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Abstract

The cochlear implant is considered one of the most successful neural prostheses to date, which
was made possible by visionaries who continued to develop the cochlear implant through multiple
technological and clinical challenges. However, patients without a functional auditory nerve or
implantable cochlea cannot benefit from a cochlear implant. The focus of the paper is to review
the development and translation of a new type of central auditory prosthesis for this group of
patients, which is known as the auditory midbrain implant (AMI) and is designed for electrical
stimulation within the inferior colliculus. The rationale and results for the first AMI clinical study
using a multi-site single-shank array will be presented initially. Although the AMI has achieved
encouraging results in terms of safety and improvements in lip-reading capabilities and
environmental awareness, it has not yet provided sufficient speech perception. Animal and human
data will then be presented to show that a two-shank AMI array can potentially improve hearing
performance by targeting specific neurons of the inferior colliculus. Modifications to the AMI
array design, stimulation strategy, and surgical approach have been made that are expected to
improve hearing performance in the patients implanted with a two-shank array in an upcoming
clinical trial funded by the National Institutes of Health. Positive outcomes from this clinical trial
will motivate new efforts and developments toward improving central auditory prostheses for
those who cannot sufficiently benefit from cochlear implants.
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1. INTRODUCTION

There are hundreds of thousands of individuals implanted with a neural device for restoring
sensory, motor, or autonomic function as well as for treating neurological and psychiatric
disorders (Johnson et al., 2013; Konrad et al., 2010; Navarro et al., 2005). These devices
interface with the peripheral or central nervous system, and can be fully implanted into the
body or head with wireless capabilities. One of the most successful neural prostheses is
known as the cochlear implant (CI), which is designed for implantation into the cochlea for
electrically stimulating nearby auditory nerve fibers for hearing restoration (Figure 1)
(Wilson et al., 2008; Zeng et al., 2008). Over 320,000 patients have received a Cl, with
many of these individuals capable of speech perception and even the ability to converse over
the telephone. Children, including infants younger than one year of age, have been
implanted with a CI and have been able to integrate into mainstream schools. Therefore, the
CI has been remarkably successful in restoring hearing to many deaf individuals, which in
turn has guided the development of other neural prostheses for sensory or motor restoration,
such as the visual prosthesis or a neural-controlled prosthetic limb (Weber et al., 2012;
Weiland et al., 2011). The monumental achievements of the ClI are attributed to the
continuous efforts of several visionaries including André Djourno, William House, Blair
Simmons, and the 2013 Lasker~DeBakey Clinical Medical Research Awardees — Graeme
Clark, Ingeborg Hochmair, and Blake Wilson (Eisenberg, 2014; Lenarz, 1998; Mudry et al.,
2013).

In thinking about the future of auditory prostheses, the question arises as to how hearing
performance can be further improved beyond what is possible with current devices, not only
for those who are implanted with a CI but also for those who do not have a functional
auditory nerve or implantable cochlea. There are exciting efforts towards improving the
design of Cls (e.g., new electrode arrays, and binaural or bimodal implants) and activation
of the auditory nerve (e.g., current steering techniques, direct nerve stimulation, and optical
activation methods) for achieving better performance in noisy environments and with more
complex inputs such as music, tonal languages, and multiple talkers. Various technological,
modeling, signal processing, physiology, and psychophysics research to achieve these
improvements are presented in the other papers in the Lasker Award Special Issue for
Hearing Research. The focus of this paper is to present the development and translation of
devices for stimulation beyond the auditory nerve within more central auditory structures,
particularly the inferior colliculus (IC). Central auditory implants can provide an alternative
hearing option for those who cannot benefit from a CI. Furthermore, a major limitation in
achieving higher performance with Cls appears to be the limited number of independent
information channels available through cochlear stimulation (Friesen et al., 2001). The CI
sends current through a bony modiolar wall of the cochlea with scattered flow of electrical
charge to a variable distribution and reduced number of auditory neurons associated with
deafness. Central auditory prostheses may also provide a way for achieving more specific
activation of a greater number of frequency channels of information than is currently
possible with Cls.

This review will present the rationale for the AMI and the results of the first clinical trial
using a multi-site single-shank array. The animal and human studies leading to the
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development of a new two-shank AMI array will then be presented followed by an update
on the second clinical trial.

2. RATIONALE FOR THE AMI

The ClI can provide high levels of speech understanding, at least in quiet environments, for
many deaf patients. However, the Cl is designed for electrically activating the auditory
nerve. For those patients without a functional auditory nerve (e.g., due to a head injury or
tumor removal surgery, or being born without a nerve) or without an implantable cochlea to
enable array insertion (e.g., due to ossification or head trauma), then the only hearing option
is a central auditory implant. The first device, known as the ABI, was implanted as early as
1979 at the House Ear Institute in Los Angeles, California by William Hitselberger and
William House. It consisted of two ball electrodes with a fabric backing that was built in
collaboration with Douglass McCreery from the Huntington Medical Research Institutes in
Pasadena, California. The ABI was positioned onto the surface of the cochlear nucleus.
Further details of the development of the first ABIs are provided in (Schwartz et al., 2008;
Sennaroglu et al., 2012). The ABI was initially designed and justified for patients with a
genetic disease known as neurofibromatosis type 2 (NF2), which is usually associated with
bilateral acoustic neuromas. Due to removal of these tumors and complete damage of the
auditory nerves, the patients became bilaterally deaf and unable to benefit from Cls. Since
the cochlear nucleus was already approached during tumor removal, it was then possible to
place the electrodes on its surface with minimal added surgical risk. A total of 25 patients
were implanted with an ABI by 1992 (Schwartz et al., 2008). Since 1992, the single channel
ABI has been developed into a multi-site surface array (Figure 1) by several implant
companies (e.g., Advanced Bionics Corporation, USA; Cochlear Limited, Australia; Med-El
Company, Austria; MXM Digisonic, France) and implanted in over 1200 patients worldwide
with etiologies no longer limited to NF2 (e.g., those with nerve aplasia/avulsion or cochlear
ossification).

The current status of the ABI is that it can achieve high levels of hearing performance in
some patients (Behr et al., 2014; Colletti et al., 2014; Colletti et al., 2009; Matthies et al.,
2014). There appears to be certain types of deaf patients who achieve good hearing
performance with an ABI. For example, one study by (Colletti et al., 2009) showed that over
half of the 48 non-tumor (i.e., non-NF2) adult patients implanted with the ABI achieved
reasonable speech perception with a few reaching levels comparable to the top CI patients.
These non-tumor patients obtained an average score of 59% on an open-set speech test
compared to an average score of 10% across 32 NF2 adult patients. Considering that similar
implants, stimulation strategies, and surgical approaches were used for both patient groups
in the same clinic, these findings suggested that the limited performance observed in NF2
patients may be related to tumor damage, including surgical damage, of the cochlear nucleus
(Behr et al., 2014; Colletti et al., 2005). Even within the non-tumor group, it appeared that
those with cochlear ossification or who lost their auditory nerve due to head trauma
performed better than those who had cochlear malformations or auditory neuropathy
(Colletti et al., 2009). Similar trends have also been observed in children with ABIs in which
those with cochlear damage due to ossification or head trauma achieved the best
performance over other groups (Colletti et al., 2014).
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The fact that the ABI can provide sufficient speech understanding in some patients
demonstrates that artificial electrical stimulation even within the brain can restore sufficient
hearing function. The question now arises as to how we can further improve central auditory
prostheses so that a majority of implanted patients can achieve sufficient hearing
performance, especially those with NF2 tumors. There are recent reports indicating that a
few NF2 ABI patients are able to achieve speech understanding comparable to typical Cl
patients (Behr et al., 2014; Colletti et al., 2012; Matthies et al., 2014). One proposed reason
for these encouraging results is that the surgeons were able to minimize damage to the
brainstem during tumor removal surgery and/or array implantation. In over 1000 NF2
patients with ABIs, however, only a few of them have achieved high levels of speech
perception, revealing the difficulties in minimizing brainstem damage and/or accurately
placing the array onto the cochlear nucleus (Colletti et al., 2005; Lenarz et al., 2002;
Schwartz et al., 2008; Sennaroglu et al., 2012), assuming those are the main reasons for the
limited hearing performance.

Considering the factors described above, the authors of this paper seek to improve central
auditory prostheses by stimulating within the inferior colliculus (IC), particularly its central
nucleus (ICC), and initially targeting those with NF2. Unlike the brainstem, the midbrain is
directly visible during surgery (images are shown later in Section 4.4) and is not surrounded
by distorted or damaged brain structures caused by a NF2 tumor and/or its removal (Samii et
al., 2007; Vince et al., 2010). Surrounding the brainstem, there are also lower cranial nerves
involved with critical functions such as breathing and swallowing that may not be easily
visible during surgery. The trochlear nerve is the only nerve near the midbrain and is
directly visible during surgery. In terms of function, the ICC has a well-defined tonotopic
organization (De Martino et al., 2013; Lim et al., 2013; Oliver, 2005; Ress et al., 2013;
Schreiner et al., 1997), which is favorable for implementing an auditory prosthesis (Shannon
et al., 2004; Xu et al., 2008). The IC is also the initial converging center of the central
auditory system (Casseday et al., 2002; Ehret, 1997). Once the sound information is
transmitted from the auditory nerve to the brain, it gets processed across multiple structures
within the brainstem through several diverging pathways (Cant et al., 2003). The ascending
sound information and pathways then converge, for the most part, into the ICC en route to
the thalamus and cortex. In other words, whichever neural pathways through the brainstem
are involved with transmission of speech information to higher perceptual centers, it should
be possible to implant electrode sites within specific regions of the ICC to access and
stimulate those pathways. Whether artificial electrical stimulation of those pathways can
restore sufficient speech perception needs to be assessed in future AMI patients.

There is some concern about the surgical risks associated with implanting an electrode array
into the midbrain. However, several exciting developments in the field of central neural
prostheses provide a positive perspective on this topic. No one could have imagined 35 years
ago that the ABI would be considered safe enough to be implanted into children as young as
one year old ((Sennaroglu et al., 2011); FDA recently approved children as young as two
years in the United States). Continuous improvements in the safety of the surgical approach
and implant technology have made this a reality. Significant progress is also occurring for
the use of deep brain stimulation (DBS) to treat various neurological and psychiatric
conditions, with more than 100,000 patients now implanted with a penetrating DBS array
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(Johnson et al., 2013). There are surgical risks with DBS surgery but it isn’t far-fetched to
assume that in the future, innovative solutions will bring these complications to nearly zero.
It is important to note that the standard DBS array is approximately 20 times greater in
volume than an AMI shank (Figure 2A) and penetrates through several centimeters of
cortical tissue to reach subcortical structures (versus the several millimeters of tissue
penetration of the AMI); thus, it has significantly more risk than the AMI array yet is being
implanted in an increasing number of adults and children for various brain disorders. A
recent innovative technology has pushed the field of central neural prostheses even further.
A 96-site, three-dimensional penetrating array was implanted into the motor cortex in people
with tetraplegia to record neural signals and control assistive devices (Hochberg et al.,
2012), demonstrating that micro-machined, high-density arrays can be safely implanted into
the brain. These major achievements in the neural implant field provide confidence that the
surgical risks of the AMI will be reduced down to nearly zero in the future and the AMI can
eventually be used in a broader clinical population beyond NF2 patients.

3. FINDINGS FROM THE FIRST CLINICAL TRIAL

3.1. Overview

The maotivation for the first AMI clinical trial was to provide an alternative hearing option to
the ABI in NF2 patients. AMI research and development began around 2000. Thomas
Lenarz and Minoo Lenarz (currently at University of Berlin-Charité) initiated AMI
developments at Hannover Medical School with James Patrick and his team from Cochlear
Limited, developing an electrode array for use in humans (Figure 2A and 2B). The AMI
array consists of a single shank with 20 linearly spaced sites and was designed to be aligned
along the tonotopic gradient of the ICC. They collaborated with Hubert Lim and David
Anderson at University of Michigan to validate this technology in animal studies, eventually
obtaining sufficient evidence and approvals to begin the first clinical trial in 20062008 in
which five adult NF2 patients were implanted with the device. Prior to the clinical trial,
these researchers and clinicians had shown that ICC stimulation achieves low threshold and
frequency-specific auditory activation in animals that was better or comparable to ClI
stimulation (Lenarz et al., 2006a; Lim et al., 2006). They also showed in a cat model that
long-term implantation and stimulation of the AMI device was safe without any major side
effects and induced minimal tissue damage that was comparable to other clinically approved
brain implants (Lenarz et al., 2007). In terms of sound coding, multiple studies have shown
that ICC neurons are capable of following the temporal modulations of acoustic stimuli up
to or beyond 100 Hz and the ICC has a well-defined tonotopic organization (Geniec et al.,
1971; Joris et al., 2004; Langner et al., 2002; Oliver, 2005; Rees et al., 2005; Schreiner et
al., 1997). Considering that speech perception, at least in quiet backgrounds, is possible with
temporal modulations as low as ~50 Hz with just ~4-8 frequency channels (Friesen et al.,
2001; Shannon et al., 1995; Zeng, 2004), they envisioned that the AMI would be able to
restore reasonable speech perception using a Cl-based strategy. In particular, each electrode
site in a specific frequency region would be presented with an amplitude modulated pulse
train following the bandpass-filtered envelope extracted for the corresponding frequency
channel.
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After obtaining the necessary approvals, five patients were implanted with the AMI and
provided with a Cl-based strategy. Encouragingly, the AMI has proven to be safe in all five
patients for over six years and has provided improvements in lip-reading capabilities and
environmental awareness with some speech perception, comparable to the range of
performance achieved by most ABI NF2 patients (Lim et al., 2009; Lim et al., 2011;
Schwartz et al., 2008; Sennaroglu et al., 2012). These clinical results demonstrate that useful
hearing can be provided by IC stimulation. However, the patients have not yet achieved
sufficient speech perception without lip-reading cues. Therefore, there is still a critical need
to improve the AMI if it is going to be considered as an alternative to the ABI.

3.2. Surgical Limitations

One major limitation in the first clinical trial was related to the difficulties in accurately
placing the AMI array into the ICC (Figure 3). Out of five patients, only one (patient
AMI-3) was implanted across the tonotopic gradient of the ICC. All other patients were
implanted predominantly in other regions, including the dorsal and rostral IC, brachium of
IC, and lateral lemniscus. As expected, AMI-3 exhibited the best hearing performance and a
clear pitch organization across the sites (Lim et al., 2009; Lim et al., 2013) consistent with
the tonotopy that is expected from animal and human studies (De Martino et al., 2013;
Geniec et al., 1971; Malmierca et al., 2008; Oliver, 2005; Ress et al., 2013; Schreiner et al.,
1997).

Details of the surgical approach for the first AMI trial are provided in (Samii et al., 2007)
with its limitations described in (Lim et al., 2009). Briefly, the array implantation was
performed after removing the NF2 tumor at the brainstem level using a modified lateral
suboccipital approach in a semi-sitting position. The cerebellum was retracted medially to
expose the tumor. After the tumor was removed, the cerebellum was allowed to drop
downwards due to gravity, and the IC surface could be directly viewed through the same
skull opening. The main surgical limitation in the first clinical trial was the use of a small
craniotomy, which made it difficult to view several key anatomical landmarks defining the
outer borders of the IC and to determine the orientation of the array relative to the surface of
the IC during insertion. These landmarks include the rostral border of the IC with the
superior colliculus (SC), midline between both ICs, and caudal IC edge corresponding to the
exit point of the trochlear nerve. The array needs to be aligned along the tonotopic gradient
of the ICC, which requires an angle of insertion of about 40° relative to the sagittal plane
(see Figure 3 for the location and orientation of the frequency laminae of the ICC; (Geniec
etal., 1971; Kretschmann et al., 1992)). A small craniotomy was initially used to minimize
surgical risks. As described in Section 4.4, an improved surgical approach has been
developed with a larger exposure up to the midline that can still access the NF2 tumor more
laterally and then approach the IC more medially with complete visibility of the landmarks
mentioned above.

3.3. Frequency specific activation but limited temporal coding abilities

For the one patient implanted into the ICC (AMI-3), a systematic pitch organization from
low to high was observed for stimulation of superficial to deeper AMI sites as expected from
the tonotopic organization observed in animal and human studies (De Martino et al., 2013;
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Malmierca et al., 2008; Ress et al., 2013; Schreiner et al., 1997). However, poor temporal
coding abilities were observed for AMI-3 (and the other AMI patients). Speech performance
depends on both spectral and temporal cues (Nie et al., 2006; Shannon, 2002; Xu et al.,
2008), and thus transmission of degraded temporal information may be limiting speech
perception performance in the AMI patients. In particular, AMI-3 (and the other AMI
patients) exhibited poor temporal modulation detection (i.e., ability to detect small changes
in amplitude modulation, AM) and temporal resolution (i.e., ability to detect small temporal
changes) compared to Cl patients (Lim et al., 2008; McKay et al., 2013). Cl users can
achieve reliable AM detection beyond 150-300 Hz (Fraser et al., 2012), whereas the best
AMI patient exhibited degraded capabilities even at 20-50 Hz (Figure 4) (McKay et al.,
2013). What was surprising was the drastic difference between Cl and AMI stimulation for
shorter interval pulse trains. Cl patients exhibit lower thresholds (and louder percepts) as the
pulse rate increases (Figure 5) (Kreft et al., 2004; McKay et al., 1998; Shannon, 1989). This
is attributed to a short-term integrator that sums the incoming activity within a short window
(~5 ms) to track the fast temporal features that can contribute to speech understanding
(McKay et al., 1998; Viemeister, 1979; Viemeister et al., 1991). AMI stimulation does not
exhibit this short-term integration (Figure 5) (Lim et al., 2008; McKay et al., 2013).

4. ANIMAL AND HUMAN STUDIES TOWARDS A SECOND CLINICAL TRIAL

4.1. Improving neural activation and possibly temporal coding

To better understand what may be limiting short-term integration and AM detection abilities
in the first AMI patients, a previous study performed ICC stimulation experiments in six
ketamine-anesthetized guinea pigs (Calixto et al., 2012). Two single-shank AMI arrays were
implanted parallel to each other (1.5 mm apart) with sites aligned along the tonotopic axis of
the ICC. Two electrical biphasic pulses (200 ps/phase), either on one site or between two
sites with varying inter-pulse delays (0-100 ms) were presented. The two sites were
positioned into a similar ICC lamina to assess how stimulation of one versus two regions
along an isofrequency lamina affected auditory cortical activity. The neural activity was
recorded in the primary auditory cortex (A1) in a similar frequency region as the stimulated
ICC lamina. The study discovered that stimulation of a single site with two pulses elicits
strong refractory effects for shorter inter-pulse intervals approaching full refractory below an
interval of 2 ms (Figure 6, SSS). In other words, AMI stimulation with more pulses with
short intervals contributes little or no additional Al activity than that of a single pulse,
consistent with Figure 5 in which there was no decrease in threshold (or increase in
loudness) with increasing pulse rates using the AMI. This is in contrast to CI stimulation
that achieves increased activity, lower thresholds, and louder percepts for shorter inter-pulse
intervals or higher pulse rates ((McKay et al., 1998; Middlebrooks, 2004; Shannon, 1985);
e.g., lower thresholds are shown in Figure 5 for CI stimulation).

The ICC is a three-dimensional structure with two-dimensional isofrequency laminae that
have shown to code for varying temporal features of sound across different neurons (Ehret,
1997; Langner et al., 2002; Rees et al., 2005). Unlike stimulation of the cochlea, stimulation
of a single site within a given frequency region in the ICC may not sufficiently activate
higher centers with repeated electrical pulses. Instead, multi-site stimulation within a lamina
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may be needed to achieve improved temporal activation. Encouragingly, the study by
(Calixto et al., 2012) showed that stimulation of two sites within an ICC lamina elicits
enhanced Al activity with shorter intervals and overcomes the strong refractory effects
observed for SSS (Figure 6, DSS). This type of enhanced activity cannot be simply achieved
by activating more sites across different isofrequency laminae but requires activation of
multiple sites within the same lamina (Straka et al., 2013). Therefore, stimulating at least
two sites along a lamina may restore short-term integration and could improve hearing
performance. Additionally, the same study discovered that stimulation of only a single site
in a lamina elicits strong suppressive effects that last beyond 100 ms in which activity to a
second pulse is significantly reduced due to the activity to the first pulse. In fact, activity to
the second pulse could be completely suppressed even beyond 100 ms (i.e., 4-100%
suppression at 100 ms, n=41). In contrast, stimulation of two sites could exhibit full
recovery and even enhanced activity to the second pulse by 100 ms (i.e., 77% suppression
up to 214% enhancement, n=72), exhibiting patterns closer to what is observed for two-click
acoustic stimulation with varying delays (Brosch et al., 1999; Eggermont et al., 1995; Wehr
et al., 2005). The significant suppressive effects exceeding 100 ms for single site stimulation
within an ICC lamina is likely limiting AM detection abilities in which activated neurons
cannot sufficiently follow the envelope fluctuations. These findings suggest that AMI
stimulation of at least two sites along an ICC lamina could greatly improve temporal coding
abilities on a short (<5 ms) and long (beyond 100 ms) scale, which in turn could improve
speech understanding.

4.2. Can a Cl-based strategy still work in the ICC?

For neural prostheses, it is challenging to develop completely new hardware and software
since considerable testing and approvals are needed before using them in humans. Instead, it
is favorable to use components and algorithms already approved for human use, such as
those in Cls (Patrick et al., 2006). Several studies have shown that ICC neurons can follow
envelope modulations of simple and natural stimuli up to a few hundred hertz (Krishna et
al., 2000; Langner et al., 2002; Rees et al., 1987; Suta et al., 2003; Woolley et al., 2006).
One particular study performed experiments in 10 ketamine-anesthetized guinea pigs to
further assess if a Cl type of strategy could potentially be effective for the AMI (Rode et al.,
2013). Natural vocalizations (i.e., guinea pig speech; Figure 7), which exhibit similar
temporal and spectral patterns to human speech, were presented to the left ear of the animals
and neural spiking activity was recorded across the right ICC using 32-site arrays in multiple
locations per animal.

The unique aspect of that study was that a peripheral ear model was used to obtain an
estimate for the true envelope pattern of the sound stimuli that reaches the basilar membrane
of the cochlea. Sound travels through the ear drum and middle ear components to reach
inside the fluid-filled cochlea. The fluid vibrations then cause the basilar membrane within
the cochlea to fluctuate, which in turn activates hair cells and the corresponding auditory
nerve fibers going to the brain. Previous studies have not typically accounted for this pre-
processing that occurs from the ear drum to the basilar membrane when characterizing the
effects of speech sounds on different neurons within the ICC. Fortunately, there is already a
reasonably accurate mathematical model of the peripheral ear in the guinea pig, which is
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known as the dual resonance nonlinear (DNRL) model (Meddis et al., 2001; Sumner et al.,
2003). The vocalizations were inputted into the DRNL model to obtain the output that is
observed at a given frequency region along the basilar membrane. More specifically, the
envelope of the output signal was extracted (up to ~100 Hz) since speech perception has
been strongly correlated with the ability to transmit sufficient envelope cues to the brain
(Shannon et al., 1995). What is important about this pre-processing is that it resembles the
type of pre-processing already implemented in CI stimulation strategies, which electrically
stimulate each electrode site with the envelope pattern of the bandpass filtered components
of the original inputted sound signal. The advantage of using the DRNL model is that it is
extracting the frequency components using what is believed to be more natural processing
steps compared to arbitrary bandpass filters as used in previous studies. Cross-correlation
analysis can then be performed between each of those envelope signals and the temporal
spiking pattern of ICC neurons (i.e., smoothed post-stimulus time histograms (PSTHSs))
located in the same frequency region corresponding to the envelope signals.

Figure 8 plots the correlation coefficient (R) values across all recording sites in the ICC
from 10 animals and different frequency laminae. There were multiple neurons that
exhibited high correlation values close to 1 for all three vocalizations, and thus for a wide
range of spectral and temporal sound patterns. Based on visual inspection of all the raw data,
R values >0.85 corresponded to neurons that accurately followed the stimulus envelope (for
further examples and justifications of this criterion, see (Rode et al., 2013)). The high 0.85
criterion was achieved by 15%, 60%, and 58% of neurons for scream, squeal, and tooth-
chatter, respectively. It can also be seen from Figure 8 that the majority of cases still had a
moderately high R value above ~0.70. These results demonstrate that ICC neurons can
follow the envelope structure of natural stimuli across different frequencies. This is an
important finding because it indicates that a Cl-based strategy may potentially be used for
the AMI to restore sufficient speech perception as long as the right neurons are being
activated (further discussed in the next section). Combined with the findings from Section
4.1, these results suggest that improved activation of the auditory system may be achieved
with the AMI by using a Cl-based strategy except that the pulse patterns for each frequency
channel would be presented in an alternating or time-varying sequence across two sites (i.e.,
using a two-shank array) instead of just one site in each ICC lamina. Although it may be
possible to insert more than two shanks into the ICC, there would be greater surgical risks
and significant technological challenges in making an AMI array with smaller dimensions to
safely implant multiple shanks into the ICC.

4.3. A specific midbrain pathway that may improve speech perception with the AMI

One caveat to the findings presented in the previous section is that not all ICC neurons had
high R values greater than 0.85. If the neurons with the highest R values are located in a
specific region within each ICC lamina, then it may be possible to insert a two-shank AMI
array into that region (i.e., the two shanks cross each lamina to position two electrodes in
that region) and systematically activate those neurons with a Cl-based strategy. However, if
the high R values are scattered throughout the ICC, then positioning only two shanks within
the ICC may not sufficiently access enough of those high R-valued neurons. A study
systematically investigating how the R values change as a function of location across an
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isofrequency lamina of the ICC still needs to be performed to answer that question.
However, there are a few studies suggesting that there may be a better region within the ICC
for AMI stimulation. One recent study performed experiments in 12 ketamine-anesthetized
guinea pigs in which multi-site arrays were used to position sites fully across a given
isofrequency lamina of the ICC. Details of the methods and results are provided in (Straka et
al., 2014a). This study discovered that along a given ICC lamina, there exists two
subregions: a rostral-lateral region and a caudal-medial region (Figure 9A). The rostral-
lateral ICC exhibited more precise temporal firing, shorter latencies, stronger activity, lower
thresholds, and greater spatial synchrony across neurons in response to acoustic stimuli
compared to the caudal-medial ICC, as listed in Figure 9B. In other words, there appears to
exist a dual lemniscal organization within the ICC in which one pathway may be designed
for more robustly transmitting sound cues to higher centers.

The concept of a dual lemniscal organization was first revealed in the 1980s (Morel et al.,
1987; Rodrigues-Dagaeff et al., 1989), specifically for projections from the ventral division
of the medial geniculate nucleus (MGV) up to the core/primary auditory cortex regions
(ACC) in a cat model. The dual lemniscal pathway hypothesis was further expanded in 2006
to 2007 to include pathways from the brainstem up through the ICC, MGV, and ACC across
several species, including gerbil, rat, and guinea pig (Cant et al., 2006; Cant et al., 2007;
Lim et al., 2007a; Polley et al., 2007). Together, these studies revealed two segregated
anatomical and functional pathways through the ICC (caudal-medial versus rostral-lateral
regions), MGV (caudal versus rostral regions), and ACC (A1l versus core regions outside of
Al). Figure 9A provides a simplified schematic summarizing the dual lemniscal pathways.
The differences in coding properties between the rostral versus caudal MGV, demonstrated
by Rodrigues-Dagaeff (1989) in cat and listed in Figure 9B, suggest that the rostral pathway
is designed for stronger excitatory activation and more temporally and spectrally precise
transmission of information up to higher centers. Many of these differences in coding
properties between the dual pathways have also been shown in ACC (Phillips et al., 1995;
Polley et al., 2007; Schreiner et al., 2011; Storace et al., 2012; Wallace et al., 2000) and
more recently in ICC (Straka et al., 2014a), as listed in 9B.

The high R values discussed in the previous section may correspond to neurons within this
“rostral” pathway (i.e., rostral-lateral portion of a given isofrequency lamina of the ICC) and
if targeted with the AMI, could enable high levels of speech perception. This is not to claim
that speech information is only coded in this pathway but to suggest that artificial
stimulation with modulated electrical pulse trains may somehow activate this pathway to
provide sufficient speech understanding. Previous studies in guinea pigs have already shown
that electrical stimulation of the rostral-lateral versus caudal-medial ICC achieves lower
activation thresholds, stronger responses, smaller discriminable level steps, shorter response
latencies, and more temporally precise firing within A1 (Lim et al., 2007a; Neuheiser et al.,
2010). Stimulation of this rostral-lateral ICC region with two sites within a given lamina can
also minimize or overcome the strong suppressive effects described in Section 3.1, which is
not typically or sufficiently achieved for stimulation of more caudal-medial ICC locations
(Straka et al., 2014b). In future AMI patients and by targeting the rostral-lateral ICC, there
will be a unique opportunity to test if these findings in animals also occur in humans and if
they relate to better speech understanding.

Hear Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lim and Lenarz Page 11

4.4. Improving the surgical approach for array implantation

As described in Section 3.2, the main surgical limitation in the first clinical trial was the use
of a small craniotomy, through which it was not possible to clearly identify key anatomical
landmarks surrounding the IC. A new surgical approach for the second clinical trial was
developed based on cadaver studies. This new approach still uses a modified lateral
suboccipital exposure (Samii et al., 2007), except that the skull opening is extended up to the
midline (Figure 10A). This type of paramedian exposure has been safely used in the
neurosurgical field for operating on lesions in the IC, SC, superior and middle cerebellar
peduncles, and quadrangular lobules of the cerebellum (Ogata et al., 1997), and can be used
for AMI implantation (Vince et al., 2010). With the expanded exposure, the NF2 tumor can
still be accessed more laterally and then the IC can be approached more medially. In patients
not requiring tumor removal, a traditional paramedian approach without the lateral exposure
can be used so as to minimize the opening of the skull (Colletti et al., 2007; Ogata et al.,
1997; Vince et al., 2010). Once the dura is opened along the sinuses and the cerebellum is
retracted downwards, the 1C and SC surfaces can be seen after pushing aside the overlying
arachnoid and blood vessels (Figure 10A). The viewed structures are confirmed to be the IC
and SC using CT-MRI guided brain navigation (using the systems from Brainlab AG,
Germany and Fiagon GmbH, Germany). Then the IC-SC border (rostral edge of IC), midline
(medial edge of IC), and exit point of the trochlear nerve (caudal edge of IC; not shown) can
be identified through the expanded craniotomy (Figures 10A and 10B), which is in contrast
to the previous surgical approach in which these landmarks were not clearly visible due to
the limited view of the midbrain. The direct view of the midline of the brain also provides a
frame of reference for determining the sagittal plane and inserting the AMI array into the IC
at an angle of 40° relative to that plane to align it along the tonotopic gradient of the ICC.

A major advantage of this new surgical approach is that the distances relative to these
anatomical landmarks can be measured during surgery to identify the locations along the I1C
surface for inserting each shank of the AMI array (Figure 10C). Based on ICC stimulation
studies in animals (Lim et al., 2007a; Neuheiser et al., 2010; Straka et al., 2014b),
anatomical and functional data of the IC in humans (De Martino et al., 2013; Geniec et al.,
1971; Lim et al., 2009; Lim et al., 2013; Ress et al., 2013), and IC surgical studies in
cadavers (unpublished observations), the authors of this paper have determined coordinates
for inserting a two-shank AMI array into the ICC, particularly its rostral-lateral portion
based on the findings presented in Section 4.3. The first shank will be inserted at a position
of 0.25 caudally from the IC-SC border (rostral-to-caudal location normalized to the total
distance between the IC-SC border and the exit point of trochlear nerve). Using a
normalized location minimizes errors associated with variations in brain size across patients.
Since there is no visible lateral landmark, the first shank will be inserted at a position of 7
mm from the midline. During surgery, electrical stimulation with a bipolar electrode along
the surface of the IC and noninvasive neural recordings of the corresponding auditory
cortical activity (i.e., middle-latency responses) may provide a way to identify a lateral
landmark for more accurate array placement for each patient. Preliminary data and
descriptions for this intraoperative technique is described in (Lim et al., 2009) and will be
further explored in future AMI surgeries. The second shank will then be inserted 1.5 mm
diagonally towards the caudal and medial direction relative to the first shank. These new
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steps for positioning the AMI array into the IC are expected to improve placement of the
electrode sites along the tonotopic gradient of the ICC compared to what was possible in the
first clinical trial. Furthermore, these steps should enable placement of the arrays into the
rostral-lateral portion of the ICC.

4.5. Two-shank AMI clinical trial

Based on the encouraging animal and human findings described above, the authors of this
paper collaborated with Cochlear Limited (led by James Patrick) to design a new AMI
device that consists of two shanks with 11 sites along each shank (Figure 2C; note that 22
sites is the channel limit of the stimulator developed by Cochlear Limited). The shanks will
be individually inserted into the ICC as described in Section 4.4. The previous single-shank
array was able to obtain a reasonable range of pitches with 11 sites (i.e., ~2-mm spatial span
with a site spacing of 200 um; (Lim et al., 2013)). To sufficiently span the tonotopic axis of
the ICC with the new two-shank AMI array, each shank was designed with a site spacing of
300 um for 10 of the 11 sites (i.e., ~2.7-mm spatial span). The site spacing may be slightly
larger than the ~200 um thickness of each ICC lamina (Geniec et al., 1971; Oliver, 2005).
However, the current level can be increased on each site to access adjacent laminae. This
site spacing across the frequency dimension is considerably finer than what is possible with
the CI, which still achieves high performance levels (Shannon, 2002; Wilson et al., 2008).
As shown in Figure 2C, the 11t site on each shank is positioned closer to the Dacron mesh.
Since some of the patients implanted with the AMI will also have tinnitus, activation of the
outer regions of the IC with those superficial sites may provide a way to suppress tinnitus
using stimulation strategies derived from animal experiments (Offutt et al., 2014).

The second AMI clinical trial is currently underway and is funded by the National Institutes
of Health (Grant Number U01DC013030). The clinical trial will be performed at Hannover
Medical School in collaboration with Cochlear Limited and University of Minnesota for
implanting the two-shank AMI device in five adult NF2 patients who cannot sufficiently
benefit from a Cl or ABI. The clinical study is occurring from April 2014 to March 2019.
The primary objectives of this study are to demonstrate the safety and reliability of the new
two-shank AMI array and the ability to consistently position the array into the ICC across
patients. The secondary objectives are to show that the two-shank AMI can achieve hearing
performance greater than what is typically achievable with the single-shank AMI and ABI
devices used in NF2 deaf patients. Success with these initial patients will open up
opportunities for expanding the use of the AMI to a larger patient population and in clinics
within different countries including the United States.

5. CONCLUSIONS

The first AMI clinical study demonstrated that implantation and stimulation of a single-
shank electrode array within the midbrain can be safe and provide useful hearing on a daily
basis. However, there were difficulties in accurately placing the array into the IC in which
only one out of five patients had sites properly aligned along the tonotopic gradient of the
ICC. Based on psychophysical testing in the implanted AMI patients and experiments in
animals, stimulation of individual sites on the single-shank array produces strong refractory
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and suppressive effects within the auditory pathway, which likely contributes to the poor
temporal coding abilities and limited speech perception observed for the AMI patients. To
address these two issues, animal experiments were performed to identify ways to minimize
the refractory and suppressive effects and cadaver studies were performed to improve the
surgical approach for implanting the AMI array into the ICC. At least in animals, it appears
that stimulation of two sites within each ICC lamina can sufficiently overcome these
refractory and suppressive effects, especially when stimulating within the rostral-lateral
portion of each lamina. Using a modified lateral suboccipital approach that is extended to
the midline and identifying several key anatomical landmarks, it also appears that the AMI
array can be consistently inserted into the rostral-lateral portion of the ICC.

Considering the encouraging findings described above, a new two-shank AMI array was
developed in collaboration with Cochlear Limited that will target the rostral-lateral region of
the ICC in a second clinical trial funded by the National Institutes of Health. This new array
design will have two shanks aligned along the tonotopic gradient of the ICC with two sites
positioned within each isofrequency lamina. Based on additional animal studies, a Cl-based
stimulation strategy within the ICC will initially be used in the patients except that the pulse
pattern for each frequency channel will be distributed across two sites in each ICC lamina
with varying delays between the pulses. Speech performance tests and various
psychophysical measurements will be performed in the implanted AMI patients to evaluate
this modified CI strategy while also developing other types of stimulation patterns for
improving hearing performance. Demonstrating the safety and reliability of the AMI in this
second clinical trial as well as achieving better speech perception performance with the AMI
compared to current ABI devices will revive research interests and discussions in using
penetrating electrode arrays for central auditory prostheses.

One major limitation in achieving significant improvements in hearing performance with
current ABI and CI devices appears to be the limited number of independent information
channels possible with these implants (Friesen et al., 2001; Kuchta et al., 2004). The CI
sends current through a bony modiolar wall of the cochlea with scattered flow of electrical
charge to a variable distribution and reduced number of auditory neurons associated with
deafness. The ABI is placed on the surface of the brainstem, resulting in high stimulation
levels and broad current spread to activate the appropriate neurons within deeper regions.
Therefore, development of new types of central auditory prostheses such as the AMI,
penetrating auditory brainstem implant (Figure 1; (McCreery, 2008)), or auditory thalamic
implant (Atencio et al., 2014) may eventually lead to innovative solutions for achieving
hearing performance beyond what is possible with current technologies.
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ABBREVIATIONS

Al primary auditory cortex

ABI auditory brainstem implant

ACC core/primary auditory cortex regions

AM amplitude modulation

AMI auditory midbrain implant

Cl cochlear implant

CT computed tomography (imaging)

DRNL dual-resonance nonlinear (model)

DSS dual-site stimulation (within an ICC lamina)

IC inferior colliculus

ICC central nucleus of inferior colliculus

LFP local field potential

MGV ventral division of medial geniculate nucleus

MRI magnetic resonance imaging

NF2 neurofibromatosis type 2

PABI penetrating auditory brainstem implant

PSTH post-stimulus time histogram

R correlation coefficient

SC superior colliculus

SSS single-site stimulation (within an ICC lamina)
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Figure 1.
Different auditory neural prosthetics used in patients for hearing restoration. Cl: Cochlear

Implant, which consists of an electrode array that is implanted into the cochlea and used for
auditory nerve stimulation. ABI: Auditory Brainstem Implant that is used for surface
stimulation of the cochlear nucleus. PABI: Penetrating Auditory Brainstem Implant that is
used for penetrating stimulation of the cochlear nucleus. AMI: Auditory Midbrain Implant
that is used for penetrating stimulation of the auditory midbrain (i.e., the inferior colliculus).
There are several companies that build these types of implant devices. The examples shown
in this figure are developed by Cochlear Limited (Australia). Figure was taken from (Lenarz
et al., 2006b) and reprinted with permission from Lippincott Williams & Wilkins.
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Figure 2.
AMI arrays developed by Cochlear Limited (Australia). A (top) and B show the AMI array

currently implanted into humans with 20 ring sites (200 um spacing, 200 um thickness, 400
um diameter) along a silicone carrier. Dacron mesh prevents over-insertion of the array into
the IC and tethers it to the brain. The AMI array is much smaller than current deep brain
stimulation arrays used for various neurological and psychiatric disorders in which A
(bottom) shows an example array developed by Medtronic (USA). C shows the new two-
shank AMI array that will be implanted into deaf patients in a second clinical trial. Each
shank consists of 11 ring sites along a silicone carrier (300 um site spacing except for one
site positioned closer to the Dacron mesh for tinnitus treatment; see Section 4.5 for further
details). Images in A and B were taken from (Lenarz et al., 2006b) and (Samii et al., 2007)
and reprinted with permission from Lippincott Williams & Wilkins.
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Figure 3.
Array placement across patients in the first AMI clinical trial. For each patient, the

parasagittal (top, gray box) and axial (bottom, below gray box) sections show the location
and orientation of the array within the midbrain. Arrow in parasagittal section points to the
caudorostral location of the array and the corresponding axial section below. The black line
(or dot for AMI-2 and AMI-5) representing the array in each section corresponds to the
trajectory of the array across several superimposed CT-MRI slices. ALS, anterolateral
system; BIC, brachium of inferior colliculus; CIC, commissure of inferior colliculus; IC,
inferior colliculus; ICC, inferior colliculus central nucleus; ICD, inferior colliculus dorsal
nucleus; LL, lateral lemniscus; PAG, periaqueductal gray; SC, superior colliculus.
Anatomical directions: C, caudal; D, dorsal; R, rostral; V, ventral. Further details of the
reconstruction technique, anatomy of the midbrain, and AMI surgery are presented in (Lim
et al., 2007b; Samii et al., 2007). Only AMI-3 was properly implanted into the target region
of the ICC with the array aligned along its tonotopic axis. A portion of this figure was taken
from (Lim et al., 2007b) and reprinted with permission from the Society for Neuroscience.
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Figure 4.
AM detection ability is lower for AMI-3 than for six typical Cl users. A 3-interval task with

one modulated and two non-modulated pulse trains were presented in a randomized
sequence, and the subject selected the modulated interval. The modulation depth (m; higher
ordinate value means less depth and better detection) for 70% correct was identified for each
modulation frequency (Hz) and carrier rate (pps: pulses per second). Red circle: maximum
depth used. Data for this figure was taken from (McKay et al., 2013) and replotted with
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permission from the Association for Research in Otolaryngology. Further details on the
methods and results are presented in that publication.
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Figure 5.
Detection thresholds do not decrease with higher pulse train rates for AMI as in Cls. AMI

data is for individually stimulated sites within and outside of ICC and is taken from (Lim et

al., 2008)) and replotted with permission from Elsevier. Cl data are averages across subjects
for two different devices taken from (Kreft et al., 2004) and replotted with permission from

the Acoustical Society of America. Further details on the methods and results are presented

in those corresponding publications. pps: pulses per second.
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Figure 6.
Strong suppressive effects are minimized with a two-shank AMI array. Local field potential

(LFP) recordings from primary auditory cortex in response to two pulse ICC stimulation
with varying inter pulse intervals either on one site (SSS) or across two sites (DSS, in same
lamina). Ordinate is LFP activity to two pulses divided by the linear sum of activity to each
pulse. For SSS, 0.5 means no contribution of activity for the second pulse (full refractory).
Mean and standard deviation bars are shown for data across six animals (SSS: n=41, DSS:
n=72; Asterisks: p<le-10). Two single-shank AMI arrays (shown in Figure 2B) separated by
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1.5 mm were used for these experiments. Figure was taken from (Calixto et al., 2012) and
reprinted with permission from the American Physiological Society.
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Figure 7.
Guinea pig vocalizations. BOTTOM: Normalized waveforms. TOP: Spectrograms (jet

color map from Matlab - blue: minimum, red: maximum). Three different types of
vocalizations were used as acoustic stimuli: a temporally and spectrally varying stimulus
(Scream), a broadband with harmonic components stimulus (Squeal), and a broadband and
transient components stimulus (Tooth-Chatter). All three cover a wide spectral range but
differ in their spectral and temporal characteristics. The vocalizations presented to the
animals were bandpass filtered (500 Hz — 40 kHz) and calibrated with respect to the
speaker-ear interface. Figure was taken from (Rode et al., 2013) and reprinted with open
access rights by the authors.
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Figure 8.
Envelope correlation coefficient (R) values for ICC neurons located in different frequency

regions. R is calculated between the neuron’s spiking pattern and the envelope of the
vocalization for the best-matched frequency component outputted from the DRNL model.
Further details on the DRNL model and correlation analysis are provided in Section 4.2. N:
total number of neurons (i.e., multi-unit sites) per vocalization. Figure was taken from (Rode
et al., 2013) and reprinted with open access rights by the authors.
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Figure 9.
Schematic of anatomical projections and physiological responses for the dual lemniscal

pathways hypothesis. A: The rostral and caudal ascending pathways show spatially
segregated anatomical projections from the ICC up to ACC. Overlapping projections
between the two pathways are not shown. B: In contrast to the caudal pathway, the rostral
pathway also shows different responses to acoustic stimuli in A1 (Phillips et al., 1995;
Polley et al., 2007; Storace et al., 2012; Wallace et al., 2000), the rostral MGV (Rodrigues-
Dagaeff et al., 1989) and the rostral-lateral ICC (Straka et al., 2014a). Figure was taken from
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Figure 10.
A refined surgical approach for AMI array implantation. A: Modified lateral suboccipital

approach (left side of the head in this image) with the craniotomy extended to the midline.
The tentorium is located immediately above the skull opening. The cerebellum is retracted
downwards to expose the midbrain. The IC and SC are clearly visible through this exposure.
B: The midline and caudal edge of the IC (at the exit point of the trochlea nerve; not shown)
can also be identified through this exposure. C: Measurements can be made along the IC
surface relative to the different anatomical landmarks to identify the location for inserting
the AMI array. Further details on the surgical approach and AMI implantation are provided
in Section 4.4.
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