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O Abstract

Previously we investigated modifications of the auditory-periphery model of Carney (1993) to describe auditory
nerve responses to the vowel /eh/ in acoustically traumatized cats. The Carney model has a number of
limitations for normal fibers, restricting our assessment of these modifications. First, published model
parameters for basilar membrane tuning are only suitable for fibers with best frequencies (BFs) below 2 kHz.
Second, the synapse section is only designed to describe high spontaneous rate fibers. Third, fiber thresholds do
not change systematically with BF, as indicated by best thresnold curves (BTCs). Fourth, the model does not
describe wide-band nonlinearities such as two-tone suppression. In this presentation, we describe progress made
In addressing these four issues. First, we have modified the basilar membrane tuning parameters to produce the
correct change in Q10 with BF at least up to 15 kHz. Second, we have tested various nonlinear neurotransmitter
release rate functions to model fibers with arbitrary spontaneous rate. Third, the BTC may be largely attributed
to middle-ear filtering, and we have therefore added a model of the cat middle ear to the front of the auditory-
periphery model. Fourth, we have begun investigating vowel responses obtained with a new model by Carney et
al. designed to describe two-tone suppression effects. Preliminary simulation results show that in general these
four modifications improve the model’s predictions of normal fibers' response characteristics for a range of BFs
and intensities and for different spontaneous rate classes. In contrast to the old Carney model but in agreement
with experimental data, model fibers with BFs near the third format (2.5 kHz) synchronize well to that
frequency and model fibers with BFs near the second format lose synchrony capture to that frequency at high
stimulus intensities because of the wide-band nonlinear effects. These enhancements will improve our
assessment of the model adjustments to describe acoustic trauma and may suggest further modifications.



Improved basilar membrane tuning parameters produce
better prediction of synchrony to F3 of the vowel /eh/

Published model parameters in Carney (1993) for basilar membrane tuning are only suitable for fibers with best frequencies (BFs)
below 2 kHz. We have modified the basilar membrane tuning parameters to produce the correct change in Q10 with BF at least up to
15 kHz. In contrast to the old Carney model but in agreement with experimental data, model fibers with BFs near the third format
(2.5 kHz) of the synthetic vowel /eh/ synchronize well to that frequency.

Model parameters and predictions
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Modification of the synapse model for an arbitrary
spontaneous rate and the correlated threshold

The synapse model parameters given in Carney (1993) only describe high spontaneous rate fibers. The synapse model used by
Carney is that of Westerman and Smith (1988), which is a phenomenological description involving three pools of “neurotransmitter.”
Diffusion of the neurotransmitter between the pools is mediated by three permeabilities, the final of which is dependent on the inner
hair cell (IHC) potential. This system can be described by a pair of coupled linear equations. The utility of the Westerman and Smith
model in comparison to other synapses models is that these equations have an analytical solution for a step response, and it is
therefore possible to calculate model parameters to achieve a desired arbitrary spontaneous rate, as well as maximum discharge rate,

adaptation time constants and ratio of onset to adapted amplitude.
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Local | [c,] V, of the IHC potential Vic (), for example, arectified-linear function:

Up pi (t) = Prspont + Max [0, geVinc (t)]

To derive model parameters, the response to atone is approximated by astep in p (t)
such that the synapse output is a double-exponential that can be fitted to AN data:

Lo S(t) = pr(t)a (1) = A+ Age s A

Model parameters can be derived from the amplitude and time-constant parameters of a fitted double-exponential. However,
Westerman and Smith pooled fibers with different BFs and spontaneous rates. In collaboration with Zhang, Heinz and Carney, we
have developed a method of deriving model parameters that give the correct (i) adaptation, (ii) threshold and (iii) rate and synchrony
versus level behavior as afunction of spontaneous rate and BF. These are each described in the next three panels respectively.
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Altering the synapse model parameters allows both low
and high spontaneous rate fiber adaptation behavior

Physiological data (e.g., Rhode and Smith, 1985) show that low spontaneous rate fibers show no adaptation even at high stimulus
level, whereas high spontaneous rate fibers show increasing adaptation as the stimulus level is increased. The parameters from the
analytical solution are set such that the ratio of onset amplitude to adapted amplitude, at an arbitrary reference level of the
Immediate permeability p.ef, increases from 1 for a spontaneous rate of 0.1 spikes/s to 6 for a spontaneous rate of 100 spikes/s.
Given the desired adapted discharge rate at that reference level, the adaptation time constants and the spontaneous rate, it is possible
to derive required model volumes, concentrations and permeabilities.

For the low spontaneous rate fibers, the lack of adaptation is
achieved by having small concentrations but relatively large
permeabilities and volumes, with the permeabilities
decreasing in magnitude from the global pool to the
Immediate pool, such that the pools are not depleted even at
high intensities.

In contrast, for the high spontaneous rate fibers the
concentrations are high and the permeabilities and volumes
relatively low, with the permeabilities increasing in
magnitude from the global pool to the immediate pool.
Consequently, the immediate and local pools are depleted at
higher intensities, giving rise to the marked adaptation
behavior.
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While this model is only a phenomenological description of the hair cell/auditory nerve synapse, the model parameters needed to
model the different spontaneous rate classes may shed light on the correspondingly different anatomy seen in the synapse (e.g.,
Merchan-Perez and Liberman, 1996). For example, both the size and complexity of the synaptic body in the IHC and the number of
presynaptic vesicles is much greater for low spontaneous rate fibers. From our modeling results, we hypothesize that this
gpecialization may bein part to prevent neurotransmitter depletion at high intensities.



Modifying the synapse gain gives the correct behavior of
threshold as a function of spontaneous rate and BF

Previous attempts to model the correct relationship between threshold and spontaneous rate have used a nonlinear function to relate
the IHC potential to the synapse’'s immediate permeability, such as saturating-exponential (Schoonhoven et al., 1997) or quadratic
(e.g., Geidler, 1990; Robert and Eriksson, 1999) functions. However, only the effects on threshold and rate-level functions, but not on
synchrony, were investigated in these studies, and the effects of the IHC lowpass filter were not considered. Our simulations have
shown that saturating functions produce clipping of the IHC potential at high intensities such that the synchronization behavior is
dramatically degraded, an effect not seen in the physiological data. Furthermore, (i) the adaptation behavior described in the previous
panel is a more accurate model of saturation effects, and (ii) the nonlinear relationship between the immediate permeability and the
discharge rate in the Westerman and Smith model may be sufficient to explain the nonlinear effects in rate-level functions described
by others. Therefore, we are presently utilizing a rectified-linear function of the form described in the previous panel to relate the
IHC potential to the immediate permeability. We may add a second-order term if required, however this must be done with caution:
when combined with our method for setting parameters described in the previous panel, overly high immediate permeabilities
produce an instability in the high spontaneous rate synapse, even at very high sampling rates, due to over-depletion of the immediate
pool.

We need then to know how this rectified- Additionally, the combination of the IHC nonlinearity and lowpass filter produces a
linear function should change with drive to the synapse that has a dominant AC component below 1 kHz and a
spontaneous rate. The constant term dominant DC component above approximately 6 kHz, with a transition region in
Pispont SEts the spontaneous rate, and the between. With an IHC nonlinearity like the Boltzman function, the maximum DC
slope gg controls the “synapse gain” and ~ component is smaller in magnitude than the maximum AC component, such that
consequently threshold. Our analysis of  thresholds increase with BF (blue line on the plot to the right). This is not seen in
data collected by Liberman (1978) shows  the physiological data, and therefore it must be compensated for in some way. We
that thresholds should increase by @€ investigating if this compensation may be achieved by increasing the synapse

approximately 10 dB per decade  gain(gswithincreasing BF. Plotted to the left are curves for the synapse gain versus
reduction in the spontaneous rate. BF and spontaneous rate that produce no variation in threshold with BF, thresholds
for a spontaneous rate of 100 spikes/s at 0 dB SPL and the desired increase in
threshold with reducing spontaneous rate (red lines on the plot to the right). The
divergence of the 100 spikes/s threshold curve from the BTC is explored on panel 6.
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How do the new synapse parameters affect discharge
rate and synchrony versus stimulus level?

The plot below shows rate-level functions
for spontaneous rates from 0.032 spikes/s
to 100 spikes/s. Consistent with
physiological data (e.g., Sachs and Abbas,
1974), high spontaneous rate fibers
saturate at high intensities, whereas low
spontaneous rate fibers exhibit what has
been termed “dloping saturation.”

Note that the maximum discharge rate for
the low spontaneous rate fibers may be
adjusted to equal that of the high
spontaneous rate fibersif desired.
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Saturation discharge rates for high
spontaneous rate fibers increase with
increasing BF up to 1 kHz, in qualitative
agreement with physiological data
(Liberman, 1978), but plateau above 1
kKHz instead of continuing to rise. This
further dependence on BF may be
included in the synapse parameters if
desired.
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Below is plotted synchronization index
(SI) versus stimulus intensities for fibers
with five different BFs. In all cases the
Sl increases with increasing intensity
until it reaches a maximum and then falls
to a plateau, as seen in the physiological
data (e.g., Johnson, 1980). However, the
plateaus for BFs above 2.0 kHz are much
lower than those of the physiological
data. Thisis due to transition of the IHC
drive to the synapse from the AC
component of the IHC potential to the
DC component, as discussed in panel 4.
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Including a middle ear model predicts much of the best
threshold curve

Middle-ear filtering may have a significant effect on auditory nerve responses to broadband stimuli such as speech. However, the
Carney model does not include a middle ear section. We have therefore incorporated a middie-ear model by combining the middlie-
ear cavities model of Guinan and Peake (1967) with the middie-ear model of Matthews (1983). We have found the transfer function
representation of the model and implemented it as a 12th-order 1IR digital filter. The effects of middle-ear filtering on threshold
versus BF is shown below to the right. The middle ear model accurately produces the “4 kHz notch” as well as approximately half of
the increase in threshold as BF decreases below 1 kHz. The remaining threshold shift at low BFs may be due to reduced basilar
membrane, IHC and/or synapse gain in those fibers. Further investigation of this effect is needed to ascertain the cause.

Middle ear cavities Incus, stapes, annular
A Eardrum and malleus ligament and vestibule
AL
Rh CD 4 N
dc Rdc Ldm Li Ls Cal Ra Lv
cm fYYY\ .,_NYY\_NYY\_' AAA YN +
Pressure l Cds L Incudo- %RoPressure
L < malleolar across
Rds ~E = Ci hl R 80— : —————
eoa?rfrlgri * [ Eardrm g ‘Hg joint Cochlea <pez g cochlear s Miller et al. 1997
i partition 70r | = = Best Threshold Curve I
s H/J] LIYIJ - ol L Threshold with middle-ear model included
Middle ear pressure gain Round <50 L
window & S
30 | g 30
- B 20f
/\25 i © 9
C £ £ 10f
—20 O
S %)) o]5
S ©
15 o
j o -10F
10 /- - : S ; S
_28 . . . . M . . . . L
51 A 1.0 10
BF (kHz)

0 . . iiiiii; . . _4 . . iiiiii; . .
0.1 1.0 10 0.1 1.0 10
Frequency (kHz) Frequency (kHz)



Including a basilar membrane wide-band nonlinearity
better predicts synchrony in response to the vowel /eh/

The Carney (1993) model does not include any wide-band nonlinearities and is therefore unable to predict effects such as two tone
rate suppression (2TRS). In Bruce et a. (1999) we postulated that thisis also the explanation of why the model does not predict loss
of synchrony capture by the vowel formant closest to the fiber's BF at very high stimulus intensities. Zhang, Heinz and Carney
(1999) have developed a model that does include a wide-band nonlinearity and that does consequently predict 2TRS.
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Power ratios can be used to quantify the
synchronized response to vowel
formants. The power ratio for F2, for
example, is the fraction of the total
synchronized rate that is contained in the
F2-related harmonics.
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Both the old and the new model correctly predict that most of the synchrony, even
at very high intensities, is contained in the F1& F2-related harmonics combined.
However, the old model is unable to predict the loss of synchrony capture to F2 at
very high intensities. In contrast, the new is able to predict the reduction in the F2
power ratio to almost zero at very high intensities.
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8 Discussion

The modifications to the Carney (1993) model described in this poster extend its utility to BFs above 2 kHz and to arbitrary
spontaneous rates. They also include improved descriptions of synapse adaptation, discharge rate saturation, middle-ear
filtering and wide-band nonlinearities in the basilar membrane. In al the examples shown, these modifications produce
Improved predictions of auditory nerve response. Future research directions include the following:

- In collaboration with Zhang, Heinz and Carney, we are investigating further refinements of the IHC nonlinearity and the
“synapse gain” functions that may help improve the model’s prediction of rate and synchrony in high BF fibers in
response to high intensity pure-tones,

- We have begun to study more rate-level and synchrony-level characteristics for vowel stimuli. This will provide an
important test for the model features that are primarily developed to give correct responses to non-speech stimuli such as
pure tones, tone complexes, noise and clicks.

- Raised thresholds at BFs below 1 kHz are only partially explained by middie-ear filtering. Further investigation is required
to explain the remaining elevation of thresholds.

- The basilar membrane wide-band nonlinearity developed by Zhang, Heinz and Carney (1999) should be compared with
alternative approaches such as that of Robert and Eriksson (1999), i.e., lateral feedback control in a bank of nonlinear BM
filters.

- We are presently adapting the method of Bruce, Young and Sachs (1999) used to describe the effects of acoustic trauma on
the Carney model to produce similar effects with the new basilar membrane model. With our improved description of
normal fibers, we will then be able to better assess how well we are able to model the effects of acoustic trauma on
auditory nerve response to speech stimuli.
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