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Abstract
Several weeks post-surgery, cochlear implant recipients must undergo diagnostic tests to
determine an appropriate dynamic range for the device. With FDA approval for children as young
as 12 months eligible as recipients, objective measures are essential for establishing the upper
and lower limits of perceived sound intensity. The electrical stapedius reflex (ESR), measured by
impedance changes in the eardrum, has been shown to have a strong correlation with userdefined maximum acceptable loudness thresholds. Unfortunately, the widespread application of
the ESR to implant fitting and assessment has been limited in part due to undetectable reflexes,
the cumbersome nature of the test, and difficulty in obtaining reliable responses in active young
children. We propose an alternative technique to circumvent some of these limitations based on
stapedius muscle electromyogram (stEMG) recordings.
This study uses our previously developed rat animal model for obtaining and evaluating
the stEMG elicited by cochlear implants. Tungsten bipolar microwire electrodes were placed near
the stapedius, and stEMG potentials (up to 500 µV peak) were obtained and analyzed to
characterize threshold and latency properties. Of particular focus was the influence of stimulation
rate on the stapedius response in rats (N=6) implanted with cochlear implants. A noticeable
decrease in threshold occurred for each rise in rate up to 1000 pps at which point the threshold
current required for stapedius contraction remained the same for subsequent increases (up to
4000 pps). Signal decay for rates greater than 250 pps hint at short-term neural adaptation.
Response latency decreased monotonically over all rates evaluated.
The results offer important insight into the temporal integration of, and adaptation to,
electrical stimulation in the auditory pathway through objective electrophysiological measures.
These findings could be used to develop more effective diagnostic algorithms to identify
stapedius response thresholds in children.

Future studies aim to directly compare tympanic

impedance changes to stEMG activity, as well as recording the responses with implant telemetry
to establish a new means for more efficient fitting of cochlear implants.
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Chapter 1: Introduction and Background
1.1 Introduction
Given the increasing popularity of cochlear implants and changing regulations, the
number of recipients is rapidly growing. In order to take advantage of neural plasticity in early
development stages, the FDA has to date approved for children as young as 12 months to
receive cochlear implants. In dealing with such young patients, a breadth of new complications
appear when implementing the traditional subjective fitting procedures to appropriately program
the dynamic ranges of each channel. Short attention spans, undeveloped communication skills,
and physical restlessness compromise the integrity of the test results, and thus objective
measures that relate to sound perception could add simplicity and accuracy to the fitting
procedures.
In response to loud sounds, the stapedius muscle naturally contracts to tighten the
ossicular chain and dampen acoustic sound propagation. This response is also present with
electrical hearing in cochlear implants. The electrically-evoked stapedius reflex threshold (ESR)
has been shown to correlate well with user-defined maximum comfortable loudness levels (MCL)
(Hodges et al. 1997; Jerger et al. 1988; Stephan et al. 1988). However, ESR is typically observed
through changes in the acoustic impedance, which is often undetectable despite a triggered reflex
(Hodges et al. 1999; Shallop and Ash 1995). Previous studies have suggested the stapedius
electromyogram (stEMG) as an effective alternative to acoustic impedance measurements as an
estimate of MCL (Almqvist et al. 2000; Shallop and Ash 1995; Zakrisson et al. 1974).
Recent cochlear implant technology employs higher delivery rates to represent sound
with greater temporal resolution, thought to offer benefits to the rate-coding component of spiral
ganglia. Clinical studies have illustrated a smaller current requirement in high-rate stimulation
paradigms to achieve both detection threshold and MCL levels (Arndt et al. 1999; Hong and
Rubinstein 2003; Kreft et al. 2004; Skinner et al. 2000; van Wieringen et al. 2006). As noted by
Skinner, et al. (2000), the standard subjective tests take 45 minutes to program all channels at a

1

single stimulation rate.

Attempting to evaluate several rate settings could become less

cumbersome if physiological observables such as the stEMG were used to streamline testing.
In previous reports Clement has illustrated the suitability of guinea pigs and rats as
animal models for stEMG observation (Clement et al. 2002; Clement and Kipke 2004). These
studies examined the impact of current level on response latency, inter-burst interval effects on
response adaptation, and the influence of pulse duration on the dynamic range of growth
functions.

The present extension of that work targeted several aims.

To begin, a signal

processing technique needs to be developed to successfully isolate stEMG activity from
stimulation artifact, most notably in high-rate paradigms. Secondly, the study seeks to assess
whether a correlation exists between stimulation rate and the threshold for stapedius contraction,
and possibly by extension perceived loudness. Thirdly, the time course of the stEMG response
requires characterization to frame those latency features beneficial to identifying a suprathreshold
current level. Finally, additional understanding needs to be reached regarding the time course of
possible response adaptation and mean waveform amplitude trends, which may have
ramifications in how device needs to be programmed for short and long-term inputs.
This thesis will begin by introducing some of the relevant background physiology required
to understand the later discussions of the phenomena observed. In addition, this first chapter will
explain the role of cochlear implants in restoring sound sensations, how we can measure auditory
system uptake and processing of the electrical queues, and useful stEMG features that will later
be taken advantage of in signal interpretation.

Chapter 2 describes the various electrode

constructs

performed,

used,

how

the

surgeries

were

and

how

the

stEMG

was

collected/confirmed. Then in Chapter 3 various signal processing techniques are compared to
arrive at the one most appropriate for this study. The fourth chapter provides a literature review of
cochlear implant clinical studies and presents our stEMG latency, adaptation, and threshold
findings. Finally, Chapter 5 discusses the conclusions reached from the present study, as well as
the future avenues possible to deliver this technology to clinical trials.
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1.2 Auditory Physiology
External Ear
Physically, sound is the conduction of pressure fluctuations (alternating areas of
compression and expansion) through a medium (e.g. air) caused by a cascade of particle
collisions. The human ear first receives sound at the exterior skin folds known as the pinna
(Figure 1.1), and its overall shape and characteristic contours have been suggested to pre-filter
and amplify those frequencies within the audible range (Batteau 1967; Hebrank and Wright
1974). The mechanical perturbations funneled inside the pinna reach the tympanic membrane,
also known as the eardrum, causing oscillations in the thin wall of connective tissue.

Middle Ear
On the opposing side of the tympanic membrane, a series of small bones known as the
ossicular chain serves to propagate displacements of the eardrum. Commonly referred to as the
hammer, anvil, and stirrup based on their shapes, the malleus, incus, and stapes coordinate a
mechanical wave transfer from the foot of the malleus at the eardrum to the footplate of the
stapes at the oval window of the cochlea (see Figure 1.1).

Pinna

Tympanic
Membrane

Cochlea

Sound Waves
Incus

Oval Window

Malleus
Stapes
Footplate
Outer Ear

Middle Ear

Inner Ear

Figure 1.1. Mechanical conduction pathway of sound to the inner ear.
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Inner Ear
The cochlea, whose name is derived from the Greek cochlos for 'snail', is a fluid-filled
bony cavity resembling a snail shell that is internally sequestered into three compartments that
run its entire length: the scala tympani, scala media, and scala vestibuli (Figure 1.2A). As the
stapedial footplate pushes and pulls the oval window, longitudinal waves are propagated through
the perilymph fluid of the scala vestibuli. Waves ascend to the apex of the cochlea to a site
known as the helicocentrema, at which point the chamber turns back on itself and descends as
the scala tympani. Thin elastic membranes form the shared walls of the scala media (Reissner's
membrane is adjacent to the scala vestibuli and the basilar membrane is adjacent to the scala
tympani) (Figure 1.2B). The organ of Corti is composed of hair cells that rest on the basilar
membrane, partially covered by the over-arching tectorial membrane (unlabeled).

A
Scala Media

Scala Vestibuli

B
Reissner's Membrane
Organ of Corti

Scala Tympani

Cochlear
Nerve Bundle

Outer Hair Cells
Basilar Membrane
Inner Hair Cells

Figure 1.2. Cross-section of a single turn in the cochlea to illustrate compartmentalization and
fine anatomical structures.
As the pressure waves traverse the ducts of the cochlea, a coordinated movement occurs
between the basilar and tectorial membranes resulting in shearing of the hair cells.

The

stereocilia atop the hair cells open their ion channels when displaced, leading to the release of
neurotransmitter at the base of the cell that can activate the underlying auditory nerves (spiral
ganglia) to create a sound percept. In a relaxed state about 10% of the ion channels are open,
maintaining stochastically firing nerves (Silverthorn 2004).
Of paramount importance to pitch determination are the varying mechanical properties of
the basilar membrane along its length. Depending on the frequency of the traveling wave, it will
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resonate at a specific site along the basilar membrane. Higher frequencies maximally displace
the basilar membrane close to the oval window, near the entrance of the cochlea where it is thick,
broad, and relatively firm. Conversely, lower frequency sounds travel farther and resonate most
prominently near the apex of the cochlea where the basilar membrane gradually tapers to a
thinner, more flexible end.

This location-specific activation along the basilar membrane in

frequency realization is known as place-coding.

One additional mechanism encodes pitch

information through the synchronized firing of auditory nerves to the frequency of the sound, and
this is known as rate-coding.
The second primary component to sound, loudness, is in part related to the rate at which
the auditory nerves fire. However this cannot solely explain volume perception since central
auditory neurons have only a 20- to 50-dB range from threshold to saturation (Kiang et al. 1965).
A second potential factor for intensity may be the overall population size of activated neurons
(Clark 2003). Louder sounds will create greater disturbances of the stereocilia, both individually
and globally, triggering an increased release of neurotransmitter and subsequent action potentials
from individual nerves fibers.

1.3 Cochlear Implant Intervention
For those suffering from sensorineural hearing loss, functional deficits are located in the
auditory nerve, the cochlea, or the auditory processing regions of the brain. In this case, auditory
prostheses like hearing aids that amplify acoustic sound will not correct the problem. In similar
fashion, bone conduction devices that transduce sound pressure waves from the air into
vibrations in the bones surrounding an individual's ear are also an unsuitable candidate to
mitigate hearing deficits. Instead of resorting to a mechanical approach, cochlear implants use
electric current to depolarize the auditory nerve fibers beneath the hair cells within the cochlea
(Figure 1.3). While this technology will only benefit those whose affliction is restricted to the
cochlea, the market and evolution of cochlear implants has led to their being the most
commercially successful neuroprosthesis to date.
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Figure 1.3. Cochlear implants utilize electric current to bypass malfunctioning hair cells and
activate underlying auditory nerve fibers.
The general components of a cochlear implant include an internal unit that is surgically
implanted in the middle ear and an external piece that is placed behind the ear by
electromagnetically coupling to the internal portion. The external device contains a microphone,
batteries, speech processing board, and a transmitter to send the encoded signal to the
implanted device. During the surgery, the physician will carve a slight recess in the individual's
skull behind his or her ear to anchor the main body of the internal component. This part contains
the receiver, which is supplied power via the electromagnetic coupling (RF link) with the batterypowered external piece. A wire branches off from the receiver containing roughly 24 stimulation
channels that are fed into the scala tympani following cochleostomy near the round window. The
entire internal assembly is secured using a combination of bone screws and cement. Patients
are given the first month to recover from the procedure before the device is ever turned on.
The channels of a cochlear array act as broadband filters when delivering stimulation.
Relying primarily on the place-coding component of frequency realization in the cochlea, sound is
broken into frequency bands and each channel in an array is assigned a spectral range based on
physiological data of tonotopic maps. Each channel is stimulated with biphasic square waves in

6

sequence, the amount of current bieng proportional to the volume of spectral activity assigned to
a channel. For the purposes of this study, stimulation rate will be discussed in pulse per second
(pps) per channel.

1.4 Stapedial Reflex Pathway
When an individual perceives a loud sound acoustically, the neuronal signal from the
inner hair cells triggers a cascade of synapsed signals to elicit a bilateral stapedius muscle reflex.
By introducing lesions at various points in the conduction pathway in rabbits, Borg devised a
response roadmap that parallels our understanding of the human reflex today (traced in Figure
1.4) (Borg 1973).

Figure 1.4. Neural synapse cascade for stapedial reflex activation.
indicate a minimally taken path.

Lightly shaded arrows

Initially, sound queues are perceived by the auditory afferent fibers that fire action
potentials which are received at the ventral cochlear nucleus (VCN). The axons actually synapse
within the trapezoid body of the VCN, a small population of which directly synapse with ipsilateral
stapedial motorneurons permitting a “shortcut” for a more immediate contraction. However, most
synapses in the VCN subsequently relay to the medial superior olive (MSO), followed by a
another synapse in the facial motor nucleus. It is from here that an efferent signal originates and
travels down the facial nerve to directly innervate the stapedius muscle and initiate contraction.
Moreover the stapedius reflex is bilateral in nature. It is thought that in the MSO the
neuronal feeds from the VCN merge into the same synapse cascade, meaning that any auditory
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stimulus that exceeds threshold will lead to activation of both stapedius muscles irrespective of
which ear picked up the stimulus. In both acoustic and electric hearing the stapedius reflex is
present; its bilateral nature lends itself to useful manipulations in experimental contexts, allowing
stimulus delivery in one ear and optional observation either ipsilaterally or contralaterally.

1.5 Other Auditory Response Observables
Numerous objective measurements are being explored as a means to fit cochlear
implants to their user. Similar to the concept of the electrocardiogram, the electrically-evoked
auditory brainstem response (EABR) consists of a differential electrode pair with a ground all
placed on the scalp. The signal is believed to represent activity from different regions of the
auditory pathway, featuring several characteristic wave components that have been attributed to
different locations in the afferent nerve tract. The EABR has been demonstrated to contain
similar wave components to its acoustically-evoked counterpart, and specifically the wave V
component appears to be correlated to the user's MCL (Allum et al. 1990). Others have also
recommended setting the upper limit of cochlear implant dynamic range based on levels in which
the EABR first appears, potentially requiring an additional correction factor (Hodges et al. 1999;
Shallop et al. 1991). However, due to the large impedance between the scalp electrodes and the
signal origins, amplitude of the EABR is a consistent issue. Stimulation and muscle artifacts
further mar recordings, often rendering interpretation fruitless.
A bit more localized, the summation of action potentials observed at the auditory nerve,
known as the electrically-induced compound action potential (ECAP), is used to ascertain
whether the spiral ganglia are being depolarized. Inactive channels in the stimulating array can
be used to record this bulk firing milliseconds post-stimulus. In fact, modern cochlear implant
hardware often includes neural response telemetry (NRT), which is capable of recording ECAPs
intermittently between stimulus pulses. Using NRT, Brown et al. found a significant correlation
between EABR and ECAP thresholds (Brown et al. 2000), meaning it too may have application in
programming MCL. Like the EABR, studies evaluating this possibility also concluded a need for
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offset corrections once the ECAP threshold had been identified (Hughes et al. 2000). At higher
stimulation rates the NRT ECAP amplitude and quality quickly decay, limiting the use of NRT to
under 500 pps at present (Charasse et al. 2004), which is not useful in the recent stimulation
schemes exceeding 1000 pps.

Also, in comparison to the EABR, the ECAP only contains

information at a single step in the auditory pathway, therefore it is of lesser diagnostic value is
assessing the origin of an individual's hearing impairment.
Both the ECAP and EABR contain drawbacks that can be alleviated through the use of
stapedial electromyography. For one, both of the aforementioned alternatives are developed by
averaging a large number of elicited responses. Therefore acquisition of reliable ECAP/EABR is
a time consuming venture. The stEMG requires few presentations for accurate evaluation as
opposed to the 50-100 needed to shape a useful ECAP. The localized placement of the EMG
electrode minimizes signal-to-noise concerns plaguing the EABR, and as previously noted the
onset of stapedius contraction has been shown to have a high correlation with behavioral MCL
without further offset corrections.

1.6 The “Integration Window”
Regardless of the stimulation parameter settings used, there always exists a delay
between stimulation onset and the beginning of stapedius contraction. Previous studies have
shown that as the stimulus intensity was increased, the lag before stEMG registered decreased
(Clement and Kipke 2004; Murata et al. 1986). Even in instances in which the stimulation rate
and current level were nearly maximized in the present study, a flat signal still appeared in the
first four milliseconds (Figure 1.5). Murata, et al. (1986) observed a similar response onset time
constant in rats of 5.4 ms at their loudest tested acoustic stimulus. The delay is most likely a
result of the time course needed relay the signal across the five synapses discussed in Section
1.4 in order to activate the stapedius muscle.

Unfiltered EMG show stimulus pulses being

delivered in this window, however signal filtration cancels these peaks. Thus the “integration
window” as it will be referred to henceforth, is a valuable metric for the baseline residual noise
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floor that exists during stimulation. In later chapters it will be used to evaluate signal-to-noiseratio, determine the stEMG threshold current level, and set boundaries for latency feature
identification.

A

B
4000 pps
398 A

200 V

SEMG-30

200 V

Integration
Window
0

100

200

300

400

Time (ms)

0

5

10

15

20

Time (ms)

Figure 1.5. Example of a) a full stEMG signal during stimulus presentation with b) a closer
examination of the first 20 ms to display the delay inherent to the stapedius response. The 0-4
ms window (the “integration window”) is a useful metric of the remaining noise floor.
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Chapter 2: Surgical Methods and Procedures
All surgical and electrode fabrication procedures were done by hand in the lab. This
chapter outlines the electrode designs used, how the surgeries were performed, the means by
which the data was collected, and how we verified proper surgical intervention.

2.1 Electrode Design
stEMG Recording Electrode
EMG electrodes consisted of two insulated tungsten wires that extended ~1 mm beyond
a polyimide tube encasing (0.100” OD, A-M Systems Inc.®) (Figure 2.1B). One tip was bent at a
right angle for insertion into the bony recess that houses the stapedius, and the remaining wire
was left straight for direct contact with the emanating stapedius tendon. Each wire was soldered
to socket-pin connectors with extra mechanical dexterity added by placing epoxy glue at the wiresocket pin interface. Typical impedances ranged between 150-300 kW per channel.

Figure 2.1. Electrode designs for a) the stimulating cochlear array and b) the bipolar recording
stapedial electrode.

Cochlear Stimulating Array
Cochlear stimulating arrays were made with insulated platinum-iridium (10%) wire
modeled after a ball-and-sleeve design. A ball electrode was threaded through a coil, and then
this assembly was threaded through a third coil and so on. Coils were spaced ~400 mm apart
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and were each ~400 mm wide. The insulation was removed from the coiled segments as well as
the ball tip, however additional silicon insulation was added to each wire to recover any exposed
wire not comprising these stimulation sites. In order to maintain channel spacing, add rigidity to
the array, and keep it flexible enough to spiral within the cochlea, large pockets of silicon
insulation were placed between each coil (Figure 2.1A)

2.2 Surgical Procedure
Six male Sprague-Dawley rats weighing 300-450g were anesthetized using a 0.7 cc
diluted ketamine-xylazine-acepromazine mixture (10:1:2) administered intramuscularly and
supplemented regularly (0.2 cc updates) to maintain areflexia. Ketamine-based anesthesia has
been shown to have minimal influence on the stapedial reflex in humans (Bissinger et al. 2000;
Schultz et al. 2003) and rats (Clement 2002), and thus its effect on ESR threshold in the present
study can be considered inconsequential. Procedures follow those previously detailed (Clement
and Kipke 2004). In short, the scalp and region behind the left ear were shaved and sterilized
with iodine and alcohol.

The animal rested atop a heated water pad to maintain body

temperature at 37 °C, and its physiological state was monitored using pulse-oximetry.
subjects exhibited a noticeable otological pathology.

No

All animal procedures followed NIH

guidelines and were approved by the Pennsylvania State University Institutional Animal Care and
Use Committee.
Following placement in a stereotaxic apparatus with ear bars, the skin and fascia on the
scalp were removed. A small screw (2-56 x 3/16”, Small Parts, Inc.) was threaded in each of the
frontal plates anterior to the bregma, in addition to one immediately posterior. Dental acrylic was
used to secure a larger upright polycarbonate screw (6-32 x 1”) immediately posterior for
attachment of an adapter for easier positioning of the subject's head during surgery.
With the adapter screw secured in an adjustable magnetic arm, a 2 cm incision was
made posterior to the left pinna. After opening the middle ear with a surgical drill, visualization of
the stapedius through a surgical microscope aided insertion of the recording electrode within the

12

pyramidal eminence from which the tendon originates (Figure 2.2). Positioning and adequate
SNR (>10) were verified acoustically by whistling and visualizing real-time stEMG peak amplitude
in relation to the visible noise floor, after which Durelon ® dental cement was applied to fix the
electrode in place. A 1 mm hole was drilled in the most basal turn of the cochlea, and several
drops of neomycin (10 mg/mL) were administered to destroy the hair cells thereby deafening the
animal. The cochlear array was implanted 3 to 4 channels deep. The bulla was sealed and both
electrodes were anchored using the dental cement, and the skin and fascia were sutured shut.

Figure 2.2. Surgical view a) after bulla opening and cochleostomy and b) with the electrodes
being put in place.
In the event that all four channels of the stimulating array were placed inside the cochlea,
the two most basal channels were used as a bipolar recording of the ECAP. EABR recordings
were also collected using needle electrodes inserted subcutaneously in front of each ear (one
being the positive reference and the other ground), with a third placed atop the snout as a
negative reference.

2.3 Data Acquisition and Experimental Protocol
The subject was housed in a sound-proof chamber while Tucker-Davis Technologies
System III ® hardware was used for data collection and stimulus delivery. Bipolar current was
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sent between the two most apical channels in the array. Biphasic cathodic pulses, 40 ms in
duration, were administered for 250 ms periods every 2 s for a minimum of 10 presentations for
each stimulus level and rate combination. Both stimulation rate and current level were varied
randomly for each train to minimize the potential influence of long-term adaptation. Prior to data
collection, a testing phase was performed in which an estimate was made of the threshold based
on visual interpretation of offline processed responses. The base current for each experiment
was around 100 mA, and step-size was determined based on the approximate threshold, typically
0.5 dB (re: 1 mA) and capped below a visual facial twitch response (several dB above the signals
used in analysis). Stimulation rate was varied between 250, 500, 1000, 2000, and 4000 pps.

2.4 Confirmation of Auditory Activation
Whenever electric current is being delivered in the proximity of a muscle there is a
possibility that the muscle will be directly stimulated. Likewise, the facial nerve which innervates
the stapedius could also be depolarized and trigger the EMG activity. While the first possibility is
unlikely given the large resistance of direct muscle stimulation, supplemental observations were
made to confirm activation via the intended auditory pathway.
The first reassurance came from the measured ECAP using single-pulse deliveries.
Mean waveforms from 50 single-pulse presentations separated by 333 ms clearly demonstrate a
growing peak that represents the bulk firing in the auditory nerve (Figure 2.3), verifying the
auditory system's perception of the electric stimulus.

Other groups have performed nearly

identical animal preparations, and similar stimulation paradigms also resulted in comparable
ECAPs (Haenggeli et al. 1998).
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Figure 2.3. ECAP growth with successive current increases confirmed auditory nerve activation.
Arrows indicate emerging ECAP.
Several other observations confirm that the stapedial reflex is being triggered via the
proper auditory pathway. For instance, the stEMG response latency also agrees with the time
course required for stimulus uptake and reaction (discussed in greater depth in Chapter 4).

In

Section 1.6 the “Integration Window” is detailed in which no current parameters yielded a shorter
response onset latency than ~5-6 ms. If in fact direct activation were occurring, this period would
approach 1-2 ms. Also, while positioning the stEMG electrode whistling was used to visualize the
muscle contraction to confirm proper placement. Therefore, based on the support presented,
there remains little doubt that recordings reflect the stapedial reflex elicited through the neural
relays described in Section 1.4.
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Chapter 3: Signal Processing and Artifact Normalization
Because the anatomy of the middle ear is so small and localized, the recording and
stimulating electrodes were separated by less than 1 cm in the rat. The consequence was a
large stimulation artifact registering on the recording electrode (depicted for 40 ms pulse width
(PW) stimulation in Figure 3.1). As evidenced by Figure 3.2, the stimulation rate overwhelms the
frequency spectrum. By using a differential (bipolar) recording this effect is reduced, however
additional offline measures must be taken in order to isolate the stEMG. Several approaches
were investigated, some of which are not included in the subsequent analysis but are mentioned
in Section 3.6.

Following are descriptions of the theory for selected methods, as well as

qualitative and quantitative assessments of each in an effort to determine which best suits the
desired application of this study.

250 pps (SEMG-39, 40 s PW)
A

B
Stimulation Artifact
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Figure 3.1. Example of stimulation artifact a) during the entire 1 s recording and b) zoomed in to
show hidden EMG activity.
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Figure 3.2. Frequency spectrum (FFT) of an unfiltered stEMG signal. Dotted lines indicate the
stimulation rate and its harmonics.

3.1 Blanking
One approach is to simply blank the periods of time in which stimulation is occurring,
effectively removing the stEMG from the concealing effects of irrelevant artifact (Figure 3.3).
Afterwards a simple threshold could be set to identify whether the stapedius is contracting. The
primary benefit being that much of the native EMG signal is preserved, unaltered by the artifact
removal process, permitting the most accurate prediction of threshold current level and other
response characteristics including amplitude and temporal properties.

null

null

null

Figure 3.3. Blanking defines periodic windows during stimulus presentation and nullifies the
signal values.
At lower stimulation rates such as 250 pps (Figure 3.4) and 500 pps (Figure 3.5) blanking
effectively eliminates artifact, leaving pure stEMG. For instances in which the muscle is not
contracting, such as in Figure 3.4A and Figure 3.5A, all waveforms follow a repetitive shape and
overlap one another. In contrast, Figure 3.4B and Figure 3.5B contain presentations in which
uncoordinated peaking events occur that indicate the presence of EMG.
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The primary disadvantage that renders this approach unacceptable is its performance at
rates above 500 pps. Since the blanking window needs to be about 1 ms is duration to remove
each pulse and its residual potential, implementation for delivery rates in which the period
approaches 1 ms (i.e. 1000 pps or greater) leads to a completely eliminated signal since the
blanked periods begin to overlap. Furthermore, even at the lower rates in which the resulting
signal remains undistorted, blanking removes any EMG concurrent with pulse delivery. Therefore
characterization of features that change over time such as adaptation may not be as accurately
realized due to the absence of large EMG windows.

250 pps (SEMG-30, 80 s PW)
A
Sub-threshold

B

Supra-threshold

266 A

316 A

100 V

100 V

175

185

195

205

215

225

175

185

195

205

215

Time (ms)
100 V

225

Time (ms)
100 V
Stimulus On

Stimulus On

0

0.2

0.4

0.6

0.8

1

Time (s)

0

0.2

0.4

0.6

0.8

1

Time (s)

Figure 3.4. Results of blanking 250 pps stimulus artifact for current levels a) below and b) above
stapedius activation.
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Figure 3.5. Results of blanking 500 pps stimulus artifact for current levels a) below and b) above
stapedius activation.

3.2 Mean Template Subtraction
Another common approach involves the creation of a stimulus artifact template which
could be subtracted from the data, ideally leaving the signal of interest. Typical forward-masking
techniques will not suffice since more than two pulses are being used. However, since each
current level/stimulation rate combination is delivered on at least 10 different occasions and the
stapedius activity does not occur at the exact same place in time each presentation, an average
across all 10 or more recordings should yield a decent representation of the artifact (shown in
Figure 3.6).

#1

Ensemble Average

#2

#1

#2

..
..
#n

..
..
#n

Figure 3.6. Mean-template subtraction creates a representation of artifact by averaging across
presentations, after which subtraction leaves inherent EMG.
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In practice, mean template subtraction (MS) does appear to work with equal efficacy for
both low rates (Figure 3.7) and high rates (Figure 3.8). In some instances, such as in Figure
3.7B, it is the lingering periodicity of waveform suggests that not all artifact was removed.
Possibly this could be due to time-locking of the auditory fibers at lower stimulation rates,
however it may also be caused by EMG riding stimulus pulses, which would influence the mean
template and thus result in inaccurate subtraction. The Fast Fourier Transform (FFT) in Figure
3.9 does show a noticeable suppression of energy at the stimulation rate (and its harmonics) as
compared with the unfiltered signal, although a peak does still remain whose breadth and
amplitude are largely reduced.
The main advantage to mean subtraction is the preservation of amplitude and temporal
resolution, as well as signal riding stimulus artifact.

However, as mentioned, not all of the

stimulus peaks are eliminated which could lead to their incorrect interpretation as reflex response.
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Figure 3.7. Results of subtracting the mean template of multiple presentations (~10-15) from
each individual presentation at 250 pps for current levels a) below and b) above stapedius
activation.
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Figure 3.8. Results of subtracting the mean template of multiple presentations (~10-15) from
each individual presentation at 4000 pps for current levels a) below and b) above stapedius
activation.

Figure 3.9. Frequency spectrum (FFT) of an stEMG signal following mean template subtraction.
Dotted lines indicate the stimulation rate and its harmonics.
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3.3 Binned Averaging (“Boxcar”) Filter
Litvak and Smith described a moving average window equal in size to the period of
stimulation that successfully removed a 5000 pps artifact in single-unit recordings (Litvak et al.
2003). Since the artifact consists of biphasic pulses, averaging over an interval equal to the
period of stimulation would cause the two phases in a single pulse to cancel each other out. In
applying this 'boxcar' filter (Bx), residual non-zero averages would then solely reflect the
contribution of EMG events contained in each window as depicted in Figure 3.10.

+

+

+

-

-

-

1/SR secs

1/SR secs

Figure 3.10. Binned averaging in windows equal to the period of stimulation uses the balanced
charge delivery to cancel artifact and leave EMG influence only.
For subthreshold currents at both low (Figure 3.11A) and high (Figure 3.12A) rates this
filter effectively eliminates all artifact, resulting in a flat-line signal. In fact, even at levels in which
the stapedius response is elicited the resulting EMG is difficult to discern from a flat signal at 250
pps (Figure 3.11B). It is at faster rates in which this technique most clearly separates signal, like
the example shown at 4000 pps in Figure 3.12B.
From Figures 3.11 and 3.12, the major drawbacks become apparent. As was alluded to,
the boxcar filter dramatically reduces amplitude. Furthermore, since whole intervals are being
averaged and set to the same value, localized features are lost. Thus any signal interpretations
pertaining to latency or spike counting would represent broader trends in the EMG as opposed to
minute activity. Lastly, at the onset and offset of stimulation, this binned averaging may only
include one phase of the pulse which leads to an imbalance in the averaging and an introduced
false spike around 0 ms and 250 ms (most noticeable at high-rates - Figure 3.12).
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Figure 3.11. Results from binned average "boxcar" filtering for a 250 pps stimulus in 4 ms bins for
current levels a) below and b) above stapedius activation.
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Figure 3.12. Results from binned average "boxcar" filtering for a 4000 pps stimulus in 0.25 ms
bins for current levels a) below and b) above stapedius activation.

Figure 3.13. Frequency spectrum (FFT) of an stEMG signal following “boxcar” filtering. Dotted
lines indicate the stimulation rate and its harmonics.
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3.4 Combination Approach: Boxcar + Mean Template Subtraction
The implementation of the boxcar filter followed by mean template subtraction (BxMS)
may negate a few of the undesired side effects of each approach when used independently. For
example, the near band-stop influence of the boxcar could help nullify the residual spectral
content of the artifact. Furthermore, the edge effects previously noted with the boxcar filter would
be seen across presentations, meaning that MS may trim these false peaks at the beginning and
end of stimulation. With regard to magnitude suppression inherent to binned averaging, if MS
were subsequently performed to further establish a level noise floor, the signal-to-noise ratio
(SNR) could potentially be large enough to make the issue of lower voltages irrelevant. Figures
3.14A and 3.15A illustrate how well the noise floor is minimized for subthreshold stimulation.
Suprathreshold activity may still be challenging to discern by visual inspection for low rates
(Figure 3.14B), however EMG is clearly visible at higher rates (Figure 3.15B).
There still remain some of the original setbacks, primarily pertaining to temporal
resolution. While each 'boxcar' is sub-millisecond for rates above 1000 pps, trend results for
temporal features are compromised for lower rates in which each window may be as large as 4
ms (250 pps). As such, comparisons across rates are rendered questionable unless balancing
measures are taken to minimize this difference.

24

250 pps (SEMG-30, 80 s PW)
A
Sub-threshold

B

Supra-threshold

223 A

266 A

10 V

10 V

175

185

195

205

215

225

175

185

195

205

215

Time (ms)

225

Time (ms)
10 V

10 V
Stimulus On

0

0.2

Stimulus On

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

Time (s)

1

Time (s)

Figure 3.14. Results from "boxcar" filtering followed by mean template subtraction for a 250 pps
stimulus for current levels a) below and b) above stapedius activation.
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Figure 3.15. Results from "boxcar" filtering followed by mean template subtraction for a 4000 pps
stimulus for current levels a) below and b) above stapedius activation.
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Figure 3.16. Frequency spectrum (FFT) of an stEMG signal following “boxcar” filtering
accompanied by subsequent mean template subtraction. Dotted lines indicate the stimulation
rate and its harmonics.

3.5 Quantitative Comparison of Filtering Methods
In order to more accurately gauge the strengths and weaknesses of each EMG
conditioning technique a few physical metrics have been devised. First, a threshold that was 3s
above the rectified mean value during the integration window (0-4 ms) was set.

A single

threshold crossing was defined as an instance in which an EMG peak exceeded threshold until it
then crossed the barrier a second time in descent. A high number of crossings would suggest
preservation of fine signal details as well as strong suppression of artifact peaks (if this were not
the case the threshold would be markedly elevated so as to detect few crossings). Next, the total
number of data points measured above threshold was tallied and divided by the sampling rate to
discern how much activity registered in time units. This quantification also seeks to balance
representation in the event that a single crossing may endure for a prolonged duration. Between
the two aforementioned measurements, the ratio of activity time to the number of threshold
crossings serves as a stronger gauge of temporal resolution (ms of activity per crossing event).
Finally, signal-to-noise ratio (SNR) has been determined as the quotient of the RMS voltage from
5-25 ms and the RMS voltage during the integration window.
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The results of the filter analysis on all subjects (N=6) presented at current levels within 3
dB of stEMG threshold (calculation described in Section 4.2) is summarized in Table 3.1. Signals
were rectified following the application of each processing technique for analysis. (The blanking
approach was excluded due to its inability to perform at rates above 500 pps.)
Unsurprisingly, mean subtraction yields the highest number of threshold crossings at
nearly all rates until the highest, at which the boxcar size is sub-millisecond, allowing
representation of localized EMG features.

However this only occurs in the combined BxMS

approach, the boxcar filter alone performing the worst across all rates tested in this category.
The residual edge artifact previously discussed in the boxcar approach pollutes the integration
window, a valuable reference frame contained within each signal, leading to improper threshold
assignment.

Because the contamination is inherent to binned averaging, the additional

subtraction of a mean waveform effectively removes it and leaves a clean window to take
advantage of for signal interpretation.
Conversely, the two Bx techniques lead to the longest duration of EMG being seen, a
strong advantage for threshold detection. While MS produces sharper, truer-to-form peaks, this
also leads to their shorter registration above threshold. Interestingly,

as

stimulation

rate

increases the activity time decreases, which may suggest a degrading performance in EMG
isolation at higher rates, however since this trend is observed across all techniques it is more
likely accredited to a physiological phenomenon at faster stimulation. On the whole, the BxMS
signals produce the longest suprathreshold activity.
The previous two characteristics lead to the trends seen in the peak resolution. At all
levels mean subtraction results in ~0.1 ms feature detail, and thus brief EMG events will likely
appear. Each of the Bx filters begin to approach the acuity of MS, but at lower rates their
application is best left for blunt feature extraction.
Despite temporal smearing in the Bx methods their SNRs are multiples larger than MS
alone at 250 and 500 pps, with the hybrid (Bx + MS) processing performing best. Ultimately, the
end application of these EMG signals is to find at which current level the stapedius response is
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evoked in order to program the upper restriction on a cochlear implant's dynamic range.
Therefore those properties that are most valuable are those that aid in the visibility of EMG for
detection. Although brief EMG spikes may become hidden in a binned average approach, the
heightened SNR and suprathreshold activity lead to easier detection. It is for these reasons that
for the present study the boxcar filter was used in conjunction with subsequent mean template
subtraction. As will be detailed later, correction factors will need to be taken in the identification of
latency features in order to make comparisons across stimulation rates. All waveforms were
rectified to negate irrelevant effects of electrode polarity.

3.6 Other Processing Methods Explored
Several other manipulations of the stEMG were explored, albeit to lesser results than
those examined in this chapter. For instance, in the preliminary experiments the pulse polarity
was alternated between leading negative or positive phase.

Later the positive-first (anodic)

presentations were averaged with the negative-first (cathodic) presentations to disappointing
results. Evoked steady state responses have been successfully removed from stimulation artifact
through the use of alternating stimulus polarity and recording summation (e.g. Jeng et al. 2007).
While sound in theory, imperfections such as a slight asymmetry in the pulse phases and
undersampling (24414 Hz sampling means collection every 41 ms when each pulse phase lasts
40 ms) rendered its application ineffective for our setup.
As a modification to the boxcar approach, the bin size was also changed to a uniform
length across all rates to hopefully eliminate imbalances in resolution. Both extremes were tested
(4 ms and 0.25 ms bins), and the 250 pps bin size appeared promising visually. Each window
included an integer number of pulses irrespective of the stimulation rate since the rates tested
were all integer multiples of 250 pps. Upon plotting growth functions it became apparent that the
noise floor grew considerably with each jump in current, and hence accuracy in identifying
waveform properties was too severely compromised.
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Table 3.1. Comparison of filter performance across stimulation rates for tested current levels
within 3dB of estimated threshold for all subjects (N=6).

250 pps

# of Crossings
Time of Activity (ms)
Resolution (ms/event)
SNR

3.9
0.2
0.1
1.2

±
±
±
±

4.2
0.2
0.0
0.2

28.0
4.5
0.2
2.1

±
±
±
±

42.7
7.5
0.2
1.1

6.2
45.7
7.3
13.8

±
±
±
±

3.2
28.0
8.9
9.3

9.3
69.6
7.5
9.2

±
±
±
±

6.1
47.2
7.8
7.6

500 pps

# of Crossings
Time of Activity (ms)
Resolution (ms/event)
SNR

6.1
0.3
0.0
1.1

±
±
±
±

10.1
0.4
0.0
0.2

18.2
2.9
0.2
1.9

±
±
±
±

23.6
4.5
0.2
1.1

6.6
25.9
3.9
3.3

±
±
±
±

4.0
18.8
4.7
2.2

13.8
53.2
3.9
5.4

±
±
±
±

8.0
29.7
3.7
2.9

1000 pps

BxM S

# of Crossings
Time of Activity (ms)
Resolution (ms/event)
SNR

13.1
0.7
0.1
1.2

±
±
±
±

26.3
1.3
0.0
0.4

24.3
2.6
0.1
2.0

±
±
±
±

34.5
4.5
0.1
0.8

11.3
19.7
1.7
3.3

±
±
±
±

14.5
29.0
2.0
4.0

16.8
34.4
2.1
5.0

±
±
±
±

17.1
44.8
2.6
2.6

2000 pps

Bx

# of Crossings
Time of Activity (ms)
Resolution (ms/event)
SNR

18.3
0.9
0.0
1.2

±
±
±
±

30.5
1.4
0.0
0.2

36.5
2.8
0.1
1.9

±
±
±
±

24.3
1.7
0.1
1.1

18.2
14.5
0.8
2.5

±
±
±
±

30.8
26.3
0.9
2.9

32.3
28.8
0.9
4.0

±
±
±
±

40.0
43.1
1.1
2.3

4000 pps

MS

# of Crossings
Time of Activity (ms)
Resolution (ms/event)
SNR

34.1
1.8
0.1
1.2

±
±
±
±

49.2
2.6
0.1
0.3

38.0
2.5
0.1
2.0

±
±
±
±

23.8
1.6
0.1
1.0

10.6
3.6
0.3
1.8

±
±
±
±

16.0
5.5
0.3
2.2

44.6
16.6
0.4
3.9

±
±
±
±

38.7
14.2
0.4
1.2

All Rates

Unfilte re d

# of Crossings
Time of Activity (ms)
Resolution (ms/event)
SNR

15.1
0.8
0.0
1.2

±
±
±
±

24.1
1.2
0.0
0.3

29.0
3.1
0.1
1.9

±
±
±
±

29.8
4.0
0.1
1.0

10.6
21.9
1.7
5.0

±
±
±
±

13.7
21.5
2.0
4.1

23.4
40.5
1.8
5.5

±
±
±
±

22.0
35.8
1.9
3.3
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Chapter 4: Rate Effects on stEMG Threshold and Latency
Now that we've covered the methods employed to collect and interpret our data, this
chapter will present the results of our study. A brief overview of recent clinical studies relating to
cochlear implant stimulation schemes and their affect on current boundaries will be covered, as
well as an in-depth discussion of our stEMG observations and how they relate to what has been
reported in the literature.

4.1 Background
The Influence of Current Parameters on User Dynamic Range
The stimulation strategy used to translate sound into a pulse representation may shift the
boundaries of the ESR and MCL. Additionally, the range of current levels between these two
landmarks (dynamic range) may also be broadened or narrowed depending on the form the
current takes. Generally speaking, the larger the dynamic range the more degrees of freedom
available with which to encode properties such as sound volume, origin, and pitch. A major thrust
in cochlear implant research has always been how to most efficiently and effectively recreate
natural sound. Understanding how delivery manipulations alter current limits is an integral part of
such development.
One known factor is the phase duration (or pulse width) of each pulse.

Grill, et al.

hypothesized that shorter pulse durations would lead to larger differences in depolarization
threshold between neurons of a fixed distance (Grill and Mortimer 1996). By measuring the
produced joint torque in the cat leg they found that the dynamic range for peripheral nervous
innervation increased for briefer phase durations. It was concluded that this resulted from greater
spatial selectivity and localization for shorter bursts.

Many clinical evaluations in cochlear

implants have seen lower psychophysical thresholds for longer pulse widths (Moon et al. 1993;
Pfingst et al. 1996), hinting at a possible influence on the dynamic range.
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Another contributing characteristic to dynamic range is the channel spacing. Several
studies have mapped EABR growth functions with varied electrode separation. While closer
spacing has been found to require larger currents to achieve EABR threshold, the growth curves
widen as well, indicating an increase in dynamic range (Abbas and Brown 1991; Chatterjee 1999;
Shepherd et al. 1993). Abbas and Brown extended their study and found a correlation between
EABR growth functions and psychophysical thresholds, suggesting the peripheral processing
origins of behavioral observations.
The third basic manipulation of how to send current is the stimulation rate, which is to be
most exhaustively examined in this chapter.

Several investigations have concluded that

stimulation of the auditory nerve fiber with increasing rates results in a diminishing bulk response
(Huang et al. 1998; Miller et al. 2001), the latter also noting increased relative spread between
nerve fiber firings, indicating an improved dynamic range for higher rates. Others have noted
increases in dynamic range at higher rates in small populations of cochlear implant users, even at
an array of pulse widths (van Wieringen et al. 2006). If the dynamic range is in fact expanding for
elevated rates, of particular interest is whether the user's MCL shifts in order to know how to set
current boundaries if several rate options are available (a feature common to most devices).

Stimulation Rate and Loudness Growth in Psychophysical Clinical Studies
The most direct psychophysical analog to stapedius onset threshold is the user-defined
most comfortable loudness level. One study showed that as the stimulation rate was boosted
from 250 pps to a higher setting between 500 and 2400 pps, the user-defined MCL often
decreased (Arndt et al. 1999). Less current was also required at the higher rates to reach the
level at which a sound percept was just-noticeable. Similar clinical experiments have led to the
same conclusions: that heightened stimulation rate on average is accompanied by drops in both
threshold and MCL levels (Shannon 1985; Skinner et al. 2000; Vandali et al. 1999). Although
Kreft, et al. saw a steady decrease in MCL across a population of 15 Clarion device users, the
investigators did note that several individual profiles reached a point of diminished returns above
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3250 pps (Kreft et al. 2004). Comparable trends were observed for large changes in stimulation
rate across Nucleus 24 device users which resulted in less current being required to attain both
threshold and MCL (Arndt et al. 1999).

4.2 Stapedius Response Threshold Determination
Because the main purpose for using stapedial electromyography is to identify at what
current setting the natural auditory system interprets the sensation as too intense, a method for
interpreting the stEMG signals had to be established. Traditionally, subjective evaluations use an
up-down approach in which the current is increased by small increments (e.g. 2 dB) until the
subject indicates the present setting to be too loud or uncomfortable, at which point the current is
decreased by a large step (e.g. 5 dB). This process is reiterated until the individual has selected
within a small current range a statistically significant number of times to hone in on the perceived
threshold. Such experimental protocol was not possible for this study since signal dissection
was performed offline. In so doing, function fitting and interpolation of the EMG amplitude at
different windows of stimulation were used to estimate threshold.
Growth functions were produced based on the root mean square (RMS) voltage of the
filtered signals. Various time windows for RMS calculation were identified and analyzed (4-12,
12-24, 24-36, 36-48, 48-100, 100-170, 170-240, and 1-240 ms) following the observance of
standard EMG patterns. As introduced in Section 1.6, the integration window is a valuable
assessment of the noise floor remaining in a signal after artifact elimination. Exploiting this, a
linear fit to the 0-4 ms RMS baseline with an additional 3s was established, as well as a fourthorder polynomial fit (R2 > 0.90) to each of the remaining RMS analysis windows. The intersection
of these two fits was identified as the threshold current level for stapedial contraction, as
displayed in Figure 4.1.

32

Figure 4.1. Estimation of the stEMG threshold from growth function fits. The shaded region
indicates the 1.5 dB range of currents used in subsequent analyses following threshold
estimation.

4.3 Identification of Latency Features
In order to minimize the effect current level has on latency and response growth (Clement
and Kipke 2004), only those presentations within 1.5 db of the estimated threshold were
considered for analysis in all the following figures. Latency to contraction onset was determined
by a threshold fixated to the mean voltage of the integration window across presentations with a
3s offset. The median first-crossing across all presentations of a rate-level combination was set
as the contraction latency. Likewise, the latency to maximum contraction was identified as the
median time of peak signal intensity in like-parameter bursts.
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4.4 Results
Mean rectified stEMG signals for each rate are shown in Figure 4.2. For visual clarity, the
waveforms contained in this figure have been smoothed using a 2nd-order Butterworth lowpass
filter with a cutoff at 500 Hz. Each EMG was zeroed about the integration window to account for
varying noise floors. A few notable trends appear as the stimulation rate was elevated. First, the
overall level of EMG activity rises into the hundreds of microvolts at 2000 and 4000 pps while the
250 pps response does not exceed 30 mV (Figure 4.2A). Secondly, for rates above 250 pps an
initial peak appears within the initial 30 ms of stimulation that grows in amplitude and duration
with increasing rate. Following normalization of the signals by their peak values (Figure 4.2B),
the decay patterns for 500-2000 pps are revealed to overlap considerably between 30-50% of
peak amplitude. However, either extreme explored differentiated itself from the pack, with 250
pps showing erratic fluctuation between 60 and 80% of its maximum value (that is not reached
until roughly 220 ms into stimulation). At 4000 pps stEMG diminishes to 10-30% of its maximum,
and may even extinguish entirely near the end of the 250 ms stimulus burst.
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Figure 4.2. Mean rectified stEMG response for current levels 0-1.5 dB above threshold across
stimulation rates a) at full amplitude and b) normalized by peak value.
Latency of stapedial contraction appeared to be influenced by the delivery rate used
(Figure 4.3A). Each increase in rate was accompanied by an observed decrease in mean onset
latency, most exaggerated from 250 to 500 pps. Also of note, the variability in the onset latency
generally decreased for increasing stimulation rates with the exception of 2000 pps. The time to
peak response followed a similar discourse (Figure 4.3B), baring a monotonic decrease across
increasing rate. Unlike onset latency, the variability of peak latency remained consistent across
all rates tested.
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Figure 4.3. Mean stEMG latency a) to response onset and b) peak contraction.
In order to determine which time window was most appropriate for stEMG threshold
estimation, several intervals were identified (see Section 4.2) based on the mean response trends
revealed by Figure 4.2. Each stapedius threshold is plotted at the center of the time window used
to derive it in Figure 4.4. The earlier analysis windows tended to provide lower stEMG threshold
estimates, with the exception of 250 pps for which most temporal windows had an equally likely
chance of yielding the lowest estimate. All higher rates provide threshold estimates between
260-280 mA during either the 12-24 or 24-36 ms time frame. A symmetry exists about 1000 pps,
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before which the number of places within the 250 ms estimating the lowest thresholds increases
and after which narrow back to specifically isolated temporal regions.
Despite potential unneeded restriction on the dynamic range, it would be in the patient's
best comfort and safety interests to program their device to a lower MCL setting in the event of
several personalized estimates. Thus, for each subject the minimum stEMG threshold estimate
was found for each rate and selected as the representative value (Figure 4.5A). A table of all
stEMG threshold estimates based on the growth functions for each subject can be found in
Appendix A. In most cases threshold decreased with increasing rate until 1000 pps. Afterwards
thresholds often increased (SEMG-25, SEMG-30, SEMG-38, SEMG-39) at higher rates. Only in
a single instance (SEMG-16) did threshold monotonically increase with rate. The population
average (Figure 4.5B) likewise contains a fall in stapedial threshold current level up to 1000 pps,
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Stimulation Rate (pps)

followed by a plateau or possible slight rise in threshold at 2000 and 4000 pps.

280
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100

150

200

Analysis Window (ms)

Figure 4.4. Mean stEMG threshold estimates across stimulation rates as a function of the RMS
analysis window used to create a growth function for threshold determination.
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Figure 4.5. Threshold estimates for a) individual subjects and b) the population (N=6).

4.5 Discussion
The higher mean stEMG activity elicited by increasing stimulation rate in Figure 4.2A may
be accredited to higher charge delivery within the 250 ms. As the time between pulses is
decreased, additional action potentials of the spiral ganglia may be elicited. Higher frequency
neural firing may lead to a perceived louder sound stimulus, triggering a more vigorous stapedius
contraction.

These possibilities

would explain a larger amplitude mean stEMG for higher

stimulation rates.
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At higher rates the initial series of pulses, due to their quick succession, have a
summation effect leading to a large population of action potentials being discharged
simultaneously in the first 30 ms which result in leftward shifts in the growth function and lower
threshold estimates (Figure 4.4). After which, subsequent pulses arrive during refractory periods
evoking fewer coordinated firings resulting in the amplitude drop over time (Figure 4.2B).
Decreased interpulse intervals may result in increasing residual potentials across nerve cell
membranes seen by subsequent pulses, lowering the charge required to trigger an action
potential. After each neuron recovers from its refractory state, the time before a second firing
would likewise be reduced according to the same principle until a capacitive limit is reached
which could reduce perceived loudness over time.
General lack of decay at 250 pps as well as the absence of a large peak is likely related
to the time course between pulses being long enough to surpass the nerves' recovery time
constant. Synchronous neural firing with allowance for complete metabolic recovery leads to the
peak contraction occurring randomly in the 250 ms of stimulation. Each presentation's maximum
voltage is quieted when the signals are averaged across subjects since they do not overlap,
resulting in the absence of a peak in the mean waveform (Figure 4.2A).
For low-rate (< 800 Hz) sinusoidal stimulation, nerve cell firings typically occur once every
stimulus cycle (Javel and Shepherd 2000; van den Honert and Stypulkowski 1987). However
once the stimulation frequencies exceed these values, neural refractoriness introduces a severe
reduction in synchrony. One theory with regard to electrical nervous innervation is that at fast
enough rates the relative spread of individual nerve cell firings approaches a near stochastic
behavior. When sinusoidal stimulation was supplemented with a 5000 pps conditioner, ECAPs in
both cats (N=7) and guinea pigs (N=6) were observed to have an increased jitter, meaning single
fiber activation became more random (Runge-Samuelson et al. 2004). And so, after the initial
peak seen in Figure 4.2, neuronal recruitment may be more dispersed leading to a smaller
afferent signal for stapedius contraction.
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Sennaroglu, et al. failed to find any correlation between high-rate stimulation and
additional adaptation/tone decay using CI-24 M (Cochlear Corporation ®) (Sennaroglu et al.
2001). So while the observed trends echo responses to high-rate stimulation in refractory pattern
theory, it is quite possible that in instances of prolonged exposure (beyond the 250 ms bursts of
this study) little adaptation occurs.

These findings also dispel speculation that high-rate

stimulation may actually inhibit the activation of nerve tissue (Kilgore and Bhadra 2004), at least
in the practical application of cochlear implants.
Although comparable decay has been found to occur in ECAP amplitude during shortburst studies (Vischer et al. 1997), signal decay in EMG calls to question the additional possibility
of muscle fatigue. In Appendix B the likelihood of fatigue is discussed in greater depth, although
it proves to be unlikely.
The stEMG onset latencies in Figure 4.3A agree with those found in feline studies in
which stEMG signal was detected 6-10 ms following presentation of intense sound to either ear
(McCue and Guinan 1988). The fact that the latency decreases as stimulation rate increases
conflicts with ECAP patterns (Haenggeli et al. 1998). Two potential factors may be contributing to
this observed phenomenon, the first of which pertains to the action potential synchronization of
the spiral ganglia.

Lower stimulation rates lead to higher amplitude ECAPs (as seen by

Haenggeli, et al.) due to higher firing synchronicity. While higher latencies were observed for
higher stimulation rates, the difference between 100 and 1500 pps was on the order of 0.05 ms
for the P1 component. A larger disparity appeared for the N1 component (~0.10 ms), hinting at
the widening of the ECAP as rate increased. Since the ECAP is an averaged ensemble by nature
(and 600 presentations were averaged in the aforementioned study), this trend may be explained
by synchronization proposed earlier: for low rates action potentials occur more coherently,
resulting in a thinner, taller averaged ECAP; higher rates lead to less coordinated firing which
would average to a broader, shorter peak. If the ECAP is in fact broadening, the location of
P1/N1 peaks would shift, leading to a perceived shift in latency.
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The second factor is derived from the fact that synchronized firing also means
synchronized refractory states for low-rate delivery. So, although the ECAP may be larger in
amplitude, there will be a larger lag between subsequent ECAPs, whereas higher rate
desynchronization creates a more continuous stimulus reception, thereby increasing temporal
spread of individual input action potentials. The combined effect of these two influences leads to
the conclusion that the ECAP, although a useful metric for viewing the nerve population response,
is not necessarily the best indicator of what to expect from the stapedius response.
Asynchronous firing may still trigger the stapedius reflex pathway.
The apparent peaks of stEMG activity shown in Figure 4.3B may seem to conflict with the
peak latencies seen in Figure 4.2A, however this is not the case. Whereas the peak response
latencies were derived from each animal/presentation individually, the representative waveforms
are averages across the entire subject population. The averaging effectively smooths the profile
so that areas of dense EMG activity are represented as the initial mounds seen in Figure 4.2A,
but the true peak values of the EMG may be concealed if they occur in regions of low frequency
activity.
Increases in the total charge delivery per unit time raise concerns about gas formation,
material deposition, and charge build-up.

It is possible that as the time between pulses is

lessened the current is causing neuronal damage, thereby decreasing the number of inputs.
Rowland, et al. delivered charge-balanced biphasic pulses to the cat cortex, afterwards noting
tissue damage metrics such as glycogen granules, astrocytes, cytoplasmic vacuolization, and
neuronophagia (Rowland et al. 1960). The study concluded that the size of the lesion was not
dependent on the the frequency of the waveform, nor upon the period between anodal and
cathodal phases. Two other reports have further concluded that chronic, charge-balanced highrate stimulation has no apparent adverse affects on the neurons or cochlear environment
(Mitchell et al. 1997; Xu et al. 1997). Therefore we do not suspect induced trauma to be a source
for observed phenomena.
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Neuronal excitation by electrical stimulation has been shown to be governed by a
requisite total charge delivery per unit time through strength-duration relationships (Cole et al.
1955; Hodgkin and Huxley 1952). Modification to stimulus parameters such as pulse duration,
interpulse interval, and current level serve to raise or lower the amount of charge being sent in a
given time frame. The lower currents needed to achieve stapedial threshold at higher rates in
comparison to 250 pps (Figure 4.5B) conforms to this doctrine – as more charge is sent per unit
time by increases in rate, less current is needed to depolarize the auditory nerves. However,
there appears to be a less significant difference in stapedial threshold current between the higher
rates (500 pps to 4000 pps). Computational models and two-pulse masker-probe studies in cats
have placed the average refractory state of the auditory nerve fiber between 0.7-1.3 ms (Bruce et
al. 1999; Cartee et al. 2000), which complements the leveling off of stEMG thresholds at 1000
pps. Similar preparations to those used in this study likewise witnessed significant decrements in
ECAP amplitude at 400 and 1000 pps in acute intracochlear stimulation (Haenggeli et al. 1998).
If input is bottlenecked by neuronal refractoriness, faster rate delivery would only recruit those
nerves whose recovery period exceeds the population average.
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Chapter 5: Conclusions and Future Work
5.1 Conclusions
The findings presented in this report further confirm the utility of stapedius
electromyography as a fitting tool for cochlear implants.

Witnessed decreases in stEMG

threshold for increases in rate up to 1000 pps reflect behavioral MCL studies in humans, and
latency estimations also agree with reports in literature. Because stEMG is a direct observable, it
is able to detect muscle contraction more accurately than the commonly used external impedance
measurements of the tympanic membrane. As illustrated, high-rate stimulation (up to 4000 pps in
this study) is able to be processed in only a few elicited responses, a strong advantage over
ECAP measurements via telemetry which are restricted to less than 500 pps and require in
excess of 100 presentations to develop a waveform. Additional response adaptation seen for
higher rates solely emphasizes the necessity of understanding which temporal window most
accurately gauges the presence of muscle contraction, while no assertions can be made
regarding user benefits of high-rate delivery since many have testified long-term improvement.
Using this information, the next steps can be taken to further develop the hardware
components of the device for human application.

Through collaboration with Cochlear

Corporation ® and a cochlear implant surgeon the model can be refined. Clinical evaluation will
hopefully lead to wider accessibility of the technology to aid in the fitting of cochlear implants in
children and improve their benefit from the device.

5.2 Future Work
Complications Encountered and Improvements for Current Study
One area that stalled investigation was finding a suitable approach to eliminate
stimulation artifact for interpulse intervals ranging from 4 ms to 0.25 ms. The technique used
accomplished this task, albeit by confounding temporal resolution in the lowest rates tested,
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leaving the integrity of cross-rate temporal comparison in question. One suggestion from Dr.
Patricia Leake at UCSF was to try using an amplifier that could perform high-rate notch filtering
online during data acquisition. This is the approach one of her students uses, reportedly with
good results. Another approach may be to treat rates below 1000 pps using blanking (Section 3)
and those above using the chosen boxcar + mean subtraction approach (Section 3). In doing
this, the largest loss of temporal resolution would be at 1000 pps in which the averaging bin size
would be 1 ms, a tolerable precision.
Complete stEMG growth functions were never acquired for any subject because a visible
facial twitch occurred before response saturation was ever reached. If a facial twitch appeared, it
may be due to direct activation of the facial nerve by the current pulses which would call to
question whether any observed reflex was triggered by the proper auditory pathway (Section 1.4).
Stimulation is already administered in a localized bipolar fashion, so little else could be done to
reduce current spread. A possible solution would be to make the cochleostomy closer to the
apex, adding some distance between the array and the facial nerve. The turns of the cochlea at
its apex are smaller in diameter, so the stimulating array may have to be modified to
accommodate the new geometry.

Project Extension
Recently, the investigators have acquired an acoustic impedance meter that is able to
measure the tension of the eardrum over time (an indirect measure of stapedius contraction seen
at the outer ear).

Following cochlear implantation, contralateral impedance measurements

across various stimulation rates would offer a second observable for the stapedial reflex and may
further cement usefulness of the stapedial electrode through direct comparison with clinical
methods.
A recently developed sponsorship by Cochlear Corporation ® of one of their systems will
improve repeatability and overall accuracy of future experiments.

Hand fabrication of the

electrodes used in this study was not only time-consuming, but also yielded inconsistent
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impedances and a product that was not quite as durable as the Cochlear device. Their system
also features NRT, which could be used to more effectively collect ECAP data during stimulation
and explore programming schemes to allow for recording at higher delivery rates.
During maturation of the central auditory system changes are known to occur in the ratethreshold relationship for the acoustic response (Rawool 1996). An onboard feedback control
such as stEMG may prove useful in keeping the cochlear implant properly tuned as the child
ages. Thus, further design refinement would need to be performed in order to potentially link the
EMG electrode to the Cochlear Corporation ® device. Through collaboration with a cochlear
implant surgeon, preliminary testing of the stEMG electrode can be performed intraoperatively at
little inconvenience to the clinician (feasibility has already been confirmed by our collaborator at
Hershey Medical Center) to evaluate efficacy of different electrode designs (e.g. cuff electrode,
forked, penetrating).

45

Appendix A: Estimated Thresholds For Individual Subjects
Table A.1. Estimated thresholds across stimulation rates for SEMG-14, SEMG-16, and SEMG-25
based on growth functions developed by indicated stEMG RMS signal windows. Red italics
indicate lowest estimate for that rate.
SEMG-14
Estim ate d Thre shold (mA)

Stim Rate
(pps)

4-12 m s

250
500
1000
2000
4000

464
203
267
264
226

12-24 m s 24-36 m s 36-48 m s
244
208
245
220
193

217
197
250
201
262

376
321
362
444
-

48-100 m s

100-170 m s 170-240 m s

277
250
265
320
355

278
257
290
308
406

289
285
299
344
440

4-240 m s
271
240
271
290
333

SEMG-16
Estim ate d Thre shold (mA)

Stim Rate
(pps)

4-12 m s

250
500
1000
2000
4000

270
231
237
252
281

12-24 m s 24-36 m s 36-48 m s
226
214
223
238
287

214
217
244
246
293

211
229
260
275
-

48-100 m s

100-170 m s 170-240 m s

213
223
245
254
310

208
221
248
257
322

198
227
253
266
346

4-240 m s
208
222
245
255
315

SEMG-25
Estim ate d Thre shold (mA)

Stim Rate
(pps)

4-12 m s

250
500
1000
2000
4000

396
307
263
269
253

12-24 m s 24-36 m s 36-48 m s

48-100 m s

471
273
225
242
292

443
284
245
258
300

377
266
241
244
250

517
305
252
277
344

100-170 m s 170-240 m s
465
285
249
265
325

470
290
248
271
349

4-240 m s
445
283
245
260
290
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Table A.2. Estimated thresholds across stimulation rates for SEMG-30, SEMG-38, and SEMG-39
based on growth functions developed by indicated stEMG RMS signal windows. Red italics
indicate lowest estimate for that rate.
SEMG-30
Estim ate d Thre shold (mA)

Stim Rate
(pps)

4-12 m s

250
500
1000
2000
4000

457
437
357
378
384

12-24 m s 24-36 m s 36-48 m s
446
411
347
357
357

442
387
370
331
368

425
435
401
376
380

48-100 m s

100-170 m s 170-240 m s

421
416
375
366
368

410
425
384
365
371

405
425
387
366
377

4-240 m s
414
414
368
359
368

SEMG-38
Estim ate d Thre shold (mA)

Stim Rate
(pps)

4-12 m s

250
500
1000
2000
4000

318
245
204
226
240

12-24 m s 24-36 m s 36-48 m s
302
235
200
212
222

309
255
214
243
268

325
285
242
277
-

48-100 m s

100-170 m s 170-240 m s

292
246
215
242
270

290
262
226
252
290

287
262
236
259
314

4-240 m s
287
252
220
245
276

SEMG-39
Estim ate d Thre shold (mA)

Stim Rate
(pps)

4-12 m s

250
500
1000
2000
4000

363
269
248
287
237

12-24 m s 24-36 m s 36-48 m s
342
273
268
300
263

356
286
274
317
309

369
318
303
-

48-100 m s
336
284
277
331
378

100-170 m s 170-240 m s
342
299
287
344
-

347
305
292
361
-

4-240 m s
340
289
278
333
392
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Appendix B: Adaptation vs. Muscle Fatigue
When interpreting EMG trends it is important to consider the potential influence of muscle
fatigue. Staining has previously revealed that the rat stapedius muscle is composed nearly 95%
by Type IIa fast twitch muscle fibers high in oxidative and glycolytic capacity (Van den Berge and
Wirtz 1989).

Rich densities of mitochondria, blood supply, and neuronal innervation found

suggest a high resilience to fatigue.
One indicator previously suggested to evaluate muscle fatigue from EMG is a shift in the
spectrum towards lower frequencies due to decreased conduction velocities (Komi and Tesch
1979; Mortimer et al. 1970). If fatigue were a factor in the present findings, the most likely
instance it would be evidenced is when the highest amount of total charge is delivered, i.e. when
the the stimulation rate and current level are maximized (Gregory et al. 2007).
In Figure B.1A a representative spectrogram is taken from SEMG-38 for a 4000 pps
presentation at 316 mA (3 dB above estimated stEMG threshold). (Since the sampling rate is
24414 Hz, the Nyquist Frequency to which EMG content can be resolved without aliasing is
12207 Hz.) The artifact elimination technique employed (Chapter 3) negates frequencies at 4000
Hz and its harmonics (e.g. 8000 Hz registers little activity). The lack of visual spectral shifts
supports the claim that the stapedius muscle is in fact fatigue resistant within the confines of this
study.
For further verification, cases of high-charge stimulation were taken from each animal
and the signal was broken into 50 ms windows of 25 ms overlap for spectral analysis. The area
under each spectrum was halved, and the frequency at which this point occurred was identified
as the central frequency. Table B.1 summarizes the findings across each animal, including a
p-value for the resulting linear slope fit. Negative slopes (indicating a leftward spectral shift in
contraction frequency and thus fatigue) were only found in 3 of the 6 subjects (Figure B.1B), and
only in one case (SEMG-16) was the slope significant (p < 0.01). The absence of consistent or
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significant spectral shifts across subjects further confirms beyond previous histological studies
that the observed EMG behaviors are solely attributed to neural activation patterns and can be
attributed solely to adaptation.

Figure B.1. stEMG spectral analysis for fatigue consideration. a) Representative spectrogram of
a high-charge delivery (4000 pps, current level ≥ 1.5 dB above stEMG threshold) during first 500
ms of recording. b) Mean central frequency plots across stimulation interval for all examined
subjects.

Table B.1. Mean central frequency slopes over time at 4000 pps and for current levels indicated
dB above stapedial threshold. p-values represent certainty that frequency shift is different than
zero.
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