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Hageman KN, Chow MR, Roberts D, Boutros PJ, Tooker A,
Lee K, Felix S, Pannu SS, Haque R, Della Santina CC. Binocular
3D otolith-ocular reflexes: responses of chinchillas to prosthetic
electrical stimulation targeting the utricle and saccule. J Neurophysiol
123: 259–276, 2020. First published November 20, 2019; doi:
10.1152/jn.00883.2018.—From animal experiments by Cohen and
Suzuki et al. in the 1960s to the first-in-human clinical trials now in
progress, prosthetic electrical stimulation targeting semicircular canal
branches of the vestibular nerve has proven effective at driving
directionally appropriate vestibulo-ocular reflex eye movements, pos-
tural responses, and perception. That work was considerably facili-
tated by the fact that all hair cells and primary afferent neurons in each
canal have the same directional sensitivity to head rotation, the three
canals’ ampullary nerves are geometrically distinct from one another,
and electrically evoked three-dimensional (3D) canal-ocular reflex
responses approximate a simple vector sum of linearly independent
components representing relative excitation of each of the three
canals. In contrast, selective prosthetic stimulation of the utricle and
saccule has been difficult to achieve, because hair cells and afferents
with many different directional sensitivities are densely packed in
those endorgans and the relationship between 3D otolith-ocular reflex
responses and the natural and/or prosthetic stimuli that elicit them is
more complex. As a result, controversy exists regarding whether
selective, controllable stimulation of electrically evoked otolith-ocular
reflexes (eeOOR) is possible. Using micromachined, planar arrays of
electrodes implanted in the labyrinth, we quantified 3D, binocular
eeOOR responses to prosthetic electrical stimulation targeting the
utricle, saccule, and semicircular canals of alert chinchillas. Stimuli
delivered via near-bipolar electrode pairs near the maculae elicited
sustained ocular countertilt responses that grew reliably with pulse
rate and pulse amplitude, varied in direction according to which
stimulating electrode was employed, and exhibited temporal dynamics
consistent with responses expected for isolated macular stimulation.

NEW & NOTEWORTHY As the second in a pair of papers on
Binocular 3D Otolith-Ocular Reflexes, this paper describes new pla-
nar electrode arrays and vestibular prosthesis architecture designed to
target the three semicircular canals and the utricle and saccule. With
this technological advancement, electrically evoked otolith-ocular
reflexes due to stimulation via utricle- and saccule-targeted electrodes

were recorded in chinchillas. Results demonstrate advances toward
achieving selective stimulation of the utricle and saccule.

otolith-ocular reflex; saccule; utricle; vestibular; vestibular prosthesis

INTRODUCTION

The mammalian inner ear’s vestibular labyrinth comprises
two types of motion sensors, three semicircular canals and two
otolith (otoconial) end organs, that together provide sensation
of head movement and orientation to drive reflexes to maintain
stable vision and posture. The three mutually orthogonal,
fluid-filled semicircular canals in one ear form coplanar pairs
with the canals in the opposite ear, with each pair encoding one
of three components of three-dimensional (3D) rotational head
velocity: left-anterior/right-posterior (LARP), right-anterior/
left-posterior (RALP), and left-horizontal/right-horizontal
(LHRH). During a head rotation about the axis of a given
canal, the stereocilia of hair cells in that canal’s ampulla deflect
due to inertial loading by the fluid in the canal. This deflection
ultimately drives changes in firing rates of the canal’s afferent
neurons. Hair cells in one canal are all oriented in the same
direction, so an excitatory head rotation about that canal’s axis
excites every hair cell and afferent fiber in that canal (although
for some afferents that excitation is subthreshold) while at the
same time inhibiting every hair cell and afferent fiber in the
coplanar canal. The difference between activity from the two
canals effectively drives that plane’s component of the eye-
stabilizing angular vestibulo-ocular reflex (aVOR), resulting in
eye rotational velocity approximately equal, opposite, and
simultaneous with head rotation (Carey and Della Santina
2005; Goldberg et al. 2012).

The two otolith endorgans, the utricle and saccule, encode
gravitoinertial acceleration (GIA), which comprise dynamic,
relatively brief accelerations due to head translation [driving
the translational VOR (tVOR)] and relatively long duration
changes in the gravitational acceleration vector during head
tilts (driving ocular counterroll and counterpitch responses)
(Cohen et al. 2001). For brevity, the term otolith-ocular reflex
(OOR) will be used here to denote both the tVOR and ocular
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countertilt and countertilt will be used to denote both counter-
roll and counterpitch. Hair cells of the utricle and saccule are
located on each sensor’s macula and are sensitive to shear
forces imparted on hair cell stereocilia by an overlying mass of
calcium carbonate crystals in a gelatinous medium called the
otoconial membrane. During linear accelerations or changes in
the GIA during static head tilt, loading by this mass causes
displacement of the otoconial membrane, deflecting stereocilia
and driving changes in firing rates of the macular nerve
afferents, which subsequently drives OOR eye movements.
The utricular macula lies approximately in the horizontal canal
plane, sensing linear forces along any translation axis in that
two-dimensional (2D) plane. The saccular macula is approxi-
mately oriented in a parasagittal plane, contributing the vertical
dimension of translational acceleration. The hair cells on the
utricle and saccule have nonuniform polarities; thus head
translation along one direction normally causes a complex
pattern of excitation of some hair cells and inhibition of others
within the same end organ (Carey and Della Santina 2005;
Goldberg et al. 2012). Each otolith afferent nerve fiber has a
vector of maximum sensitivity to head movement. Head move-
ments parallel to this vector produce the greatest change in
afferent fiber firing rate; translations along other directions act
according to cosine dependence between the motion axis and
the fiber’s maximum sensitivity vector (Angelaki 1991, 1992;
Goldberg et al. 1984, 1990a, 1990b).

Loss of normal canal and otolith end organ sensation can
result from a variety of insults to vestibular hair cells, including
ototoxic injury, infection, autoimmune disease, ischemia,
trauma, Ménière’s disease, and effects of genetic abnormali-
ties. Bilateral loss results in significant disability due to the
failure of eye-, head-, and body-stabilizing reflexes; disruption
of vestibulo-autonomic regulation; altered spatial perception;
and cognitive fogging due to the expenditure of conscious
effort necessitated by failure of normally subconscious, auto-
matic reflexes (Carey and Della Santina 2005; Yates and
Bronstein 2005; Yates and Miller 1994; Zhu et al. 2007).
Humans disabled by bilateral vestibular hypofunction experi-
ence blurry vision, oscillopsia (illusory movement of the visual
field), unsteady gait, and overall poor quality of life (Priesol et
al. 2014; Strupp et al. 2017; Sun et al. 2014; Valko et al. 2012;
Ward et al. 2013). Rehabilitation exercises can help affected
individuals compensate using visual and proprioceptive cues
(Krebs et al. 1993; Whitney and Rossi 2000), and at least one
clinical trial seeking to generate new hair cells is currently
underway (ClinicalTrials.gov 2018a); however, there is cur-
rently no cure that restores canal and otolith end organ function
after severe loss due to hair cell injury.

Efforts to restore canal sensation of head rotation using a
vestibular implant (a head-mounted prosthetic electrical stim-
ulator analogous to a cochlear implant) started with work in
guinea pigs by Gong and Merfeld (2000), continued through
numerous studies in chinchillas and nonhuman primates (e.g.,
Chiang et al. 2011; Dai et al. 2011a, 2011b, 2011c, 2013;
Davidovics et al. 2011, 2012, 2013; Della Santina et al. 2007;
Fridman et al. 2010; Gong et al. 2008; Gong and Merfeld 2000;
Lewis et al. 2002–2003, 2010, 2011, 2013a, 2013b; Merfeld et
al. 2006, 2007; Mitchell et al. 2013; Nie et al. 2013; Phillips et
al. 2016, 2018; Sun et al. 2015; Valentin et al. 2013), and have
led to three actively recruiting first-in-human clinical trials
(Boutros et al. 2018; ClinicalTrials.gov 2018b; Golub et al.

2014; Guyot and Perez Fornos 2019; Phillips et al. 2015; Wall
et al. 2007). Those canal stimulation efforts built on three
foundations. First, extensive literature describes aVOR re-
sponses of normal animals to natural head rotation stimuli
(reviewed in Leigh and Zee 2006). Second, the selective
prosthetic electrical stimulation of semicircular canal ampul-
lary nerves had already been clearly established in a classic
1960s series of experiments by Cohen, Suzuki, and colleagues,
who showed in multiple species that electrical stimulation via
wires implanted in one or more semicircular canal ampullae
can drive binocular, conjugate aVOR eye movements that
rotate about an axis that aligns with a weighted vector sum of
the three canals’ anatomic axes. Third, because the aVOR eye
movement responses driven by canal stimulation can be well
approximated by a one-to-one linear vector mapping from
relative canal stimulation to eye movement axis, the inverse of
that 3D linear algebraic relationship can be used to estimate the
relative degree to which a stimulating electrode’s current is
exciting each semicircular canal’s ampullary nerve (Fridman et
al. 2010). Insight provided by this simple input-output rela-
tionship facilitated optimization of electrode designs and stim-
ulus parameters (Fridman and Della Santina 2012) because it
allowed investigators to assay performance of the electrode-
nerve stimulation interface indirectly via 3D video- or scleral
coil oculography.

In contrast to the comparatively well-paved path facilitating
prosthetic canal stimulation research, prosthetic stimulation of
the utricle and saccule presents a more challenging foray into
less well explored territory. Normal OORs have been charac-
terized in multiple species, starting with 19th century studies in
birds (Breuer 1891) and extending to more recent studies in
rodents, cats and primates (Angelaki 1998; Angelaki et al.
2002; Angelaki and Hess 1996a, 1996b; Baarsma and Col-
lewijn 1975; Cohen et al. 2001; Fluur and Mellström 1970a,
1970b; Gianna et al. 1997; Maruta et al. 2001; Zee and Hain
1992), as reviewed in Leigh and Zee (2006); however, they are
less well described than the aVOR. Compared with aVOR
responses, OOR responses are typically smaller, often near the
noise floor of oculographic recording systems, and more spe-
cies dependent. Moreover, OORs are not as readily described
by a simple, reversible 3D mapping from head movement to
eye movement like the one that follows from seminal studies
by Ewald, Tullio, Cohen, Suzuki, and others (reviewed in
Carey and Della Santina 2005; Leigh and Zee 2006), because
they are often disconjugate (so the responses of 2 eyes com-
prise 6-dimensional data) and the GIA stimulus encoded by the
utricle and saccule comprises not only the three components
due to head translational acceleration but also three overlap-
ping components due to head tilt with respect to gravity
(making the stimulus 6-dimensional). Although a normal sub-
ject might disambiguate this tilt-translation confusion by inte-
grating canal and otolith inputs over time (Angelaki et al.
2004) or by considering stimulus timing in the context of prior
experience (Paige and Seidman 1999), an experimentalist seek-
ing to interpret oculographic data in terms of the head trans-
lation and tilt stimuli that would normally generate the ob-
served responses faces a mathematically indeterminate prob-
lem.

Further obscuring the path to effective prosthetic stimulation
of the utricle and saccule are the dense packing of hair cells and
afferent fibers with different directional sensitivities in each
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macula and the fact that the few publications describing at-
tempts to generate electrically evoked OORs yielded conflict-
ing results. From early studies in birds (Breuer 1891), initial
findings in cats (Suzuki et al. 1969), and results from the
studies of Goto et al. (2003, 2004) in cats, utricle and saccule
stimulation generally elicited a limited range of eye move-
ments often in one or two directions, likely due to current
spread. Acute utricular and saccular stimulation in spinalized
and decerebrate cats by Fluur and Mellström (1970a, 1970b,
1971) resulted in responses more suggestive of selective stim-
ulation, including eye movements that reportedly varied with
location of stimulating electrode on the macula. However, a
subsequent effort by Curthoys (1987) to replicate those exper-
iments yielded results inconsistent with those of Fluur and
Mellström (1970a, 1970b, 1971).

Discrepancies among the limited number of studies that have
attempted selective electrical stimulation of the utricle or
saccule suggest a need for further investigation to determine
the feasibility of spatially selective (and prosthetically effec-
tive) utricle and saccule stimulation. Using results of the
companion study (Hageman et al. 2020) characterizing 3D
binocular OOR responses to tilt and translation in normal
chinchillas as a guide to the range and type of eye movements
prosthetic utricular and/or saccular stimulation should ulti-
mately achieve, we evaluated the feasibility of selectively
stimulating different subsections of the utricle and saccule
using high-density microelectrode arrays fabricated using tech-
niques analogous to arrays employed in retinal implants used in
humans (da Cruz et al. 2016).

METHODS

Electrode design and fabrication. Due to the nonuniform polarity
of hair cells in the utricle and saccule, a more complex electrode array
is needed to provide stimulation contacts across the maculae com-

pared with the canal electrode arrays we have used for prior studies
(Chiang et al. 2011; Della Santina et al. 2007). A new electrode array
was designed using a 3D anatomical chinchilla model reconstructed
from microcomputed tomography (microCT) scans described previ-
ously in Hayden et al. (2011) shown in Fig. 1A. We identified a
surgical approach to target the utricle, saccule, and all three canals,
and then, we designed the electrode array to fit the geometry of the
chinchilla labyrinth based on measurements taken from this 3D
model. The design goal was to place 2D arrays of electrode contacts
near the utricle and saccule maculae (Fig. 1B) and a linear array of
electrode contacts in each canal’s ampulla.

Based on design constraints and anatomical dimensions, the elec-
trode array has 13 electrode contacts for the utricle and 13 for the
saccule with 8 for each of the canals, giving a total of 50 electrode
contacts, shown in Fig. 1C. Each electrode contact is 101 �m in
diameter of activated iridium oxide film (AIROF). AIROF was used
due to its significant increase in the allowable safe charge per area
(1,200 �C/cm2) compared with bare platinum electrodes (24 �C/cm2)
(Robblee and Rose 1990). These electrodes can safely use up to 400
�A at 200 �s/phase (or any pulse amplitude and pulse width to give
an equivalent �A � �s/phase) while staying under this safety limit.
Electrode numbers are shown in Fig. 2.

Electrode arrays were fabricated using a two-layer metal, multi-
contact, polymer electrodes design, following standard MEMS fabri-
cation techniques, previously described in Tooker et al. (2012) and
shown in Fig. 3. For a brief summary, the processing steps begin with
a 5-�m deposition of a polyimide layer (Fig. 3A) followed by
deposition and patterning of trace metal 1 (Ti/Au/Ti, shown in Fig.
3B). A second layer of polyimide (2 �m) is deposited atop the trace
metal (Fig. 3C) before O2 plasma etching for interconnection vias
(Fig. 3D). A second layer of Ti/Au/Ti trace metal is deposited and
patterns (Fig. 3E) followed by the deposition and patterning of the
electrode metal (Ir, Fig. 3F). A final layer of polyimide is deposited (5
�m, Fig. 3G) before electrode vias are etched using O2 plasma (Fig.
3H). Finally, the device outline is etched using O2 plasma (Fig. 3I).
The iridium electrode contacts were activated using biphasic potential
pulses in phosphate-buffered saline, forming the AIROF. An average

Fig. 1. Electrode design for a vestibular implant that stimulates all 5 vestibular end organs. A: 3-dimensional (3D) reconstruction of chinchilla microcomputed
tomograhy and microMRI scans (Hayden et al. 2011) was used to design new electrode arrays to target the utricle and saccule (blue indicates the lumen and
yellow the neural epithelium). A, anterior; P, posterior; D, dorsal; H, horizontal. B: the electrode array was designed to have as many contacts on the utricle and
saccule while still maintaining safe charge injection. With these constraints, in addition to those from the fabrication process, an array of 13 activated iridium
oxide film (AIROF) electrodes for the utricle and 13 for the saccule (outlines of end organs adapted from Desai et al. 2005) were designed to lay on the macular
surface of each end organ. C: the polyimide/gold/AIROF array has 2 large connectors (C1 and C2) through which a printed circuit board can connect to the array’s
50 electrodes on 3 different shanks. The 1st shank (C3) has 8 contacts to target the horizontal semicircular canal and the array of 13 for the saccule, the next
shank (C4) has 8 contacts for the superior canal with 13 for the utricle, and the final shank (C5) has 8 electrodes for the posterior canal. D: view from
postero-supero-lateral through a surgical microscope during electrode implantation. The surgical approach through the bulla of the chinchilla provides access to
all 3 canal ampullae. A small hole was made in or near each ampulla, and the electrode array shank with 8 posterior canal electrodes was inserted to a
predetermined depth based on the 3D anatomical model shown in A. The horizontal canal � saccule and the anterior canal � utricle shanks are inserted through
openings made near each canal’s ampulla. Placement of electrodes targeting utricle and saccule relies on canal bone landmarks, the trajectory of insertion and
electrode array geometry.
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impedance of 12.2 � 3.1 kOhm at 10 kHz was recorded in one
representative array, as reported in Hageman et al. (2016a).

Each electrode array was connected to a small custom-printed
circuit board (PCB) and epoxied in place before gas sterilization for
implantation. Two Pt/Ir wires (Cooner Wire, AS 169-40) were also
connected to the PCB for a common crus electrode and a distant
electrode in muscle. The PCB routes each of the 50 electrodes, and the
distant and common crus electrodes, to two connectors that act as a
percutaneous connection for the stimulation circuitry.

Circuit design: hardware, firmware, and software. To accommo-
date the new electrode array with an increased number of electrodes,
the prosthesis architecture we have previously employed for animal
studies of canal stimulation was updated as shown in Fig. 4. Although
this architecture is similar to that of previous generations (Chiang et
al. 2011; Della Santina et al. 2007), changes were required to extend
the prosthesis to include utricle, saccule and canal stimulation, briefly
discussed in Hageman et al. (2016a). The system architecture has four
main blocks, 1) custom C# software for wireless programming of the
prosthesis; 2) a microcontroller, 3) a custom application specific
integrated circuit (ASIC), which provides stimulation management

(described in full in Hageman et al. 2016b); and 4) a crosspoint switch
to select which of the 52 electrodes to use. The system runs off of a
3.7-V rechargeable Li-Ion battery, which is regulated to 3.3 V for the
microcontroller and uses a step-up converter to reach 5 and 12 V,
which are both needed for the custom ASIC.

The C# software provides a streamlined graphical user interface
(GUI) to wirelessly program the prosthesis using Bluetooth protocol.
The software allows for straightforward connection between the
microcontroller, ASIC, and crosspoint switch to program the stimu-
lating and reference electrodes (blue arrows in Fig. 4). Multiple
stimulation paradigms are possible with this software; however, “vir-
tual sinusoidal rotation or translation” and “virtual static tilt” (changes
in pulse rate to encode a head movement while the animal is held still
and in complete darkness) were the primary focus for this experiment.
The GUI software sends all necessary parameters to the microcon-
troller to complete each stimulation set and also communicates with
the software used for the coil system to synchronize stimulation and
eye movement recording files (yellow arrows in Fig. 4).

A microcontroller (MSP430F5338; Texas Instruments) communi-
cates with the C# GUI to run each experimental paradigm, manage

Fig. 2. Polyimide electrode array contact numbering scheme. Electrodes 1–13 are intended for the saccule, electrodes 14–26 the utricle, electrodes 27–34 for
the left horizontal semicircular canal, electrodes 35–42 for the left superior canal, and electrodes 43–50 for the left posterior canal. Teflon-coated, 75-�m
diameter Pt/Ir wire reference electrodes 51 (the “common crus reference,” inserted in the common crus) and 52 (the “distant/body reference,” embedded in neck
musculature) were stripped ~1 and ~10 mm, respectively. Orientation directions shown (S, superior; A, anterior; I, inferior; L, left; R, right; and AM,
anteromedial) signify the approximate intended orientation for surgical implantation in left labyrinth.

Fig. 3. Cross-sectional view of the microfab-
rication process for electrode arrays. A: de-
position of 5-�m Polyimide 1 layer (green)
atop a silicon wafer substrate (gray). B: de-
position and patterning of trace metal 1 (Ti/
Au/Ti). C: polyimide 2 deposition (2 �m).
D: interconnection via etching (achieve us-
ing O2 plasma). E: deposition and patterning
of trace metal 2 (Ti/Au/Ti). F: deposition
and patterning of Ir electrode metal. G: poly-
imide 3 deposition (5 �m). H: electrode via
etching. I: device outline etching. Images are
not drawn to scale and adapted with permis-
sion from Tooker et al. 2012).
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pulse timing, and program the ASIC and crosspoint switch appropri-
ately for each pulse that is delivered. Although all of the data collected
for this paper had a “virtual” head movement stimulus instead of
motion sensor driven changes in pulse rate, the prosthesis was de-
signed to easily integrate a 6 degree-of-freedom motion sensor
(MPU9250; Invensense) for experiments in the future (dashed boxes
and red arrows in Fig. 4). The microcontroller drives the passive ASIC
chip, to program the pulse amplitude, polarity, and the global enable
to begin stimulation on the stimulating and reference electrodes. The
microcontroller also sends a digital pulse to the coil system to be
saved with all eye movement data to directly correlate eye movements
with the timing of the pulsatile stimulation.

For detailed specifications on the custom ASIC, see Hageman et al.
(2016b). In brief, the ASIC contains 16 individual source/sink pairs so
that each channel can be programmed as a stimulating or reference
electrode. The ASIC operates at 5 V, with a 12-V compliance. With
the impedance of these electrodes, this compliance voltage offers
pulses up to ~1 mA which is beyond what is used based on safe charge
injection rules. Each channel output has a 1-�F DC-coupling
capacitor.

The crosspoint switch board contains four 16 � 16 multiplexers to
give an overall 16 � 64 multiplexer. This allows any of the 16 ASIC
output channels to be connected to any of the 50 electrode contacts or
2 reference electrodes. The crosspoint switch uses a straight-forward
TTL programming scheme, which is commanded by the microcon-
troller firmware and C# GUI. The crosspoint output is connected
directly to the head-mounted PCB that provides a percutaneous
connection to the 52 implanted electrodes.

Surgical methods. All experiments were performed using three
normal adult chinchillas (Chinchilla lanigera, animals Ch128, Ch132,
and Ch133). Surgical procedures were conducted in accordance with
a protocol approved by the Johns Hopkins Animal Care and Use
Committee, which is accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care International and con-
sistent with European Community Directive 86/609/EEC. After the
surgical implant of scleral eye coils, described in detail in the
companion paper (Hageman et al. 2020) and following the completion
of normal data collection, a second surgery to implant the electrode
array was completed.

Under general anesthesia (isoflurane, 1.5–5%), an electrode was
implanted in the animal’s left ear using an approach through the
posterior bulla as shown in Fig. 1D. To place the posterior canal
electrodes, a small hole was drilled into the posterior canal and the
electrode shank was threaded into the canal until the contacts reached
approximately to the posterior ampulla (this distance was measured
with the 3D chinchilla model and marked on the electrode array
preoperatively). Two small openings were drilled into the horizontal
and anterior canal ampullae. The two holes were connected to allow
for easier manipulation of the electrode shanks during insertion. Since
the utricle and saccule targets cannot be seen from the surgical view,
we relied on the predetermined geometry of the electrode array for
guidance to the utricle and saccule. While a direct insertion into the
labyrinth may achieve more accurate placement, we aimed to mini-
mize the number of electrode shanks that needed to be inserted to
decrease the risk of displacement of electrodes. Additionally, in
chinchillas and rhesus, the semicircular canals circumscribe a nearly
spherical portion of cerebellum, the paraflocculus, which makes a
transbola approach more risky and difficult. Each electrode shank
(saccule � LH canal, and utricle � LA canal) was carefully inserted
into the drilled holes with the electrode contacts on the electrode
array’s anterior surface. Once the electrodes targeting the canals
reached the ampulla, we used fascia to hold the electrode shank in
place and then cemented the array into place using dental acrylic. One
Pt/Ir reference wire was placed in the common crus, and a second
distant reference wire was placed in the muscle. The small PCB used
to connect to the electrode and provide the percutaneous connection
for experiments was cemented to the head cap using dental acrylic.
The animal recovered for 5–7 days before we proceeded with stimu-
lation experiments.

Eye movement recording. 3D binocular eye movements were re-
corded using a custom magnetic scleral coil system adapted from the
system first described by Robinson (1963). All eye movements are
reported in head coordinate frame following the right-hand rule,
where �X is nasal, �Y is out the left ear, and �Z is superior. In brief,
our custom system, described in the companion paper (Hageman et al.
2020) uses alternating magnetic fields operating at three different
frequencies to induce a voltage in implanted scleral coils. The induced
scleral coil voltage from each of the four implanted scleral coils is

Fig. 4. New multichannel vestibular prosthesis system design, created to interface with the new electrode arrays to stimulate the utricle and saccule. Although
similar to the previous system (Chiang et al. 2011; Della Santina et al. 2007), additions to the software, hardware, and firmware were required to encode and
stimulate translations and static tilts. A custom C# graphical user interface (GUI) was created to program the prosthesis via Bluetooth. The GUI programs all
stimulation parameters, such as stimulating electrode, reference electrode, and pulse amplitude and width. Additionally, the GUI controls the stimulation
paradigm instructions sent to the prosthesis microcontroller set the pulse rate modulation. Although motion triggered pulse frequency modulation was not used
for experiments detailed in this study, the system architecture was created to easily integrate a motion sensor in the future. All virtual modulation paradigms
change the pulse rate in order to encode a virtual movement while the animal is kept still. The microcontroller commands the passive application specific
integrated circuit neural interface (ASIC-NI) (Hageman et al. 2016b). The ASIC-NI’s 16 output channels can be connected to any of the 52 electrodes (50 on
the polyimide array, plus two additional distant electrodes in common crus and muscle) via a crosspoint switch that connects to the animal’s percutaneous
electrode connector. PCB, printed circuit board.
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sampled at 25 MHz and demodulated in the digital domain to
determine the X, Y, and Z orientation of each scleral coil. Demodu-
lated data were averaged over 50 ksamples to acquire a 1-kHz signal
on a PC using custom program developed in C. This new system
achieves a peak-to-peak noise floor �0.024°.

During experiments, the animal was head-fixed in a plastic cylin-
drical enclosure with the head centered in the middle of the coil frame.
Before the stimulation paradigm began, we collected the gains of the
coil system and any offsets of implanted scleral coils. The gains were
measured by facing a nonimplanted scleral coil directly into each of
the three magnetic fields to record the relative maximum voltage of
each field. We connected each of the four implanted scleral coils to the
coil system and quantified the offsets. All experiments were com-
pleted in total darkness to avoid visual suppression of the VOR.

Experimental methods. All experiments were completed in dark-
ness, to avoid visual suppression of the VOR, with the animal’s head
fixed in the center of the coil system frame with the head tilted down
~50° to align the horizontal canals with Earth horizontal (Hullar and
Williams 2006). The animals were not treated with gentamicin to
ablate the hair cell stereocilia and cause vestibular loss, instead,
“virtual movements” were created using changes in stimulation rate
while the animal’s head was kept still. All pulses were 100 �s/phase
with a 50-�s interphase gap. During the first experiment for each
animal, current thresholds were determined by turning on stimulation
for each electrode and slowly increasing to a maximum of 200
�A/phase. We kept 200 �A as our maximum to provide a large safety
buffer during the first experiments of this kind; this limit is well within
the “safe charge injection” range for an AIROF electrode of this
diameter. If any sign of facial nerve activation was seen before the
200-�A level was reached, that value was set as the maximum, and a
value of 80% of maximum was used, otherwise 200 �A was used as
the maximum. Electrode contacts were numbered as shown in Fig. 2.
High-resolution microCT imaging to determine electrode location
could not be completed on live animals and was therefore necessarily
deferred until postmortem, after completion of all experiments. There-
fore, saccule stimulation refers here to stimulation via electrodes
intended to target the saccule (electrode contacts 1–13), utricle
stimulation refers to stimulation via electrodes intended to target the
utricle (electrode contacts 14–26), and canal stimulation refers to
stimulation via electrodes intended to target the three canals (elec-
trode contacts 27–50).

At the beginning of each experiment session, 10 cycles of a virtual
rotation were delivered to each of the 24 electrodes targeting the
semicircular canals (SCCs) using the common crus reference to track
any changes in electrically evoked VOR over time. The virtual
rotation (electrical stimulation to encode a head movement delivered
while the animal is kept still) used a sinusoidal modulation of pulse
rate of a pulse train of biphasic charge-balance constant-current pulses
delivered via an electrode in each canal ampulla. The changes in pulse
rate to encode this sinusoidal rotational velocity were determined
based on the changes in firing rates acquired from neural recordings
during rotations (Hullar et al. 2005). The pulse rate changes were
encoded using a sigmoidal map (to map pulse rate to angular velocity)
with the following parameters: baseline rate of 100 pulses/s (pps),
maximum of 350 pps, minimum of 0 pps, and compression factor of
3 mapped to � 500°/s angular velocity. Each virtual rotation was a
1-Hz sinusoid with peak 100°/s. The sigmoidal map is shown in the
block diagram in Fig. 4.

A step change in pulse rate was delivered via every utricle and
saccule electrode using the common crus, distant, and a subset of
near-bipolar, reference electrodes. Each 40-s pulse train used a step
change in pulse rate from zero to the pulse train rate (ranging from 50
to 300 pps). The pulse train was on for 40 s; stimulation stopped to
indicate the end of the virtual static tilt/pulse train.

Data were acquired over four, nine, and six test sessions in animals
Ch128, Ch132, and Ch133, respectively. Each session lasted ~3 h.

Animals were euthanized after completion of VOR data acquisition so
that microCT imaging could be performed to assay electrode location.

Eye movement analysis. We developed custom data analysis soft-
ware package in Matlab (MathWorks, Natick, MA) that employs
methods of rotational kinematics detailed in (Haslwanter 1995; Migli-
accio and Todd 1999). In brief, for each of the four scleral coils, the
coil system demodulated the coil voltage into its three dominant
frequency components, which represented the X, Y, and Z components
of the coil’s axis with respect to the field coil frame. Data from the two
scleral coils per eye were first mathematically orthogonalized to
account for variability in placement on the scleral surface. For virtual
rotations, the orthogonalized data were converted to a rotation vector
and then to angular eye velocity vectors. Each binocular component of
angular eye velocity (RX, RY, RZ, LX, LY, and LZ) was fit with a single
frequency discrete Fourier transform at the frequency of the virtual
rotation. The axis of eye velocity was determined based on the value
of the eye velocity at peak positive stimulation rate. The average
rotation vector during virtual tilt was calculated during the last five
second of the stimulus and used to represent the final ocular countertilt
position.

Imaging of electrode. We assayed electrode location using a Su-
perArgus CT scanner (Sedecal, Spain) microCT scan. Scan parame-
ters were set to acquire 1,080 projections at high resolution, with 1 �
1 binning, 65 kV, 100 �A, 200-ms exposure, resulting in 32-�m
isotropic voxel size and the capability to visualize the implanted
electrodes with minimized metal artifact. Due to equipment con-
straints, all scans were completed postmortem on specimens trimmed
to fit the scanner’s narrow field of view; therefore, all physiologic data
collection and analysis were blinded in that they were performed
before knowing the exact location of the electrode arrays. MicroCT
segmentation was completed using Amira (FEI Visualization Sciences
Group, Bordeaux, France). Figure 5 shows the segmented CTs for the
three chinchillas.

Back-projecting from eye movements to equivalent tilt axis using
ocular countertilt responses of normal animals. Eye movements
elicited by static tilts were the focus of this feasibility study, because
in chinchillas they are larger than responses elicited by translations
(Hageman et al. 2020). Our goal was to elicit ocular countertilt
responses to prosthetic stimuli that span the space of possible OOR
responses that normal chinchillas exhibit during head tilts about a
wide variety of Earth-horizontal axes. To accomplish this goal, one
must be able to selectively stimulate different parts of the utricular
and/or saccular macular or nerves with different electrodes. Unable to
directly observe current flow or patterns of hair cell and neuronal
activation, we could only assess selectivity and efficacy of prosthetic
stimulation through measurement of OOR responses. To interpret
those OOR responses to prosthetic stimulation, we created a back-
projecting, reverse prediction model relating eye movement responses
of normal animals to the azimuth of the Earth-horizontal tilt axis that
elicited similar OOR responses during natural tilt stimulation of
normal chinchillas (Hageman et al. 2020). Those data revealed cosine
dependence of each 3D OOR component on head tilt axis azimuth, so
the reverse prediction uses an arccosine to estimate equivalent tilt axis
from OOR data. To achieve a one-to-one mapping from OOR re-
sponse data (whether the training set of normal OOR data used to
create the model or OOR data elicited by prosthetic stimuli) to the
azimuth of an Earth-horizontal equivalent head tilt stimulus axis that
yields similar OOR responses in normal chinchillas, more than one
ocular countertilt component is required as an input to the back-
projection mapping, because arccosine functions are periodic and
otherwise would not yield a unique azimuth estimate.

Further analysis of the results shown in Fig. 11 in the companion
paper (Hageman et al. 2020) showed the general trends listed in Table
1. One can quickly narrow down the “group” of potential tilt axes
using the binocular sign of the roll and pitch components (� or �) in
addition to the ratio of magnitudes of right eye/the left eye. Since all
data were acquired with the Z-axis initially Earth-vertical, the yaw
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component was not included in the table. There is large variation seen
in the small yaw component and thus it was not useful for prediction
of tilt axis from eye movement data. Table 1 does not present absolute
requirements for each data group; instead, the table focuses on the
polarity of the median ocular countertilt for each tilt axis to indicate
the trend of the data.

A linear mixed-effect model was created to relate 3D binocular OOR
data from Hageman et al. (2020) for normal chinchillas to the azimuths
of Earth-horizontal head tilt axes for head tilts that elicited those OOR
responses. The model’s three input variables are as follows:

1) The interaction between the sign of the right eye’s normalized
pitch component [sign(norm_RY)] and the arccosine (in de-
grees) of right eye’s normalized roll component (norm_RX)-
180;

2) The interaction between the sign of the left eye’s normalized
pitch component [sign(norm_LY)] and the arccosine (in de-
grees) of left eye’s normalized roll component (norm_LX)-180;
and

3) The ratio of right/left eye ocular counter-roll magnitude
(magRatio).

The resulting model equation was as follows: azimuth of Earth-
horizontal tilt axis � a � (b � magRatio) � c � sign(norm_RY) �
[arccos(norm_RX) � 180] � d � sign(norm_LY) � arccos(norm_
LX-180). The model incorporates each chinchilla as a conditional
variable to account for any animal-specific variations in the eye
responses. The prediction fit the normal data set (Hageman et al.
2020) with an adjusted R2 � 0.65. Each of the included input vari-
ables and interactions of variables are statistically significant in
predicting the azimuth of Earth-horizontal tilt axis (P � 0.01 for all).
Model parameters a, b, c, and d are listed in Table 2.

RESULTS

The large number of electrodes implanted made testing
every possible electrode combination with every possible stim-
ulus parameter impractical within the test session duration that

Fig. 5. A: postmortem microcomputed to-
mograhy scans for each of the 3 implanted
chinchillas with the normal MRI image are
labeled for comparison (Hayden et al. 2011).
The scan at 32-�m resolution was seg-
mented in Amira (FEI Visualization Sci-
ences Group, Bordeaux, France). Blue: lu-
men; yellow: facial nerve; green: electrode
array: each array is labeled based on the
intended target as follows: H, horizontal
semicircular canal; A, anterior (or superior)
canal; P, posterior canal; U, utricle; and S,
saccule. The posterior canal array was well
placed in all 3 animals. B: for Ch128, the
horizontal and superior canal electrodes
were well positioned, but their trajectories
were such that the utricle and saccule arrays
overlapped in the vestibule. C: Ch132 had
excellent placement of the horizontal canal,
superior canal and utricular arrays, but the
saccule array overshot its target end organ.
D: Ch133 had the best saccule placement of
the three animals, and the inferior half of
utricle array was near the utricular macula
and nerve.

Table 1. The polarity of normalized left and right eye components of ocular countertilt response based on the grouped tilt axes

Data Group Tilt Axis Right-Eye Roll Left-Eye Roll Right-Eye Pitch Left-Eye Pitch Magnitude Ratio

1 �30°, �45°, �60° � � � � L � R
2 �120, �135, �150° � � � � L � R
3 120, 135, 150° � � � � L � R
4 30, 45, 60° � � � � L � R
5 Nose up (�90°) � � � � R � L
6 Nose down (90°) � � � � R � L
7 Right ear down (0°) � � � � R � L
8 Left ear down (180°) � � � � R � L

Data based on Tilt Axis column. Trends found using the median responses of data shown in Fig. 11, C and D, of the companion paper (Hageman et
al. 2020).

265PROSTHETIC STIMULATION OF UTRICLE AND SACCULE IN CHINCHILLA

J Neurophysiol • doi:10.1152/jn.00883.2018 • www.jn.org

Downloaded from journals.physiology.org/journal/jn (072.137.235.054) on September 20, 2022.



an animal could tolerate. Therefore, instead of comprehen-
sively characterizing responses to every possible combination
in this initial implementation of prosthetic utricle and saccule
stimulation, we focused on addressing six goals. First, we
sought to replicate results of canal stimulation with the new
system, to confirm that the new electrode arrays and recording
system yielded results comparable to our published studies on
canal stimulation using Pt/Ir wire electrodes. Second, we
sought to determine whether it is possible to generate a sus-
tained ocular countertilt response during constant-rate pulse
train stimulation, and if so, whether responses increase predict-
ably and reliably with pulse rate and/or pulse amplitude. Third,
we sought to determine whether electrical stimulation targeting
the utricle and saccule elicits responses with temporal dynam-
ics that differ from responses to electrical stimulation targeting
the canals. Fourth, we sought to characterize the range of

ocular countertilt response directions one can achieve with
unilateral electrical stimulation of the left ear. Fifth, we
sought to determine whether one can selectively stimulate
different macular regions, as manifested by eliciting differ-
ent ocular countertilt directions during stimulation via dif-
ferent electrodes near the maculae. Finally, we sought to
contrast responses for a given stimulating electrode using
three different reference electrodes: 1) a distant reference
(Pt/Ir wire implanted outside the temporal bone, in suboc-
cipital musculature); 2) a common crus reference (Pt/Ir wire
implanted in the common crus near its junction with the
vestibule); and 3) a near bipolar reference, which refers to
a neighboring electrode located on the same end organ’s
stimulating electrode array. The presentation described be-
low is organized around those six goals.

Replication of natural and electrically evoked angular VOR.
To test the oculographic recording system, we first measured
natural aVOR responses to whole body rotation, for compari-
son with normative data (Della Santina et al. 2007). Figure 6,
A–C, illustrates the normalized axis of aVOR velocity during
1-Hz sinusoidal whole body rotations at peak 30°/s velocity,
about the axis of each canal, recorded after each animal was
implanted with a head cap, head post, and scleral eye coils but
before electrode implantation. Each axis shows the response
during a leftward rotation. Although right eye responses to
LARP rotation for Ch128 and Ch133 depart from the LARP
axis (indicating possible restriction from scleral coil place-
ment), the majority of measured data align well with the
expected 3D aVOR response. These data are therefore suffi-
ciently similar to published normal aVOR responses in chin-
chillas (Della Santina et al. 2007; Migliaccio et al. 2010) to
confirm integrity and performance of scleral coils and record-
ing system.

Table 2. Fit parameters to predict tilt axis from binocular eye
movements

Fit Parameter

Fixed Effect
(independent

variable)
Parameter
Estimate

Standard
Error t Statistic P value

a (Intercept) 16.74 5.59 3.0 0.003
b magRatio �8.91 3.46 �2.57 0.01
c acosdNRX:sgnRY 0.13 0.034 3.91 1.1e-4
d acosdNLX:sgnLY 0.74 0.034 21.71 1.6e-71

Model parameters for the linear mixed effect model of the form: y � a �
(b � magRatio) � c � sign(norm_RY) � [arccos(norm_RX) � 180] � d �
sign(norm_LY) � arccos(norm_LX-180), to predict the tilt axis using fixed
effects (or input variables) of magRatio � ratio of right/left eye absolute
magnitude of ocular counterroll position, acosdNRX:sgnRY � sign(normal-
ized pitch of right eye) � [arccos(normalized roll of right eye in degrees–
180)], and acosdNLX:sgnLY � sign(normalized pitch of left eye) � arccos-
[normalized roll of left eye in degrees – 180)].

Fig. 6. Electrically evoked angular vestibulo-ocular reflex (aVOR) from 3 chinchillas. A–F: to test whether the new electrode array and circuitry could replicate
previous results to restore the angular VOR (Dai et al. 2011a; Della Santina et al. 2007), we compared normal eye movements collected before electrode implant
(A–C) to electrically evoked eye movements (D–F) using electrode arrays targeting semicircular canals. Each spherical plot shows the normalized axes of
rotation, Yaw, left-anterior/right-posterior (LARP), right-anterior/left-posterior (RALP), Pitch, and Roll. The axes represent the axis of eye velocity during a
left-ward head movement for the normal data. In general, the axis of eye rotation is aligned with the axis of rotation (the canal axis). However, for Ch128 and
Ch133, the right eye LARP response shows misalignment, which is possibly due to slight tethering from the scleral coil. For the electrically evoked aVOR
(e-aVOR; D–F), each axis represents the normalized axis of eye velocity during peak positive stimulation. The rows of electrodes represent the 8 electrode
contacts for the left horizontal (LH), left anterior (LA), and left posterior (LP) canals. Highlighted electrodes represent the contacts that elicited the best results
within that canal.
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Figure 6, D–F, shows the normalized electrically evoked
aVOR elicited during electrical stimulation on the highlighted
electrodes (LH: left horizontal; LA: left anterior; and LP: left
posterior canals), all using a common crus reference, in the
same animals after electrode implantation. For these experi-
ments, the animal was stationary in darkness, so eye move-
ments shown here represent responses solely driven by elec-
trical stimulation. Every electrode in Ch132’s LA electrode
array elicited well-aligned responses, but generally the most
effective electrodes for each canal tended to be a smaller set of
neighboring electrodes nearest the target ampulla. For Ch132,
the lead to electrode 29 was broken and could not be used for
LH stimulation. Stimuli delivered via Ch133’s LA electrodes
elicited yaw eye movements for higher currents, likely due to
spread of stimulus current toward the LH ampullary nerve.
Overall, these results confirm that the flexible planar canal
electrode arrays used in this study can elicit electrically evoked
aVOR responses similar to those we have observed in prior
experiments using Pt/Ir wire electrodes inserted into each
ampulla (Dai et al. 2011a; Della Santina et al. 2007; Fridman
et al. 2010).

Electrically evoked ocular countertilt. Figure 7 shows ex-
ample electrically evoked eye movements during a 40-s pulse
train at 300 pps presented to one utricular electrode pair
(stimulating electrode 20 and reference electrode 15, see Fig.
2 for electrode schematic) at different amplitudes shown by the
different color lines. The shaded area in gray indicates the time
when stimulation was on. As the pulse amplitude was in-
creased, the magnitude of angular eye position also increased
while maintaining the same direction of ocular countertilt
throughout the five trials of amplitude variation. Similarly, Fig.
8 shows the electrically evoked eye movement during a 40-s

pulse train using 100-�A pulses at varying pulse rates from 50
to 300 pps. These examples were collected using stimulating
electrode 20 and reference electrode 19, both on/near the
utricle (see Fig. 2 for electrode numbers), with the stimulation
period indicated by the gray shading on the plot. As the pulse
rate increased, the change in angular position also increased for
the eight trials of pulse rate variation. These pulse rate and
current amplitude sweeps were completed on a subset of
electrode combinations in each animal.

Temporal dynamics of canal versus otolith stimulation. Fig-
ure 9 illustrates a comparison between a 40-s step in pulse rate
(200 pps) delivered via canal electrodes with a common crus
reference and a 40-s step in pulse rate (300 pps) delivered via
utricle- or saccule-targeting electrodes with either distant, com-
mon crus, or near bipolar references. Figure 9, A–N, displays
both the right (Fig. 9, A, C, E, G, I, K, and M) and left (Fig. 9,
B, D, F, H, J, L, and N) eye angular position over time. In the
74 trials across the three animals that delivered a pulse rate step
change to SCC electrodes, a variety of responses were seen, as
illustrated by three representative examples in Fig. 9, A–F. The
first (Fig. 9, A and B, seen in 33/74 trials) shows prolonged
nystagmus seen at the onset of the stimulation that begins to
decay over time with an increase again at stimulation offset.
The second (Fig. 9, C and D, seen in 31/74 trials) shows an eye
movement response similar to an ocular countertilt (with the
addition of quick phases), with a rapid initial change in angular
eye position that is held throughout the 40-s stimulus (although
generally decaying over time), possibly indicative of current
spread to the utricle or saccule. The third example (Fig. 9, E
and F, seen in 10/74 trials) shows a fast adapting nystagmus at
the onset of stimulation, typical of a canal-mediated aVOR
response to electrical stimulation targeting the canal.

Fig. 7. Electrically evoked ocular countertilt with stimulation of increasing pulse amplitude. Example data from Ch133 during a constant-rate pulse train using
the same “near bipolar” pair of electrodes in the utricle, stimulating electrode 20 and reference electrode 15. A–F: the stimulation was on for 40 s (gray shaded
area) with a pulse rate of 300 pps. Biphasic pulse was 100 �s per phase with a 50-�s interphase gap. G and H: as the current amplitude was increased for each
trial, a larger ocular countertilt response was elicited (H) with consistent direction of eye response (G).
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Eye movements elicited by a pulse train stimulus delivered
via utricle and/or saccule electrodes varied in temporal dynam-
ics depending on the location of the reference electrode. Figure
9, G and H, shows a representative example of an electrically
evoked response during a constant-rate pulse train with a
distant reference electrode (trend seen in 119/135 of distal
reference combinations). A change in eye position happens
immediately upon stimulation onset, and the position is held
for the duration of the stimulation. When using a common crus
reference (representative trace shown in Fig. 9, I and J), the eye
position also generally changes right at onset but then contin-
ues to grow a small amount to settle at the final angular eye
position (trend seen in 90/130 of common crus reference
combinations). Finally, when using a near bipolar reference,
two different time courses were seen (in addition to the time
course shown in Fig. 7 and Fig. 8, which accounted for 140/421
cases of bipolar otolith-targeted stimulation): either a slow rise
time to the final position (Fig. 9, K and L, seen in 172/421 cases
of bipolar otolith-targeted stimulation) or a delayed onset of
change in angular eye position (Fig. 9, M and N, seen in 109/421
cases of bipolar otolith-targeted stimulation).

To compare differences in the timing of responses as a
function of reference electrode category for utricle and saccule
stimulation, a comparison between rise times to final angular
eye position was completed and is shown in Fig. 10. All utricle
and saccule constant-rate pulse train trials were pooled into
three groups: distant reference, common crus reference, and
near bipolar reference. Additionally, a fourth group for SCC-
targeted stimulation using common crus and distant reference
was added for comparison of responses elicited from SCC-
targeted versus otolith-targeted electrodes. The time to reach
63% of the final angular eye position was calculated for each

component of the angular eye position (yaw, pitch, and roll) for
each eye. If one component of the eye movement changed �1°
throughout the trial, it was excluded from this calculation. The
spread of rise time for utricle/saccule stimulation using the near
bipolar configuration is noticeably larger than utricle/saccule
stimulation using distant and common crus reference and larger
than semicircular canal stimulation. A Kruskal-Wallis test
showed significance within each component of each eye. Post
hoc Wilcoxon rank sum tests determined a significant differ-
ence (P � 0.001) between the rise time for near bipolar
paradigms and that for the corresponding distant and common
crus references for all components of eye movement in both
eyes. The delayed reaction and slower rise time of eye move-
ment using the near bipolar reference is comparable to that
reported by Baarsma and Collewijn (1975) in normal rabbits
during linear track accelerations.

Spatial selectivity of ocular response from otolith stimulation.
Figure 11 illustrates the nonnormalized electrically evoked eye
movements from all constant-rate pulse trains delivered via a
utricular electrode (first 2 columns) or saccular electrode (last
2 columns) for each chinchilla that elicited a response above a
1° eye movement. In total, 421/1214 near bipolar electrode
pairs, 130/250 common crus reference pairs, and 135/217 distal
reference pairs were selected for analysis. The remaining trials
tested were on an electrode pair that did not elicit a response
due to either poor connectivity between the stimulator and the
electrode or poor contact between the electrode and the nerve
ending. Each vector indicates the yaw, pitch and roll compo-
nents of the mean 3D angular position during the last 5 s of
each 40-s pulse train and is color coded to signify the corre-
sponding stimulating electrode, shown in the legend. The yaw,
pitch, and roll coordinate system axes are plotted with a

Fig. 8. Electrically evoked ocular countertilt with stimulation of increasing pulse rate. Example data from Ch133 during a constant-rate pulse train using the same
“near bipolar” pair of electrodes in the utricle, stimulating electrode 20 and reference electrode 19. A–F: the stimulation was on for 40 s (gray shaded area). Each
biphasic pulse was 100 �s per phase with a 50-�s interphase gap and 100-�A amplitude. G and H: as the pulse rate was increased for each trial, a larger ocular
countertilt response was elicited (H) with consistent direction of eye response (G).
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magnitude of 10°. Figure 11, bottom row, shows the ocular
countertilt responses recorded from six normal chinchillas
(with 3 of the 6 being Ch128, Ch132, and Ch133 before
electrode implantation) during 20° whole body static tilts about
the indicated axes as described in the companion paper (Hage-
man et al. 2020).

Comparison of electrically evoked OOR responses to these
normal data provide a context within which one can begin to
infer the head motion or tilt that is effectively represented by
the vestibular nerve activity elicited during electrical stimula-
tion. (Note however that this interpretation is subject to the
caveat that only one labyrinth is being electrically stimulated,
while the contralateral labyrinth presumably reports that the
head is neither moving nor oriented differently than it was
before the onset of electrical stimulation.) Ocular countertilt
responses of normal chinchillas during the whole body static
tilts are disconjugate (i.e., the right and left eye responses differ
in magnitude) when a whole body tilt is about an Earth-
horizontal axis close to the resting optic axis of either eye as
described in the companion paper (Hageman et al. 2020). For
example, whole body tilt of a normal chinchilla about an
Earth-horizontal axis close to the optic axis of the right eye
(�30, �45, �60, 120, 135, and 150°) elicits a larger left eye
response magnitude than right eye and thus a ratio of right
eye magnitude/left eye magnitude of �1. A tilt about an axis
oriented through the left eye (30, 45, 60, �120°, �135, and
�150°) elicits a larger right eye magnitude than left and thus
a ratio �1. Tilts about the anteroposterior and interaural axes
(0, 90, 180, and �90°) give a ratio 	1.

For the electrically evoked OOR responses to left-ear prosthetic
stimulation in Fig. 11, the magnitude of left eye response is
generally larger than the right eye, corresponding to the responses
of normal animals to a tilt about an axis through the right eye
(�30 to �60° or 120 to 150°). Further comparison to the direction
of normal eye movements shows that the electrically evoked
responses for all chinchillas seem to be mostly aligned with
normal eye responses to tilts about Earth-horizontal axes at azi-
muth 120 to 150°. The data for Ch128 follow similar trends for
utricle and saccule, corresponding to expected results based on the
overlapping utricle and saccule electrode placement shown in Fig.
5. Responses to electrical stimulation targeting the saccule in
Ch132 and Ch133 differ from responses to electrical stimuli
targeting the utricle. Saccule-targeted electrodes elicited responses
with a greater tendency toward the axes of ocular countertilt that
normally encode whole body tilts about axes that are Earth-
horizontal and �150 to �120° from the �x-axis, whereas the
responses from utricle targeted electrodes tended to correspond to
axes �120 to �150° from the �x-axis.

We investigated which electrodes elicited which OOR eye
movements by grouping eye movements according to the
magnitude ratio of right/left eye position. Figure 12 shows an
image of the utricle and saccule array for each chinchilla, with
electrodes colored according to the ratio of right/left eye
rotation magnitude (group A: ratio �0.8 red; group B: 0.8 �
ratio � 1.2 yellow, and group C: ratio �1.2 blue). Trials where
the magnitudes of eye movement for both eyes were �2° were
eliminated. Each colored circle represents the cathodic-first
stimulating electrode (from a near-bipolar pair) used to elicit

Fig. 9. Electrically evoked ocular countertilt using different reference electrodes. Example ocular countertilt responses during constant-rate pulse train stimulation
applied to difference combinations of electrodes. A–F: 3 different types of responses seen when delivering a step change in pulse rate of 200 pps to a semicircular
canal electrode with common crus reference. Although each example is recorded from a different chinchilla, all examples are representative of responses seen
in each animals. The 1st example (A and B, Ch133) shows immediate onset of quick phases that begin to adapt out throughout the 40 seconds of stimulation,
with an increase of frequency after stimulation stops. The 2nd example (C and D, Ch132) appears to follow the trend of an ocular countertilt, suggesting likely
current spread to the otolith end organs (31/74 trials). The 3rd example (E and F, Ch128) shows a brief change in eye movement at the beginning of stimulation
that quickly adapts out. The final examples compare the canal response to otolith and show representative examples of a pulse train (300 pps) delivered to the
utricle and saccule stimulation with distant (G and H, Ch128), common crus (I and J, Ch128), and near bipolar (K and L, Ch128; and M and N, Ch132) references.
Stimulation using distant reference elicited immediate change in angular eye position, similar to that seen during normal whole body static tilt. The saccule with
common crus example follows a similar trend with immediate change in eye position but a slower incline to the final angular eye position. Using a near bipolar
reference elicited 2 different types of responses: 1) a slow gradual increase in angular eye position, following the low-pass filter behavior of the otolith end organs,
and 2) a delayed sudden change in angular eye position after stimulation onset.
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OOR eye movement. This analysis revealed no clear pattern
for Ch128 or Ch132 (Fig. 12); however, for Ch133, electrodes
in group A (i.e., elicited a right eye positional magnitude/left
eye positional magnitude ratio �0.8, meaning the left eye
movement exceeded right eye movement by at least 20%)
cluster toward the bottom part of the utricular targeted array.
Although few examples of Reye/Leye ratio � 1.2 (group C)
were observed for stimulation targeting the utricle, the ones
that do occur cluster toward top part of the array. The clusters
of electrodes that elicit eye movements in the same group
suggest semiselective stimulation in Ch133.

Tilt axis model output. As described in METHODS we created
a back-projection model, based on data from normal chinchil-
las, to compute the azimuth of the Earth-horizontal whole body
tilt axis for which tilting a normal animal would elicit a given
set of OOR eye movement responses. Using the back-projec-
tion model to analyze OOR responses measured during pros-
thetic stimulation in the present study, we generated estimates

of the Earth-horizontal head tilt axis azimuth that would elicit
those eeOOR eye movement data if the eeOOR data were
actually the natural OOR responses of a normal chinchilla to an
actual head tilt about an Earth-horizontal axis. Figure 13 shows
the model output (representing the whole body Earth-horizon-
tal tilt axis about which a normal animal would be reoriented
to elicit a given OOR eye movement pattern) grouped by
otolith end organ (utricle: circles; saccule: triangles) and by the
type of reference electrode. For comparison to normative data,
gray diamonds illustrate the range of responses to natural
whole body tilt stimuli measured for each animal before
electrode implantation. For Ch132 and Ch133, electrical stim-
ulation targeting the utricle using distant or common crus
reference electrodes yielded eeOOR responses that clustered
around the responses a normal animal would exhibit during
whole body tilts about axes at azimuth 90° to 150° from �X
(shown in Fig. 11, bottom right). In contrast, electrical stimu-
lation targeting the saccule in those animals using distant and

Fig. 10. Analysis of electrically evoked ocular counter tilt rise time grouped by reference type. Analysis of rise time to 63% of final ocular countertilt position
for each component of each eye for 4 groups of data: 1) semicircular canal (SCC) stimulation using common crus and distant reference, 2) utricle/saccule
stimulation using distant reference, 3) common crus reference, and 4) near bipolar reference. Components that showed �1° change in angular position were not
used for this analysis, which is why there is a difference in number of samples (n), listed along the x-axis. An initial Kruskal-Wallis test showed significance
between the reference groups for all groups (Right X, Right Y, Right Z, Left X, Left Y, Left Z) with all P � 0.001. Subsequent pairwise Wilcoxon rank sum tests
showed significance between utricle/saccule Near Bipolar Reference compared to Distant, Common Crus, and SCC stimulation with all P � 0.001.
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common crus reference electrodes yielded eeOOR responses
similar to those exhibited y normal animals during tilts about
the �150 to �90° axes. For Ch128, a more uniform distribu-
tion of utricle versus saccule stimulation patterns was evident.
Interestingly, use of a near-bipolar reference electrode (blue
circles/teal triangles in Fig. 13) achieved, in Ch128 and Ch132,
a more diverse range of responses, signifying greater coverage
of the range of normal tilt-OOR responses. This suggests that
near bipolar stimulation, which should yield more spatially
focal stimulation, can in fact achieve semiselective prosthetic
stimulation of different regions on a macula.

CT imaging. Figure 5 shows 3D reconstructions of the
electrode array locations in each of the three implanted ani-

mals, along with an analogous reconstruction of a microMRI
for a normal chinchilla depicting neural elements (Hayden et
al. 2011). Scan resolution was insufficient to show every thin
film electrode individually; however, the arrays could be dis-
cerned in light of their known geometry and insertion trajec-
tories through bone landmarks that were readily identified,
such as the edges of the ampullotomies made surgically to gain
access for insertion into the labyrinth. The posterior canal array
was well positioned in all three animals. For Ch128, the
horizontal and superior canal electrodes were well positioned,
but their trajectories were such that the utricle and saccule
arrays overlapped in the vestibule. Ch132 had excellent place-
ment of the horizontal canal, superior canal, and utricular

Fig. 11. All results from utricle and saccule pulse train stimulation for the 3 chinchillas. Each line represents the axis of the final angular eye position in degrees
and is colored based on the stimulating electrode used, as indicated in the color-coded utricle and saccule electrodes in the bottom right. Each plot contains the
primary axes, Roll (�X), Pitch (�Y), and Yaw (�Z), which are all magnitude of 10°, as shown in the top left image. Bottom row: final ocular countertilt position
recorded from six normal chinchillas during 20° from horizontal whole body tilts about each of the axes in the legend, which follows the right-hand rule to
indicate direction of tilt. By looking at all the nonnormalized responses, certain patterns of encoded head tilts with the stimulation data begin to emerge. With
the use of the utricular array, the responses trend toward the (�X,�Y) quadrant with a larger left eye magnitude compared to the right. When comparing to the
normal data (collected from the Earth-horizontal axes shown in the bottom right), the utricular responses primarily follow the �120, �135, and �150° axes.
Shifting to the saccular data, for Ch128, responses due to saccular stimulation follow similar direction as the utricle. However, for Ch132 and Ch133, a difference
is seen between utricle and saccule responses. The left and right magnitudes are more symmetric and match the �120, �135, �150, and �180° normal tilt axes
(solid green, light blue, dark blue, and dashed black).
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arrays, but the saccule array overshot its target end organ.
Ch133 had the best saccule placement of the three animals, and
the inferior half of its utricle array was evidently near the
utricular macula and/or nerve.

DISCUSSION

Compared with the relatively straightforward anatomy and
physiology of the semicircular canals, the utricle and saccule

pose numerous technical challenges to achieving spatially
selective prosthetic stimulation that can effectively restore 3D
sensation of gravitoinertial acceleration. Otolith stimulation
attempts date back to 1891, when Breuer (1891) described
failed attempts to selectively stimulate the saccule using a
metal electrode, concluding that current inevitably spread to
the nearby posterior canal ampulla, complicating attempts to
discern what constituted an electrically evoked OOR. Decades

Fig. 12. Spatial selectivity of utricle and saccule stimulation. To examine spatial selectivity, the direction of eye movements elicited from stimulation can be
grouped based on the magnitude ratio between the right and left eyes. From the ocular countertilt data collected from normal chinchillas detailed and shown in
Fig 11, bottom, in the companion paper (Hageman et al. 2020) and using the trends in this manuscript’s Table 1, the ratio of right/left eye magnitude gives an
indication of the tilt axis in the following groups: A: ratio � 0.8 (right eye magnitude � left eye magnitude); B: right and left eye magnitudes approximately
equal (0.8 � ratio �1.2); and C: ratio�1.2 (right eye magnitude � left eye magnitude). Each stimulation electrode used to elicit eye movements are circled and
grouped based on the magnitude ratio of eye position between the right and left eye. Data shown are from all chinchillas during 300 pps pulse train of 40-s
duration, focusing on stimulation that elicited a change in angular eye position �2° for both eyes. Focusing on Ch133 only, for the utricular electrodes, the
majority of eye movements showed a ratio �0.8 and were elicited more with the lower half of electrodes, circled in red. While only a few examples for Ch133
where the ratio 	1 or ratio �1.2, the examples for ratio�1.2, cluster toward the top right. Additionally, for the saccule of Ch133, clusters of red and blue sit
on opposite sides of the array. This indicates that some level of selectivity may be achievable with proper placement. However, a similar pattern was not seen
with Ch128 and Ch132.

Fig. 13. Model output to infer electrically encoded tilt axis from electrically evoked eye movements. Estimated “encoded tilt axis” during stimulation on utricle
(circles) and saccule (triangles) intended electrode contacts grouped by type of reference electrode. The normal eye movement output (gray diamonds) for each
animal were collected before electrode implant. The model output was calculated based on the model discussed in METHODS. The results suggest that for Ch132
and Ch133 utricle stimulation with distant or common crus reference electrodes encodes primarily tilts about axes from �90 to �150°, where saccule stimulation
with distant or common crus reference encodes primarily �90 to �150° axes. For Ch128, there is less distinction between these sets of model output between
utricle and saccule. With the use of a near bipolar reference electrode, the range of encoded tilt angles better represents the normal range.
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later, Suzuki et al. (1969) electrically stimulated the utricular
nerve in cats using short pulse trains (2–50 pulses) with
100–500 �s per pulse duration. During short bursts of stimu-
lation, they observed rotation of both eyes, with upward shifts
in the ipsilateral eye, downward in the contralateral eye, and
small horizontal changes in eye position. Establishing stan-
dards for future attempts to stimulate the otolith end organs in
strides to the like of Suzuki and Cohen for semicircular canal
stimulation, Fluur and Mellström (1970a, 1970b, 1971) de-
scribed attempts to stimulate the maculae in cats using 1-ms
pulses of 200–800 mV at 300 pps and reported eye movements
from visual inspection. They reported coordinated eye move-
ments of compensatory direction based on the location of
stimulation across the maculae. Attempting to replicate the
results of Fluur and Mellström’s, Curthoys (1987) used fine
microelectrodes to electrically stimulate the utricular and sac-
cular maculae in guinea pigs but found that the resulting eye
movements always tended upward or up � torsional, indepen-
dent of the stimulation location on the maculae. Subsequently,
Goto et al. (2003, 2004) attempted to measure eye movements
during electrical stimulation of the utricular and saccular nerve
using metal wire electrodes implanted in cats. Attempts at
selective utricular nerve stimulation generated mostly horizon-
tal eye movements and attempts at selective saccular stimula-
tion primarily yielded vertical eye movements, but effects due
to current spreading to the ampullae could not be excluded.

Recently, Ramos de Miguel et al. (2017) reported initial
attempts at utricular stimulation in humans. Three electrodes
from a commercial cochlear implant were inserted temporarily
in the vestibule near the utricle while attempts were made, with
the patient under general anesthesia, to record far-field poten-
tials the authors interpreted as electrically evoked compound
action potentials from the electrode array and ocular vestibular
evoked myogenic potentials (oVEMPs) for the contralateral
eye. The significance of those findings regarding the goal of
selectively stimulating the utricle and saccule to encode a 3D
GIA is difficult to discern, because the oVEMP recording
technique employed cannot measure eye movement direction.
Moreover, the results should be considered in light of the fact
that for oVEMP responses measured in normal alert animals
are typically absent in the same subjects under general anes-
thesia (Yang et al. 2010).

We sought to explore the feasibility of overcoming utricle-
and saccule-specific challenges and to address the ambiguous
results of previous stimulation attempts with the aid of new,
high-density planar electrode arrays and new data characteriz-
ing the 3D binocular otolith-ocular reflex responses of normal
chinchillas. The flexible electrode arrays proved difficult to
insert reliably, but when they were well positioned, we were
able to generate electrically evoked OOR responses consistent
with the OOR responses of normal animals to a wide range of
head tilts. Responses grew predictably with increases in pulse
rate and pulse amplitude. Responses using near bipolar elec-
trode pairs, which we expected to provide the best chance at
focal stimulation of macular regions, did yield responses con-
sistent with focal activation of different parts of each macula.
In contrast, stimulation via the same active electrode but
returned via a more distant reference tended to elicit responses
with temporal dynamics consistent with those expected for
combined excitation of a combination of macular and canal
afferents. Taken as a whole, these results support the feasibility

of prosthetic stimulation of the utricle and/or saccule using this
electrode fabrication process.

Several limitations of this study and the approach it em-
ployed merit discussion. First, the complexity and technical
difficulty of these experiments limited the number of animals
that could be tested with the available resources, which were
limited by the supply of microfabricated electrode arrays.
Nonetheless, although increasing the number of implanted
animals could further enrich the data set provided here, the
presented data are sufficient to address the goals that motivated
this study, in that they demonstrate the feasibility of prosthet-
ically stimulating the utricle and saccule and eliciting OOR
responses signifying semiselective stimulation.

As evidenced by postmortem CT reconstructions used to
assess electrode location, the planar geometry, flexibility, and
compliance of the polyimide electrode arrays we employed
made handling during surgery very challenging. This was
exacerbated by the surgical approach we selected, which re-
quired that electrode arrays be inserted through the ampulla en
route to the vestibule, despite the fact that surface tension on
the meniscus of fluid that formed at the surface of each
ampullotomy was great enough to deflect the arrays during
insertion. Continued development of the electrode arrays
should focus on adding a silicone stiffener at key points along
the electrode array to allow for easier manipulation of the
electrode during the implantation procedure.

Surgical technique could, and probably should, be revised to
directly access the vestibule and lay the utricle and saccular
arrays atop their targets under direct view; however, the like-
lihood of deafening the cochlea or damaging the paraflocculus
of the cerebellum in chinchilla or rhesus with that approach is
probably higher than the more conservative surgical approach
we employed. Additionally, we wanted to minimize the num-
ber of independent leads based on previous vestibular implant
experience, which indicated that implanting multiple individ-
ual leads could lead to the dislodging of already well-placed
leads.

There are almost certainly effects due to current spread in
the eye movements seen. This may explain the tendency of the
eye movement responses to cluster around either the �X,�Y
quadrant or the �X,�Y quadrant for the utricle and saccule,
respectively, as current can easily travel to the associated
anterior canal or posterior canal accordingly through the ves-
tibule. However, by demonstrating that we can obtain both 1)
statistically significantly longer time constants, and 2) eye
movement responses that are not along the LA and LP axis,
particularly when using bipolar stimulating/reference configu-
rations compared with further reference electrodes, we believe
we are at least mainly targeting current to the otolith end
organs as intended. With any electrical stimulation within a
fluid-filled space and using existing technology, some current
spread and misalignment is to be expected.

Given animal use protocol constraints limiting the duration
and number of test sessions per animal, the relatively long
duration of each stimulus trial precluded testing of every
possible stimulus current and pulse rate combination over
every 1 of 364 stimulating/reference combinations available on
the electrode arrays. We prioritized testing as many electrode
combinations as possible within each animal to describe a
spatial and temporal map of stimulated areas, and we therefore
necessarily limited the number of repeated trials performed on
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each electrode pair. Reliability and consistency of ocular re-
sponses to a given prosthetic stimulus over repeated presenta-
tions that span days or weeks merit further exploration, partic-
ularly given the possible influences of central nervous system
compensation to prosthetic stimuli, which could include adap-
tation, habituation, and long-term depression.

The data presented were all collected in otherwise normal
animals that had not been treated with ototoxic doses of
gentamicin treatment to ablate hair cell function and induce
vestibular sensory loss. Therefore, some spontaneous baseline
neuronal firing was likely present in the implanted ear, and
prosthetic electrical stimuli may have modulated primary af-
ferent activity both via direct stimulation and indirectly
through action on surviving hair cells. However, surgical
implantation likely caused vestibular hypofunction on the im-
planted side due to significant labyrinthine trauma and disrup-
tion of the membranous labyrinth. The three animals all had a
head tilt in their cage and a very slow spontaneous nystagmus
while head-fixed in dark in the weeks following the surgery
toward the side of the implant, indicating some damage may
have occurred during implantation. Future studies can investi-
gate histology to assess any tissue damage due to the implan-
tation procedure. Moreover, electrical stimulation experiments
were performed with the head stationary to prevent mechanical
stimuli that could be transduced by residual hair cells and to
thereby isolate effects due to the electrical stimulation alone.
Finally, it is worth noting that in the human condition we hope
ultimately to treat (e.g., hair cell injury due to gentamicin
ototoxicity), type two hair cell bodies are likely to be present
and sensitive to electrical stimulation (Sun et al. 2015).

Coupled with the fact that this study employed transient
pulse train stimuli rather than both upward and downward
modulation of pulse rate and/or amplitude about a nonzero
tonic stimulus to which an animal is preconditioned, the
presence of functional hair cells in the implanted ear also
limited us to solely excitatory stimulation. Future explorations
of prosthetic utricular and saccular stimulation should explore
whether up- and downmodulation about a tonic baseline for
stimuli delivered by near-bipolar utricular or saccular elec-
trodes can elicit OOR responses signifying both excitation and
inhibition, respectively, of a portion of the target macula.

Because the contralateral ear was normal, that labyrinth
provided a signal incongruent with the prosthetic input. This
may have limited the range of responses we could elicit,
because the prosthetic signal delivered to the implanted laby-
rinth was always interpreted in conjunction with incompatible
input from the contralateral labyrinth. Future exploration of
prosthetic stimulation targeting the utricle and saccule should
examine responses to complementary excitation and inhibition
of both labyrinths.

To pare down the number of stimulation channels and the
consequent complexity and size of the implanted stimulator
required, future iterations of this work should try to define how
many electrode contacts are needed based on the level of
spatial selectivity one can reliably achieve. Judging from the
data summarized in Fig. 12, the spread of stimulus current in
the present study was such that no more than approximately
four regions of a macula might be semiselectively addressable
with electrodes like those we employed.

This work has focused on eye movements elicited by elec-
trical stimulation targeting the utricle and saccule. However,

the utricle and saccule also each play important roles in
stabilizing head orientation, body posture, gait, autonomic
functions, and spatial perception. Quantitative gait and postural
testing in rodents is difficult to perform with precision compa-
rable to 3D oculography, but assessment of otolith end organ
stimulation on head tilt, which is often pronounced in chin-
chillas after acute unilateral labyrinthine injury, should be a
feasible and informative functional assay.
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