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We report here several measures of nonlinear effects in the mammalian ear made in the external
auditory meatus and in single neurons of the auditory nerve. We have measured the 2f; — f, and
the f, — f, distortion products and we have found that (a) the neural distortion product threshold
curve for 2f, — f, mirrors the low-frequency side of the frequency threshold curve, (b) when the
neural distortion product threshold curve of 2f; — £, is plotted versus log(f;/f,) its slope is about
50 dB/oct and its intercept is 10-20 dB above the frequency threshold at the characteristic
frequency CF, (c) substantial 2f; — f, distortion was seen in all animals studied while the £, — f;
distortion product was only rarely found at substantial levels, and (d) the distortion product
pressure observed in the ear canal was at a level equal to that detected at threshold by the neural
units under study. We have also made measurements of two-tone rate suppression thresholds
using two new and consistent threshold paradigms. We find that (a) for high and intermediate
characteristic frequency neural units the suppression threshold is independent of frequency and at
alevel of about 70 dB SPL, (b) the suppression above CF is much less than below CF, and (c) the tip
of the frequency tuning curve can be suppressed by up to 40 dB by a low-frequency suppressor.

PACS numbers: 43.63.Pd, 43.63.Hx

INTRODUCTION

In this paper we study two separate measures of coch-
lear nonlinear response, namely, distortion products and
two-tone suppression. First, we report on measurements of
two-tone distortion products detected at the auditory nerve
of the cat. We then compare these threshold distortion pro-
duct measurements with the acoustic distortion pressure lev-
els as detected in the external auditory meatus. We shall
restrict ourselves to the two largest observable distortion
products (DPs) which are at frequencies 2f; — f, and f, — f;
{(where £, is the higher frequency of two input tone frequen-
cies f; and f,). For a recent review of psychophysically mea-
sured DPs see Goldstein et al., 1978 and for discussion of
physiological studies, especially in cats, see Kim et al., 1980;
Buunen and Rhode, 1978; Buunen et al., 1977; Smoorenburg
et al., 1976; Goldstein and Kiang, 1968.

The approach taken here is to use neurons in the audi-
tory nerve of the cat as threshold detectors of the distortion
products 2f; — £, and f, — f;. By making our measurements
at the neural rate threshold we have avoided the nonlinear
saturation of the neural rate level function as a function of
sound pressure level. Hence, we have been able to measure
distortion products close to the lowest possible detectable
levels and to extensively measure the dependence of their
generation upon the frequencies of the primaries. Moreover,
we have made measurements of the distortion products in
the ear canal pressure contemporaneously with the neural
measurements. This approach has allowed us to measure the
distortion product amplitude in the ear canal under the con-
straint of a neural iso-threshold DP stimulus. We have
found, for this case, that the level of the acoustic distortion
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product measured in the ear canal is sufficient to account for
the observed excitation of the neural unit under study. The
level of nonlinear acoustic distortion product seen in the ear
canal is much greater than that seen when the acoustic driver
is terminated with a 1-cm? acoustic cavity. In several ani-
mals we observed the 2f; — f, DP at rather substantial (but
reduced) levels up to 1 h postmortem, but we did not study
the lability of the DP in a systematic way.

In parallel with the distortion product measures, we
have measured neural two-tone rate suppression thresholds.
In our studies of two-tone suppression, a subthreshold tone
of one frequency is used to reduce or remove the detectability
of a tone at the CF. Here we have determined the level of the
input of a subthreshold tone (which, by itself, would not
drive the neural unit above its spontaneous rate) which re-
duces the neural response to a suprathreshold CF tone to the
neuron’s spontaneous rate response. (For a review of two-
tone suppression and other nonlinear phenomena, see Hall,
1981.)

We have made extensive measurements, using our
modified criterion, of the frequency dependence of two-tone
suppression thresholds, and these results appear to be some-
what different than the results previously reported in the
literature. For suppressors above the characteristic frequen-
cy, we have found only small amounts of two-tone suppres-
sion. For CFs above 3 kHz and suppressor frequencies below
CF, we find up to 40 dB of rate suppression at the unit’s CF.
Moreover, we have measured two-tone suppression on the
same units as our measurements of distortion products in the
hope that one nonlinear phenomenon could be related to the
other. No quantifiable correlations have as of yet been ob-
served between these two nonlinear measures.
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I. METHODS
A. General

The data presented in this study have been obtained
from 20 cats. From each animal we have characterized fre-
quency threshold curves (FTCs) for more than 100 neural
units along the auditory nerve during the 24- to 36-h experi-
mental run. We are presenting data here that have come
from animals with good thresholds (~15-30 dB SPL re: 20
uPa). Due to limitations of the upper frequency cutoff of our
acoustic driver (25 kHz), our distortion product measure-
ments were obtained only on units with characteristic fre-
quencies (CFs) of less than 13 kHz.

Both the surgery necessary to gain access to the audi-
tory nerve and the mechanical, electronic, and computing
apparatus used in this study, have been described in detail by
Allen (1983). Briefly, the animals were adults of body weight
2-5 kg, which were free of ear mites and middle ear infec-
tions. Access to the auditory nerve followed retraction of the
cerebellum. The cochlear microphonic (CM) was monitored
with a silver ball electrode apposed to the round window
both before and after the skull opening and before and after
the retraction of the cerebellum. Anesthesia was maintained

with sodium pentobarbitol and was administered intraperi- -

toneally as required to suppress a pinch reflex.

Both the electrical input to the acoustic driver (Soko-
lich, 1977) and the response measurements (from the cali-
brated probe microphone, from the CM electrode, and from
the neural electrode) were under the control of a Data Gen-
eral S/200 Eclipse minicomputer. This system allowed us to
measure a neural FTC, using the Kiang and Moxon para-
digm (Liberman, 1978) in under 1 min. Moreover, we inter-
leaved ear canal pressure measures with neural distortion
product threshold measures in under 2 min. Under no condi-
tion were SPLs greater than 110 dB ever delivered to the

animal. In fact, only briefly was the input greater than 80 dB
SPL, as measured in the ear canal.

Our neural measurements proceeded as follows. A glass
micropipette filled with 3M KCl (resistances between 10
M2 and 30 M{2 ) was inserted by manual micrometer adjust-
ment into the auditory nerve. Thereafter, the position of the
micropipette was under the control of a Burleigh “inch
worm” PZT drive. Neural units were found by inputing a
gated wideband noise search stimulus. Once found, the unit
FTC was measured by scanning from high to low frequency
while changing the input amplitude of a windowed 50-ms
tone pip until the number of neural spikes generated during
the tone interval was only one more than the number of
spikes during an adjacent 50-ms silent interval. The locus of
the points so obtained, in frequency-amplitude space, de-
fines the FTC.

B. Distortion products

Given the FTC and, hence, the CF frequency fcg, we
then input an acoustic tone pip comprised of two frequen-
cies, f; and f,, where f; > f;, such that either 2f, — £, or alter-
natively f, — f; was at or slightly below the fr. The two
tones have given pressure levels 4, and 4,. Again, we used
the Kiang and Moxon paradigm to determine the locus of
acoustic stimulus points in the frequency-amplitude (f,,4,)
plane such that the unit responded with one more spike dur-
ing the driven interval than during the silent interval. This
locus of points defines a distortion threshold curve (DTC).
For most of the data curves presented here the pressure am-
plitude of £, and f, was approximately equal (4, =4, =4 ).

Effectively, our procedure is to calibrate an auditory
neuron (by measuring its FTC) and then to use the response
of this “calibrated” neuron to determine the acoustic level at
each frequency to maintain an iso-rate neural DP response.
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In Fig. 1 we show several FTCs (solid lines) along with the
units’ 2f; — f, DTCs (dashed lines). In each panel of the fig-
ure the amplitude of the distortion product has been held
constant at the CF threshold. (If we were to shift the distor-
tion product frequency from CF, we could then change the
gain of our neural detector and hence change the amplitude
of the distortion product that we are measuring.) We define
the distortion product rate threshold as the smallest primary
level which can generate a detectable DP response. Note that
for any f] below the frequericy of intersection of the DTC and
the FTC, both the stimulus component at f; and the distor-
tion product drive the unit. In each of the units of Fig. 1 the
FTC-DTC intersection is marked with a triangle. In the
figures that follow we call the level of the FTC-DTC inter-
section the distortion product rate threshold (DPT). Several
of the units in Fig. 1 show multiple passes of the DTC.

The curves in our Fig. 1 are similar to curves in Buunen
and Rhode (1978) (their Fig. 3) that defined the “maximum
frequency separation for detectability of a CDT.” Generally,
their measure contains information that is similar to our
DTGCs, although the precise manner in which their ampli-
tudes are measured differs.

Figures 2 and 3 show several FTCs with spline fitted
DTCs. We averaged multiple DTC passes on the same unit
by least squares fitted splines (Fox, 1976) to the total set of
DTC points. In Fig. 2 we show cubic spline fits of 2f; — f,
DTCs. Shown in Fig. 3 are spline fits of f; — f; DTCs for the
same animal.

C. Ear canal pressure measurements

The ear canal pressure was measured with a calibrated
Bruel and Kjaer 1/2-in. microphone terminating a 2-cm-
long probe tube. The tip of the probe tube was positioned to
within 2-4 mm of the umbo. The same probe microphone
was used to ascertain the level of distortion in the external

auditory meatus and in a closed 1-cc acoustic cavity. In the
acoustic cavity the level of the distortion product was always
more than 70 dB below the primaries (near the distortion
floor of the driver).

Il. RESULTS
A. Neural

Because our detectors are neurons at threshold, the
gains of these detectors are various. In order to account for
these different gains, we can express the DTC relative to the
gain of the detector (i.e., in most cases here, relative to the
value of the FTC at CF). In Fig. 4(a) and (b) are two FTCs
with DTCs in which the thresholds at CF are different. In
Fig. 4(c) the DTCs are normalized by their respective FTCs
at CF. We call the normalized DTC the relative distortion
threshold curve (RDTC). Note that were we measuring a
linear phenomenon the presentation of the data in this nor-
malized way would be natural. For a phenomenon that is not
linear, one might expect that a normalization by the detector
threshold to some nonlinear function of that threshold
would be the natural normalization. For example, if the
2f, — f> were completely accounted for by the cubic term of a
power series expansion in input amplitude 4, then the proper
normalization for us to use would be relative to the cube root
of the threshold at CF. As can be seen from Fig. 4(c) and
from previous works of others (Goldstein and Kiang, 1968
and Buunen and Rhode, 1978), the normalization by the
threshold at CF that we chose seems to best reflect the ampli-
tude dependence of the 2f; — f; signal. In Fig. 4(d), we show
the effect of changing the gain of the detector by displacing
the 2f; — f tone from the CF. Notice that the DTC generat-
ed under these conditions is several dB higher than the DTC
generated at a frequency equal to CF. Likewise, the thresh-
old (the value of the FTC) of the detector is also higher. In
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every animal that we have studied, changing the gain by x dB
usually results in an increase of at least x dB in the DTC and
not in an increase of x/3 dB as one would expect from a
purely cubic nonlinearity. Shown in Fig. 4(e) are DTCs mea-
sured with three different ratios of 4, to A,. One set of DTCs
is measured in the usual way with 4, = 4,; one is measured
with 4, = 34,; and the third is measured with 4, = 34,. The
superposition of these cases suggests that the nonlinearity is
not of the form 4,4 2. The observation of Fig. 4(e) has been
found in all animals. The DTC is independent of the ratio of
A,/A, until that ratio becomes greater than 4 or 5 or less than
0.2 or 0.25.

Besides normalization by detector threshold, we found
that the transformation of the frequency axis from log f; to

log(f,/f,) generally unifies the 2f; — f, data across frequen-
cies. In Fig. 5, we see the results of this transformation. Fig-
ure 5(a) is the complete set of RDTCs for one animal; in Fig.
5(b) these RDTCs are replotted with abscissa log(f,/f). Fig-
ure 5(c) and (d) shows the same for another animal. For fre-
quencies of 2f; — f, above 3 kHz, we found that both the
normalization by detector threshold and rescaling the fre-
quency axis to log(f,/f;) were most effective in unifying the
data. These transformations were unifying in four of the five
animals for which we had extensive data across many fre-
quencies.

In Figs. 1, 2, 4, and 5 it is apparent that nonmonotonic
features of the DTCs are commonplace. Furthermore, it is
generally evident that at high CFs the detectable distortion
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products can be generated at lower amplitudes (relative to
the CF threshold) of the primaries. The data generated for
and after cat 36 were taken using a Kaiser windowed two-
tone complex of 50-ms duration (Kaiser, 1966). Data taken
prior to cat 36 used a cosine windowed (Hanning window)
tone pip of 50 ms. Since the Kaiser windowed tone pip had 20
dB smaller sidelobes than the Hanning window, it was used
to convince us that the signal driving the unit was not due to
the sidelobes of the f; primary tone as f; approached the CF.
Generally, we found that the RDTC generated with the Kai-
ser windowing was about 6 dB higher (i.e., less detectable)
than with the cosine windowing as f; approached CF. How-
ever, both the Kaiser driven and Hanning driven RDTCs
showed the same general features.

As is seen in Fig. 5, if the RDTC data are replotted
versus log f,/f;, the average slopes are generally found to
range from 40-70 dB/oct (of f,/f;) with a mean across ani-
mals of about 55 dB/oct (of /,/f;). From the Liberman (1982)
cochlear map, 1 oct of f,/f; corresponds to 3.6 mm of dis-
tance along the basilar membrane. The intercepts of these
curves are 10-20 dB above the FTC at CF, which represents
an estimated DTC at fcg =/, = />

In Fig. 6 we show a plot of the dependence of several
/> —f1 RDTCs upon frequency for cat 47. For the case of
fo—f1» fi seems to be the most appropriate independent
variable. As before, the frequency of the DP equals the CF of
the unit under study and the amplitude of the DP is held
equal to the threshold response at CF. All responses have
been normalized by the CF threshold. It seems clear from
Figs. 6 and 3 that, at least for higher CFs, the £, — f; RDTC
is much less frequency dependent. than the 2f;, — f, RDTC
(Figs. 1, 2, and 5). Also, we found a much larger variability
between cats for the f, — f; DP, whereas all of our cats with
good thresholds showed a fairly similar threshold normal-
ized 2f; — f, DP.
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B. Ear canal acoustic distortion products

In Fig. 7 we show FTCs from two different cats along
with the amplitudes of the f; and 2f; — £, Fourier compo-
nents of the ear canal pressure. The Fourier component of
the ear canal pressure at frequency f; is symbolized by the
line labeled by a [. The curve labeled by the lrepresents the
ear canal pressure Fourier component at the distortion pro-
duct frequency 2f; — f; and it is also plotted as a function of
Jfi- In Fig. 7(a) and (b), the Fourier components were mea-
sured using the Kiang-Moxon paradigm to hold the neural
DP at threshold. We shall refer to this as the “closed-loop”
condition. Note that the f; pressure Fourier component fol-
lows the DTC trajectory, while the 2f; — £, Fourier compo-
nent remains approximately constant at the threshold of the
FTC at CF (at 2f; —f3)- In Fig. 7(c) and (d), the ear canal
pressure has been measured with full output to the acoustic
driver (“open-loop” condition). In this case, the f; Fourier
component follows the “cavity” response of the animal’s
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FIG. 6. Plot of the cubic spline fits for the f, — f; DTCs of cat 47. It is quite
evident here that the frequency dependence of the £, — f, DP differs from

that of the 2f, — f, DP.

P. F. Fahey and J. B. Allen: Nonlinearity in the ear 603



1.0 1.0
p 1@ ! P
s ! S
il ! A
L L 3
S Pc49:2f1 ! s
1.0E-85 [t ssiua 1.9E-05
8.1 Fi(kHz) 25.8 ©.1 FickHz> 25.0
1.0 p—rprrrmmr—rorrm— 1.0
F S~y
 ©) 3
3 ! 4 P
s { ! $
b E E
Al ! ; A
L - 3 L
S Pcag:2f1-f2 |\ P C52: 2 1-F2 s
1.QE~-05 ot o uuub ] - 1.@E-05
.1 FickHz> 25.0 @.1 FickHz> 25.0

FIG. 7. (a}-{d) shows FTCs (solid lines) from two different animals along
with the amplitude of the ear canal pressure at f; (short dashes) and the
amplitude at f= 2f, — f; (longer dashes) as a function ;. In (a) and (b) the
DTC paradigm is enabled; hence, the f, amplitude follows the DTC trajec-
tory while the 2f; — £, amplitude remains near the threshold of the FTC at
CF. In (c) and (d) the DTC paradigm is disabled and the f; component fol-
lows the ear acoustic cavity response while the ear canal DP 2f;-f; increases
as f, approaches f .. Note that the 2f; — f, amplitude trajectories in (c) and
(d) approximately mirror the f, amplitude trajectories in (a) and {b). Notice
that when the distortion product generation is largest, the difference
between the level of the f; primary and the level of the distortion product is
about 30-40 dB in (a), (b), (c), and (d) (namely, all cases).

outer and middle ear system while the 2f; — f, pressure
Fourier component increases in magnitude as f, approaches
fi. Notice that the 2f; — f; Fourier component curve in Fig.
7(c) and (d) is, roughly speaking, a “mirror” image of the f,
Fourier component (the DTC) in 7(a) and (b). This might be
expected if one assumes that the level dependence of the DPs
is less marked than the dependence on relative frequency.

Our interpretation of Fig. 7 (and of similar data ac-
quired from other animals) is that the level of the distortion
product as measured in the ear canal, when held at the neural
threshold, is sufficient to drive the unit directly. It was ini-
tially surprising to us that the DP would be this high. Of
course, by definition of the closed-loop condition, it could
not be higher than the threshold at CF or the measurement
would be inconsistent; but, it could have been lower. Essen-
tially, the ear and our sound delivery system form a closed
system and the DP, which is most likely generated in the
cochlea, exists at a high enough level that its value in the ear
canal is sufficient to drive the neural unit under study. It
follows from this study that it is not necessary to measure the
DPs neurally; they could be determined more accurately,
faster, and as a function of level, by ear canal measurements
alone.

lll. DISCUSSION

Our observations of the levels of the 2f; — £, DP and the
nonmonotonicity of 2f; — f, DP are in agreement with the
observations of Buunen and Rhode (1978) in the auditory
nerve of the cat. Also their observations that the strength of
DP generation is greater for high distortion frequencies
(CF > 5 kHz) is corroborated by our Fig. 5(a) and (c) (and by
similar data from several other cats). We have extended their
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results by our more extensive frequency-dependent iso-DP
threshold data. Moreover, for the first time, we have com-
pared the 2f; — £, DPs seen at the level of the auditory nerve
with cochlear generated 2f, — f, DPs measured acoustically
in the ear canal. We have also shown a linear relation (Fig. 4)
between the DP threshold and the CF threshold. These indi-
cate that DP threshold, when normalized by the CF thresh-
old, is approximately independent of the unit threshold.

In Fig. 8, in the left column, we show DPT points (i.e.,
the points of intersection of the DTC with the FTC] plotted
as a function of threshold of the FTC at CF (i.e., the value of
the amplitude of the distortion product). Generally, but not
always, the DPT corresponded to the lowest value of the
primary amplitude A that generated a detectable distortion
product. In the right column, the DPT normalized by the
threshold is plotted. Notice that the normalization takes
away the dependence of DPT on threshold. Indeed, there is
much scatter in the data for reasons that are not at all clear to
us. It also might be noted that the correlation of the DPT
with CF threshold seen with cats 33, 35, and 41 was not at all
as clear with cats 36 and 47. As others have observed (e.g.,
Buunen and Rhode, 1978), we find here that 4, /4 5 is ap-
proximately constant. Improved information on this level

“dependence question would be more easily answered by

making measurements in the ear canal as a function of level
(which we have not done yet).

We also find good agreement with the studies of distor-
tion products in the anteroventral cochlear nucleus (AVCN)
of the cat as found by Buunen et al. (1977) and Smoorenburg
et al. (1976). Smoorenburg et al. (1976) showed, as do we,
that the generation of 2f; — f, DP is much more frequency
dependent than the generation of the £, — f; DP. Moreover,
the nonmonotonicities in 2f; — f; that we see in the auditory
nerve are also seen in the AVCN studies. This may not be
surprising, since many neurons in the AVCN show level and
frequency responses that are quite similar to the neurons of
the auditory nerve.

The levels of DPs in the external auditory meatus that
we observed are consistent with what has been observed by
others (Kim ez al., 1980; Siegel and Kim, 1982; Mountain,
1980; Zurek et al., 1982). Distortion products 40 dB below
the primaries (thresholds 40 dB above) are easily and rou-
tinely detectable. Most importantly, for stimulus levels cor-
responding to neural DP thresholds, the 2f; — f;, DP mea-
sured in the ear canal is similar to the unit’s CF threshold
(Fig. 7). Since it is easier and more accurate to measure the
distortion products in the ear directly, it follows that we
might avoid the many problems and complexities of neural
DP measurements by making the equivalent acoustic ear
canal DP measurements.

To understand why the transformation of the DTC to a
log(f,/f,) frequency axis would be expected to unify the data
(assuming that the distortion product is generated in the
cochlea), consider the following heuristic model. Idealize the
basilar membrane (BM) response to have triangular shape
(Rhode, 1978; Zwicker, 1981), where the basal slope m is of
lower absolute value than the apical slope, as shown in Fig. 9.
Since the characteristic place corresponding to frequency fis
proportional to log f, the idealized BM response can be de-
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scribed on the low-frequency side (and also on the high-fre-
quency side) by log (response) being proportional to log (fre-
quency). We assume that the BM response is quasilinear, toa
first approximation, in that the response to a two-tone input
is the superposition of the responses of the individual tones.

LOG RESPONSE

m=basal slope

LOG(al)

LOG(a2)
LOG(aD)

.
PO

BASE f2 f1 fD
CHARACTERISTIC PLACE

FIG. 9. Basilar membrane displacement is idealized to have the illustrated
triangular shape when the logarithm of response is plotted versus distance
along the basilar membrane. Shown are the responses to a tone of frequency
/> (solid line}, to a tone of frequency f; (long dashes), and to a tone of distor-
tion product frequency f;, (short dashes).
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FIG. 8. Left-hand column is a plot of the
DPT points (points of intersection of the
FTC with the DTC) versus CF threshold.
The right-hand column shows the DPTs
normalized by the CF threshold. Notice
that the normalization seems to remove the
correlation of DPT with CF threshold.

-0 rmo

Also, assume that the distortion product generator can be
described by a power law nonlinearity and that the distortion
product is generated at the f, place. In particular, consider
the 2f, — f; distortion product and assume that it is generat-
ed by a cubic nonlinearity of the forma}, = aa, (a} )% where
a), is the amplitude of the BM displacement at the distortion
product frequency f;, at the f, place, a is the frequency-
dependent strength of the distortion product generator, a; is
the amplitude of the BM displacement due to a tone of fre-
quency f; at the f, place, and a, is the amplitude of the BM
displacement due to a tone of frequency £, at the £, place. The
primed quantities refer to responses at the f, place of fre-
quencies not equal to f,. [The generalization to other distor-
tion products and other orders of nonlinearity is straightfor-
ward (Weiner and Spina, 1980) and will not be considered
here.] From Fig. 9 it is evident that, due to the constant slope
m on the basal side of the response curves,

log a; =log a, — m log(fy/f3), (1)
logaj, =logap —m log(fo/fp)s 2)
where aj, is the amplitude of the distortion product at its
characteristic place. Now, using (1) and (2) and the relation-
ship a), = aa,(a} )? we have
loga, =loga +loga, +2loga,
— 2m log(fo/f1) + m loglfy/fp ). (3)
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Assuming again quasilinearity, the BM displacement (a, or
a,) will be proportional to the input pressure amplitude (4,
or 4,). Also, to be consistent with most of our data, let
A, = A, = A. Therefore,

logAp, =loga + 3log4
— 2m log(f>/f) + m log(f2/fp ), (4)

where A4, is the pressure that is proportional to a; and a has
beeen redefined to include the proportionality between pres-
sure and basilar membrane displacement. In the DTC para-
digm, a,, is held constant; so the DTCs would be described
by

log 4 = 2/3m log(fy/f))

+ 1/3 log(4 /a) — (m/3) log(f>/fp). (5)

Equation (5) can be simplified further if one makes the
assumption the a is not a constant but that it depends on the
linear dynamical response of the BM at the f, place to a
signal of frequency fp; i.e., let @ assume the same frequency
dependence as described in Fig. 9 and as implemented in
Egs. (1) and (2),

log a = log 6 — m log(f>/fp)s (6)

where d is a frequency-independent measure of the generator
strength. This assumption is mathematically equivalent to
the “weighting” function in Goldstein’s (1966) discussion of
the psychophysical properties of the cubic distortion pro-
duct.

Substituting (6) and (5) leads to the description of the
DTC as

log A =2/3m log(fa/f1) + 1/3 log(dp /8). (7)

That is, the slope of the DTC or the RDTC plotted versus
log(fy/f) will equal 2/3 of the slope of the BM membrane
excitation. From Fig. 5, 2/3m is approximately 40-70 dB/
oct; thus m is between 60—-105 dB/oct. An m of 60-150 dB/
oct corresponds to the slope range of the neural tuning
curves below their CF (Allen, 1983). This correlation of the
DTC slope with the FTC slope below CF argues in favor of
cochlear generated 2f; — f, DPs (Smoorenburg et al., 1976;
Zwicker, 1981). Also, notice that if 4 (log A,) is required to
equal A (log A ), as the data show, then § is proportional to
A 5 ¥ where y equals 2. Necessarily, the assumption of the
power law nonlinearity is insufficient to describe the data as
a function of level.

Using the same model to describe the £, — f; DTCs, one
finds that the slope of the DTC versus log(f,//;) is m/2 when
a second-order nonlinearity is assumed and that the slope is
m/4 when a fourth-order nonlinearity is assumed. From Fig.
7 it is apparent that the f, — f; DTC slope is much less than
the 2f; — /5 DTC slope. Indeed, the slope of f, — f; is better
approximated by the fourth order nonlinearity than a second
order nonlinearity.

The electrical analog model of Hall (1981), which uses a
resistive element of the form

Ri=Ro(l+713, 1,0,
R, =Ry, I,<0,

where R; is the resistance of the ith section of the model and
I, is the current through the ith section, is also capable of

(8)
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generating f, — f; DPs that are less dependent upon relative
frequency than the 2f, — £, DPs (Hall, 1974, and our Figs. 5
and 6). Hall’s model suggests that the nonmonotonic behav-
ior is due to the interference of the direct DP wave with a
wave propagated toward the stapes which is partially reflect-
ed back.

An alternative explanation of the nonmonotonicities
which was suggested by Zwicker (1981) is also supported by
some of our data as well as by the data of Kim ez a/. (1980).
Zwicker has described the nonmonotonicities in terms of a
level dependent superposition, at the distortion product
place, of wavelets generated by the basilar membrane in the
vicinity of the f; and f, places. We have taken data [Fig. 4(d)]
where we have changed the gain of the detector by setting the
DP frequency away from CF. For sharply tuned units this
can change the gain by 10 dB while only changing the DP
frequency by a factor of 0.9. Frequently, this smooths out
nonmonotonic behavior in the DTC. At this time, we do not
have enough systematic data to rule out one explanation of
the nonmonotonicities in favor of the other.

IV. CONCLUSION

We have found that in a sealed ear canal, when correct-
ed for loading by the impedance of the source, the magnitude
of the acoustic 2f; — f, DP appears to be sufficient to ac-
count for threshold levels of neurally measured DPs. This
result is one of the more surprising conclusions of this study.
Since we have ruled out distortion product generation by the
acoustic delivery system, it appears that there are two possi-
bilities for the source of these distortion products. First, the
distortion product could be generated within the middle ear
structure. Second, the distortion could be generated within
the cochlea and could propagate backward (via the middle
ear) into the external auditory meatus. Given the strong fre-
quency dependence of 2f;—f, DP generation and given that a
plot of the DTC versus log(f,/f,) seems to be more tightly
clustered over the frequency range than DTC versus £, it
appears that the cochlea is a more likely source of the 2f,—f,
DP than the middle ear. The concept of a wave propagated
toward the stapes (Hall, 1981) and partially coupled into the
middle ear seems consistent with our observation of substan-
tial distortion product levels in the ear canal. Matthews
(1983) has investigated this model using numerical methods.

V. TWO-TONE SUPPRESSION
A. Methods

We also used a modified version of the Kiang-Moxon
paradigm to measure two-tone neural rate suppression. In
this second study of cochlear nonlinearities we measured the
FTCs of units along with rate suppression threshold curves
(STC). The rate suppression threshold curve was defined in
the following way.

During one 50-ms interval we present a single suppres-
sor tone at the suppressor frequency f,. During the adjacent
50-ms interval, we simultaneously presented two tones; one
which we term the excitor was usually at a level of between
610 dB above the FTC at CF (these CF tones are symbo-
lized by the triangles or squares in Fig. 10), while the second
simultaneous tone was a repeat of the suppressor tone. The
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FIG. 10. In this figure we show FTCs (solid curves) along with the threshold

of suppression curves (dashed lines). The tone that is being suppressed (the

excitor tone) is marked by a triangle or square. For one unit (CF = 2 kHz)

there are two excitor tones that differ in level. The higher suppression
' threshold curve corresponds to the larger CF excitor tone.

level of the suppressor tone was varied systematically until
the number of spikes generated during the single-tone 50-ms
interval was one less than the number of spikes generated
during the two-tone 50-ms interval. As seen in Fig. 10 the
trajectory of the levels of the suppressor tones found in this
way in frequency-amplitude space (dashed lines) is defined as
the suppression threshold curve (STC). The implementation
of the “threshold” paradigm is presented graphically in Fig.
11. In this figure, the upper panel shows an abstracted FTC
with an excitor tone (symbolized by the triangle) at a fre-
quency equal to the CF having an amplitude A . At a fre-
quency equal to f; we would like to find the amplitude 4, of a
suppressor tone as previously described. In the middle panel,
we show two abstracted rate-level functions due to the sup-
pression tone alone (at frequency f;) and the suppression
tone plus the excitor tone together. This panel further shows
that for the two-tone input situation, over part of the range of
the rate-level function, the level can be a double valued func-
tion of rate. If the level as a function of the rate is not single
valued, then a threshold value is not uniquely defined, and
unstable conditions can result, such as the results of
Schmiedt (1982) which are ill defined at low_frequencies.
However, the difference between the rate-level function with
and without the excitor tone has a single valued inverse. This
difference is shown in the bottom panel. Since we would like
our suppression threshold curve to be based upon a well-
defined quantity, we implemented the modified Kiang—
Mozxon paradigm to find the level of the excitor tone where
the difference in the rate-level curves equaled one spike per
50 ms. The level of the excitor tone found in this way is
shown in the bottom panel of Fig. 11 as 4 1.

A simple physical interpretation of the threshold de-
fined by this procedure is as follows. When the STC lies
below the FTC, then the suppressor was successful in reduc-
ing the driven rate (due to the CF excitor tone) to one spike
more than the spontaneous rate R,. When, on the other
hand, the suppression threshold 4 1 is greater than the FTC
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threshold, then the suppressor was unsuccessful in reducing
the rate to the spontaneous rate. (It is generally accepted that
a suppressor cannot reduce the spontaneous rate.) A major
advantage of defining the suppression threshold in the way
that we have is that both the FTCs and the STCs are always
measured at the same point on the rate-level curves for the
individual units; i.e., FTCs and STCs are measured as the
average rate just begins to increase with level above the spon-
taneous level. Physically, our suppression thresholds com-
prise the locus of points in frequency-level space that make a
probe tone ineffective (as far as an average rate is concerned).

B. Results

In Fig. 10 we show suppression thresholds for four dif-
ferent units. The symbols /\ and O show the placement of

SPL
>
@

Acr

SUPPRESSOR ALONE

Ag (SPL)

Rs+crRs

Ay Ag (SPL)

FIG. 11. The upper panel of this figure shows a hypothetical unit’s FTC
along with an excitor tone at CF of amplitude 4 ¢, and line at frequency
equal to f;, where we scan, in amplitude, a probe tone of amplitude 4,.
Along this locus of amplitudes a value of 4, can exist such that the response
to A o is reduced to its spontaneous rate. This value of the suppression is
defined as the threshold 4 ;. In order to understand how the threshold of
suppression is defined, the middle and the bottom panels of this figure are
useful. In the middle panel, the spike rate due to the probe tone both with
and without the CF excitor tone is pictured. The hatched region is the differ-
ence between the two spike rates. The difference is plotted in the bottom
panel. Notice that the rate difference is a monotonic function of level where-
as the rate itself (in the middle panel when 4 . #0) is nonmonotonic. As is
explained in the text, this is one reason why the rate difference, rather than a
rate increment, was used in the suppression threshold measure. Further, the
suppression threshold defined in this way is measured at the same point on
the rate-level curve as the FTC is measured (i.e., 1 spike per 50 ms above
spontaneous).
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the excitor tone, while the dashed line shows the locus of
A 1y as defined above. As explained, for suppressors above
the dashed line, but below the FTC threshold, the unit fires
at less than the spontaneous rate plus one spike per 50-ms
interval.

Besides having the advantage of being a measure of a
single valued (well defined) quantity, our measure of sup-
pression threshold is consistent with an alternative measure
of two-tone suppresssion as shown in Fig. 12.

In Fig. 12 the FTC (near CF) is remeasured (using the
Kiang-Moxon paradigm) in the presence of a subthreshold
suppressor tone. The levels and frequencies of the suppressor
tones are symbolized by the geometric symbols (O, + ,/\,
etc.) and the “suppressed” FTCs are the curves nested above
the FTC. The larger the suppressor, the larger the corre-
sponding FTC threshold curve.

One unit pictured in Fig. 10 (for =2 kHz) shows two
suppression threshold curves and two different excitor tones
(/A\,0). From this unit and from all the data in Fig. 12, we see
that for excitor tones near the CF, the neural excitatory
threshold increases as the subthreshold suppressor in-
creases. From Fig. 12 it appears that for excitatory tones at
CF, an increase of 6 dB in suppressor tone level results in a
10- to 12-dB increase in the suppression threshold. This
seems to be true over a fairly large suppressor level range—
as long as the suppressor is neither so low as to be below the
STC threshold nor so high as to be above the FTC threshold.
Note that two of the units in Fig. 12 show CF suppression
over a 40-dB range. For excitor frequencies away from the
CF, the suppression effect is much less. Such large (40 dB)
rate suppression effects are only seen in sharply tuned units.

In Fig. 13 one can see the general features of the fre-
quency dependence of the STC. The STCs of Fig. 10 and Fig.
13 are fairly level independent over a broad frequency range
for high CF units. The most striking aspect of Fig. 13 is the
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constant value for the STCs for the higher frequency units
(CF greater than 2 kHz). This behavior is also apparent from
Fig. 10 and suggests that there is a master curve that defines
suppression by tones below the CF tone. These thresholds
generally range between 60 and 80 dB (re: 20 uPa) in level.
Moreover, for units where we have measured the low-fre-
quency tails of the FTC, the suppression threshold parallels
the low-frequency tail.

C. Discussion

Thus we have found that the threshold for CF excitor
two-tone rate suppression follows the middle ear response

a0 O—-M

FREQCHz)

Sy A
g j

207U IHADCWL

°
© [+
c27 008 88 o

2.0E-05
180.0

FREQCHz) 2.5E04
FIG. 13. In this figure we show many superimposed STCs (lower) and FTCs
(upper) from animal 27. Notice that, as in Fig. 10, the STCs are fairly con-
stant in frequency over a broad range (0.5 kHz < f< 5 kHz). Above CF the
STC s sharply frequency dependent and almost parallels the high-frequen-
cy side of the FTC. The open circles represent the excitor frequencies just
above (or, sometimes, at) the CF thresholds.
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(as does the tuning curve tail response, Nedzelnitsky, 1974).
This result was also found by Schmiedt (1982) using a differ-
ent threshold criterion and was reported by Allen (1981).

One can also note from Fig. 10 that there is negligible
suppression (as defined here) at frequencies above CF. We
found this to be generally true in that the amount of suppres-
sion observed above CF was much less (or was absent) rela-
tive to that seen below CF. For most units having CFs below
1 kHz with low thresholds (namely, most low-frequency
units) no rate suppression effect was observed either above or
below CF.

The rate suppression effect is largest for low spontane-
ous units having high thresholds. Because the low spontane-
ous units usually have higher relative thresholds, these units
show a larger relative two-tone suppression since the sup-
pression threshold seems to be almost independent of the
unit’s CF threshold. When most of the FTC is above 80 dB
SPL, the response at CF can be more easily suppressed. A
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2.0e-05L et .
100.0 FREQCHz) { .QEQ4
FC= 7001 .95
(b)

unit of this type may be seen in Fig. 10, upper panel, 1200-Hz
CF unit.

We define the suppression threshold, as a function of
the suppression frequency, to be any suppressor level that
reduces the response [due to the (CF) excitor tone] to one
spike more than the spontaneous rate. Families of suppres-
sion thresholds may be generated (as in Fig. 10) which corre-
spond to the different excitor amplitudes at CF. Alternative-
ly, we may measure FTC curves (as in Fig. 12) made in the
presence of a subthreshold suppressor tone. As such, the
suppression threshold, as we have defined it, has a nice inter-
pretation in terms of the suppressed FTC response curves
made in the presence of a suppressor tone. Suppose that a
particular 4 o of Fig. 11 produces an STC threshold 4 1y at
frequency f, . When that value of 4 4 is used in a suppressed
FTC experiment (as in Fig. 12), then the resulting FTC will
pass through the original 4 o of the first experiment. In
other words, one set of curves is consistent with the other
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FIG. 14. (a) The FTC and the STC for a unit along with the frequencies and levels of a series of suppressor tone pips (geometric symbols) are shown. A
continuous excitor tone (the asterisk) at the CF frequency was input to test suppression by the tone pips. (b) The series of post-stimulus time histograms
measured during the input of the suppressor tone pips in the presence of the continuous CF tone are in the left column and the Fourier transforms (expressed
as synchrony) of the histograms are in the right column. FC is the frequency of the CF tone. The frequency of the suppressor is written under each
histogram. The level of the suppressor, in approximate dB SPL, is written in each histogram box. The synchrony plotted in the right column is plotted on a
log percentage scale. Note that the unit is synchronized to the suppressor tone only over a very limited range of level, and is never driven by the suppressor.
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FIG. 15. (a) FTC and STC for a 3.4-kHz
unit. The geometric symbols show the probe
suppressor levels above and below CF at 420
Hz and 5.42 kHz. (b) Histograms and synch-
rony below CF. (c) Histograms and synch-
rony above CF. The asterisks mark the tones
at CF.
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when, and only when, one defines the measures as we have
here.

Another finding, for the majority of our units, was that
the suppression effect above CF was not as strong as that
below CF. Indeed, only for units with high threshold at CF
did we find measurable suppression by a tone above CF.
Abbas and Sachs (1976) found substantial suppression above
CF using a fractional rate response measure. Their data indi-
cate that the units showing these suppression effects general-
ly had thresholds at CF of 40 dB SPL and greater (see Figs.
1-4 of Abbas and Sachs, 1976). Hence, their results showing
substantial suppression above CF do not seem to be inconsis-
tent with the data presented here.

Javel (1981) and Javel ez al. (1983) have argued that rate
suppression and synchrony suppression are related mea-
sures. They also conclude that the hair cell detection stage is
the most likely site of the suppression effect. How can their
results and our conclusions be brought into an agreement?

Our measure, by its nature, must bound from above all
other rate suppression threshold measures since we require
the excitor rate to be suppressed to near the spontaneous
rate. Thus our measure is a more conservative measure. It is
hard to imagine how the addition of a subthreshold suppres-
sor tone could drive a superthreshold tone response to its
undriven rate if the mechanism is in the hair cell as conclud-
ed by Javel. On the other hand, perhaps rate is a poor (insen-
sitive) measure. It was shown by Johnson (1974) and by Javel
(1981) that the synchrony threshold is about 14 dB (on the
average) below the rate threshold. Thus it would seem that
our STC must lie very close to, or just above, the synchrony
threshold. In Figs. 14 and 15 we show data which directly
address this question. In Fig. 14(a) we show an FTC for a low
threshold, high-frequency unit (fog = 6800 Hz). While a
continuous CF tone was present, we presented a periodic
tone burst at a frequency of 450 Hz at six different levels, and
we generated a neural PST histogram. Each PST histogram,
along with its Fourier transform, is shown in Fig. 14(b). In
the upper panels the tone burst has no effect. At the level of
the third panel from the top (with the tone burst at 64 dB
SPL), the unit weakly begins to phase lock to the suppressor
tone. In the bottom panel the unit responds strongly to the
suppressor tone envelope, but has no phase locked compo-
nent at all (since there are no spikes, there can be no synch-
rony) while the tone burst is on. At no level is the synchrony
of the 420-Hz suppressor strong. In the right-hand family of
panels, the synchrony is plotted on a log % scale. In Fig.
15(a) and (b) we show an example where the rate does not go
to zero, and where no synchrony component is present at the
suppressor frequency (in this case f, =420 Hz and
fcr = 3174 Hz).

We have found little suppression in PST (post-stimulus
time) period histograms built in the presence of a suppressor
above CF and outside of the FTC. The units for which we
look most carefully for suppression above CF had low
thresholds. Thus damage is not a likely cause for this lack of
suppression above CF. In fact, one possible explanation
might be that we usually restrict our measurements to low
threshold units. On those few occasions, when we measured
the suppression for high threshold units, we did see suppres-
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sion above CF. In Fig. 15(c) the suppression is easily seen.
However, since the rate was too high during the suppressed
interval to satisfy the spontaneous suppression threshold cri-
terion, no suppression was found by our procedure for this
case above CF.

Our threshold paradigm is more conservative than
Schmiedt’s in that we search for a suppressor amplitude that
decreases the firing rate due to the excitor to one spike (per
50 ms) above spontaneous, whereas Schmiedt (1982)
searched for the amplitude of a suppressor (scanning from

. low amplitude to high—his approach to avoiding the two-

valuedness in the level-rate curve, Fig. 11) that decreased the
firing rate due to the excitor by just less than one spike (per
50 ms). His measure, of course, is guaranteed to show lower
“suppression thresholds.” Hence, while our measure of sup-
pression above CF shows little effect, it is not necessarily
inconsistent with the results of Schmiedt (1982) or Abbas
and Sachs (1976).

We looked at the amount of suppression (elevation of
the CF threshold) as a function of the suppressor level and
we found slopes ranging from 1 dB/dB-3 dB/dB. Units with
high thresholds showed a larger slope than units having low
thresholds. We feel that more measurements are needed to
properly establish these level dependences.

Finally, for low threshold units having their CFs below
1 kHz, we saw little or no two-tone suppression effect. A
simple equivalent way of stating this fact was to observe that
for these units, the below CF response threshold was always
below the fixed suppression threshold values of 60-80 dB
SPL. If the FTC threshold was above this range (namely, the
unit was one of the low-spontaneous, high-threshold units),
then two-tone suppression was observed.
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