(normal / vocoded speech). Two thresholds were used when analyzing fMRI results: one for
significance with multiple comparison correction (pFDR<0.05) and one slightly relaxed to
look for trends (p<0.0005).

2.8 Correlation of fMRI and Behavioral Analysis
A stepwise regression model (entrance threshold p=0.05, exit threshold p=0.10) was used to
ascertain if any correlation existed between the mean BOLD t-statistic over 116 predefined
MarsBaR (Brett et al., 2002) regions of interest (ROIs) and behavioral measurements
(Breedlove et al., 2012). The algorithm finds a model that best captures the variation in the
data, limiting the problem of over-fitting as in simple multiple regression models. The
stepwise regression models the change in average fMRI t-statistic for each ROI to predict
the out of scanner percent words correct scores combined across both sessions.The goal of
such an analysis is to investigate correlations between bold fMRI data and the behavioral
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metrics. The five variables (from table 1) collected from out of scanner behavioral data were
chosen as the prediction variables since they had the greatest number of trials and are most
likely to give a more accurate assessment of behavioral performance (Foster and Zatorre,
2010), while the constraints of fMRI limit accuracy of estimates (multiple choice vs. %
words correct). The stepwise regression was done for both types of functional runs, with the
hypothesis that there should be less significant correlation between using the portable CI
simulator compared with the normal functional runs as opposed to the cochlear implant
simulated runs. Data from each session (pre/post) are combined into the same regression,
while fMRI sentence type was processed separately (normal, CI simulated).

3. RESULTS
3.1 Behavioral Results

Figure 3 summarizes the speech recognition performance pre/post training during testing
sessions in a sound treated booth while subjects wore their portable CI simulator (Fig 3.A),
as well as during the fMRI experiment (Fig 3.B). Using a linear regression on behavioral
performance (% key words correct) for degraded speech combined across sessions, the out-
of-scanner PRESTO sentences were found to be correlated with the in-scanner responses to
CUNY CI simulated sentences (% responses correct) (p < 0.05), but not with the normal
sentences (p < 0.35). Table 1 indicates the correlation between the in-scanner and out-of-
scanner behavioral metrics, where the PRESTO sentences showed the highest degree of
correlation.

3.1.1 Out of Scanner Results—Fifteen subjects participated in the 2-week exposure
period and fMRI study and did show a significant improvement in percentage words correct
in all of the tests conducted when using there portable CI simulator at the group level. In
stark contrast to the controls, 2 out of the 15 subjects scored lower in the follow-up session
for the PB words, 0/15 for the PRESTO sentences, and 0/15 for the anomalous sentences.
The range of improvement on the PRESTO sentences across session ranged from 6.5%–
35%.

An omnibus 3-way ANOVA (A×B×C; A=Test Type [PB, PRESTO, Anomalous], fixed;
B=session [Pre, Post], fixed; C=subject [1..15], random) on percent key words correct
revealed a significant main effect of session (F1,78 = 17.51, p < 0.0001) and test-type (F1,78
= 60.37, p < 0.0001), with no interaction (F1,78 = 0.97, p = 0.38). A Priori Tukey-Kramer
adjusted multiple comparisons between the session for each test-type comparing pre / post
training were all significant (p < 0.01). Based on the ANOVA, it can be concluded that the
group of subjects who underwent the exposure period improved significantly between
sessions on all tests with the portable CI simulator.

3.1.2 In Scanner Results—An omnibus 3-way ANOVA (A×B×C; A=Sentence Type
[Normal, CI Simulated], fixed; B=session [Pre, Post], fixed; C=subject [1..15], random)
demonstrated a significant main effect of session (F1,28 = 4.93, p < 0.03) and test-type (F1,28
= 33.02, p < 0.0001), with no interaction (F1,28 = 2.29, p = 0.14). A Priori Tukey-Kramer
adjusted multiple comparisons between the session for each test-type comparing pre / post
training showed a significant increase in performance in response to CI simulated sentences
(p < 0.01), but not for normal sentences (p = 0.62).

3.1.3 Behavioral Controls—A second group of eight control subjects did not undergo
the exposure period, and showed no statistically significant change in percentage words
correct for any of the tests conducted across session while using the portable CI simulator
(Fig. 4). Furthermore, 5 out of the 8 subjects scored lower in the follow-up session for the

Smalt et al. Page 6

Neuroimage. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PB words, 2/8 for the PRESTO sentences, and 3/8 for the anomalous sentences. The range
of improvement on the PRESTO sentences across session ranged from −8.5%−6.3%, far less
than that of the group who underwent the free-learning period.

An omnibus 3-way ANOVA (A×B×C; A=Test Type [PB, PRESTO, Anomalous], fixed;
B=session [Pre, Post], fixed; C=subject [1..8], random) on percent key words correct
revealed no main effect of session (F1,36 = 0.1, p =0.75). A significant effect of test-type was
observed (F2,36 = 45.44, p < 0.0001), with no interaction (F2,36 = 0.18, p = 0.84). Priori
Tukey-Kramer adjusted multiple comparisons between the session for each test-type
comparing pre / post training found no statistical significance (p = 0.65). Based on the
ANOVA results it can be concluded that the control group did not improve significantly
based on repeating the same behavioral testing protocol.

3.2 fMRI Results
3.2.1 Reproducibility—A paired t-test at the group level was used to compare activation
across the two sessions for the normal sentences during the Listen block. By looking at the
effect of session, the amount of significant change in activation should be negligible if the
task is consistent. This statistical analysis was performed on data collected for this study, as
well as on the first 2 runs of 15 additional subjects previously acquired on the same scanner
using the an identical paradigm (Gonzalez-Castillo and Talavage, 2011), and processing
steps. No activation (pFDR<0.05) was found for the separate paired t-tests between session
1&2 or 1&5 for the Gonzalez-Castillo 2011 data. Similarly, no activation changes
(pFDR<0.05) were found in the current study for normal sentences.

3.2.2 Group Comparisons across Session—In order to adequately understand the
changes in activation related to the learning period with the CI Simulator, it is necessary to
make individual comparisons across session for both types of functional runs i.e. sentence
type (normal, CI simulated). Unlike the normal sentences, CI simulated sentences showed
statistically significant (pFDR<0.05) changes in activation across session; regions activated
included superior temporal gyrus (STG), insula, cuneus, precentral gyrus, and cingulate
gyrus, as shown in Fig. 5. A summary of the significantly activated clusters across session
for CI simulated sentences can be found in Table 2. The relaxed threshold of (p<0.0005)
found no new clusters of activation for this condition.

3.2.3 Group Comparisons across Sentence Type—Comparing the normal and CI
sentence conditions in the session following the exposure period using a paired t-test
revealed activation differences in the bilateral superior and middle temporal gyri (BA 21,
22) at a significance level of (pFDR<0.05). At a more relaxed significance level of
(p<0.0005), the two sentences types showed activation differences in several regions after
the free learning period, as shown in Fig. 6. Activated regions included the STG, insula,
precuneus, occipital gyrus, and SFG. A summary of the significantly activated clusters when
comparing sentence types after the learning period can be found in Table 3.

3.3 Correlation of fMRI and Behavioral Analysis
Table 4 summarizes the correlations between the PRESTO behavioral data and 116
predefined regions of interest (ROIs) for both the functional runs using CI simulated and
normal sentences. Behavioral data collected outside the scanner produced a much larger
number of ROIs as well as high R^2 values, indicating that CI functional runs are a good
predictor of behavioral performance in these regions. The regions implicated in the
statistical analysis also match functional maps when comparing across session for the CI
simulated runs, including the right Heschl’s gyrus, precentral gyrus, postcentral gyrus,
supplemental motor area, cingular gyrus, angular gyrus, and parietal lobe. Fig. 7 highlights
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each region for both the normal (Fig 7.A) and CI simulated (Fig 7.B) sentences, where the
color scale indicates the resulting R^2 value after the stepwise regression.

4. DISCUSSION
After chronic exposure to real-time acoustic cochlear implant simulation, our results show a
correlation between changes in behavior and functional measures, suggesting that short-term
adaptation takes place and is physiologically measureable. In addition to improved sentence
and word comprehension, we observed increased brain activation using fMRI in traditional
and nontraditional speech brain areas, including working memory (Insula, inferior frontal
cortex), motor (supplemental motor area), and visual (cuneus) regions. These changes
suggest that training translated into widespread recruitment of areas beyond auditory cortex.

The paradigm used in this study allows participants to hear their own voice while engaging
in speech activities and brings the learning process to the more naturalistic environment of
everyday life. This translated into significant changes within the dorsal stream of speech
processing, believed to rely on motoric representations of speech to aid in speech
comprehension. An additional advantage of the current setup is that utilizing degraded
speech in normal hearing listeners avoids confounds such as differences in surgical
implantation and in length of deafness prior to implantation.

4.1 Behavioral Adaptation to Degraded speech
Behavioral performance was assessed outside the scanner before and after the exposure
period while users wore a portable CI simulator for both sentence tests (PRESTO,
anomalous), and an open set word test (PB). Participants showed improvement in percent
correct of key words after two weeks of exposure to the portable CI simulator. In addition, a
statistically significant increase in comprehension of CUNY sentences was observed in the
scanner after the learning period for CI simulated sentences but not for normal sentences.
Across both sessions, the PRESTO sentence scores obtained with the portable CI simulator
outside the scanner were found to be correlated the CUNY CI simulated tasks collected
during the fMRI scan. Normal CUNY sentences as presented during the fMRI sessions were
not found to be correlated with behavioral measures collected with the portable CI
simulator, an expected result since performance improved only for the CI simulated tasks.
These results taken together with the behavioral control data provide strong evidence that
the performance increase was actually due to the exposure to degraded speech, not merely
familiarity with the task or other factors related to the experimental environment (Loubinoux
et al., 2001; Specht et al., 2003). The same previously used in-scanner testing strategy
(Gonzalez-Castillo and Talavage, 2011) also revealed no performance change across session
for normal sentences. Our behavioral results demonstrate that exposure to degraded speech
can transfer to novel stimuli in a short time period, even when “training” occurs in an
uncontrolled environment, and are consistent with previous perceptual learning studies with
vocoded speech (Davis et al., 2005; Hervais-Adelman et al., 2008), and even non-words
(Hervais-Adelman et al., 2011).

4.2 Neural Correlates of Adaptation to Degraded speech
In addition to studying behavioral change due to the exposure to degraded speech in normal
hearing individuals, we sought to investigate the neural correlates of this processing using
fMRI. By comparing brain activations that occur across session for CI simulated sentences
but not normal speech, we aimed to isolate changes related to adaptation of the degraded
speech. We also compared our fMRI results with behavioral measures to examine which
changes in activation are correlated with changes in performance in predefined regions of
interest.
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4.2.1 Reproducibility—Our fMRI protocol was identical to that used previously for data
collected under the same paradigm, scanner, and analysis (Gonzalez-Castillo and Talavage,
2011). One difference between studies is that S01, S02 and S05 were collected, on average,
within 7.8 days for the Gonzalez-Castillo data set, as opposed to just over two weeks for the
current study. Also in the original study five runs per condition were available, while here
there only two. The original study reported 86% voxel consistency over the five sessions at
the group level, and no statistically significant activation change across session for normal
speech. Our reproducibility study based on two sessions confirmed lack of statistically
significant activation for the normal speech under the current modified experimental setup.
This result permit us presume that changes exhibited across session in the CI simulated
sentences and not in the normal sentences are likely due to changes in neural processing due
to the exposure period.

4.2.2 Changes in Degraded Speech Processing across Session—When
comparing across sessions, activation patterns show significant changes in a set of
distributed brain regions, including non-auditory areas, for CI simulated sentences as
compared to normal sentences (See Table 2). Our hypothesis is that after a learning period,
in addition to changes in primary and secondary auditory areas, new functional pathways are
also established in both the dorsal (mapping sound into articulatory-based representations)
and ventral (mapping sound into meaning) streams of speech processing (Hickok and
Poeppel, 2004, 2007) to accommodate changes in behavioral performance.

Primary and secondary auditory: Activation changes across sessions were found for
spectrally degraded speech in both the left and right superior temporal gyrus and sulcus
(STG/STS). More activation after training was observed in the right hemisphere near
Heschl’s gyrus for CI sentences, perhaps indicating that more spectral information is being
recovered from the signal. This is consistent with previous studies suggesting that right
auditory cortex is involved in fine spectral analysis of auditory input (Schönwiesner et al.,
2005; Zatorre et al., 2002). Additionally, Wernicke's area (BA 22 and BA 39) also showed
strong increases in activation with training. This area is associated with a post-sensory
interface that accesses long-term semantic knowledge, and is not typically activated by
degraded speech when an abstract representation is not available (Obleser and Eisner, 2009;
Obleser et al., 2007). Activation of this region only after training suggests that subjects were
able to construct these associations during the training.

Ventral Speech Processing Stream: Our results show strong activation changes after the
learning period with degraded speech in portions of the ventral stream, namely bilateral
anterior and posterior Middle temporal gyrus (MTG, BA 21–22). Consistent with the
Hickock and Poeppel model, left hemisphere activations were slightly dominant in this
stream and most likely indicate an improvement in lexical comprehension. Since the stimuli
for the fMRI portion of the experiment were sentences, it is likely that increased
intelligibility upstream or elsewhere in the system might lead to improved lexical
processing.

Dorsal Speech Processing Stream: Training with degraded speech also came accompanied
by changes in areas part of the dorsal processing stream, namely insula and left inferior
frontal cortex (BA47). In particular, changes in the insular region (BA 47, BA 13) suggest
that working memory may be enhanced after training, and that stored information regarding
the degraded speech is being utilized to improve performance. In addition to insula
activation in vocoded speech (Hervais-Adelman et al., 2012), changes in the left inferior
frontal cortex (BA 47) have been implicated in music (Levitin and Menon, 2003) and speech
processing associated with rehearsal and maintenance of verbal information (Petrides et al.,
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1993). Our results could suggest that after two weeks subjects have a better feature
representation of the CI simulated speech to access and aid in comprehension. Other
previous studies have suggested that both normal and degraded speech stimuli can recruit
anterior insula when contrasting any active task with rest in both normal hearing subjects
(Binder et al., 1999; Binder et al., 1997) and CI users (Giraud et al., 2001a). Activations in
anterior insula could then be a result of task demands, not necessarily as a result of exposure
to acoustic stimuli. Binder et al. (2004) suggested that the anterior insula may be recruited
when additional decision-making processing is required for participants over some auditory
signals. Our results could also support this hypothesis, and suggest that training may serve to
enable this additional recruitment, and that additional decision-making machinery is
required for degraded speech as compared to normal speech.

Areas outside the streams of speech processing: Other areas of activation found to change
after the learning period included the cuneus, and the cingulate gyrus, both of which have
been observed in PET imaging studies of CI users (Giraud et al., 2001a). Activation in the
cuneus (secondary visual cortex) is not unexpected as it has been previously observed in
response to auditory stimulation in CI users (Giraud et al., 2001a; Kang et al., 2004), and it
is well established that auditory and visual cortices receive polysensory information
(Benevento et al., 1977). This secondary visual cortex is often thought of as an association
area, and its recruitment in both CI users and the normal hearing listeners from this study
indicate additional processing capabilities that develop after exposure, possibly enabling an
improved abstract representation of degraded speech. Also, activation was found to be
stronger in the precuneus for CI simulated speech as compared to regular speech after
training. Kang (Kang et al., 2004) agreed with this interpretation suggesting a visual
representation of acoustic sources might be possible and could improve task performance.
Alternatively, the change in activation may simply be related to task demand. Sensiorimotor
and visual posterior regions of the precuneus have demonstrated connections in resting state
studies to both working and premotor areas (Margulies et al., 2009), suggesting that better
integration of sensory systems with stored representations may be occurring after exposure
to the CI simulator. Finally, activation in the cingulate cortex has been identified in studies
involving attention (Maddock, 1999; Maddock et al., 2003), memory (Maddock et al.,
2001), and both normal (Xu et al., 2005) and degraded speech. Obleser et al. (2007) also
found activation in this region while comparing high and low predictability vocoded
sentences. These evidences together suggest that the cingulate cortex may be involved in the
semantic or meaning processing of speech recognition. Future Work

One caveat of the current study is that the shift in frequency that occurs in CI users due to
the lack of full insertion in CI studies was not included in the study, and could possibly
affect the implicated regions of activation. However, the iPod touch application does have
this capability implemented, and could be used in future studies. Other potential studies
might include varying the number of frequency bands in the simulator to study adaptation
across amounts of degradation both with and without upward shifts to model CI insertion –
an important consideration as the technology and surgical procedures continues to improve.
More detailed knowledge about this adaptation process following cochlear implantation may
help improve training protocols and improve speech perception clinical outcomes in the
future.

5. CONCLUSION
Utilizing a portable acoustic simulation of a cochlear implant, we were able to identify
neural correlates of adaptation to a distorted input using fMRI. After two weeks of exposure
for two hours each day with the degraded speech, increased behavioral performance was
accompanied by changes in patterns of neural activation measured with fMRI that suggest
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re-organization in both the auditory cortex and non-traditional speech areas. This adaptation
could be necessitated by the increased processing power demanded in order to achieve a
successful level of comprehension. Since the study was conducted in normal hearing
listeners, specific confounds related to studies of CI users (i.e. the unique nature of each
deafness) are not a factor in this study.

The findings of this study suggest that shifts in behavioral performance are associated with
several changes in brain function. Increased activation in the auditory cortex, most
noticeably in the right hemisphere, suggests that more information from the spectral content
of the signal is being extracted. Secondly, the observation of increased supplemental motor
area and visual cortex activity indicates increased utilization of phonological and abstract
representations of the vocoded speech. These changes are accompanied by increased
activation in brain areas related to the motor system, speech and working memory,
suggesting an enhanced integration of knowledge acquired during the learning period.
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Highlights

• Participants were exposed to a portable real-time acoustic cochlear implant
simulation

• After two-weeks of free-learning, participants improved in word recognition
scores.

• Activation increases with learning in auditory, motor, and working memory
areas.

• Behavioral performance changes were correlated with changes in brain function
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FIGURE 1.
Schematic showing relationship between two-week exposure period, functional imaging and
behavioral testing sessions.

Smalt et al. Page 15

Neuroimage. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
fMRI auditory comprehension block paradigm, which has previously been shown to be
highly reliable across imaging sessions at the group level. Subjects listen to 6 sentences in
each block followed by multiple choice questions answered visually. Each block is repeated
5 times per run (Figure reproduced from Gonzalez-Castillo and Talavage 2011).
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FIGURE 3.
Behavioral results across two sessions conducted both in sound booth with participants
wearing their portable CI simulator (left panel) and during the fMRI sessions (right panel).
Behavioral tasks included perceptually balanced single words (PB), PRESTO sentences, and
anomalous sentences (while wearing portable device), and both normal and CI simulated
CUNY sentences during the fMRI sessions. Significant training effects are observed both in
and out of the scanner for CI simulated sentences after 2 weeks of exposure to the portable
CI simulator. Behavioral performance on normal sentences in-scanner remained consistent
across session.
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FIGURE 4.
Histogram of behavioral improvement across the two sessions for the control group (gray)
and learning group (black). Behavioral performance did not significantly improve for
control subjects.
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FIGURE 5.
Activation maps contrasting the two sessions (pre / post) for the CI simulated sentences at
(pFDR<0.05). Normal sentences produced no activation at this significance level. Yellow
areas in the figure indicate regions where activation to the degraded speech significantly
increased after exposure.
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FIGURE 6.
Activation maps contrasting normal and CI simulated sentences for each session (p<0.0005).
Red areas in the figure indicate regions where normal sentences produced significantly more
activation than degraded sentences, while blue areas indicate regions where degraded
sentences produced significantly more activation than normal sentences
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FIGURE 7.
Map of correlations of a stepwise regression between the BOLD t-statistic over a predefined
list of ROIs and behavioral measurements region for both the CI simulated (top) and normal
(bottom) sentences with behavioral data collected outside scanner using portable CI
simulator. Yellow indicates areas of highest correlation.
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