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Introduction

In the early 1700s philosophers were debating whether the
senses were innate or learned. William Molyneux, an Irish
philosopher, posed a question that has become known as
“Molyneux’s problem.” Essentially, this thought experiment
asked whether a person, born blind, but familiar with object
shape from touch, could identify an object by sight alone if
they had their vision restored. Molyneux and his friend,
English philosopher John Locke, both argued that the blind
person would not be able to tell a ball from a cube using sight
alone. They both believed that the brain did not have an
intrinsic template for sensory information—that it had to be
learned. They further assumed that even if this shape infor-
mation was learned from touch it would not transfer to vision
without visual experience. Since that time, there have been
cases where people, congenitally blind from cataracts, regain
sight from surgery to remove or replace the lens of the eye.
In most cases they could technically see, but could not recog-
nize objects because their brains had not been trained on
visual input. Even after many months of experience most
such people functioned as if they were still blind (Gregory
and Wallace 1963). More recent data shows some limited
ability to learn basic visual pattern recognition skills in
adulthood after congenital blindness (Kalia et al. 2014).
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It appears that at least two factors influence the development
of the brain’s ability to process sensory information: receiv-
ing information during the critical period of brain develop-
ment in childhood, and the quality of the sensory information.
The brain is a complex and dynamic organ—some aspects of
brain development are highly choreographed by biological
stages of plasticity. We now know that complex sensory
development must occur quite early—before about 5 years
of age, or the window of plasticity closes (e.g., Ruben and
Rapin 1980). If no sensory experience is obtained prior to
age 5, then later restoration of that sense is difficult if not
impossible. Other aspects of brain plasticity remain after age
5, but the level of organization needed to process a complete
new sensory modality appears to be not available after 5
years of age.

In our lab at the House Ear Institute (Shannon 2015) we
had direct experience with a man in his early 40s who had
been profoundly deaf since birth from Usher’s syndrome. He
was working as an electrical engineer but was losing his
sight from retinitis pigmentosa. Although he had never heard
sound he was confident that he could learn to recognize
sounds because of his training as an engineer—he knew
mathematically what a sine wave was and what an auditory
filter was. He understood the physics of speech sounds and
their spectrograms. He felt that with this knowledge he could
learn to differentiate and recognize sounds from a cochlear
implant. Following cochlear implantation, CI researcher
Qian-Jie Fu developed a computerized training program for
him to practice simple auditory distinctions: loud vs. soft,
high vs. low pitch, one sound vs. two sounds, etc. (This soft-
ware is available for free at http://www.emilyshannonfu-
foundation.org/esff_software.html.) ~ Another  training
program simply presented spoken words that identified
everyday objects: ear, nose, eye, fingers, etc. He worked dili-
gently at this task but never made much progress. The sound
from the implant always evoked an emotional feeling that
included some degree of sadness, probably because his
unused auditory cortex had been repurposed to accommo-
date emotional information. Electric stimulation of the
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auditory system was now triggering emotions instead of, or
in addition to, sound sensations. Although he knew the
sounds mathematically he was not able to learn even simple
patterns acoustically. After 2 years of dedicated work and
practice he gave up. This outcome is consistent with the
Molyneux’s conjecture and with the prior experience with
congenital blindness.

What is the relationship between brain development and
sensory information? What are the critical periods for sen-
sory brain development? How much sensory information is
necessary for brain development? The answers to these ques-
tions are now better understood thanks to restoration of hear-
ing with cochlear implants (CIs) and auditory brainstem
implants (ABIs) in children. This chapter briefly reviews the
findings on CIs and ABIs and discusses the results in the
context of neuroscience and brain development.

Cochlear Implants

In Molyneux’s time it was rare for a person born with a sen-
sory deficit—blindness or deaftness—to recover the sense, so
there was no way to resolve his conjecture. However, the
thought experiments of these early philosophers can now be
tested in scientific detail with the advent of cochlear implants
and auditory brainstem implants for the congenitally deaf.
Early in the application of CIs it was apparent that providing
ClIs to congenitally deaf adults was of little value. Just like
cataract surgeries in the congenitally blind, these CIs resulted
in only rudimentary auditory capability for adults, even after
many years of experience.

However modern cochlear implants can restore good
functional hearing to children born deaf. The results are now
completely clear, as this volume attests, that cochlear
implants provide sufficient auditory information for children
to develop functional hearing. Most children can identify
sounds, recognize speech, and produce speech well enough
to interact in a mostly normal fashion with the hearing world.
However, we also know that congenitally deaf children don’t
typically achieve these results if implanted after the age of 8.
The plasticity of the brain in adapting to new sensory infor-
mation appears to diminish after the age of 5 years (Niparko
et al. 2010). Although cochlear implant outcomes are best
when the child is younger, some neural plasticity remains so
that older children can still benefit from a CI, but on average
their outcome is not expected to be as good as children
implanted early. Some evidence suggests that if a brain
region is not used by its natural sense, it becomes “colo-
nized” by some other function (Lee et al. 2001; Shepherd
et al. 1997). Once hearing is restored by a cochlear implant
it is difficult to dislodge the “interloper” after age 5 years. Of
course, children who have even limited early auditory expe-
rience can use the CI information more effectively because
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their brains have received some input from the auditory sys-
tem and their brain will have developed some abilities to
interpret auditory information.

Lee et al. (2001; Giraud and Lee 2007) showed PET
images of congenitally deaf children implanted with CIs at
different ages. The area of auditory cortex that responded to
the CI diminished as the duration of deafness increased. It
appeared that the auditory cortex in these children now
responded to sign language or other things and not as strongly
to acoustic sound. The auditory performance of these chil-
dren was proportional to the area of the cortex that responded
to acoustic sound. Children who had a long period of deaf-
ness showed poor speech recognition with the cochlear
implant and strong responses in auditory cortex to sign lan-
guage. Children with a short period of deafness showed a
larger area of the cortex that responded to sound and had
excellent speech recognition with the CI.

Children implanted at early ages have shown dramatic
hearing abilities with cochlear implants (Govaerts et al.
2002; Rubinstein 2002; Manrique et al. 2004; Robbins et al.
2004; Svirsky et al. 2000, 2004; Dettman et al. 2007; Niparko
et al. 2010, Colletti et al. 2014). Measures of speech recogni-
tion have shown an almost normal trajectory of speech rec-
ognition development as long as the CI was provided prior to
3 years of age. Recent research has shown improved perfor-
mance with even earlier implantation, so that cochlear
implantation prior to 12 months of age is now the norm.
There is now evidence that implantation prior to 12 months
of age provides improved long-term auditory performance
compared to those implanted after 12 months (Colletti et al.
2011; Waltzman and Roland 2005).

The brain develops remarkable pattern recognition abili-
ties, and this development begins even prior to birth. In a
normally hearing child, hearing begins at least 1 month prior
to normal term birth. At birth newborns can already distin-
guish their mother’s heartbeat and voice from others (Smith
et al. 2007; Kisilevsky et al. 2003, Kisilevsky and Hains
2011) and can recognize music that was played in utero
(Lecanuet et al. 2000). This shows that the brain’s auditory
pattern recognition is already in action prior to birth. And so
children with congenital deafness have a disadvantage
already at birth because their brain’s processing of auditory
sensation was not “jump-started” in utero.

Even if prosthetic stimulation is available during the time
of critical brain plasticity, the quality of the sensory informa-
tion will have a large effect on the ability of the brain to use
it. If the quality of sensory information is poor, then even the
developing adaptive brain may not have sufficient informa-
tion to work with. The pattern of neural activity provided by
normal acoustic stimulation and the pattern produced by
electric stimulation are highly different, with the acoustic
pattern being much richer in cues than the electric.
Psychophysical studies in persons with CIs have shown
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almost normal perceptual abilities in timing, e.g., gap
detection, forward masking, and modulation detection (e.g.,
Shannon 1990). But CI listeners have reduced abilities in the
perception of intensity (Zeng and Shannon 1994) and fre-
quency resolution (Nelson et al. 2008). But not all of those
cues are equally important for speech—some cues can be
dropped with little consequence for speech perception while
other cues are essential. So which aspects of the pattern of
sensory information are more important for sensory develop-
ment and which are less important? Fu and Shannon (1998)
showed that distortions in amplitude mapping only have a
small effect on speech recognition, while Shannon et al.
(2004) showed that the number of spectral channels neces-
sary for recognition depends on the difficulty of the listening
situation. We know that the information provided by a
cochlear implant is sufficient for understanding speech.
Congenitally deaf children implanted with a CI are mostly
able to understand speech and develop spoken language. In
spite of the many differences between the patterns of acous-
tic and electric activity, the brain is able to make optimal use
of the information. Congenitally deaf children with CIs reach
the same level of performance as adults with CIs who had
prior normal-hearing experience. Even though the implant
activation has highly abnormal timing and a smeared repre-
sentation of tonotopic place, the brain is able to extract the
information fully from the signal. This observation suggests
that the limiting factor in modern cochlear implants is in the
signal processing. The same high level of performance is
achieved by both adults who have heard prior to deafness
and by children who are learning to hear with only the signal
provided by the CI. It is now clear that the most serious limi-
tation of CI signal processing is the limited number of spec-
tral channels. Even though modern CIs contain up to 20
electrodes, the electrical field interactions and neural interac-
tions limit the effective number of spectral channels to 8—10
(Friesen et al. 2001). If we can improve the tonotopic speci-
ficity we should be able to improve the speech recognition
abilities of patients with ClIs.

Auditory Brainstem Implants

The auditory brainstem implant was developed for patients
without an intact auditory nerve, making them unable to ben-
efit from a CI. The ABI is similar to a CI except that the
electrode is placed on the cochlear nucleus in the brainstem
instead of in the cochlea. The cochlear nucleus is the first
auditory relay station beyond the cochlea in the pathway of
auditory information to the brain. An ABI provides a case of
more extreme distortion of the sensory pattern of informa-
tion than a CI. The ABI electrodes rest on the surface of the
cochlear nucleus, a complex structure with three main divi-
sions (anteroventral: AVCN, posteroventral: PVCN, and
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dorsal: DCN). Each of these divisions has unique cell types
and physiological response properties. Each division has at
least one tonotopic axis. The ABI electrode is 8 mm in
length, so that it likely stimulates both PVCN and
DCN. However, the tonotopic axes in these divisions are not
well represented on the surface. So the surface electrode ABI
probably stimulates a mix of cell types, mostly low-pitch
tonotopic regions, and at least two major functional divi-
sions. Previous experience with adults shows that the pitch
map of electrodes is complex and non-monotonic (Otto et al.
2002). We know little about the temporal pattern of neural
activity evoked by ABI firing. Based on what is known from
stimulation of the auditory nerve by a CI we can assume that
the ABI produces extreme, nonnatural phase locking to elec-
tric pulses.

Even though it was known that CIs could provide suffi-
cient information for speech recognition in adults and chil-
dren, little attention was paid to auditory brainstem implants
because ABI results in adults were poor compared to CIs
(Otto et al. 2002). However, Colletti et al. (2004) showed
excellent open-set speech recognition in adults with ABIs. In
the USA, most recipients of an ABI were individuals with
neurofibromatosis type 2 (NF2). In contrast, ABI recipients
implanted by Colletti in Italy lost their auditory nerve from
trauma or severe ossification (Colletti et al. 2004). The fact
that the ABI could support open-set speech recognition in
non-NF2 patients showed that the poor ABI results in NF2
patients were not due to the device or to electrode placement;
rather, it suggested that the poor performance was related to
the damage to the auditory pathway as a result of NF2.

In a CI the electrodes typically change systematically in
pitch sensation from one end of the array to the other. The
pitch representation may be shifted relative to normal if
the electrode is placed too shallowly in the cochlea, but CI
patients usually adjust in a few months to this shifted pitch
representation. In contrast, the ABI electrode is placed on
the surface of the cochlear nucleus in the brainstem. The
ABI electrodes do not produce a monotonic change in pitch
because the cochlear nucleus has multiple tonotopic maps
and these are not accessible from the surface of the nucleus
(Moore and Osen 1979; Moore et al. 1994). In the first few
months of ABI use, adults find the sound quality strange
and unhelpful. They typically require 3—6 months of experi-
ence to make sense of the sounds. Among adult ABI users
who were deafened due to NF2, only a few out of hundreds
were able to obtain open-set speech understanding (Otto
et al. 2002). Among adult ABI user who did not have NF2,
about 30 % were able to understand speech with an ABI well
enough to have a conversation on the telephone (Colletti and
Shannon 2005; Behr et al. 2007; Matthies et al. 2013, 2014).
A few in this latter group achieved speech recognition lev-
els comparable to the best CI outcomes: 100 % recognition
of simple sentences presented in quiet, and 50 % recogni-
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tion of speech presented in noise at signal-to-noise ratios of
3—4 dB. These high-performing ABI-implanted adults were
able to successfully map this scrambled tonotopic informa-
tion onto the speech pattern recognition that already existed
in their brain. Such cases are interesting for neuroscience,
because it shows that an adult brain, trained in speech pat-
tern recognition with acoustic sound, can map that pattern
recognition onto a new pattern generated through electri-
cal stimulation that has little in common with the original
pattern—different temporal properties (phase locking, etc.)
and tonotopic organization that is highly scrambled com-
pared to the acoustic representation. In this case the brain
can “morph” the new pattern into the previously established
speech recognition system in the brain.

Recent outcomes show that even some people with NF2
can achieve speech recognition with an ABI. Two surgeons
(Behr et al. 2007; Matthies et al. 2013, 2014) have shown
that about 30 % of their NF2 ABI patients were able to
understand speech well enough to converse on the tele-
phone. These surgeons use a different surgical approach
that may cause less neural and vascular damage to the
cochlear nucleus region. The fact that they are able to show
improved speech recognition suggests that even subtle
damage to the cochlear nucleus can have large effects on
ABI performance.

ABIl in Children

Colletti et al. (2014) also implanted the ABI in children with
no auditory nerve. This was controversial because at that
time most outcomes with the ABI were poor compared with
CIs. Many people thought that it was not ethical to incur the
risks of ABI surgery for a limited outcome, especially in
children. However, Colletti had seen excellent Cl-like out-
comes in non-NF2 adults (Colletti and Shannon 2005) and so
implanted the ABI in non-NF2 children. Colletti et al. (2010)
demonstrated that the complication rate of ABI surgery in
children implanted at his medical center was similar to that
seen in a CI, so the surgical risk did not appear to be unrea-
sonable. He selected children with congenital anomalies who
had no auditory nerve based upon magnetic resonance imag-
ing (MRI) or those who had failed to show any progress with
a cochlear implant. Some of these children had severe ossifi-
cation following meningitis and some had temporal bone
fractures that severed the auditory nerve. After a few months,
he started to see Cl-like outcomes in some of the children.
Figure 15.1 shows the outcomes over 7 years from 64 chil-
dren implanted in Verona with ABIs (data from Table 1 of
Colletti et al. 2014). The results show median scores over
time on the CAP, a categorical evaluation of auditory perfor-
mance (Archbold et al. 1995). On the CAP a category of 0
indicates no detection of sound, 4 represents identification of
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Fig. 15.1 Auditory performance as measured by the CAP test as a
function of time after ABI surgery. The two groups or results show
scores over time for children implanted before or after 4 years of age.
Note that the number of children represented by each data point
decreases over time: the numbers in the legend show the N for each
successive point for the two groups

words from a closed set of alternatives, and 7 indicates the
ability to converse on the telephone with a familiar person.
Results in Fig. 15.1 are divided into groups that differ in the
age at the time of ABI surgery and the numbers in the figure
show the number of children at each time point. Note that the
group that received the ABI before 4 years of age (N=39)
had better performance, with the median score reaching high
closed-set (CAP level 4) performance. These are children
with diverse etiologies, but all had no auditory nerve visible
by MRI, mostly from genetic problems and a few from dis-
ease or trauma. Lower median CAP scores were observed in
the children who received the ABI after age 4 (N=25). These
children showed an increase in CAP level but the median
level only reached a level of 2, which represents only being
able to make simple discriminations between sounds.
Overall, of the 64 children, 11 (17 %) reached CAP level 7,
which means that they are able to converse on the telephone
with a family member, and 20 children (31 %) were able to
achieve open-set speech understanding (CAP scores of 5-7).
Twenty-two of the 64 children had previously received a CI
and showed no response. These results show that the scram-
bled spatiotemporal pattern of activity from the ABI is suf-
ficient for the brain to learn to hear even with no prior
experience. This result shows the potential for the ABI to
restore a significant amount of hearing function to children
who cannot benefit from a CI. Good speech recognition is
now being obtained in other centers with ABIs in children
(Sennaroglu et al. 2009, 2011; Eisenberg et al. 2008, 2012).
The implication of this observation for neuroscience is
addressed in the next section.
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The Role of Ear and Brain

Now let us return to Molyneux’s problem. If a person does
not receive any sensory input from birth and then that sen-
sory input is restored as an adult, the person will not be able
to use it very well, if at all. There are two issues to consider:
At what age is the sensory information provided, and what is
the quality of the restored sensory information? Cases of
visual cataracts and cases of cochlear implants both show
that sensory information provided as an adult to a person
with congenital absence of that input is not effective. We
assume that this is due to the plasticity of the brain not being
as fully available in adulthood as in infancy. Learning com-
plex pattern recognition from sensory input apparently
requires a high level of brain plasticity, which is not avail-
able to adults. Outcomes from CIs and ABIs in children
show better outcomes the earlier the device is implanted.
This result suggests that the necessary neural plasticity is
most available right after birth.

A newborn brain must learn about the universe from its
sensory experience. Studies have shown how babies learn to
distinguish subtle differences in sensory patterns by com-
puting the probabilities from their sensory experience
(Saffran 2002, 2003; Saffran et al. 1996; Jusczyk and Aslin
1995). Babies can be presented with sequences of nonsense
sounds of only 2 min in duration and they will remember
phonetic aspects of the sequences even 1 week later. When
the babies’ response to sounds has a desired effect on the
mother’s behavior, the distinction is quickly learned. But
even in the case of normal hearing it takes many years to
learn the complex patterns of speech. Hart and Risley (1995)
estimated that children are exposed to more than 30 million
words of direct interaction with their mother before the age
of 5 years. This observation has given rise to the 30 Million
Word project in Chicago to train parents on the importance
of early word and language exposure in their children
(Leffel and Suskind 2013). The learning of sensory proba-
bilities is also well studied in vision, showing that people
learn the detailed probabilities of the visual world over
many millions of experiences (D’Antona et al. 2013). This
kind of intensive experience has been popularized as the
“10,000-h” rule, suggesting that mastery of any complex
task takes 10,000 h of dedicated practice. Early develop-
ment of sensory systems may require millions of repetitions
to achieve mastery of complex pattern recognition.

So even if the sensory information is intact it can take
thousands of hours and millions of repetitions to gain “flu-
ency.” What happens when the sensory information is
degraded and distorted, as in the case of CI and ABI auditory
input? If the sensory experience is dramatically reduced in
quality, then the level of sensory development will be lim-
ited by this poor signal. Is it possible to learn patterns of
sensory information that are dramatically different from the
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normal pattern? The pattern of CI stimulation is different
from the pattern of acoustic stimulation—the activation by
CI electrodes is compressed and probably shifted along the
cochlea compared to the normal acoustic pattern. In the ABI
neural activation patterns are much more scrambled in tono-
topic order than with a CI. Will children still be able to learn
the probabilities, the regularities in the sensory patterns
when they are so distorted?

First let us consider cochlear implants. The CI activates
neurons with electric currents. Research has shown that there
are large differences in the spatial and temporal patterns of
neural responses to electric stimulation compared to acoustic
stimulation. How well will the brain be able to use such a
neural pattern for hearing? Early single-channel CI devices
presented an analog version of the speech wave form directly
to a single intracochlear electrode—almost like just remov-
ing the wire from your stereo speaker and connecting it to a
wire in the cochlea. Such stimulation did not use multiple
electrodes to access the normal tonotopic distribution of
information in the cochlea. However, even with this signal
some children were able to achieve limited open-set speech
understanding—a level of performance that was unexpected
and still not fully understood (Berliner et al. 1989).

In multichannel CIs the signal is split into different fre-
quency bands and each band is presented to a different elec-
trode, to take advantage of the normal tonotopic distribution
of information in the cochlea. But even if we present many
“channels” or electrodes of electric stimulation we know that
not all of those channels are used effectively. Studies have
shown that CI patients only receive 8—10 channels of effec-
tive information even if we present 16-22 channels of input
(Friesen et al. 2001). The loss of information occurs because
of interference between electrodes, either electrically or at
the neural level. In a CI the information is also presented to
a limited region of the cochlea, and is probably shifted in
tonotopic space from the normal acoustic locations due to
insertion in the basal cochlear region. Congenitally deaf chil-
dren never learned the “normal” tonotopic map, so their
developing brains simply take the pattern of implant stimula-
tion as the “new normal.” Speech recognition results show
that most children with a CI can rapidly adapt to the degraded
and distorted pattern of sensory information and achieve a
high level of speech recognition and production. They are
mostly able to reach the same level of speech recognition as
adult CI users who have had normal acoustic hearing prior to
deafness. This suggests that the brain is able to use the full
information in this implant signal, in spite of the distortion
compared to the normal acoustic pattern.

But not all children achieve this level of speech recogni-
tion. About 10 % of children implanted with a CI show mini-
mal auditory capabilities even over a long period of time
(Niparko et al. 2010). These children may have deficiencies
in their residual auditory nerve or central processing
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limitations that limit their performance (Govaerts et al. 2003;
Casselman et al. 2008; Carner et al. 2009; Buchman et al.
2011; Young et al. 2012). In these cases speech recognition
is not limited by the signal processing of the device but by
the status of their auditory nerve. Some of these children
may be candidates for an ABI. Colletti’s results (Colletti
et al. 2014) indicate that ABI outcomes are poorer in chil-
dren with multiple disabilities compared to children without
additional disabilities. Clinical trials are now under way in
several centers to refine the selection criterion for children to
receive an ABI.

In spite of the ABI distortions in time and spatial activa-
tion patterns, some children are achieving high levels of
open-set speech recognition with the ABI (Colletti et al.
2014; Sennaroglu et al. 2009, 2011). This result demon-
strates the flexibility of the developing brain when presented
with degraded and tonotopically scrambled auditory infor-
mation. The fact that some children can achieve high-level
CI-like performance shows that even in the ABI case the
brain is capable of getting the maximum information out of
the implant signal. One unsolved problem with ABIs is why
the rate of children obtaining good speech recognition is
lower than for CIs. It is possible that the genetic problems
that cause the loss of their VIII nerve also affect develop-
ment of the cochlear nucleus and other central auditory
nuclei. It is also possible that some children have more com-
plex central problems in development that limit their ability
to use the information provided by an ABI.

Cognitive Development

One understudied aspect of auditory implants is the effect of
prosthetic sensory experience on cognitive development.
Work with deaf children and with CIs has shown reductions
in executive function, including visual working memory
(Pisoni 2000; Pisoni and Cleary 2004; Khan et al. 2005;
Edwards et al. 2006; Shin et al. 2007; Le Maner-Idrissi et al.
2008; Fagan and Pisoni 2009; Kronenberger et al. 2014). At
first glance this is a puzzling finding. Why would a sensory
deficit in hearing affect visual memory? One possible answer
comes from the consideration of how memory depends on
the senses. It has long been known that people with synesthe-
sia have exceptional memories (Rothen et al. 2012).
Synesthesia is a rare phenomenon where activation of one
sense, e.g., vision, is accompanied by linked sensations in
another sense, like hearing or taste. For example, some per-
sons with synesthesia always see a specific color associated
with a number, or sense a specific color to be associated with
a particular pitch; all eights may also be perceived as blue, or
middle C is always accompanied by the sensation of green. It
is thought that the extra sensory experience provides the
brain with an extra dimension of information about objects
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and events. This extra dimension of sensory experience pro-
vides more cues for the storage and retrieval of memories. It
is possible that the deficit in memory (and other cognitive
deficits) in deaf children is due to the loss of dimensionality
of sensory experience (Fagan and Pisoni 2009). If only two
sensory dimensions (e.g., vision and smell) provide cues to a
memory event, the memory may be weaker than if three sen-
sory dimensions (e.g., add hearing) contribute to the mem-
ory. The early development of executive function may also
be delayed by the reduced dimensionality of sensory experi-
ence. So having one less sensory dimension (deafness) may
degrade memory and cognitive development.

If CIs and ABISs restore the auditory dimension do they
also restore deficits in memory and executive function? Is
the restoration of memory proportional to the restoration of
sensory function? We do not yet have answers to these ques-
tions, but research is under way to quantify such possible
effects. One study (Colletti and Zoccante 2008) in nine chil-
dren with an ABI showed that even the sensory information
provided by an ABI provided significant improvements in
selective visual-spatial attention and fluid reasoning (i.e.,
reasoning or the ability to solve problems in novel situa-
tions). It appears that adding another dimension of sensory
experience, even a limited dimension, can provide sufficient
additional information to improve cognitive development.

Issues for the Future

There is still much research to be done to fully understand
the role of prosthetic hearing on speech, language, and cog-
nitive development. It is clear that it is of critical importance
to provide the best sensory information at as early an age as
possible. Brain development is moving fast in the years 0-3
and every month lost is a lost opportunity. If a child with an
implant is not making progress we need to determine if this
is due to a poor adjustment of the processor, a partial failure
of the device, or a problem with their neurons due to the
etiology of hearing loss. Once this is determined we can
improve the adjustment, replace the device, or, in the case of
the CI implanted child, contemplate moving to the ABI. But
whatever solution is correct, the brain plasticity clock is
ticking. Figure 15.2 presents a schematic of the normal fit-
ting cycle for a CI or ABI in a child. Initially the child can-
not provide feedback on the qualities of the hearing sensation
because they have no experience with sound. The initial
maps are often fit based on the levels of evoked auditory
brainstem electrophysiological responses (ABR) and avoid-
ing any non-auditory side effects (NASE), especially for the
ABI. Trained pediatric audiologists can manage the child’s
attentional state and observe behavioral responses. Once an
initial map setting is achieved, the child must adapt to it.
This adaptation may take several weeks or even months
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The Fitting Cycle

ABR, NASE
Ling Sounds

Child adapts
To new Map

Fig. 15.2 Schematic representation of the fitting cycle for an
ABI. Initial test measures indicate the ability of the child to detect and
discriminate sounds with the new map, but additional tests are made
after a period of adjustment where the child learns to use the new infor-
mation provided. The cycle must be short to achieve an optimal map-
ping as soon as possible to take advantage of brain plasticity, but long
enough to allow the child to accommodate to the new information

before any assessment can be made of the efficacy of the
fitting. This is an area where better methods and tools are
needed. The sooner we can determine if a device setting is
inadequate the sooner we can adjust the map in an attempt
to fix the inadequacy. This cycle can’t occur too quickly
because it takes some time for the child to adapt to the
changes before we can reasonably assess their use of acous-
tic cues. However, this fitting cycle should occur early in the
process so that the final map can take advantage of the plas-
ticity of the brain.

New brain imaging methods may hold promise in this
process. Cortical potentials and optical imaging may be able
to show new patterns of cortical activity before any behav-
ioral manifestations (Friesen et al. 2009; Aslin 2012,
Martinez et al. 2013). We assume that a strong physiological
response at the auditory cortex is a sign that the information
from the implant is activating the brain in the desired fash-
ion. Even if the individual child has not yet learned how to
use this information, normal developmental plasticity gives
us some confidence that the information will be used if it is
present. Behavioral techniques, such as the rate of babbling
development, may offer a metric for assessing early auditory
progress (Oller and Eilers 1988; Kishon-Rabin et al. 2005;
Schauwers et al. 2008; Ertmer and Goffman 2011). At the
present time these tools are not fully developed to allow this
kind of assessment, but there is hope that, individually and in
combination, they will be useful in the near future.

Conclusion

New outcomes with ABIs in children show the power of
brain plasticity. A complex, novel, and distorted pattern of
neural activity presented by the prosthesis to the brainstem is

capable of providing high levels of open-set speech recognition
in some pediatric recipients. This observation is not only
greatly satisfying to clinicians, but also important for neuro-
science. Children without an auditory nerve cannot receive
hearing from a CI. But some of these children can receive
CI-like hearing from an ABI. Questions remain about the
best etiology for the ABI and why some children show only
sound awareness and simple discrimination with the
ABI. More research is necessary to further develop the ABI
device, fitting, and evaluation. But the results now show that
an ABI can provide useful hearing to children who cannot
benefit from a CI.
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