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Abstract

It has been shown that electrically evoked compauatihn potential (ECAP) thresholds are not
sufficiently predictive of behavioral thresholdsaiow their use as a totally objective method to
program a cochlear implant. Previous animal stud&s shown that two other ECAP
parameters (the ECAP amplitude growth slope aneéffieet on ECAPs of changing the phase
duration (PD) or interphase gap (IPG)), and the thay behavioral thresholds change with
increasing rate of stimulation, are associated waithlear health. This experiment tested the
hypotheses that a) the degree to which behaviorastholds change with rate of stimulation is
associated with either or both of those two ECARpeeters, and that b) the accuracy of ECAP
thresholds for predicting behavioral thresholdsliaically relevant rates can be increased by
including those additional ECAP parameters. Bo#dséhhypotheses were confirmed by the data.
The ECAP slope was associated with within-subjeciation across electrode positions of both
behavioral thresholds and the change of threshvallttsincreasing rate. The effect of changes in
IPG or PD on ECAPs was moderately associated veitlvden-subjects variations in both
average absolute behavioral thresholds and thegeeffect of rate on thresholds. The inclusion
of the IPG/PD effect to predict average absolutebmral thresholds for each subject and
inclusion of the ECAP growth slope to predict vaaa in relative thresholds across electrode
positions in the same subject led to a significaatease in accuracy of the predicted behavioral

thresholds.

Keywords: cochlear implant, electrically evoked @mund action potential, rate of stimulation
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List of abbreviations:

Cl Cochlear implant

CL  Currentlevel

ECAP Electrically evoked compound action potential
IPG Inter-phase gap

PD  Phase duration

pps Pulses per second

SGC Spiral ganglion cell

NRT Neural response telemetry

3IFC Three interval forced choice

SD Standard deviation
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INTRODUCTION

Studies in guinea pigs have shown both behavioledectrophysiological correlates of
cochlear pathology. Using electrical pulse tramthie cochlea, Pfingst et al (2011) have shown
that animals with poor survival of spiral ganglicells (SGCs) have a reduced effect of rate of
stimulation on behavioral thresholds for ratesafQO00 pulses per second (pps). Similarly,
several features of electrically evoked compouritbagotentials (ECAPS) have been correlated
with SGC survival. These ECAP features include:dineent change required for equal ECAP
amplitude when inter-phase gap (IPG) or phase idmré&PD) are changed (Prado-Guitierrez et
al., 2006; Ramekers et al., 2014); the change gb@&dk latency as IPG or PD are changed
(Ramekers et al., 2014); and the N1-P2 amplitudevtyr slope (Pfingst et al., 2015a; Pfingst et
al., 2015b). The use of these ECAP or behaviorasmes in human cochlear implant (Cl) users
to infer SGC survival or cochlear health reliestlo& assumption that their relation to SGC
survival applies in the human case as in the antasd. Some support for this assumption has
come from a recent paper by Zhou and Pfingst (20449 showed that, in bilateral Cl users, the
ears with the better speech understanding were tiwas had the greater effect of rate on
behavioral threshold. Under the assumption thahahdata can be applied to humans, the
ECAP and behavioral measures should be correlatadeach other in human CI users, since
they are both influenced by SGC survival. The pnestudy aimed to first test whether this
correlation exists, and then to evaluate whetheln sucorrelation can be used to improve the

accuracy of ECAP measures for totally automatednarmming of cochlear implants.

ECAP thresholds (measured using single pulses asumement rates of 40 Hz or 80 Hz) are
only moderately correlated with behavioral threglsalhen the latter are measured using pulse

trains of rates relevant to Cl programming (gengi@bove 500 pps) (Cafarelli Dees et al., 2005;
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McKay et al., 2005; Potts et al., 2007). This madkecorrelation is not sufficient for totally
objective programming of Cls. In contrast, a rekaly good correlation has been noted between
ECAP thresholds and behavioral thresholds measusied pulse trains at very low rates (Brown
et al., 1998; Brown et al., 1996; Zimmerling et a002). Thus, the poorer correlation between
ECAP thresholds and behavioral thresholds at haggsrof stimulation compared to low rates is
driven by the difference between behavioral thrigghat high and low rates and how this
difference varies among Cl users. Given that EQ&PBshold is highly predictive of low-rate
behavioral thresholds, an additional objective meathat could predict the change in
behavioral threshold between low rates and the tag#s relevant to Cl outputs (such as the
ECAP features mentioned above, potentially) co@ldadmbined with ECAP thresholds to

improve the accuracy of automated programming sfathigh rates.

McKay et al have published a series of papersdéaetloped a model that successfully accounts
for a variety of temporal effects in electricahstilation (McKay et al., 1998; McKay et al.,
2010; McKay et al., 2005; McKay et al., 2013a; Mgka al., 2003; McKay et al., 2013b). In
this model, the change in behavioral thresholdatssincreases depends on three factors: a
central temporal integration window, the outputiich increases with rate as more stimulus
pulses are contained within it; the effect of adéiph, accomodation or refractoriness, which
together decreases the number of spikes evokexhtdr pulse as the interpulse interval
decreases; and the relation between current lenke$pike activity, which is assumed to be a
power function over small ranges of current chaageis level-dependent. When applying this
model to a range of psychophysical phenomena us€is, McKay et al. have shown that the
central temporal integration window derived fromrmal hearing psychophysics (Oxenham,

2001; Oxenham et al., 1994; Plack et al., 2002popriate to apply to Cl users. It was
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deduced that the central integration mechanismsistant to the effects of peripheral deafness,
and is relatively invariant among different CI wsdt follows that the variation between CI users
of the effect of rate on threshold can be hypottegsio be significantly contributed to by a
combination of the second and third factors (therelese in spike activity per pulse as rate

increases and the current-to-excitation function).

McKay et al (2013b) investigated the degree to Whine reduction in activity evoked by each
pulse as rate increased differed among Cl usersvapther this effect could explain a
significant amount of the variance in the effectaik on behavioral threshold. In that study,
ECAP amplitudes were measured using a techniqueslviz¢he amplitude to the nth pulse in a
pulse train was derived by subtracting the respaftee n-1 pulses from the response after the
nth pulse. The ratio reduction in ECAP amplitudepared to that of the first pulse in the pulse
train was assumed to be related to the ratio remtuct number of neural spikes evoked by the
probe pulse compared to the same pulse in a verydte pulse train. The ECAP data was then
used in the model to predict the effect of ratdehavioral thresholds. The reduction in neural
spike activity with increasing rate was expectetleé@reatest at high rates, as was found, with
the ECAP amplitude decreasing on average from arGBb of that of the first pulse at 500 pps

rate to around 0.35 of the amplitude at 2400 Hz.

The model was successful in using the ECAP dapaddict the average behavioral threshold

versus rate functions for the subjects in thatystudhen using previously determined values for
the integration window and the current-to-excitatstopes. It was found however that, for rates
above 500 pps, both the slope of the thresholdugerte function and the ECAP reduction ratio
did not vary very much between subjects. In cofitrasst of the variation between low (40 pps)

and high (up to 2400 pps) rate thresholds amongstshoccurred in the low-rate range of 40 to

6
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500 pps where there would be minimal influenceefifactory or accommodation effects. The
lack of a correlation between the ECAP amplitudkiotion as rate increased and the behavioral
threshold changes as rate increased was replibgteldighes et al. (2014). McKay et al. (2013)
concluded that, provided the model assumptions walid, the variation of the current-to-
excitation function among subjects must be a faittar significantly contributes to the variation
in the slope of the behavioral threshold versus fatction for rates less than 500 pps. A steeper
current-to-excitation function would lead to lessrent adjustment being needed to equalize
neural activity when rate is increased. One poss#gson for the low-rate threshold versus rate
slope being found to be correlated with SGC der{gifingst et al., 2011) in guinea pigs is that,
when the SGC density is poorer a higher curreneesled to evoke threshold hearing, and this
higher current could reach more central and tighdlgked neural material in the internal
auditory meatus in animals with poor SGC surviledding to a steeper current-to-excitation
function when that occurs. Hughes et al. (2014) tdsted the hypotheses that the rate that
produced maximum alternation in ECAP responseblerdte at which the alternation no longer
occurred may also be correlated with the chandeebévioral thresholds with rate, but these

hypotheses were not supported by the data.

McKay et al (2013b) concluded that, to improve d¢hgective prediction of high-rate behavioral
thresholds using ECAPs, an objective measure additto ECAP threshold was needed that
was correlated with the slope of the thresholdurate function in theow rate region. The
potential ECAP features that have been correlaidtd$GC density, and therefore may be
correlated with the threshold versus rate funcsiope in the low-rate region, are the effects of
PD or IPG on ECAPs or the ECAP amplitude growtlps|as described above. In this study, we

hypothesized that these features are correlatddtigt slope of the behavioral threshold versus
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rate function in the low-rate region, and that eheweasures can therefore improve the prediction

accuracy for high rate behavioral thresholds usicgmbination ECAP data alone.

1. METHODS

1.1. Subjects
Fifteen adult cochlear implant users were recruitedhis experiment. Five subjects were later
excluded from the study due to ECAP thresholdsd®n high for reliable estimates of the
effect of PD and IPG to be determined. All remagngubjects were users of the CI24RE or
CI512 implants manufactured by Cochlear Ltd. Typenplant, the electrode locations where a
full dataset was acquired, duration of time simoplantation, duration of severe deafness, and
etiology for all remaining participants are shownTiable 1. The project was approved by the
Human Ethics Committee of the Royal Victorian Epe &ar Hospital (14/1180H). All

participants provided their informed consent.

1.2. ECAP measurements
ECAP measurements were obtained for each subgctetral response telemetry (NRT)
through CUSTOM SOUND EP version 4.0 software predithy Cochlear Ltd. ECAP stimuli
were cathodic-leading biphasic pulses. The probetrelde was set, by default, as intracochlear
electrodes 1, 4, 7, 10, 13, 16, 19, or 22, in MRten The recording electrode was 2 electrodes
offset from the probe electrode and in MP2 mode Jtandard forward masking procedure of
Brown et al. (1990) was used to remove artefadt) wimasker-probe interval of 508 and the
masker pulse level set 10 current levels (CLs) alibat of the probe pulse. Four IPG/PD pulse
combinations were used 1) PD 251PG 8us, 2) PD 4Qus IPG 8us, 3) PD 25is IPG 4Qus, 4)

PD 40us IPG 40us. NRT recordings were averaged over 50 sweeps. fdéardings were
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made at a 40 Hz presentation rate. Amplifier detagasured from probe stimulus offset, was set

to 122us and amplifier gain to 60 dB.

Before collecting data for ECAP amplitude growthdtions in the four IPG/PD conditions, the
‘stimulate only’ function of the software was ugeddetermine the CL range from approximate
ECAP threshold to maximum tolerable CL for each /PG condition of each selected electrode.
In some cases the software indicated that the mhgteceeded the compliance level or it was
evident that the amplifier was saturated by thaiis artifact before the maximum tolerable
level was reached. In the case of amplifier satumat reduced gain of 50 dB and/or an
increased amplifier delay (13%) was used. Amplifier delay and gain settings vkexat

constant across the four conditions for any sieggetrode. If no clear ECAP was evident at a
CL lower than the maximum tolerable CL in any of¢he four IPG/PD conditions, an
alternative probe electrode position was triedhla way a set of ‘usable electrodes’ was
obtained for each subject. There were a significaniber of electrodes found to be unusable
using this criterion. Table 1 shows the probe eteles used for data collection in each subject.

Over the ten subjects, 52 electrodes in total weesl in the study.

Amplitude growth functions (ECAP N1 to P1 peak aitople inpV versus stimulus level in CL)
were obtained for the four stimulus conditionsdach electrode, using up to 7 CLs within the
estimated range between ECAP threshold and thenmaxiuseable level. Voltage versus time
series data were exported for each NRT recordifty), RCAP peaks and amplitudes determined

automatically through CUSTOM SOUND EP’s peak-picksoftware.

The data of interest for our study were the CL siljients needed to equalize ECAP amplitude

between the 4 different IPG/PD conditions. To abtaese values, the 4 amplitude growth
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functions were first plotted. An example is showrFigure 1 for subject CI9, electrode 12. The
functions were truncated at a high and low voltegjees to isolate the linear proportions of the
functions, and the remaining data were fitted usimegar regression (red lines in color). The
mean horizontal offsets between the regressios [jimeCL) were then calculated for the
amplitude range of data that was common to alfdabefunctions (between the horizontal lines —
blue in color). The slopes of the linear sectiang{//CL) were also calculated and averaged

over the four IPG/PD conditions for each electredbject for further analysis.

ECAP thresholds were calculated from the ampligidevth functions for the [PD = 2%s; IPG
= 8us] condition (i.e. the same parameters as for gaworal thresholds). ECAP threshold

was defined as the CL at which the extrapolateghlimegression line reached zgka

1.3. Psychophysical measur ements
Behavioral thresholds were determined using putses of 500 ms duration and rates of 40,
500, 1000, and 2000 pps and using the same prebiaales as for the electrophysiological
measures. The stimulation mode was MP1+2 and IRG*&8nwere set to typical speech
processor settings of 8 and @brespectively. Stimuli were controlled and subjesponses
recorded, using ImMPResS software (developed atddetie University in collaboration with the
MRC-CBU in Cambridge, UK). The software directlyntmlled the delivery of the electrical
stimulus to the implanted electrodes via a SPEAfRaech processor (developed at the Hearing
CRC in Melbourne). A response box was used to lhsugpresent trial time intervals and to
record subject responses. Thresholds were obtasiad an adaptive three interval three-
alternative forced choice task, in which subjeatserasked to select which of three intervals

(separated by 500 ms) in each trial contained adod two-down, one-up adaptive procedure

10
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was used with a step size of 5 CL until two revisrsgere obtained and then a step size of 2 CL
until a total of 10 reversals were obtained. Thoéshvas calculated as the mean CL at the final

Six reversals.

2. RESULTS

2.1. Predicting the effect of rate on behavioral threshold

Figure 2 shows an example of the ECAP waveformssared for two different conditions - [PD
25us IPG 8us] (left) and [PD 4Qus IPG 4Qus] - at different probe current levels, illustragfitne
difference in probe current needed for the samgorese amplitude in the two conditions. From
the four IPG/PD conditions, four different compans were made: The effect of changing IPG
from 8 to 25us with a fixed PD at either 25 or 48; and the effect of changing PD from 25 to
40 us with fixed IPG of either 8 or 2&s. For each probe electrode, the means (and sthndar
deviations - SDs) of the CL adjustments to equdi@&P amplitude for changes in PD and IPG
were as follows. The mean adjustment in CL for ¢givag IPG from 8 to 2%is was 6.98 (SD
1.78) and 9.93 (SD 2.59) at PDs of 40 anqi@%espectively. The adjustment for changing PD
from 25 to 4Qus was 22.39 (SD 1.57) and 25.34 (SD 2.33) at IF@% @and 8us respectively.
For both the IPG-change effect and the PD-charfigetethe mean CL adjustment needed for
equal ECAP amplitude was larger when the fixedea@iuPD or IPG was smaller (Wilcoxon
Signed Rank Test, Z = 6.275, p < 0.001 in bothgasince all four measures were highly
correlated with each other (r > 0.7, p < 0.000Bingle measure for each subject/electrode was
derived for further analysis and for comparisorhvaehavioral data. This measure combined
IPG and PD effects and was the current adjustmetmiden the condition with smallest total

biphasic pulse duration [PD 26 IPG 8us] and that with the largest total pulse duratieb 40

11
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ps IPG 40us]. The mean (and SD) of this measure (referrdsblow as the IPG/PD effect) was

32.32 CL (SD 3.86).

Figure 3 shows the effect of rate of stimulationb@havioral threshold for the 10 subjects, with
data averaged across the electrodes tested fosabggtt. For each subject/electrode, the
change of behavioral threshold with rate was dvioio two parts: the difference between 40
pps and 1000 pps; and the difference between 108@md 2000 pps. Since animal studies
showed that only low-rate changes (up to 1000 Haeweorrelated with cochlear pathology, it
was hypothesized here that only the low-rate tloleisthanges would be correlated with the

IPG/PD effect or the ECAP amplitude growth slope.

Since the data included multiple electrodes insdmme subjects as well as multiple subjects,
statistical the analysis separated the within-sulg#ects from across-subject effects. The mean
data across electrodes (behavioral threshold clsanige rate, ECAP slopes, IPG/PD effects)
was calculated for each subject (n = 10) to inga$#i across-subject effects. To investigate
within-subject effects (profile across electrodéisg, mean data-value across electrodes for each
subject was subtracted from each electrode’s atesdhta values. Each new data point (n = 52)

then represented the valoar malized relative to the mean for that subject.

Best subsets regression was used to investigatessoeiation between change of behavioral
threshold with rate and the three ECAP measuressftbld, slope, and IPG/PD effect). Since
the power of the between-subject analysis was rétle(n= 10) compared to the within-subject
analysis (n = 52) a loose criterion for significar{p < 0.2) was adopted in the former case when

interpreting the results, with more emphasis beimghe r-squared values.

12
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Table 2 shows the results of the best-subset reigres The best subset was selected as that with
the highest adjusted r-squared. The change of b@taathresholds between rates of 1000 to
2000 pps was not associated with any of the thf@&HFEmeasures for either within- or across-
subject data, as hypothesized. The within-subjeange of behavioral thresholds between 40
and 1000 pps was significantly associated witrBGAP slope and marginally associated with
the ECAP threshold. That is, within each subjdeicteodes that had a greater drop in threshold
with increasing rate of stimulation were those thed greater ECAP slopes and/or a tendency
towards higher ECAP thresholds. The variance iftetactor (VIF = 1.01) indicates that the
two factors, ECAP threshold and slope profiles,tébated independently to the regression, and
were not correlated with each other (n = 52, r &,-p = 0.48). However, across subjects, the
average change in behavioral threshold from 4®@DJps for each subject was best predicted
by the IPG/PD effect alone. That is, subjects wimnsed a greater change of behavioral

thresholds between 40 and 1000 pps on averagetihese that had larger IPG/PD effects.

In summary, subjects with a larger average effecate on threshold had a larger average
IPG/PD effect, whereas, within each subject, tleeteddes with the larger effect of rate on
threshold were those that had a relatively grea@hP amplitude growth slope and relatively
higher ECAP thresholds. Both these results areistamé with animal studies that have
associated all three measures (ECAP slope, IPGAgR2Izange of behavioral thresholds with
rate) with cochlear health. However the two ECARasuges (ECAP slope and IPG/PD effect)
accounted for different types of variance in theaaoral data and were not significantly
correlated with each other, either within subjéots 52, r = 0.13, p = 0.36) or between subjects

(n=10,r=0.32, p=0.37).

2.2. Predicting the profile of behavioral thresholds across electrode position.

13
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Current semi-objective fitting methods measureBB&AP threshold profile across electrode
positions and use this profile to predict behavitaeel profiles (e.g. Gordon et al., 2004). The
absolute current levels for programming the Clthem determined using behavioral methods. In
this section we evaluate whether the profile oéshiolds across electrode positions can be
better-predicted using multiple ECAP measures rdtian from ECAP thresholds alone. The
profile of behavioral thresholds across electroogtpns was calculated for each subject and
rate of stimulation by subtracting the mean thréghoross electrodes from each individual
threshold (similarly to the subject-normalizatiarred out in section 2.1). Each data point then
represented the degree to which threshold at &plart electrode position differed from the
mean threshold across electrodes. A best-subggtsston was performed with behavioral
threshold profile as the dependent variable andimubject profiles of the three ECAP
measures (ECAP threshold, ECAP amplitude growtpesind IPG/PD effect) as the

independent variables.

Table 3 (second row) shows the best predictive ind@@sed on best adjusted r-squared) for
each rate of stimulation tested in the behavioashdThe best sets regression found that the
ECAP amplitude growth slope profile was a highlyrsficant predictor of the behavioral
threshold profile at every stimulation rate testtleach rate, a combination of two of the three
predictors was found to produce the highest adjussguared. For rates of 40, 500, and 1000
pps, a combination of ECAP threshold profile andAPGmplitude growth slope profile best
predicted behavioral threshold profiles, with tleatribution of ECAP thresholds reducing as
rate increased. Electrodes with greater ECAP slapdshigher ECAP thresholds tended to have
higher behavioral thresholds. For 2000 pps, ECA€stiold profile no longer contributed to the

best model, and the IPG/PD effect had a mild imfbge at 2000 pps, electrodes with a smaller

14
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IPG/PD effect and greater ECAP slope tended to hayleer behavioral thresholds. It is of
interest to note, since ECAP threshold profilescreently used clinically to predict behavioral
threshold profiles, that the ECAP threshold praodilene (top row) was not significantly
correlated with the behavioral threshold profileept at the 40 pps rate. In contrast, the best
single-predictor model for the rates above 40 pas the ECAP amplitude growth slope. Figure
4 illustrates the improvement in predicted behalithreshold profile for rates of 1000 pps when
ECAP growth slope profile was included as a prediatong with ECAP threshold profile (panel
B) compared to when ECAP threshold profile alone wsed (panel A). Figure 5 shows an
example profile of 2000 ppp behavioral threshotitsstibject CI3 (open triangles), along with
the ECAP threshold profile (filled circles) and tvedicted behavioral threshold profile using
both the ECAP threshold and slope profiles andgigie regression equation in Table 3 (filled
squares). The ECAP and behavioral threshold pofil this subject were quite different in the
apical part of the array, and the predicted behal/jarofile using both ECAP threshold and

slope profiles is closer to the actual behaviorefife than is the ECAP profile.

2.3. Prediction of absolute behavioral thresholds

If ECAPs were to be used for totally objectiveifiitf, ECAP features alone would need to
account for a very high proportion of variancehe absolute behavioral thresholds (and also
variance in the dynamic range on each electrodefachieve this goal, the average behavioral
threshold needs to be determined for each indiVidisawell as the profile across electrodes. In
this section the predictive value of the combin@RP measures for absolute threshold

determination is evaluated.

15
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The variance across subjects of the across-electroeraged thresholds was investigated using
best subsets regression. Table 4, second row, shevisest model, based upon best adjusted r-
squared, for predicting the average absolute tbidgaverage across electrodes for each
subject) from the three ECAP features (also averageoss electrode positions: n = 10). In this
analysis, the ECAP amplitude growth slope did eatdre in any best model at any stimulation
rate. The best model for all rates included bothatherage ECAP threshold and the average
IPG/PD effect. Subjects with higher average behaltbresholds were those with higher
average ECAP thresholds and smaller IPG/PD effémivever, using average ECAP thresholds
alone to predict average behavioral thresholdsléTétop row) did not account for significant
across-subject variation in absolute average totdslexcept for the 40 pps rate (p = 0.08).
Figure 6 (panel A) illustrates the predicted verascisial average absolute behavioral thresholds
using combined ECAP thresholds and IPG/PD effédd.ihteresting to note that the average
ECAP threshold in the best subsets model alwayslwfficient very close to 1 for every rate
of stimulation (Table 4). This means that the Ipestlictive model is essentially predicting the
offset between the average ECAP threshold and the avbsgwvioral threshold, using the
IPG/PD effect alone, with the influence of IPG/Pthis offset increasing with stimulation rate
(the regression coefficient becomes more negatihggaer rates). Figure 6 (panel B) illustrates

the predicted versus actual offset for the rate0ffO pps.

In summary, the analysis so far suggests thatel[E®AP growth function slope accounted for a
significant amount of within-subject variance asretectrode positions in the behavioral
threshold profile at every stimulation rate, witlegter slopes predicting relatively higher
thresholds, whereas 2) the ECAP IPG/PD effect hadrtost influence on variance in the across-

subject differences in average absolute behavibresholds, where higher average absolute

16
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thresholds were associated with smaller IPG/PDceffén both within- and across-subject
analyses, the predictive value of ECAP thresholds kiited to low-rate behavioral thresholds.
This pattern of results was analogous to that fdonthe effect of rate on behavioral thresholds.
That is, ECAP growth slope was associated withatitiein-subject variance in the effect of rate
on threshold, whereas the IPG/PD effect was agsaolcvaith between-subject differences in the

effect of rate.

3. DISCUSSION AND CONCLUSIONS

3.1. Predicting change of behavioral threshold with rate of stimulation
The results of this study weakly supported our lilypses that the adjustment of current needed
to equalize ECAP amplitude for different IPG andidferent PD was correlated with the
change in behavioral threshold between 40 pps @06 fps. This correlation lends some
support to the proposal that both factors are @mfted by cochlear health in humans as has been
shown in animal studies (Pfingst et al., 2011; B+&diitierrez et al., 2006; Ramekers et al.,
2014). The influence of the IPG/PD effect on hovedimolds change with rate was further
supported by the increasing coefficient of IPG/RDae increased in the multiple regression
predicting subject-average absolute thresholdsl€T4h while the coefficient of ECAP
threshold remained constant across different rates.mechanisms by which the IPG/PD effect
and the change of behavioral thresholds with regerdluenced by cochlear health remain
hypothetical, however, but are likely to differ.rlexample variations in the IPG/PD effect may
be due to variations in the health or type of nleanaterial being activated, which in turn may
influence the temporal charging characteristicgefneurons and hence the effect of temporal
stimulus parameters such as IPG and PD. On the loéimel, McKay et al (2013b) have

suggested that the relation between cochlear haafttine effect of rate of stimulation on
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behavioral thresholds may be driven, at least oty pg differences in the slope of the current-
to-excitation function, which may be steeper ahbigstimulus levels when there is poor SGC

survival.

The negative correlation between the psychophysiicashold changes with rate and ECAP
IPG/PD effects was largely driven by across-subjattter than within-subject variance. The
lack of relation to within-subject variance coulel thue to cochlear health not varying very much
across the different electrode positions used mrpatticipants. It may be true in general that
across-subject variation in cochlear health istgrehan across-cochlear variation, or
alternatively, our selection procedure for elect®tb be included in the study (based on good
ECAP responses) may have limited the across-cacthéeetion in cochlear health. If that were
the case, the question of why ECAP slope was alpattially predicted the relative size of the
change of threshold with rate across the arrayrfbtithe absolute size of the change in subject-

average results) would need to be addressed.

In contrast to the IPG/PD effect, the slopes ofEAP growth functions accounted for within-
subject but not across subject variance in thegdmim threshold with rate of stimulation in the
low-rate region. The fact that the two ECAP pararse{growth slope and IPG/PD effect)
accounted for different types of variance (withon-across-subjects, respectively) in the effect of
rate on threshold implies that underlying causabsefrelationships may differ in the two cases.
For example the non-monotonic changes in ECAP slgpen in animals in the days after
implantation (Pfingst et al., 2015a) argue agdimsse changes being due to loss and recovery of
SGCs, but more related to changes in neural hstdths or electrical impedance changes over
time. Furthermore, the within-subject profile of K€ slopes and IPG/PD effects in this study

were not correlated with each other (r = 0.13,(36, n = 52). It is plausible that the ECAP
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growth slopes would be subject to sources of aesabgect variance additional to those
contributing to within-subject variance, due totéas such as electrical impedances within the
cochlea fluids and other cochlea material. Thegothetical additional sources of across-subject
variance (which would have minimal influence on lR&/PD effect) may have reduced the
correlation of ECAP slopes with across-subjectedéhces in the effect of rate on threshold.
However, this additional across-subject varianceld/aot explain why only the ECAP slopes,
and not the IPG/PD effects predicted the withinjscirelative differences in the effect of rate

on thresholds. It is possible that within-subjeatiations in ECAP growth slope are more
sensitive to small within-subject variations in blaar health than within subject variations in
IPG/PD effect, but only the IPG/PD effect could d&strate the larger across-subject variations
in cochlear health because of the additional (ramhlear-health-related) across-subject variance
in ECAP slopes. Alternatively the correlation betweelative within-subject profile of change

of thresholds with rate and ECAP slope profile nigé driven by factors not related to cochlear

health, as further discussed in section 3.2.

Further research is needed to elucidate the mesimaninderlying the association of the ECAP
parameters to cochlear health. However, the resufiport the potential use of the
psychophysical or ECAP measures as a proxy forleachealth in research that aims to

determine the effect of cochlear health on outcowidsa Cl.

3.2. Predicting behavioral threshold profiles across electrodes and the aver age absolute

behavioral thresholdsfor different subjectsat fixed rates of stimulation.

In a similar pattern to the prediction of the effetrate on threshold, the within-subject profile

of behavioral thresholds across electrode positriixed rates of stimulation (Table 3) was
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best predicted using the ECAP growth slope prafdevell as the ECAP threshold profile. For
within-subject threshold profiles at fixed rateslO00 pps and below, electrodes with higher
behavioral thresholds than the average level gooreged to those with higher ECAP thresholds
and those with greater ECAP slopes. Essentialbatgr ECAP slopes were associated with

behavioral thresholds closer to the ECAP threshildss higher).

At first sight this result may seem to be in castfivith animal studies that have suggested that
greater ECAP slopes are associated with lower atesbehavioral thresholds and better neural
survival. However, caution should be exercised we¢mnparing those studies (e.g. Pfingst, et al.
2015a; Pfingst, et al. 2015b) with the current @sethe units used to express the slope the
animal studiesy(V/pA) differed from that used in this study\W(/CL - CL being a logarithmic
unit). It has been argued that changes in stimuuent should always be expressed in ratio or
log units, especially when comparing current adjestits in different conditions or ears etc (see
discussion in McKay 2012). If two electrodes hawve same ECAP growth slope/CL but
different ECAP thresholds, the one with the hige&AP threshold will have a shallower slope
when the slope is expresseduM/pA. Since ECAP and behavioral thresholds are caed|dahe
relation seen in animal studies where shallower EGlpe was associated with higher
behavioral thresholds, might partly result from timéts used as well as, or instead of, any

physiological relationship between ECAP slope aBLSurvival.

The current unit that the ECAP slope is calculateldas an important influence on how data is
interpreted. For example, Schvartz-Leyzac and Bfi{2016) showed a negative correlation in
Cl users between average ECAP slope (in lineas whiturrent) and duration of deafness.
Although this result could be interpreted to sugdgest ECAP slope is positively correlated with

neural survival, it is also possible (but not tbktan the published data) that the subjects with
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greater duration of deafness may have had high@&PBGresholds than those with less duration
of deafness (due to poorer neural survival), aatltthe found correlation may have been driven
by the higher absolute ECAP thresholds rather thareCAP growth slope independent of

absolute level.

The question remains of “Why would higher behavitneeshold levels be associated with
greater ECAP slopes in the present data?” It should lesséd that this result only applied to the
relative behavioral levels across electrodes, and naaltba ute levels, and that the regression
equation to predict behavioral threshold profileogs electrodes included ECAP threshold as
well as ECAP slope. The regression suggests that @ constant ECAP threshold across the
array, the absolute behavioral threshold would tertee closer to the absolute ECAP threshold
(i.e. higher) when the ECAP slope is steep. THiscétould be independent of SGC status and
instead result from the ECAP threshold being a rserssitive measure when the ECAP slope is

greater.

In contrast to within-subject profiles, the acrgsjectaverage absolute behavioral thresholds
(Table 4) were best predicted using the averagéAB@ffect as well as the average ECAP
threshold. The IPG/PD effect essentially predi¢texbffset between average behavioral
thresholds and average ECAP thresholds. Subjetitsgneater average IPG/PD effects had
average behavioral thresholds that were lowkative to the ECAP thresholds. Since the average
ECAP threshold is a fixed value for different rapéstimulation, this result is consistent with

the earlier result that the IPG/PD effect was thle predictor of the way that the subject-average
behavioral threshold changes with rate. The inangaggression coefficient of IPG/PD with

increasing rate (Table 4) directly reflects therdase in behavioral threshold with rate.
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Overall, the results suggest that, to predict alieddehavioral thresholds for all
subjects/electrodes, a strategy would be to fgstthe regression equation in Table 4 (using
average ECAP thresholds and average IPG/PD etfegi®dict theaverage behavioral

threshold for each subject) and then to accountrifile across electrodes by adjusting the
threshold prediction up or down for each electrosi@g the regression equation in Table 3 and
the ECAP threshold slope profiles. Table 5 showségression of actual behavioral thresholds
versus the predicted thresholds using the combaeeaks- and within-subject predictions. It can
be seen that the correlation coefficient is gretitan for using ECAP thresholds alone, and
remains similarly high for higher rates of stimigdat In contrast, the predictions made from
ECAP thresholds alone (top line in Table 5) detat® significantly as rate increases as expected
from previous work. Figure 7 shows the predictigeuaacy for 1000 pps behavioral thresholds.

Further research is needed to test this predisti@egy on new data.

In conclusion, we have shown that it is possiblerprove the predictive value of ECAP
measures for totally automated fitting procedunesbluding both the slopes of the ECAP
growth functions and the IPG/PD effects in the mtohs. These factors are associated with the
way that thresholds change with rate of stimuladiod their inclusion in the predictions prevent
the loss of predictive power with increasing ratstonulation seen when using ECAP
thresholds alone. Measurement of these two ECA&hpeters would be easy to implement in
fitting software. However, the potential accura¢fE@APs for automated fitting, even with the
additional factors, remains relatively low. Thisvlaccuracy is illustrated by the standard error
of the estimates (SEE), which vary from 16 to 24f@Lrates between 500 and 2000 pps. These
standard errors are 5-6 CL less than when usingfEtBAeshold alone (Table 5), but remain

higher than ideal for fully automated fitting. Masftthis error occurs in predicting across-

22



10

11

12

McKay and Smale

subject average differences (compare SEE in Figad46) rather than in predicting across-
electrode differences within subjects. Neverthel#ssacross-subject prediction using IPG/PD
may be a useful initial guide to setting absoleteels in a fully automated method. Using
cortical evoked responses instead of ECAPs fomaatic objective fitting is likely to greatly
reduce the prediction error (Visram et al., 20Fsixther research is needed to implement

efficient and practical use of cortical response€li users.
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1 Table 1. Details of participants in this study.

e

-

Age | Implant | Electrodes Time since | Duration of Etiology
type used implant severe
deafness
Cll1 |81 | CI24RE| 5,8, 13, 17 3yrs 20 yrs Noise irthead
injury, progressive
Cl2 |70 | CI24RE| 4,5,6,7,8, | 7yrs 20 yrs Unknown, progressi
17
Ci3 |74 | CI24RE| 3,4,7,10, 13,7 yrs 30 yrs Possible autoimmun
16, 19, 22 progressive
Cl4 |77 | CI24RE| 22 2.5yrs 10 yrs Unknown, progressi
Cle |77 | CI512 5,7,10,13, |5yrs 50 yrs Unknown, possible
16, 19, 22 noise induced, sudde
Cl9 |54 | CI24RE| 7,10, 13,16, 5yrs 5yrs Unknown, possible
19 inner ear infections,
sudden
Cl11 | 57 | CI24RE| 4,7,10,13, |7 yrs 51 yrs Unknown, sudden
16, 19, 22
Cl12 | 72 | CI24RE| 7,10, 13,16,/ 3yrs 10 yrs Possible noise
19, 22 induced, progressive
Cl13 | 64 | CI24RE| 13,16,19,22 6yrs 11 yrs Genaeticse
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induced, sudden

Cl15

44

CI512

6,5 4,2

4 yrs

9 yrs

Unknown, polesi

genetic, sudden
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Table 2. Best subsets regression results for targehin behavioral thresholds with rate of
stimulation as predicted by the three ECAP meagtinesshold, slope, IPG/PD effect). The best
subset was determined as that with the highesstatju-squared. For the 1000-2000 pps no

significant association was found with the threeAPGneasures.

40-1000 pps 1000-2000 pps
Within subjects (n = 52)
r? 0.16 <=0.02
ECAP T (coefficient, p) 0.2, 0.08
ECAP slope (coefficient, p) 0.8,0.01
VIF 1.01
Across subjects (n = 10)
r? 0.23 <=0.05
IPG/PD effect (coefficient, p) 2.6,0.16

ECAP T = ECAP threshold

VIF = Variance inflation factor
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Table 3: Prediction of behavioral threshold prafifeross electrode positions by ECAP data (n =
52). The top row shows the results of linear regjogsusing ECAP threshold profile alone. The
second row shows the results of using both ECA&stiold profile, the IPG/PD effect profile,

and the ECAP amplitude growth slope profile togethéhe best subjects multiple regression. In

each case, the best model contained two of the fhotential predictors.

40 pps 500 pps 1000 pps 2000 pps
ECAP T alone, Adjustedr | 0.156 0.045 0.029 0.000
Coefficient, p 0.573,0.002 | 0.326, 0.07 | 0.266, 0.12 0.129, 0.42
Multiple regression
Adjusted f 0.33 0.24 0.21 0.15
ECAP T: Coefficient, p 0.633,<0.001| 0.384, 0.02 | 0.320, 0.04 NA

ECAP slope: Coefficient, p | 1.600, < 0.001| 1.573, 0.001 | 1.448, < 0.001| 1.240, 0.003
IPG/PD effect, Coefficient, g NA NA NA -0.806, 0.1

VIF 1.01 1.01 1.01 1.01

ECAP T = ECAP threshold

VIF = Variance inflation factor
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Table 4: Prediction of average absolute behavibrasholds using ECAP data (n = 10). The top
row shows the results of linear regression usiregaye ECAP threshold alone. The second row
shows the results of using ECAP threshold, the FBGZffect, and the ECAP amplitude growth

slope together in the best subsets multiple regmesk each case, the best model contained two

of the three potential predictors.

40 pps 500 pps 1000 pps 2000 pps
ECAP T alone, Adjusted r 0.25 0.06 0.00 0.00
constant -5 -9 4 -4
Coefficient, p 0.899, 0.08 |0.846,0.25|0.711,0.45 |0.674,0.53
Multiple regression Adjusted r 0.35 0.365 0.241 0.170
constant 36 72 104 105
ECAP T: Coefficient, p 1.032, 0.047|1.104, 0.09| 1.030, 0.23 | 1.021,0.31
IPG/PD effect, Coefficient, p -2.012, 0.17 | -3.883, 0.06| -4.806, 0.09 | -5.235, 0.11]]
VIF 1.04 1.04 1.04 1.04

ECAP T = ECAP threshold

VIF = Variance inflation factor
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Table 5. Prediction of actual behavioral threshébdscombined subjects/electrodes (n = 52).
Each line in the table shows the results of limegression of the predicted versus actual
behavioral thresholds at each rate. The firstlises ECAP threshold alone as the predictor. The
second line uses the two regression equations Tiavte 4 (to predict average thresholds for
each subject) and Table 3 (to predict adjustmemh fthis average value to account for across-

electrode profile).

40 pps 500 pps 1000 pps 2000 pps

rp rnp rp rp
SEE(CL) |SEE(CL) |SEE(CL) |SEE (CL)

ECAP T alone 0.57, <0.001 0.45, <0.001 | 0.38,0.006 |0.32,0.02

15.7 21.2 26.2 30.2

Combined within- and acrosst 0.70, <0.001 | 0.71, <0.001 | 0.70, <0.001 | 0.65, <0.001

subject predictions 13.7 16.7 20.72 24.3

SEE = Standard Error of the Estimate
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FigureLegends

Figure 1. Schematic of method to determine CL adjustmengtate ECAP amplitude between
stimulus conditions, using data of CI9, electro@eThe ECAP growth functions were truncated
to isolate the linear portions of the functionsjetthwere then fitted with linear regression (red
lines in color). The mean horizontal offsets betwte regression lines were calculated over the

range of amplitudes common to all functions (betwerizontal lines).

Figure 2. ECAP recordings (raw data with spline interpolatiohCl12, E16 in condition [PD
25 us IPG 8us] (left), and in condition [PD 40s IPG 40us] (right), annotated with CL of the

stimulus.

Figure 3. The effect of rate of stimulation on behaviorakshold for the 10 subjects, with data
averaged across the electrodes tested for eackcsuBymbol shapes represent different

subjects.

Figure4. A) Predicted 1000-pps behavioral profile (difiece in CL between threshold and
across-electrode average threshold for each syibgsus actual threshold profile using ECAP
threshold profile alone as the predictor. B) Apamel A, but using both ECAP threshold profile
and ECAP growth slope profile as predictors. SEfandard error of the estimate. Symbol

shapes represent different subjects.

Figureb5. Profiles across seven electrode positions foremilg} 13 and rate of 1000 pps.

Behavioral and ECAP threshold profiles (black op&angle and closed red circles, respectively)
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are shown, along with the prediction of behavithatshold profile (closed blue squares) using

both ECAP threshold and slope profiles and theassjon equation shown in Table 3.

Figure 6. Predictions of average behavioral thresholdogscelectrodes) at 1000-pps rate. Panel
A: prediction of absolute thresholds using ECARs$olds and IPG/PD effect. Panel B:
prediction of offset between ECAP the behavioradsholds using IPG/PD effect alone. SEE =

standard error of the estimate. Symbol shapesseptélifferent subjects.

Figure7. Predictions of actual behavioral thresholds (sttbjand electrodes) at 1000-pps rate.

Subjects are denoted by symbol type.
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Actual 1000 pps behavioral threshold (CL)
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Profiles (CL relative to average)
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Highlights

» Theeffect of rate on hearing threshold is predicted by ECAP measurements

» ECAP amplitude growth slope predicts within-subject differences

» Theeffect on ECAP of interphase gap or phase duration predicts subject differences
* Including these ECAP measurements significantly improved prediction of thresholds
»  Objective cochlear implant fitting using ECAP can be improved



