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ABSTRACT

The auditory midbrain implant (AMI), which consists
of a single shank array designed for stimulation within
the central nucleus of the inferior colliculus (ICC), has
been developed for deaf patients who cannot benefit
from a cochlear implant. Currently, performance levels
in clinical trials for the AMI are far from those achieved
by the cochlear implant and vary dramatically across
patients, in part due to stimulation location effects. As
an initial step towards improving the AMI, we inves-
tigated how stimulation of different regions along the
isofrequency domain of the ICC as well as varying pulse
phase durations and levels affected auditory cortical
activity in anesthetized guinea pigs. This study was
motivated by the need to determine in which region
to implant the single shank array within a three-
dimensional ICC structure and what stimulus param-
eters to use in patients. Our findings indicate that
complex and unfavorable cortical activation proper-
ties are elicited by stimulation of caudal–dorsal ICC
regions with the AMI array. Our results also confirm
the existence of different functional regions along
the isofrequency domain of the ICC (i.e., a caudal–

dorsal and a rostral–ventral region), which has been
traditionally unclassified. Based on our study as well
as previous animal and human AMI findings, we may
need to deliver more complex stimuli than currently
used in the AMI patients to effectively activate the
caudal ICC or ensure that the single shank AMI is
only implanted into a rostral–ventral ICC region in
future patients.

Keywords: auditory midbrain implant, auditory
brainstem implant, cochlear implant, deep brain
stimulation, auditory cortex, auditory thalamus

INTRODUCTION

The auditory midbrain implant (AMI) is a new neural
prosthesis designed for electrical stimulation of the
inferior colliculus (IC) for hearing restoration (Reuter
et al. 2004; Lenarz et al. 2006b; Lim et al. 2009). It was
developed as an alternative to the auditory brainstem
implant (ABI), which consists of a planar array placed
onto the surface of the cochlear nucleus in neuro-
fibromatosis type II (NF2) patients undergoing acous-
tic neuroma removal surgery (Brackmann et al. 1993;
Schwartz et al. 2008). The surgery requires exposure of
the brainstem for tumor removal and usually leads to
complete deafness in the patient, thus justifying
implantation of the ABI. The poor performance in
ABI patients (i.e., limited or no open-set speech
perception) has been attributed to tumor-related
damage at the level of the brainstem (Colletti and
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Shannon 2005; Colletti et al. 2009). Thus, the IC, which
is not directly damaged by the tumor and has shown to
be surgically accessible during tumor removal surgery
(Samii et al. 2007), provides a potential alternative to
the cochlear nucleus as a target for a hearing prosthesis.

The AMI is currently in clinical trials in which a
total of five NF2 patients have been implanted with a
single shank array (Fig. 1A) into the auditory mid-
brain. Although the intended region was the central
nucleus of the IC (ICC), the main ascending auditory
midbrain region, placement varied dramatically across
patients. Initial results have been published for the
first three patients (Lim et al. 2007, 2008b). Overall,
the patients obtain improvements in lip-reading
capabilities and environmental awareness. However,
similar to the performance in ABI patients, their
open-set speech perception is limited. One ongoing
hypothesis is that none of the AMI patients are
implanted within an optimal region. Only one patient
was implanted into the target region, the ICC, and
exhibits higher performance levels than those
implanted outside the ICC, such as within the dorsal
cortex or brachium of the inferior colliculus. How-
ever, even for the ICC-implanted patient, activation
thresholds were higher than expected for direct
neural activation. Based on animal studies, there
appears to exist at least two spatially distinct func-
tional regions organized along the isofrequency
domain of the ICC (i.e., a caudal–dorsal and a
rostral–ventral region) that transmit sound informa-
tion in different ways to the auditory cortex (Lim and
Anderson 2007a; Lim et al. 2008a). In particular, the
caudal–dorsal region exhibits dramatically higher
stimulation thresholds and discriminable level steps,
reduced synchronized and temporally diffuse activa-
tion, and possibly less focused tonotopic activation

than the rostral–ventral region. These neural features
may correspond to degraded level, temporal, and
spectral coding, which all have shown to be important
for speech perception (Shannon et al. 1995, 2004;
Zeng and Galvin 1999; Loizou et al. 2000; Friesen et
al. 2001; Rance et al. 2002). Thus, these animal results
may explain the elevated thresholds and limited
performance in the ICC-implanted patient whose
array is actually positioned into a caudal–dorsal
region (Lim et al. 2007). An optimal target in future
patients may be the rostral–ventral region of the ICC.

The animal studies described above used “Michigan”
silicon substrate multi-site probes for ICC stimulation
with iridium sites that were 400 μm2. The AMI array
used in humans (Fig. 1A) consists of platinum rings
that have a considerably larger surface area of
126,000 μm2, which was constrained by the implant
technology currently approved for human use. There-
fore, it is important to assess if similar location effects
observed in those previous studies also occur for
stimulation with the human AMI array considering
the significant difference in site area that can result in
dissimilar activation patterns. Furthermore, those
previous studies only used biphasic pulses with a
phase duration (PD) of 200 μs and a narrow range
of current levels due to the limited current injection
capacity of the smaller iridium sites. As an initial step
towards identifying appropriate regions and stimuli
for effective ICC activation with the human AMI array,
the focus of this study was to investigate how stimula-
tion with varying PDs and levels across different
locations along the isofrequency domain of the ICC
affects neural activity within the primary auditory
cortex (A1) of guinea pigs. The results are then
compared to previous animal studies to assess if AMI
stimulation can sufficiently activate higher auditory

FIG. 1. A Image of the AMI array developed by Cochlear Ltd. (Lane
Cove, Australia). The array is 6.2 mm long with a diameter of
0.4 mm. It consists of 20 platinum ring electrodes linearly spaced at
an interval of 200 μm. Each site has a thickness of 100 μm (surface
area of 126,000 μm²). A stainless steel stylet is positioned through the
axial center of the silicone carrier to enable insertion of the array into
the brain and is intended for removal after placement for human

implantation. Further details on the AMI electrode array are included
in Lenarz et al. (2006b). B A multi-site silicon substrate “Michigan”
probe consisting of four shanks magnified in C that were each
separated by 400 μm, 5 mm long and 15 μm thick. Along each
shank, eight iridium sites (400 μm2 surface area) were linearly spaced
at a distance of 100 μm.
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centers within neural stimulation safety limits to elicit
intelligible speech perception.

METHODS

Basic surgical procedures and methods for neural
recording and stimulation were similar to those pre-
sented in previous works (Lenarz et al. 2006a; Lim and
Anderson 2006, 2007a). For this study, we electrically
stimulated different regions along the isofrequency
domain of the ICC using the human AMI single shank
array (multiple penetrations aligned along the tonotopic
axis) and recorded the corresponding neural activity
within A1 that had a similar best frequency (BF) to the
stimulated ICC sites using multi-site probes in anesthe-
tized guinea pigs. Current source density analysis,
acoustic-driven responses, and histological techniques
were used to confirm that all sites were correctly
positioned within the ICC and A1. We then assessed
the effects of varying PDs and levels for single pulse
stimulation within the ICC on neural activity within A1.

In this paper, we only present the results for the
local field potentials recorded on our A1 sites. We
have been unable to analyze the spike data due to
issues associated with antidromic activation. Electrical
stimulation of the ICC can antidromically activate
neurons projecting from A1. This was demonstrated
in a previous study (Lim and Anderson 2007b) in
which stimulation throughout the ICC antidromically
activated neurons originating predominantly from
layer V of A1. There were a few cases in which
antidromic spikes were recorded from other layers.
Generally, antidromic spikes could be identified and
differentiated from orthodromic spikes based on latency
jitter, spike shape, and effects to high pulse rates. In this
study, we observed a greater extent of antidromic activity
acrossmultiple cortical layers in which overlapping spikes
were frequently observed on a given recording site. The
stimulation sites used in this study were considerably
larger than those used in Lim and Anderson (2007b)
(126,000 μm2 versus 400 μm2); thus, they activated a
larger number of neurons projecting from A1 to the
ICC. As a result, we have not yet been able to
accurately isolate the orthodromically activated spikes
from the antidromically activated spikes.

Anesthesia and surgery

All experiments were performed on young male
pigmented guinea pigs (375–560 g; BFA; Charles
River WIGA GmbH, Sulzfeld, Germany). The animals
were initially anesthetized with an intramuscular
injection of ketamine (40 mg/kg) and xylazine
(10 mg/kg). Injections of ketamine and xylazine in a
4:1 mixture were administered periodically to main-

tain an areflexive state. Atropine sulfate (0.05 mg/kg)
was injected subcutaneously to reduce bronchial
secretions. A warm water heating blanket controlled
by a rectal temperature probe was used to keep the
body temperature at 38±0.5°C. The heart rate and
blood oxygen level were continuously monitored
throughout the experiment via pulsoximetry.

The animals were fixed into a stereotaxic frame
(David Kopf Instruments, Tujunga, CA, USA). After
doing a skin incision along the midline of the scalp to
expose the right side of the skull, a craniotomy was
performed to expose the brain from the caudal end of
the occipital lobe to the pseudosylvian sulcus of the
temporal lobe. The dura above the auditory cortex was
removed and a multi-site silicon substrate Michigan
probe (Fig. 1B, C; NeuroNexus Technologies, Ann
Arbor, MI, USA) was inserted into A1 using a micro-
manipulator. The A1 probe consisted of four shanks,
each separated by 400 μm, 5 mm long and 15 μm thick.
Along each shank, eight iridium sites were linearly
placed at a distance of 100 μm (all distances center-to-
center) and each site had an area of 400 μm2 and an
impedance between 1 and 2 MΩ (at 1 kHz). The 32-
site A1 probe was inserted approximately perpen-
dicular to the cortical surface aligning each shank
along a BF column of A1 (Abeles and Goldstein 1970;
Redies et al. 1989; Wallace et al. 2000). After appro-
priate placement of the A1 probe based on acoustic-
driven responses (see Methods: “Placement of probes”),
we covered the exposed brain with agarose to reduce
swelling, pulsations, and drying.

For AMI array placement, we removed the dura over
the occipital cortex, which was then partially aspirated to
provide direct visualization of the right IC surface
(Bledsoe et al. 2003; Snyder et al. 2004). The AMI array
(Fig. 1A) was inserted at a 45° angle to the sagittal plane
into the IC to align the array along the tonotopic axis of
the ICC (Merzenich and Reid 1974; Schreiner and
Langner 1997; Snyder et al. 2004; Lenarz et al. 2006a;
Lim and Anderson 2006). The AMI sites had impedan-
ces of 5–20 kΩ (at 1 kHz). It was not necessary to remove
the stylet as what occurs during human implantation
since the array was not chronically implanted (Samii et
al. 2007). During each experiment, one to four AMI
array placements were made. For a separate series of
experiments (eight animals), in which part of the data is
presented in this paper, we simultaneously implanted
two single shank arrays at a separation of 1.5 mm to
ensure one shank was in a caudal–dorsal region and the
other within a rostral–ventral region. The brain was
covered with agarose after each array placement.

Stimulation and recording setup

All experiments were performed in a sound-attenuat-
ing and electrically shielded room and controlled by a
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computer interfaced with TDT hardware (Tucker-
Davis Technology, Alachua, FL, USA) using custom
software written in Matlab (MathWorks, Natick, MA,
USA). For acoustic stimulation, sound was presented
via a speaker coupled to the left ear through a hollow
ear bar. The speaker–ear bar system was calibrated
using a 0.25-in. condenser microphone (ACO Pacific,
Belmont, CA, USA) where the tip of the ear bar was
inserted into a short plastic tube with the microphone
inserted into the other end. The tube represented the
ear canal.

To monitor the placement of both electrode arrays,
we presented various levels of pure tones and broad-
band noise that were 50 ms in duration with 5 and
0.5 ms rise–fall ramp times, respectively, to elicit
acoustic-driven activity in the contralateral ICC and
A1. All neural signals were passed through analog DC-
blocking and anti-aliasing filters from 1.6 Hz to
7.5 kHz.

After placement of both probes, the AMI array was
connected to an optically isolated current stimulator.
The selected AMI sites were stimulated in monopolar
configuration with the return through a wire into the
neck muscles. The electrical stimuli consisted of
single, biphasic, charge-balanced pulses (cathodic-
leading) from 3 to 794 μA in 2-dB steps (relative to
1 μA). We used several PDs between 41 and 1,476 μs

(i.e., 41, 82, 123, 205, 328, 410, 492, 656, 820, 984,
1,476 μs). Not all animals were presented with the
same list of PDs. The PD of 41 μs was the shortest we
could deliver with our stimulation setup. Each stimulus
was presented 20 times at a rate of 2/s in a randomized
sequence across all PDs and levels (including 20
spontaneous trials) to reduce adaptive effects. Neural
data were recorded on all 32 A1 sites in response to
stimulation of all stimulus combinations for one AMI
site at a time. The recording ground wire was
positioned under the skin roughly 2 cm rostral to
bregma.

Placement of probes

Post-stimulus time histograms (PSTHs) and frequency
response maps (FRMs) were plotted online to confirm
that the arrays were correctly positioned along the
tonotopic axis of the ICC (Fig. 2A) and along the
appropriate BF columns in A1 (Fig. 2B). Details on
PSTH, FRM, and BF calculation are presented in a
previous publication (Lim and Anderson 2006).
Briefly, we bandpass-filtered the neural signals (300–
3,000 Hz) and detected spikes on each site that
exceeded 3.5 times the standard deviation of the
background noise signal. We binned the spikes into
PSTHs (1 ms bins). The number of trials for broad-

FIG. 2. Frequency responsemaps (FRMs)
recorded on 8 different sites (only 8 of 20
sites shown) along the tonotopic gradient
of the central nucleus of the inferior
colliculus (ICC) with the AMI array (A)
and on 32 different sites within a specific
frequency region (~16 kHz) of the primary
auditory cortex (A1) with a multi-site probe
(4 shanks each with 8 sites) (B). For each
FRM, the x-axis is frequency (0–30 kHz, 8
steps/octave) and the y-axis is stimulus
intensity (0–70 dB SPL, 10 dB steps). The
color scale corresponds to normalized
driven spike rate where all negative FRM
values were set to zero to improve visual-
ization. The FRM labeled with an asterisk
in A corresponds to the selected AMI site
(16 kHz region) used for electrical stimula-
tion in the ICC. The FRMs in B with an
asterisk correspond to sites located within
the main input layer of A1 and the double
asterisk represents the site selected for
analysis since it had a best frequency
closest to that of the ICC site.
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band stimulation varied, but for the FRMs, we
presented each pure tone four times. We then
calculated the driven spike rate (total minus sponta-
neous activity) within a set PSTH window relative to
the stimulus onset (A1 5–25 ms, ICC 5–65 ms) and
plotted the value for each stimulus to create the FRM
for each site as displayed in Figure 2. The BF was
taken as the centroid value at 10 dB above the level
where we first observed a noticeable and consistent
response.

For A1 probe placement, we first recorded surface
potentials in response to pure tones using the tip site
of each shank and determined the borders of A1
based on its BF organization (Wallace et al. 2000).
This minimized insertion damage within A1. We then
inserted and aligned the A1 probe in a specific BF
region in which each shank was approximately
aligned along a cortical column. The A1 sites usually
exhibited onset responses. Obtaining FRMs with
approximately similar BFs across sites, as shown in
Figure 2B, confirmed that our probe was correctly
positioned in A1. To identify the recording site along
each shank that was located in the main input layer of
A1, we performed current source density analysis
(Muller-Preuss and Mitzdorf 1984; Mitzdorf 1985; Kral
et al. 2000) in response to 70 dB SPL broadband noise
(100 trials) using the finite difference formula:

CSDðzÞ ¼ �z
f z þ�zð Þ � 2fðzÞ þ f z ��zð Þ

�zð Þ2

where ϕ is the averaged evoked potential, z is the
depth location of each site along an A1 probe shank,
Δz is the differentiation step size, and σz is the
component of conductivity in the z-direction. Δz was
equal to our A1 site spacing of 100 μm and σz was set
to one since we were not concerned with absolute
CSD values. CSD profiles for the two edge sites could
not be calculated using the above equation since it
requires evoked potential profiles from two neighbor-
ing sites. The one-dimensional current source density
approximation provides a consistent representation
for the current sinks and sources associated with
columnar synaptic activity in the auditory cortex. The
main input layer of A1, which approximately corre-
sponds to layers III/IV (Huang and Winer 2000;
Smith and Populin 2001), was taken as the site with
the shortest latency current sink and PSTH response
(asterisks in Fig. 2B). Details on and results using this
method have been presented previously (Lim and
Anderson 2007b; Middlebrooks 2008). Of the four
identified A1 sites, we only selected one site with the
closest BF to the ICC site BF for further analysis
(double asterisk in Fig. 2B). In most cases, the BFs
were not identical across A1 sites. However, in cases

where multiple sites had the same BF, we used the
recording site with the shortest latency and largest
magnitude response to acoustic stimulation.

For AMI array placement, we initially inserted a
Michigan probe with two shanks (eight sites along
each shank) to locate the ICC. This initial procedure
avoided excessive insertions of the AMI array, which
has a greater diameter than the Michigan probe
(0.4 mm versus 0.015 mm), that could induce addi-
tional damage to the IC. After identifying an appro-
priate trajectory, the AMI array was inserted into the
ICC. We typically observed sustained PSTHs in
response to broadband noise and, as shown in
Figure 2A, FRMs that exhibited an orderly shift in BF
(Snyder et al. 2004; Lim and Anderson 2006).

Figure 2 presents typical examples of FRMs
recorded in the ICC and A1. We discontinued any
experiments in which we observed obvious elevations
in thresholds across the FRMs indicating abnormal
hearing in our animal.

ICC probe histology and site locations

Before the first placement of the AMI array into the
brain, it was dipped into a red stain (3mgDi-I per 100 μL
acetone; Di-I: 1,1-dioctadecyl-3,3,3′,3′-tetramethylindo-
carbocyanine perchlorate; Molecular Probes, Eugene,
OR, USA) to later identify the different placements
(DiCarlo et al. 1996; Lim and Anderson 2007a). At the
end of the experiment, the animal was decapitated and
the head was immersed in 4% paraformaldehyde for
1 day. Afterwards the brain was removed and fixed again
in paraformaldehyde for approximately 14 days. The
portion of the brain consisting of the right superior and
inferior colliculi was dissected. To have a fixed point for
later comparisons across animals, a reference point (RP)
was created by inserting a Di-I-dipped needle in the
rostral intersection of the IC and superior colliculus (SC)
border (Fig. 3B, plus symbol). The dissected brain was
then placed into 20% sucrose solution until the tissue
sank (24 h). Frozen sagittal sections (sliced at −20°C)
with a thickness of 40 μm were prepared and analyzed
using a stereomicroscope (magnification of ×10; Nikon
SMZ1500, Nikon Instruments, Melville, NY, USA) and a
digital camera system (ColorviewXS, Software Analysis®,
Soft imaging Systems GmbH, Münster, Germany)
(Fig. 3C).

In each section, the track of the AMI array
appeared as a dot since we inserted the array at an
angle of 45° from the sagittal plane. To identify the
location of the AMI tracks within the ICC, we needed
to develop a coordinate system that would be approx-
imately consistent across animals. The orientation of
the brain shown in Figure 3A and B corresponds to
how the brain, when first removed from the skull
without yet dissecting out the IC–SC portion, lies on a

NEUHEISER ET AL.: Auditory Midbrain Implant 693



flat surface. The vertical line going through RP in
Figure 3C is parallel to the cutting plane of the brain
used to dissect the IC–SC portion from the rostral half
of the brain. The horizontal line through RP is drawn
perpendicular to that vertical line. We then are able to
draw parallel vertical lines from the rostral corner of
the IC (IC–SC border) as well as at the caudal end of
the IC (white line) as shown in Figure 3C.

Along the caudal–rostral dimension we normalized
RC, which is the distance between the track point and
the IC–SC border, by TRC. TRC is the total distance
between the caudal edge of the IC and the IC–SC
border. Along the dorsal–ventral dimension we nor-
malized DV, which is the distance from the track point
to the horizontal line through RP, by TDV. TDV is the
distance between the dorsal tip of the IC and the
horizontal line through RP. Since these parameters

systematically varied across sagittal slices (Fig. 3D), we
selected only the normalized values for the slice
corresponding to a distance of approximately 0.54
from the lateral edge of the IC to the midline of the
brain for comparative analysis across animals (red
pluses in Fig. 3D).

There are limitations in this measurement proce-
dure in that it does not provide an exact location
along a true isofrequency lamina, which varies in
curvature and dimensions depending on the BF
region (Malmierca et al. 1995). Our approach
assumes that the laminae are flat layers aligned 45°
below the horizontal plane. There are also slight
variations in brain dimensions across animals. How-
ever, the benefit of this method is that it is possible to
visualize and assess different response properties as a
function of location within the IC using a consistent

FIG. 3. Reconstruction of the AMI array placements in the inferior
colliculus (IC) for one animal. A View of the dorsal surface of the IC
and superior colliculus (SC). The two red dots indicate where we
inserted the AMI array. B Lateral view of the right IC and SC in which
the red plus sign represents the location of our reference point (RP)
used for normalizing the array locations across animals. C A 40-μm-
thick sagittal slice detailing our coordinate system used to quantify
the location of the trajectory for each array placement (appears as
dots in each slice since the array was inserted at a 45º angle to the
sagittal plane). D The normalized coordinates (RC divided by TRC,
DV divided by TDV) are plotted across several slices (dots) for each

trajectory (placement 1: green, placement 2: blue). Since these
coordinates systematically change across slices, we only selected the
values for the slice corresponding to 0.54 from the lateral edge to the
midline (red pluses) that were then later displayed on a single plot
across all animals. The red pluses in D correspond to the red dots
caused by the track of the AMI in C. The gray line in D divides which
locations we labeled as caudal (above the line) and rostral (below the
line) and was based on the threshold values shown in Figure 6. For
further details on our reconstruction and grouping methods, see
Methods: “ICC probe histology and site locations”. C caudal, D
dorsal, R rostral, V ventral.
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coordinate system. The normalization procedure also
minimizes the effects of varying tissue shrinkage
across preparations and differences in overall brain
dimensions. As shown in the results below, we pooled
all the data across BF regions and animals into one
generalized isofrequency lamina in which all the track
points (corresponding to the pluses as shown in
Fig. 3D) were plotted onto one figure. At least with
this mapping and pooling method, it is possible to
claim that if we observe any systematic shifts in neural
properties with AMI stimulation location, then it must
generally exist along the isofrequency domain of the
ICC for the BF regions we tested. Otherwise, we would
not observe the trends when pooling and essentially
averaging out the effects across BF regions and
animals. If we do not observe any systematic shifts,
we cannot rule out the possibility that trends were
masked by the errors introduced by our methods.

We did observe location trends for some coding
properties that varied from the caudal–dorsal region
to the rostral–ventral region of the ICC. To further
compare properties between these two regions, we
pooled the data into a “caudal” and a “rostral” group
depending on if the locations were caudal (above) or
rostral (below) to the gray diagonal line in Figure 3D.
This line was determined based on visual assessment
of Figure 6A, which also includes a diagonal gray line
that separates the locations into those with higher and
those with lower thresholds. Note that the coordinates
of the contour plots have been reversed from those in
the histological reconstruction in Figure 3D to enable
direct comparison to previously published plots (Lim

and Anderson 2007a) and to be consistent with how
these laminae would be observed if correctly viewing
the IC from the right side of the animal. The purpose
of this grouping is not to claim that there are exactly
two distinct regions based on our division, but just to
provide a simplified way to visualize how different
properties later analyzed in this paper vary for different
“caudal” versus “rostral” ICC regions.

Data analysis

We analyzed the evoked potentials recorded on an A1
site in response to stimulation of an AMI site, in which
both sites had a similar BF. We averaged the evoked
potentials across 20 trials for each PD and level.
Figure 4 presents typical evoked potential curves for
three different PDs and two levels of stimulation for
one AMI site. The stimulus artifact occurred at 0 ms.
The evoked potentials generally had a similar shape
across stimuli and their amplitudes increased with
both PD and level. For analysis, we smoothed the
averaged curves (filtering of 30–7500 Hz) to more
consistently calculate the magnitude (relative to
0 mV) and latencies (relative to stimulus onset at
0 ms) of the negative peak. Electrical threshold for A1
activation was defined as the highest level where the
evoked potential could not be visually detected from
the spontaneous activity.

Steepest gradient axis. The values for threshold, peak
magnitude, and peak latency and across AMI
stimulation locations and animals were plotted as

FIG. 4. Averaged evoked potentials (20 trials) recorded on the main input layer site in primary auditory cortex in response to stimulation with an
AMI site for three different phase durations (PDs) and two current levels. The sites are located within a 16-kHz region. The stimulus started at 0 ms
and elicited an electrical artifact that systematically changed with PD and level.
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contour plots representing a generalized isofrequency
lamina (see Figs. 6 and 7 for examples). To assess if
there were any systematic trends in these parameters
with stimulation location, we first determined the
steepest gradient axis through all the points. This was
achieved by selecting a reference point (the circle on
each contour plot is an example of one reference
point) and drawing a line through the data points
within the contour plot with a certain angle. The data
points were then collapsed onto a two-dimensional
plot relative to this line in which the parameter value
was plotted against the location relative to the
reference point (for example, bottom of Fig. 6A). A
line was drawn through the collapsed data using a
linear least-squares fit and the slope of that line was
determined. We repeated this procedure for all
reference points and angles to obtain the case in
which the largest slope value occurred, providing the
steepest gradient axis. We could then plot a given
parameter along this steepest gradient axis to
determine if it significantly changed as a function of
ICC stimulation location.

RESULTS

For this study, data were obtained from nine animals.
In each guinea pig, we electrically stimulated one to
four locations in the ICC and recorded the corre-
sponding neural activity in A1. In total, we had 21
stimulation locations across all animals in which the
BF could vary for different sites (BFs 1.2, 1.5, 1.5, 1.7,
1.8, 2.0, 2.3, 3.5, 6, 10, 10, 11, 11, 16, 16, 16, 17, 19, 27,
27, and 30). The BFs listed were arbitrarily rounded to
the nearest hertz above 4 kHz and nearest tenths of a

hertz below 4 kHz. We usually did not have identical
BFs for both the site in the ICC and A1 though they
were quite similar. The actual discrepancy ranged
from 0.002 to 0.348 octaves (mean 0.118, SD 0.110).
In total, we had 12 caudal and 9 rostral ICC
stimulation locations (for details on how we obtained
this grouping, see Methods: “ICC probe histology and
site locations”). We use the terms “caudal” and
“rostral” throughout the text to refer to these group-
ings. In cases where we refer to a specific location
along the isofrequency domain of the ICC, it will be
clarified in the text. Table 1 presents how many of
these caudal and rostral locations were presented with
a given PD. Only PDs of 41 and 123 μs were used for
all locations. The variability in PDs used for each
location was due to our initial efforts to select a
sufficient range of PDs for our study, in which only a
few could be used for a given experiment due to time
constraints.

Additionally, we present data from a different series
of experiments in which two single shank arrays were
simultaneously positioned into a caudal and a rostral
ICC region providing two sites within a similar
isofrequency lamina but 1.5 mm apart. A total of 15
of these site pairs across 8 animals were available. The
BFs ranged between 1.4 and 18 kHz with an ICC-to-A1
BF discrepancy between 0 and 0.415 octaves (mean
0.089, SD 0.096).

Threshold versus phase duration

In Figure 5, the thresholds versus the different PDs are
plotted for all 21 ICC locations. In general, we
observed a decrease in threshold with longer PDs
when plotted in microamperes (Fig. 5A). When

TABLE 1

Summary of phase durations (PDs), number of locations for each PD and group in the central nucleus of the inferior colliculus
(ICC), and their mean threshold values including standard deviations

PD [μs]

Number of locations Mean threshold (SD) [μA]

Rostral Caudal Rostral Caudal

41 9 12 100.2 (38.4) 236.0 (168.7)*
82 6 8 48.5 (14.6) 166.3 (146.1)*
123 9 12 35.6 (13.5) 102.6 (89.4)*
205 6 8 26.6 (9.6) 90.2 (85.6)*
328 9 8 20.9 (9.5) 48.5 (46.5)
410 0 4 61.4 (65.5)
492 3 1 11.0 (2.3) 20.0
656 6 7 18.1 (5.8) 31.9 (22.9)
820 0 4 45.9 (53.6)
984 6 7 15.1 (5.1) 25.4 (18.2)
1476 3 4 12.5 (7.5) 16.3 (7.5)

For more details on our grouping method, see Methods: “ICC probe histology and site locations”

*PG0.05 indicates significant differences between rostral versus caudal values based on a Welch’s t test
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plotting threshold as total charge per phase, thus total
energy per phase, the thresholds actually increased
with PDs (Fig. 5C). This was consistent for both caudal
(blue circles) and rostral (green triangles) locations.
However, stimulation of caudal locations exhibited a
wider range of threshold values that were usually higher
than those for stimulation of the rostral region. In
Figure 5C, it can be seen that for two caudal locations,
activation thresholds required substantially greater
energy than those for the other locations. This is
interesting in that all the curves correspond to locations
within the ICC yet they can exhibit dramatically
different activation effects to electrical stimulation
with the AMI array. By normalizing the curves to the
threshold value at 41 μs (Fig. 5B), it is possible to

observe that the curves generally exhibit a similar
shape with the largest drop in threshold current
between 41 to 123 μs that flattens out at roughly
500 μs. Overall, these results indicate that shorter PDs
can reduce energy requirements (i.e., total charge)
for neural activation but at the cost of higher
required current levels, which is usually limited by
the power supply and safety features of an implant
device. A balance between total energy and current
level appears to be achieved by using a PD around
123 μs, which is the point where current level has
dropped dramatically.

Threshold versus location

The strength–duration curves presented in Figure 5
revealed large differences in thresholds between
rostral and caudal locations. To better depict these
differences, we plotted contour plots consisting of the
threshold values for each stimulation site as a function
of location along the two-dimensional isofrequency
domain of the ICC for several PDs (Fig. 6). The
coordinates of these contour plots have been reversed
from those in the histological reconstruction (Fig. 3D)
to enable direct comparison to previously published
plots (Lim and Anderson 2007a) and to be consistent
with how these laminae would be observed if correctly
viewing the IC from the right side of the animal.
Across all PDs, we observed a general trend of higher
to lower thresholds when stimulating from caudal–
dorsal to rostral–ventral locations, respectively, in the
contour plots. For clarity, we identified the steepest
gradient axis (see Methods: “Data analysis”) and
collapsed the contour plots into two-dimensional plots
of threshold versus location along the steepest gra-
dient axis (black line in each contour plot in which
location is relative to the open circle). Thresholds
were consistently and significantly lower in more
rostral–ventral regions. The plots for a PD of 41 and
123 μs consist of all 21 locations and exhibit clear
negative trend lines (PG0.001) that account for 61%
of the variation in the data. For longer PDs, the trend
was less clear partly due to fewer locations available
for each plot. However, the plots for all PDs in
Figure 6 still exhibit significantly negative trend lines
(PG0.05).

As shown in Figure 6 (in decibel) and Table 1 (in
microamperes), there were large differences in
threshold values between rostral and caudal regions.
For example, for a PD of 41 μs (Fig. 6A), the largest
threshold value, which was in the caudal region, was
about 56 dB (631 μA) while the smallest value, which
was in the rostral region, was about 32 dB (40 μA)
resulting in a difference of 24 dB. In terms of mean
threshold values (Table 1), the rostral region con-
sisted of values more than two times greater than

FIG. 5. Threshold versus phase duration curves for different
stimulation locations within the central nucleus of the inferior
colliculus. Thresholds are plotted in microamperes (A), in percentage
relative to the threshold at 41 μs (B), and total charge per phase (C).
The locations are divided into rostral (green) and caudal (blue)
groups (for more details on the grouping method, see Methods: “ICC
probe histology and site locations”). Different phase durations were
used across curves (see Table 1).
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those for the caudal region for PDs less than or equal
to 328 μs. This threshold difference became smaller
for longer PDs. This threshold difference also became
less significant (P90.05) for longer PDs, which is
partly due to the limited number of points. In
addition to higher thresholds, the caudal region also
exhibited greater variation in thresholds (i.e., stand-
ard deviation values) compared to the rostral region

that further suggests that there are differences in
functional activation properties between these two
regions.

We also verified our results across a series of
animals in which we simultaneously inserted two
shanks into a caudal and rostral region and then
stimulated one site from each shank located within
the same BF lamina. At a PD of 205 μs, stimulation of

FIG. 6. Contour plots of activation thresholds in the primary
auditory cortex (A1) as a function of stimulation location along the
normalized isofrequency domain of the central nucleus of the
inferior colliculus (ICC). Each pair of plots (A–E) corresponds to a
different phase duration (PD). Each dot corresponds to a different
stimulation site. In each contour plot, a black line is present that
corresponds to the steepest gradient axis for threshold values, as
depicted in the plot below that shows threshold versus location along
that steepest axis (at an angle below the horizontal line; 0 along the
steepest gradient axis corresponds to the location of the circle in the
contour plot). For all PDs, there was a significant trend of lower
thresholds for more rostral–ventral locations of the ICC. For longer
PDs, this trend became less clear though maintained significance (PG
0.05). The gray line in A was based on our visual determination of

the midpoint of the threshold gradient along this caudal–dorsal to
rostral–ventral gradient in which a reasonable number of caudal and
rostral locations were separated into two groups for our analyses. The
color scale of the contour plots corresponds to threshold levels in
decibel relative to 1 μA. Only PDs of 41 and 123 μs consist of all 21
locations while the other PDs consist of a subset of these points (see
Table 1). Not all points were visible since two locations consisted of
two points with identical coordinates ([0.26, 0.25] and [0.65, 0.34];
stimulation of two different frequency regions for the same AMI array
placement). For example, in A only 19 of the 21 points are visible.
The threshold values for each pair were averaged for the contour
plots. For more details on how we identified the different ICC
locations or calculated the steepest gradient axis, see “Methods”.
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the rostral site achieved a lower threshold for A1
activation in 14 of the 15 cases (a threshold difference
ranging from 3 to 59 μA). In one case, the thresholds
were identical. Across the 15 rostral ICC locations, we
obtained a mean threshold of 16.75 μA (SD 4.8), and
for the 15 caudal locations, a mean threshold of
36.56 μA (SD 17.7). The threshold difference was
significant based on a Student’s paired t test (PGG
0.001). The overall thresholds across both regions
were lower in these animals than our presented
results above. This was expected since we intention-

ally, for other experimental purposes, inserted the
arrays more rostrally to avoid the most caudal–dorsal
edge where we observed the highest thresholds.

Magnitude versus location

Similar to thresholds, we assessed how the evoked
potential magnitudes recorded in the main input
layer of A1 were affected by stimulation location and
phase duration in addition to current level. In
Figure 7, the evoked potential magnitudes are plotted

FIG. 7. Contour plots of evoked potential magnitudes in the primary
auditory cortex (A1) as a function of stimulation location along the
normalized isofrequency domain of the central nucleus of the inferior
colliculus (ICC) for one stimulus level of 40 dB relative to 1 μA. Each
pair of plots (A–E) corresponds to a different phase duration (PD). Each
dot corresponds to a different stimulation site. In each contour plot, a
black line is present that corresponds to the steepest gradient axis for
peak magnitude values, as depicted in the plot below that shows
magnitude versus location along that steepest axis (at an angle below
the horizontal line; 0 along the steepest gradient axis corresponds to
the location of the circle in the contour plot). For all PDs, there was a

significant trend of higher magnitudes for more rostral–ventral
locations of the ICC. For longer PDs (656 and 984 μs), this trend was
no longer significant (P90.05). The color scale of the contour plots
corresponds to magnitude values in millivolts (mV). Not all the same
locations are used for each plot since different phase durations were
used for different sites and animals (see Table 1). The most caudal–
dorsal locations are not included because no visible activity was
present at 40 dB. This specific level was selected to present one
example of how magnitude values change with ICC stimulation
location. For more details on how we identified the different ICC
locations or calculated the steepest gradient axis, see “Methods”.
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versus ICC location in response to a stimulation level
of 40 dB (equal to 100 μA). We only present one level
to show how the magnitudes change with stimulation
location. The overall effects of level on the magnitude

values are presented in Figure 8. At 40 dB, the shorter
PDs did not elicit sufficient activity across many of the
more caudal–dorsal locations; thus, we present con-
tour plots for higher PDs: 123, 205, 328, 656, and

FIG. 8. Evoked potential magnitudes recorded in the primary
auditory cortex as a function current level for different stimulation
locations in the central nucleus of the inferior colliculus (ICC) and
phase durations (PDs) (A–E). Some of the caudal locations listed in
Table 1 were not included in some of these plots since the elicited
evoked potentials were not large enough to accurately measure the
peak magnitude though the threshold of activation could still be

determined (see legend on each plot). G Data for another series of
experiments in which two shanks were simultaneously inserted into
the ICC but one within a caudal region and another within the rostral
region to ensure two sites within the same best frequency lamina but
in different isofrequency locations. Color corresponds to the two
different groups we used for analysis. For details on how we grouped
the sites, see Methods: “ICC probe histology and site locations”.
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984 μs. For the most caudal–dorsal locations, no
activity was elicited across PDs, and therefore, those
locations were not included in the plots.

In general, the magnitude values in each plot
increased with longer PDs. Consistent with Figure 6,
we observed a shift in values from the caudal–dorsal
region to the rostral–ventral region in which magni-
tudes became larger. This trend is clearly depicted for
PDs of 123, 205, and 328 μs. However, at the longer
PDs of 656 and 984 μs, this trend is no longer
significant. Although the lack of significance can be
partly attributed to fewer points distributed across the
contour plot, it also appears that stimulation with
longer PDs creates a more complex pattern of
magnitude values across the isofrequency domain of
the ICC. The most caudal–dorsal (especially those
sites that elicited no activity thus were not included in
the plots) and rostral–ventral regions still have the
smallest and largest evoked potential magnitudes,
respectively. However, it appears that stimulation of
more central locations (along the caudal–dorsal to
rostral–ventral axis) exhibits a wider range of values
for longer PDs.

Magnitude growth functions

From Figures 6 and 7, one question that arises is if the
magnitude contour plots are a direct result of the
threshold contour plots. In other words, are smaller
evoked potentials elicited by stimulating more cau-
dal–dorsal regions because activation thresholds are
much higher in those regions? This is an important
question for AMI implementation because if the
magnitudes are smaller for a constant stimulus level
simply because the thresholds are higher, then it may
be possible to effectively stimulate caudal–dorsal
locations by increasing current levels. However, if
the magnitudes are small because their growth
functions with stimulus level are extremely shallow
or saturate at smaller evoked potential magnitudes,
then it may not be possible to effectively activate
caudal regions within the range of current levels
dictated by safety and device criteria. The current
AMI processors are limited to 1,750 μA, but safety
limits for the human array can be much lower
depending on PD, such as ~1,000 μA for a PD of
205 μs and ~200 μA for 984 μs. This is based on the
safety equation for long-term central nervous system
stimulation modeled by Shannon (1992) for a con-
servative condition [ID=(A·10k)0.5, where k=1.5, I is
the current threshold (in microamperes), D is the
phase duration (in seconds), and A is site area (in
squared centimeters)]. For more details on its deriva-
tion and application to activation levels in the first
implanted AMI patients, see McCreery et al. (1988,
1990), Shannon (1992), and Lim et al. (2008b).

Figure 8 presents the evoked potential magnitudes
as a function of stimulus level (in microamperes) for
different PDs. The curves are separated into a caudal
(blue circles) and rostral (green triangles) group. It is
important to note that each plot does not consist of
curves for all the locations listed in Table 1. For
example, Figure 8A is missing 3 caudal curves (only 9
of 12 shown) because the evoked potentials were not
large enough with the levels we used for those cases to
accurately measure the magnitude. However, a
response was still present; thus, the threshold level
could be identified for use in Figures 5 and 6. This
occurred only for the caudal sites.

During the experiment, we attempted to stimulate
each site to a level that elicited a reasonably large
response of approximately 2–3 mV, which corre-
sponds to the magnitude range observed for a broad-
band noise stimulus of about 60 dB SPL (Lim and
Anderson 2007b). Some sites did not reach these
magnitudes with our highest current level of 794 μA
(mostly caudal sites) or happened to be from one
animal in which we did not stimulate to the highest
levels. In general, as current level increases, the
magnitudes increase with some curves exhibiting a
saturating pattern. For a PD of 41 μs, the curves are
spread out across the full current range with some
overlap between rostral and caudal curves. However,
the caudal curves dominate the right side of the plot
in which high current levels still elicit small evoked
potentials (the three most right curves are from the
caudal region). There were also three additional
caudal locations that did not elicit sufficient activation
up to 794 μA to obtain curves that would have been
displayed even further to the right of the plot. As the
PD increases, the rostral curves and a few of the
caudal curves shift to the left reducing the differences
observed among those curves. However, there are still
a few caudal curves that remain spread out over a
wide current range up to our maximum current limit
of 794 μA with a few caudal curve still not included in
the plot due to insufficient activation levels (PD of 123
and 205 μs). This raises a potential issue for AMI
implementation in which stimulation of some caudal
regions will not elicit sufficient cortical activity even
with extremely long PDs and high current levels that
are beyond the safety limits for neural activation. This
is further discussed in the Discussion: “Implications
for an AMI”.

Figure 8G provides additional data that more
clearly demonstrate the difference in growth func-
tions between rostral and caudal curves (for a PD of
205 μs). The data were collected from the eight
animals implanted each with two simultaneous single
shank arrays. Each animal had one or more pairs of
sites in the same acoustically identified BF lamina in
which one site was within a caudal region and the
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other site was in a more rostral region (1.5 mm apart).
Neural responses in the same A1 location were
recorded for each pair of site. This protocol reduced
the data variability observed for the results presented
in Figure 8A–F by ensuring comparison of a rostral
region versus a caudal region in the same animal using
the same A1 location with all sites within a similar BF
region. The data in Figure 8A–F were pooled from
different BF regions and A1 locations across animals that
further required histological estimation (with additional
errors) of the site locations within a rostral or caudal
region. From Figure 8G, we clearly observe caudal
curves that are shifted more to the right and with
shallower slopes than the rostral curves. The slope of
each curve was calculated by taking the difference in
magnitude values divided by the difference in current
values between the two endpoints of each curve, which
assumes a linear slope. This method actually under-
estimates the initial portion of the curves (i.e., the
steepest segment) for the rostral group compared to the
caudal group. However, we still obtained significantly
(P≪0.001, Student’s paired t test) steeper slopes for the
rostral curves (mean 7.96, SD 4.6 μV/μA) than for the
caudal curves (mean 4.54, SD 3.3 μV/μA) even with this
underestimation. These results suggest that evoked
potentials are smaller for caudal stimulation versus
rostral stimulation not only due to higher thresholds
but also because of shallower growth functions. The
curves did not span a large range of current levels as
occurred for Figure 8A–F. This was a result of how we
placed the two shanks into the ICC in which we
intentionally, for other experimental purposes, inserted
both shanks more rostrally to avoid the high threshold
caudal–dorsal edge of the ICC.

Latency versus location

We observed a wide range of evoked potential
latencies in A1 (8.1–18.1 ms) across different ICC
stimulation locations and PDs. However, analyzing the
contour plots for latencies versus ICC location, we did
not identify any systematic trends with location or PD
as we observed for thresholds and magnitudes. For
this analysis, we did not plot the latencies across sites
for a given current level above threshold. Instead, we
plotted the peak latency corresponding to a specific
peak magnitude within a set range (e.g., 0.6–0.9 mV)
regardless of actual current level. From Figure 8, we
observed that stimulation of more rostral–ventral
regions generally exhibits steeper growth functions
than stimulation of more caudal–dorsal regions.
Thus, stimulation at a certain level above threshold
could elicit a much larger evoked potential when
stimulating a rostral–ventral location than a caudal–
dorsal location. If latencies decrease with increasing
peak magnitude, then stimulation of rostral–ventral

regions will appear to have shorter latencies simply
due to larger evoked potentials that may mask latency
differences directly caused by stimulation location. In
general, evoked potential latencies decreased with
increasing peak magnitude. Based on Table 1, there
were a total of 132 different PD and location
combinations (total sum of columns 2 and 3). We
were able to plot the peak latency versus peak
magnitude for 117 of these 132 cases. The remaining
15 cases did not have at least two points to extract the
slope of the curve. The slope was calculated from the
linear regression line through the points in which 109
out of 117 slope values were negative (mean −1.8, SD
1.6 ms/mV) while only 8 were positive (mean 0.3, SD
0.3 ms/mV). Thus, to avoid the confounding effects
of latency shifts due to changes in evoked potential
magnitudes, we plotted latencies across sites for a
similar peak magnitude range instead of a set current
level above threshold. This ensured that for a given
contour plot, the latencies corresponded to evoked
potentials with similar peak magnitudes across sites,
and any systematic shifts in latency could be attributed
to stimulation location across the isofrequency
domain of the ICC.

We plotted the latency contour plots for specific PDs
and peak magnitude ranges that we had a reasonable
number of data points for statistical evaluation. Unlike
the analyses for threshold, it was not possible to find a
peak magnitude range that included all 21 stimulation
locations. Two magnitude ranges provided at least 10
points for analysis for different PDs: 0.6–0.9 mV (PD of
82, 123, 205, 328, 656, 984 μs) and 0.91–1.21 mV (PD of
328 and 656 μs). Similar to the analyses performed for
threshold and evoked potential magnitudes in Figures 6
and 7, respectively, we identified the steepest gradient
axis and performed a linear least-squares fit to the data
points. None of the curves exhibited any significant
trends in latency shifts with stimulation location as
occurred with threshold and evoked potential magni-
tudes (see Table 2; all P values considerably larger than
0.05 in contrast to the P values obtained in Figs. 6 and 7).
Even if the threshold or magnitude contour plots did
not produce a statistically significant trend, we could still
visually identify a general shift in values across the
contour plots that were consistent across PDs and levels.
This was not possible with the latency contour plots
since they varied substantially across PD and peak
magnitude ranges. We cannot rule out that inaccuracies
in our electrophysiological and histological reconstruc-
tion methods may have masked any systematic location
trends for latencies. However, the fact that a systematic
organization of latency with ICC location was observed
for a previous study using smaller stimulation sites (Lim
and Anderson 2007a), it is possible that the considerably
larger sites used in our study (126,000 μm2 versus
400 μm2) may have resulted in broader activation
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patterns and led to more complex changes with PD
and activation levels.

DISCUSSION

In summary, we observed that electrical stimulation
along the isofrequency domain of the ICC exhibits
systematic changes in evoked potential thresholds and
magnitudes recorded in the main input layer of A1. In
particular, stimulation of more rostral–ventral regions
requires lower stimulation thresholds, elicits greater
evoked activity, and generally exhibits steeper evoked
potential growth functions. This trend is the clearest at
lower PDs (at least down to the lowest PD we tested of
41 μs) and becomes less significant with longer PDs.
Furthermore, stimulation of caudal–dorsal regions
resulted in much greater variability in thresholds and
magnitude growth functions across PDs than stimula-
tion of more rostral–ventral regions. Overall, our
results demonstrate that there are clear differences in
activation properties along the isofrequency domain of
the ICC to electrical stimulation with our human AMI
array, consistent with a previous study (Lim and
Anderson 2007a) that used considerably smaller sites
(400 μm2 versus 126,000 μm2).

Possible mechanisms for the caudal–rostral effects

It is still not clear as to what may be causing the
activation differences between the caudal–dorsal and
rostral–ventral regions along the isofrequency
domain of the ICC. As discussed in Lim et al.
(2008a), there is anatomical evidence that different
distributions of brainstem nuclei project differentially
to the caudal–medial region (i.e., caudal–dorsal
region along the isofrequency domain in our coor-
dinate system) versus the rostral–lateral region (i.e.,
rostral–ventral region) in gerbils (Cant and Benson
2006). These regions also maintain some segregation

to the ventral division of the medial geniculate
nucleus (MGv) in which the caudal–medial ICC
region projects to the caudal one-third of the MGv
and the rostral–lateral ICC region projects to the
rostral two-thirds of the MGv (Cant and Benson
2007). Interestingly, a caudal–rostral organization
within the MGv has also been shown in cats, in which
A1 (and the anterior auditory field) receives most of
its projections from the rostral MGv but few from the
caudal MGv (it projects more to the posterior auditory
field) (Niimi and Matsuoka 1979; Morel and Imig
1987; Rodrigues-Dagaeff et al. 1989). It was further
shown by Rodrigues-Dagaeff et al. (1989) that the
caudal MGv generally exhibits longer and more
widely distributed latencies, a less defined tonotopic
organization, less excitatory responses, degraded syn-
chronization properties, and systematic differences in
other sound features compared to the rostral MGv.
This is interesting in that, traditionally, the ICC has
been viewed as a single nucleus with properties
associated with the lemniscal pathway (i.e., good
tonotopy and projections to the MGv and A1), which
does not appear to be accurate based on these
findings in gerbils and cats. Based on these findings,
it is possible that neurons activated within the caudal
ICC project predominantly to other cortical regions
than A1, thus requiring greater stimulation levels for
current to spread and activate more rostral neurons
(or other surrounding neurons) that then project to
A1. This could explain the extremely high current
levels required for caudal ICC stimulation to effec-
tively elicit activity in A1.

Another possibility for the caudal–rostral differences
is that the caudal pathway exhibits less excitability and
requires greater current levels to achieve effective
activation of A1. The reduced excitability can be
associated with complex neural interactions (i.e.,
requiring accurate timing of activation across neurons)
or inhibitory mechanisms within the IC (Le Beau et al.
1996; LeBeau et al. 2001; Kelly and Caspary 2005; Wu

TABLE 2

Statistical summary for systematic latency shifts as a function of stimulation location along the isofrequency domain of the ICC

Magnitude range [mV] PD [μs] Number of locations R2 value P value

0.6–0.9 82 10 0.03 0.65
0.6–0.9 123 11 0.09 0.37
0.6–0.9 205 10 0.16 0.25
0.6–0.9 328 14 0.01 0.72
0.6–0.9 656 10 0.04 0.56
0.6–0.9 984 12 0.06 0.45
0.9–1.21 328 11 0.00 0.87
0.91–1.21 656 10 0.23 0.23

Similar to the analyses performed for threshold and evoked potential magnitudes in Figures 6 and 7, respectively, we identified the steepest gradient axis from the
latency contour plots and performed a linear least-squares fit to the data points along this steepest gradient axis. The P and R2 values are listed above for the different
peak magnitude ranges and phase durations (PDs) used for analysis that consisted of at least ten location points. None of the cases produced any significant trends
(P≫0.05) for latency shifts as a function of stimulation location. For more details on the analysis method, see Results: “Latency versus location”
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2005) and/or within the medial geniculate nucleus
(Winer et al. 1996; Peruzzi et al. 1997; Bartlett et al.
2000; Ito et al. 2009; Lee and Sherman 2010) that may
not sufficiently respond to the artificially synchronized
activation of groups of neurons induced by electrical
stimulation. There is some evidence in the cat that
greater inhibitory patterns are observed in caudal
ICC regions compared to more rostral regions in
response to ipsilateral pure tone stimulation based
on 2-deoxyglucose mapping (Webster et al. 1984).
However, no other study to our knowledge has
demonstrated a general dominance of inhibitory
circuits within the caudal ICC that would strongly
suggest that the differential stimulation effects are
attributed to neural activation properties within the
ICC. Furthermore, electrical stimulation of the ICC
will activate output projections to the thalamus that
are distributed throughout the ICC (Coomes and
Schofield 2004; Cant and Benson 2007). Presynaptic
axons and interneurons will also be activated by
ICC stimulation. However, their spikes will generally
be blocked by the simultaneously activated post-
synaptic neurons projecting to the thalamus that are
temporarily in a refractory state (McIntyre and Grill
1999; McIntyre et al. 2004). Even if there was a
dominant inhibitory input into the caudal ICC that
could be electrically activated and suppress output
neurons to the thalamus, there would still be other
nearby output neurons that could be simultaneously
activated to then transmit spikes to the thalamus.
Thus, it seems more likely that the observed caudal–
rostral differences for ICC stimulation are associated
with output projections to the medial geniculate
nucleus rather than the input circuitry within the ICC.

Animal studies have demonstrated that projections
from the IC to the medial geniculate nucleus are both
excitatory and inhibitory (Winer et al. 1996; Peruzzi et
al. 1997; Bartlett et al. 2000). Furthermore, the largest
tectothalamic neurons are inhibitory (i.e., GABAer-
gic), represent up to 45% (in rat; 20% in cat) of the
ascending projections, and provide fast transmission
to the medial geniculate nucleus that can precede the
excitatory tectothalamic input (Winer et al. 1996;
Peruzzi et al. 1997; Ito et al. 2009). Although these
inhibitory projections do not appear to be clustered
only within the caudal ICC, it is possible that a specific
inhibitory circuitry within the medial geniculate
nucleus suppresses thalamic activity to electrical
stimulation of the caudal ICC. The excitatory nature
of projections from the medial geniculate nucleus to
the main input layers of A1 (i.e., ~III/IV) (Cruikshank
et al. 2002; Broicher et al. 2010) further suggests that
the suppressive mechanism to caudal ICC stimulation
may occur within the thalamus. However, as discussed
above, the lack of A1 activity could also be attributed
to a lack of projections from the caudal ICC to A1 via

the thalamus (i.e., caudal ICC projects to caudal MGv
that does not predominantly project to A1).

Implications for an AMI

Using single biphasic pulses in our study, stimulation
of the caudal–dorsal ICC region required high
current levels for activation. We obtained current
thresholds exceeding our maximum stimulator level
of 794 μA (equal to 58 dB; Figs. 6 and 8). This is
consistent with a previous study that stimulated the
ICC with 400 μm2 sites with a PD of 200 μs (Lim and
Anderson 2007a). They obtained thresholds exceed-
ing their maximum stimulator level of 60 μA for
caudal stimulation but thresholds lower than 10 μA
for rostral stimulation. In our study, caudal thresholds
could be as high as 400 μA (48 dB) while rostral
thresholds could be as low as about 50 μA (24 dB) for
a PD of 205 μs. Thresholds were much higher for
stimulation with our AMI sites, which may be attributed
to the considerably larger sites. Nevertheless, it is
surprising that the thresholds obtained in both studies
are extremely high considering that the sites are in
direct contact with the target neural elements. A
cochlear implant (CI) study using a similar guinea pig
model obtained a median threshold of 70 μA (mini-
mum 24 μA, maximum 134 μA) for A1 spike thresholds
in response to stimulation of a six-electrode Nucleus
array (Cochlear Ltd., Englewood, CO, USA) implanted
into the cochlea (Bierer and Middlebrooks 2002).
These threshold ranges are consistent with other CI
studies in cats (Raggio and Schreiner 1994, 1999). CI
stimulation must transmit current through a bony
modiolar wall to activate distant auditory nerve fibers
yet still exhibit significantly lower thresholds than
required for effective stimulation of the caudal ICC.

We were able to reduce overall current levels for
activation by increasing PD in which all rostral curves
and most of the caudal curves shifted to the left in
Figure 8. However, increasing PD results in greater
overall energy requirements (Fig. 5C), and unfortu-
nately, there are still a few caudal regions in which
stimulation at extremely high current levels and long
PDs beyond safety limits still could not elicit reason-
ably large evoked potentials (~2–3 mV corresponding
to the magnitudes induced by a ~60-dB SPL noise
burst). For example, at a PD of 984 μs, the safety limit
is about 200 μA (Shannon 1992), which is far lower
than needed to increase the evoked potentials to a
reasonable magnitude for the three most right caudal
curves in Figure 8F. It is possible that more complex
stimuli (e.g., appropriate inter-stimulus delays across
sites along the isofrequency domain) may avoid
inhibitory effects caused by artificial activation of the
caudal ICC and more effectively activate A1 than
single pulse stimulation. However, at this stage, it is
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not clear how this can be achieved. Furthermore, this
is assuming that there are projections from the caudal
ICC to A1 via the medial geniculate nucleus.

An alternative solution is to simply position the
AMI array into a rostral–ventral region in future
patients to ensure low threshold activation. This
would also enable the use of a short PD (e.g., 123 μs
that provides an optimal balance between energy and
level requirements; Fig. 5), which is necessary for the
implant stimulation strategy when attempting to
stimulate with faster pulse rates across sites. However,
the question arises as to what information will be lost
by stimulating only the rostral–ventral region of the
ICC. Projections originating from different brainstem
nuclei terminate into overlapping and non-overlapping
regions throughout the ICC (Roth et al. 1978; Brunso-
Bechtold et al. 1981; Ramachandran and May 2002;
Loftus et al. 2004; Cant and Benson 2006). Considering
the distinct anatomical and functional properties across
neurons within the different brainstem nuclei that
project to the ICC (Cant and Benson 2003; Cant
2005; Schofield 2005), especially the neurons within
the cochlear nucleus important for speech coding
(Blackburn and Sachs 1990; Winter and Palmer 1990;
Recio and Rhode 2000), it is expected that different
and important features of sound are being trans-
mitted to specific areas of the ICC. There is some
evidence of a caudal–rostral organization of brain-
stem inputs into the ICC. Loftus et al. (2004)
observed in cats that within lower frequency laminae
(less than 5 kHz) projections from the medial
superior olivary nucleus were more frequently located
in caudal ICC regions while those from the lateral
superior olivary nucleus dominated in more rostral
regions. For higher frequency laminae, it appeared
that inputs from the dorsal cochlear nucleus pro-
jected throughout the laminae but inputs from the
lateral superior olivary dominated more ventral–
lateral regions. These lateral superior olivary inputs
also appeared to be further segregated in terms of
their contralateral and ipsilateral origins. Cant and
Benson (2006) demonstrated in gerbils that the
cochlear nucleus and the nuclei of the lateral lemniscus
project throughout the ICC but that the nuclei of the
superior olivary complex project predominantly to the
rostral–lateral regions. Although there appears to be
some differences across species in the spatial organiza-
tion of brainstem projections within the ICC, it is
apparent that stimulation of a specific ICC region, such
as the rostral–ventral region, will transmit only a limited
portion of sound information to higher auditory
centers. However, within this limited representation,
the question is whether or not there is sufficient
information to at least restore basic features important
for speech perception in a quiet environment, which
would still be a major success for the AMI.

The phenomenal success of CIs has been largely
attributed to the brain’s ability to extract essential
features of speech from crude electrical activation
patterns. CI-based strategies generally filter the
incoming sound into different bandpass signals (i.e.,
frequency channels) that then extract the envelope of
those signals to amplitude modulate electrical pulse
trains transmitted to each site located in a specific best
frequency region of the cochlea. At least in quiet
environments, humans can still achieve intelligible
speech perception even with crude temporal (G50 Hz
modulations) and spectral (G4 bands) cues (Shannon et
al. 1995, 2004). As long as there is a sufficient
representation of the slow modulations of the sound
input and a few channels of frequency information,
implant patients should be able to obtain reasonable
speech perception in quiet. This has been demonstrated
in ABI patients, particularly those without tumors, who
have achieved high levels of speech perception (i.e.,
comparable to some of the top CI patients) with CI-
based strategies (Colletti and Shannon 2005; Colletti et
al. 2009) even though they are receiving crude temporal
and spatial activation patterns predominantly across
the dorsal cochlear nucleus, which is not the main
ascending nuclei for speech features (Blackburn and
Sachs 1990; Recio and Rhode 2000; Cant and Benson
2003). Similar success should be possible with AMI
stimulation assuming that sufficient temporal and
spectral information can be transmitted to higher
auditory centers.

There is some evidence that stimulation of the
rostral–ventral ICC region with CI-based strategies
may be successful. ICC neurons still appear to exhibit
some general representation of the stimulus waveform
as occurs at the cochlear level (Cariani and Delgutte
1996; Suta et al. 2003). In other words, many neurons
still respond in synchrony to the envelope of the
sound signal and with a spatial representation for
frequency information (Krishna and Semple 2000;
Joris et al. 2004). This neural representation of the
stimulus becomes more complex and abstract in
higher auditory centers as neurons begin to create
an internal representation for the different features of
the stimulus rather than a direct representation of the
stimulus waveform (Wang et al. 2008). However, as
long as ICC neurons can still sufficiently phase-lock to
the slow temporal features required for speech
perception, then the amplitude-modulated pulse
sequences of CI-based strategies may prove effective.
Neurons within the rostral–ventral region along the
isofrequency domain of the ICC have shown to
exhibit shorter latencies and higher best modulation
frequencies (i.e., can follow and represent faster
amplitude-modulated stimuli) than those in more
caudal–dorsal regions (Langner et al. 1987, 2002;
Schreiner and Langner 1988). There may exist some
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variation in this periodotopic representation across
different sound levels (Krishna and Semple 2000).
Nevertheless, this general finding is consistent with
our results as well as those described in the previous
section in that the rostral ICC pathway may represent
a more robust channel for transmitting temporal (as
well as level and spectral) features to higher auditory
centers compared to the caudal pathway.

Based on the discussion above, rostral–ventral ICC
stimulation with a single shank arraymay be sufficient to
restore open-set speech perception in a quiet environ-
ment. Consistent with our animal findings, the one AMI
patient currently implanted into a caudal–dorsal ICC
region has high perceptual thresholds (6–12 nC) (Lim
et al. 2007), which is comparable to CI thresholds (5–
20 nC using approximately similar stimuli; Shannon
1985; Pfingst et al. 1997). This consistency raises the
possibility that the limited hearing performance in the
AMI patient is due to the poor temporal, spectral, and
level coding properties associated with the caudal–
dorsal ICC identified across animal studies. Even
though speech perception in quiet can be achieved
with slow modulation information that could be trans-
mitted by caudal–dorsal ICC neurons, the need and
consequences for extremely high current levels for
activation may be responsible for the limited hearing
performance. At least the rostral–ventral ICC pathway
can be effectively activated with low current levels and
may be better suited for AMI implantation in future
patients. However, rostral–ventral ICC neurons appear
to code for modulation frequencies much higher than
required for speech perception (9100Hz) though some
of these neurons can still code for lower modulation
frequencies (Krishna and Semple 2000; Langner et al.
2002). Thus, the question remains if artificial electrical
stimulation of rostral–ventral neurons can still provide
sufficient modulation cues for lower frequencies with
the added advantage of being able to also transmit
higher frequency information. The central activation
patterns induced by ICC stimulation do not necessarily
have to match what normally occurs to acoustic
stimulation, but just need to provide sufficient modu-
lation cues to understand basic speech elements.

Another consideration is that the ICC is a complex
nucleus that normally codes information across a
three-dimensional structure. Therefore, we may still
need to implant a three-dimensional array to suffi-
ciently activate different regions throughout the ICC
in appropriate temporal and level patterns to restore
open-set speech perception. Stimulating just the
rostral–ventral ICC regions may not be sufficient.
Thus, we are currently investigating in animals the
benefit of multi-site stimulation as well as possible
three-dimensional array designs that could be safely
implanted into humans.
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