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Abstract 

A non-monotonic intensity discrimination function in forward masking has been recently reported [Zeng et al. (1991) Hear. 
Res. 55,223-230; Zeng and Turner (1992) J. Acoust Soc. Am. 92, 782-787] in which just-noticeable-differences (jnds) in intensity 
are largest for midlevel tones and smaller for soft and loud tones following an intense narrow-band noise. One hypothesis was 
that this midlevel hump reflects the contribution of low-spontaneous rate (SR) neurons to intensity coding, based on the 
differential recovery from forward masking of low-SR and high-SR neurons [Relkin and Doucet (1991) Hear. Res. 55, 215-222]. 
The present study conducted three experiments stimulating different stages of the auditory system in an attempt to determine 
the peripheral and central origins of the midlevel hump. First, in two cochlear implant (CI) listeners, the forward masker 
produced a midlevel hump on the intensity discrimination function, suggesting that the synapses between the hair cell and the 
eighth nerve are probably not responsible for the hump, as they are bypassed and the eighth nerve is stimulated directly. Second, 
in auditory brainstem implant (ABI) listeners, the forward masker produced no midlevel hump, but the masked jnds were larger 
than those without a masker• The absence of the midlevel hump in the ABI listeners suggests that the occurrence of the hump 
requires physiological mechanisms in the auditory nerve transmission, or the intrinsic processing circuits of the cochlear nuclei, 
or both. Third, in normal-hearing listeners, an ipsilateral, 90 dB SPL, pure-tone forward masker produced a midlevel hump, 
which is similar to that using a narrow-band noise masker; whereas a contralateral forward masker produced essentially no 
midlevel hump, suggesting that binaural interactions at superior olivary complex and more central sites are probably not 
responsible. 

Keywords: Intensity discrimination; Forward masking; Adaptation; Electric stimulation; Cochlear implant; Auditory brainstem 
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I. Introduct ion 

A non-monotonic intensity discrimination function 
has been recently observed under conditions of for- 
ward masking (Zeng et al., 1991; Zeng and Turner, 
1992). For 25-ms tones, the jnds in intensity are largest 
for midlevel tones and smaller for soft and loud tones 
following an intense narrow-band noise. This 'midlevel 
hump'  effect has also been observed independently in 
other laboratories (Plack and Viemeister, 1992a; Car- 
lyon and Beveridge, 1993). Based on a physiological 
finding that low-spontaneous rate (SR) neurons re- 
cover slower than high-SR neurons from forward mask- 
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ing (Relkin and Doucet, 1991), Zeng et al. suggested 
that this midlevel hump may reflect the reduced contri- 
bution of low-SR neurons to intensity discrimination. 
However, the specific physiological mechanisms are 
not clear (see the discussion of Zeng and Turner,  
1992). Plack and Viemeister (1992a, b) reported that a 
notched-noise reduces the midlevel hump effect in 
forward masking and that backward masking also pro- 
duces a midlevel hump. These results led Plack and 
Viemeister to suggest that the midlevel hump is of 
central origin and not determined by physiological pro- 
cess at the level of the auditory nerve. 

The present study at tempts to address the periph- 
eral vs. central issue by taking advantage of the electric 
stimulation of hearing in both cochlea and cochlear 
nucleus. Our assumption is that the auditory system 
can be approximately represented by a series of se- 
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quential processing stages consisting of cochlea, hair- 
cell and nerve synapse, auditory-nerve transmission, 
cochlear nucleus, superior olivary complex, and other 
higher auditory centers. Our research strategy is to 
stimulate different stages of the auditory system and 
observe the effects of these different processing stages 
on the midlevel jnd hump. We will first review and 
discuss the possible role of each physiological site or 
processing stage in forward masking. We will then 
describe an experimental design using implant listeners 
and contralateral sound in normal-hearing listeners to 
deduce the possible sites at which the midlevel hump 
may occur. 

Psychophysically, forward masking usually refers to 
shifted threshold and poor suprathreshold discrimina- 
tion due to a prior sound stimulation. Depending on 
the level and the frequency of a specific forward masker 
and the delay between the masker and the following 
probe stimulus, forward masking can produce in- 
creased thresholds (e.g., Zwislocki et al., 1959), de- 
creased thresholds (e.g., Rubin, 1960), enhanced loud- 
ness (e.g., Irwin and Zwislocki, 1971; Galambos et al., 
1972), and shifted pitch (Rakowski and Jaroszewski, 
1974). Many physiological mechanisms have been pro- 
posed to explain these psychophysical effects; the 
masker could change the firing rate and its variance to 
signal, or alter the signal excitation pattern. Recent 
physiological and psychophysical studies suggest that 
the mechanisms responsible for forward masking may 
be widely distributed in various stages of the auditory 
system. Let us review evidence from three physiological 
sites that may be involved in forward masking: (1) the 
synapse between hair cell and auditory nerve, (2) the 
auditory-nerve transmission process, and (3) the cen- 
tral auditory system from cochlear nucleus to cortex. 

First of all, forward masking may be related to 
adaptation occurring in the hair cell and eighth-nerve 
synapse. In response to a continuous test tone, single 
auditory neurons have been shown to produce a re- 
duced firing rate over time (Kiang et al., 1965; Smith 
and Zwislocki, 1975), an effect termed 'adaptation'. 
Although it is still controversial (Mulroy et al., 1974; 
Howard and Hudspeth, 1987), the cause of the adapta- 
tion has been generally assumed due to the generation 
and depletion of neural transmitters at the synapse 
(e.g., Schroeder and Hall, 1974; Ross, 1982; Schwid 
and Geisler, 1982; Smith and Brachman, 1982; Meddis, 
1986). On the other hand, recent studies showed a 
more complicated patterns for the recovery from prior 
stimulation: (1) high-SR neurons recover faster than 
low-SR neurons (Rhode and Smith, 1985; Relkin and 
Doucet, 1991), (2) prior stimulation also produces a 
different effect on the rate-intensity functions of low- 
SR and high-SR neurons (Abbas, 1979; Relkin and 
Solessio, 1993). It is not yet known whether the differ- 
ential effects of prior stimulation on low- and high-SR 

neurons are due to different synaptic structures or 
other mechanisms. 

Second, another possible physiological mechanism 
of forward masking may be inherent in the auditory- 
nerve transmission process as evidenced by results from 
the direct electric stimulation of the auditory nerve. 
Recent studies have shown some adaptation with elec- 
tric stimulation, at least in a portion of recorded single 
nerve fibers (Javel et al., 1987; van den Honert and 
Stypulkowski, 1987; Javel, 1990; Dynes and Delgutte, 
1992). Killian et al. (1992) also showed that the electri- 
cally-evoked compound action potential in guinea pig 
has a similar recovery to the forward masking recovery 
in human cochlear implant subjects. Perceptually, 
Shannon (1990) found that, once loudness is equated, 
cochlear implant listeners recover from forward mask- 
ing with a time course similar to normal-hearing listen- 
ers. Thus the psychophysical forward masking cannot 
be solely due to synaptic adaptation because the hair 
cell and auditory-nerve synapse is bypassed in cochlear 
implants. 

Third, the central auditory system may also play a 
role in forward masking as evidenced by psychophysical 
studies in electric and acoustic stimulation. In electric 
stimulation of human cochlear nucleus, Shannon and 
Otto (1990) found that the recovery function in for- 
ward masking is similar to that in acoustic stimulation. 
In acoustic stimulation, a preceding sound presented in 
the contralateral ear has been shown to affect the 
loudness perception in the ipsilateral ear (Galambos et 
al., 1972; Elmasian et al., 1980). This loudness effect 
suggests a central involvement in the recovery from 
forward masking because contralateral sound stimula- 
tion presumably either introduces central interactions 
occurring at superior olivary colliculus and more cen- 
tral sites (e.g., Zwislocki, 1971) or affects the ipsilateral 
cochlea directly through efferent innervation (e.g., 
Warren and Liberman, 1989). 

The above review suggests that physiological mecha- 
nisms at both peripheral and central sites could con- 
tribute to forward masking. Although Zeng et al. (1991) 
hypothesized that the differential recovery between 
low- and high-SR neurons is responsible for the non- 
monotonic intensity discrimination function in forward 
masking, their study could not rule out the involvement 
of other physiological sites. In the present study, we 
will describe three experiments designed to test three 
hypotheses that the physiological site is at the hair cell 
synapse, in the auditory nerve transmission, and of the 
central origin. The hypothesis of the synaptic origin 
will be assessed using cochlear implant (CI) listeners, 
in which the hair-cell synapse is bypassed and the 
auditory nerve is directly stimulated. The auditory- 
nerve transmission hypothesis will be assessed using 
auditory brainstem implant (ABI) listeners, in which 
the auditory nerve is bypassed and the cochlear nu- 
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Fig. 1. Logic flow chart of the experimental design in the present 
study. See text for detailed description. 

cleus is directly stimulated. The central origin hypothe- 
sis will be assessed using contralateral stimulus in 
normal-hearing listeners, in which physiological inter- 
actions occur at the superior olivary complex and higher 
centers. 

Two assumptions are made in the present study. 
One assumption is that the auditory system can be 
viewed as a cascade model and the deduction of the 
origins can be simplified as a bifurcated process. A 
second assumption is that the abnormal excitation pat- 
tern produced by electric stimulation in one stage does 
not affect the processing of intensity discrimination for 
the following stages. Fig. 1 demonstrates this reasoning 
process. The first decision node is based upon data 
from cochlear implant listeners. If CI listeners do not 
show a midlevel hump on the forward-masked intensity 
discrimination function, then the hair-cell and audi- 
tory-nerve synapse would be implicated as the physio- 
logical site responsible. This argument is based upon 
the difference between the CI and normal-hearing 
listeners: there is no hair-cell and auditory-nerve 
synapse present in the CI listeners. However, if CI 
listeners do show the midlevel hump, then we move to 
the second decision node which is based upon data 
from the ABI listeners. If the midlevel hump disap- 
pears in the ABI listeners, then the auditory nerve 

transmission and the intrinsic processing circuits in the 
cochlear nucleus are implicated because the main dif- 
ferences between the ABI and CI listeners are the 
missing auditory nerve and the nonspecific stimulation 
of the cochlear nucleus. If the midlevel hump is pre- 
sent in the ABI listeners, we then move to the third 
decision node which is based upon data from normal- 
hearing listeners with a contralateral forward masker. 
If the contralateral masker does not produce the mi- 
dlevel hump in normal-hearing listeners, then the 
cochlear nucleus is implicated as the responsible site. 
Whereas if it does, then superior olivary colliculus and 
more central sites are candidate sites producing the 
midlevel hump. 

2. Methods  

Stimulus temporal paradigm was the same as in the 
previous studies (Zeng et al., 1991; Zeng and Turner, 
1992). In contrast to the narrow-band masker used 
previously, the masker in the present study was a 
1000-Hz sinusoidal stimulus for both electric and 
acoustic stimulation. The masker duration was 100 ms. 
The signal was a 25-ms, 1000-Hz sinusoidal stimulus. 
All stimuli had a 2.5-ms cosine ramp. The signal delay, 
as defined from the offset of the masker to the onset of 
the signal was 100 ms unless otherwise noted. All 
stimuli were generated digitally and output by a 16-bit 
D / A  converter at a sampling rate of 20 kHz (TDT 
QDA2). The output stimuli were smoothed by an anti- 
aliasing filter (TDT FLT3) with a cut-off frequency of 8 
kHz. The standard level and the signal level were 
separately controlled by two programmable attenuators 
(TDT PA3). 

2.1 Electric stimulation in implant listeners 
Two Richards Ineraid cochlear implant (Eddington 

et al., 1978) and six auditory brainstem implant (Eisen- 
berg et al., 1987; Brackmann et al., 1993) listeners 
participated in the experiments. The brainstem implant 
subjects were patients with Neurofibromotasis Type 2, 
a decease characterized by the presence of bilateral 
acoustic tumors. They were one male and one female 
CI listeners, and one male and five female ABI listen- 
ers, aged 25 to 60 years old. All but two ABI subjects 
use their implants regularly. These two ABI subjects 
do not use the implants because they still had acoustic 
hearing in their contralateral ear at the time of testing. 
All subjects had previous experience in psychophysical 
experiments. 

Only ipsilateral forward masking was performed in 
implant listeners. The forward masker was a 1000-Hz 
sinusoidal current-controlled stimulus and the masker 
was presented at about the 80% level of the subject's 
dynamic range in dB. The dynamic range was deter- 
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mined by the uncomfortable loud level minus the 
threshold in dB. The highest standard level used in 
each subject was 2 to 3 dB lower than the uncomfort- 
able level of that subject. All levels were presented in 
dB re: 1 microamp. Electric stimulation was delivered 
through an optically-isolated constant-current source 
(Vurek et al., 1981). Stimulation mode was monopolar 
in all subjects. Detailed calibration of the electric stim- 
ulation has been described elsewhere (Shannon and 
Otto, 1990; Zeng and Shannon, 1992). 

2.2. Acoustic stimulation in normal-hearing listeners 
Four young, normal-hearing listeners (including the 

first author) served as subjects. They were two males 
and two females, aged 25 to 35 years old. All subjects 
had previous experience in psychophysical experi- 
ments. 

A 1000-Hz sinusoidal stimulus was used as a for- 
ward masker in the present study. The 1000-Hz pure- 
tone forward masker was presented at 90 dB SPL in 
either the ipsilateral ear or the contralateral ear. The 
onset of the signal was 100 ms after the offset of the 
masker. All levels were expressed as values measured 
with TDH-49 headphones (MX41/AR cushion) in a 
NBS-9A coupler. The generation and the control of 
the stimuli were the same as in electrical stimulation, 
except that the final output was connected to a Crown 
D-75 amplifier. 

2.3. Procedure 
All subjects except the totally-deaf implant listeners 

were seated in a double-walled sound chamber (IAC). 
A 3-down, 1-up, 2IFC, adaptive procedure, which tracks 
the 79.4%-level of correct responses, was used in all 
experiments. Subjects received trial-by-trial feedback 
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Fig. 2. Forward-masked intensity discrimination for two Richards 
Ineraid cochlear implant listeners. The  upper  two panels are data 
collected on the apical electrode and the lower two are on the basal 
electrodes. Note the signal delay and the threshold (TH) values on 
the upper-right corner in each panel. 

regarding the correct response. Twelve reversals were 
used for each run and the results were estimated from 
the mean of the last 8 reversals. In acoustic stimula- 
tion, the step size was 5 dB for the first four reversals 
and 2 dB after. In electric stimulation, the step size 
was 2 dB for the first four reversals and 0.5 dB after. 
The reported data in normal-hearing listeners were an 
arithmetic mean of four runs. Most data in implant 
listeners were an average of two runs. In the basal 
electrode condition in CI subjects, only one run was 
obtained due to time limitation. In cases where the 
standard deviation bar is shown, the data point was an 
average of three or four runs. The just-noticeable-dif- 
ference (jnd) in intensity was reported as AI in dB or 
20 LOG (1 + AL/L),  where L is the standard level 
and AL is the increment at which the subject achieved 
a 79.4% correct performance. 

3. Resu l t s  

3.1. Cochlear-implant (CI) listeners 
Fig. 2 shows intensity discrimination data measured 

from the two CI listeners. The upper two panels la- 
beled CI 1 (A) and CI 2 (A) were results obtained with 
an apical electrode, while the lower two panels labeled 
CI 1 (B) and CI 2 (B) were results obtained with a 
basal electrode. For subject CI 1, the forward masker 
levels were 44 dB in the apical electrode and 46 dB in 
the basal electrode; while for subject CI 2, the masker 
levels were 45 dB on both electrodes. Four points are 
worth noting in Fig. 2. 

First, note the threshold (as labeled in the upper- 
right corner of each panel) and dynamic range in the 
CI subjects. For subject CI 1 the unmasked thresholds 
were 19.5 and 17.9 dB on apical and basal electrodes; 
the dynamic range was about 30 dB (2-3 dB higher 
than the highest standard level, i.e., 46 dB). In the 
forward masking condition, the thresholds were 13 dB 
higher and the dynamic range was reduced to about 20 
dB. For subject CI 2 the unmasked thresholds were 
28.3 and 28.9 dB on apical and basal electrodes; the 
dynamic range was about 20 dB. In the forward mask- 
ing condition, the thresholds were about 5 dB higher 
than the unmasked condition and the dynamic range 
was also about 5 dB less. In other words, forward 
masking appears to elevate the thresholds in terms of 
dB in CI listeners, but not their uncomfortable loud- 
ness level. 

Second, note the jnds in the no-masker condition 
(filled circles). Both subjects were able to discriminate 
a level difference of 1 to 2 dB across their entire 
dynamic range. No difference was observed between 
apical and basal electrodes. 

Third, note the jnds in 100-ms delay forward mask- 
ing condition (open squares). It is obvious in all four 
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Fig. 3. Forward-masked intensity discrimination for six listeners with 
the auditory brainstem implants. Open squares, circles and triangles 
are the forward-masked data at signal delays of 100 ms, 200 ms and 
400 ms, respectively. Filled circles are the controlled, unmasked data. 
Also note the threshold (TH) values for each condition on the 
upper-right corner in each panel. 

panels that the forward masker produced a midlevel 
hump on the intensity discrimination function. The 
midlevel jnds were about 3-5  dB in most cases, except 
for the case of CI 1 (B) in which the greatest jnd was 7 
dB. For standard levels close to the forward-masked 
thresholds, there were greater  individual differences 
with some masked jnds being larger than unmasked 
values (CI 1 (A) and CI 2 (B)) and some being smaller 
(CI 1 (B)). Similar individual differences were observed 
in normal-hearing listeners (Zeng et al., 1991; Zeng 
and Turner, 1992). 

Fourth, note the jnds at the 400 ms delay (open 
triangles) in panel CI 2 (A) only. The forward masker 
produced no midlevel hump and the masked jnds were 
not significantly different from the unmasked condi- 
tion. It can also be noted that the threshold difference 
was much smaller (1.5 dB) at this delay. This set of 
data is different from normal-hearing listeners in which 
a small hump was present at the 400-ms delay. 

3.2. Auditory brainstem implant (AB1) listeners 
Fig. 3 shows intensity discrimination data measured 

under forward masking in six ABI listeners. The for- 

ward masker levels were 50, 54, 58, 57, 55, 47 dB for 
subjects ABI 01, 12, 17, 18, 19, 22, respectively. 
Thresholds without masking were 10 to 20 dB higher 
than the CI listeners' thresholds, as previously reported 
by Shannon and Otto (1990). The dynamic range was 
about 10 dB or less in ABI subjects, except in subject 
ABI 12 who had a range of about 20 dB. The threshold 
difference between masked and unmasked conditions 
in ABI subjects was smaller than CI subjects and 
ranged from 2 to 5 dB. 

Similar to the CI listeners, the jnds in the no-masker 
condition were 1 to 2 dB across the entire dynamic 
range (filled circles). Unlike the CI listener, forward 
masking produced no midlevel hump at the 100 ms 
delay (open squares) in ABI listeners. However, the 
forward-masked jnds were 1 to 4 dB greater than the 
unmasked values across the entire dynamic range. In- 
tensity jnds were measured as closely as possible to the 
threshold and the uncomfortable levels in forward 
masking condition to ensure that there would not be 
any improvement of the jnds at these extreme standard 
levels. 

A similar pattern was observed for the 200 (open 
circles) and 400 (open triangles) ms delay conditions, 
except that the difference between the masked and the 
unmasked jnds were smaller at 400 ms delay. Also note 
the smaller threshold shifts at these two delays, com- 
pared with 100 ms delay. In some subjects (ABI 01, 12, 
and 17), the jnds were recovered to the unmasked 
values at high standard levels, but no midlevel hump 
was apparent.  

3.3. Normal-hearing listeners 
All four subjects exhibited a similar pattern, so only 

arithmetic mean results are reported. Fig. 4 shows 
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threshold and jnd data in conditions of no masking, 
ipsilateral and contralateral forward masking. As indi- 
cated in the upper-right corner of Fig. 4, there was 
little threshold difference across conditions. The shaded 
area represents the unmasked jnd data plus and minus 
a standard deviation. The unmasked intensity discrimi- 
nation function shows the so-called near miss to We- 
ber's law; jnds gradually improve as a function of 
standard level. 

The ipsilateral, 90 dB SPL, pure-tone forward 
masker produced a midlevel jnd hump (inverted trian- 
gles), which is both qualitatively and quantitatively 
similar to that produced by a narrow-band noise masker 
(Zeng et al., 1991). This result shows that at the 100-ms 
delay there is little or no difference between noise and 
sinusoidal maskers. The same masker presented in the 
contralateral ear produced a much smaller jnd differ- 
ence at the midlevels (2 dB or less, regular triangles). 
There was little or no effect of masking on intensity 
discrimination at low and high standard levels. 

4. Discussion 

4.1. Comparisons between acoustic and electric stimula- 
tion 

In order to properly compare psychophysical results 
between acoustic and electric stimulation, we must first 
consider several significant differences in the two stim- 
ulation modes. One concern is loudness growth in 
electric hearing. By directly balancing loudness be- 
tween acoustic and electric stimulation in the same 
subjects, a monotonic, logarithmic loudness balance 
function was found between the acoustic amplitude 
and the electric amplitude (Eddington et al., 1978; 
Zeng and Shannon, 1992; Dorman et al., 1993). It has 
been established that for the present 1000-Hz stimulus, 
loudness is an exponential function of electric ampli- 
tude (Zeng and Shannon, 1994). 

Another concern with electric hearing is the re- 
duced dynamic range, measured by the level difference 
between threshold and uncomfortable loudness level. 
In particular, the dynamic range is typically 10 dB in 
ABI listeners and 20 dB in CI listeners. This reduced 
dynamic range makes it difficult to compare the mi- 
dlevel hump between acoustic and electric hearing; for 
example, one may argue that a 10 dB increment in the 
midlevel jnds in normal-hearing listeners only corre- 
sponds to a 1 dB effect in implant listeners, given the 
compression of the 100-dB normal range to the 10-dB 
electric range. In two of the six ABI listeners (ABI 12 
and 18), there was a 1 dB mean difference between the 
highest jnd value at midlevels and the jnd values at low 
and high levels for the 100-ms masking condition. Does 
this 1-dB difference indicate the presence of a midlevel 
hump? 

There are two measures that are indicative of a 

midlevel hump in normal hearing listeners as seen in 
Fig. 4: (1) a significant difference between the jnd 
values at midlevels and the values at two extremes; (2) 
a little or no difference between the masked and 
unmasked jnd values at the low and high standard 
levels. We examined the subject (ABI 12) in which 
both the mean and the variance data are available, and 
found that both measures suggest an absence of the 
midlevel hump. First, a Student's t-test shows, for the 
100-ms masking condition, that there is no significant 
difference between the jnd values at the lowest stand- 
ard level (42 dB) and the 44-dB midlevel (t =-0.68, 
df = 4, P > 0.25) and between the 44-dB and the 56-dB 
standard levels (t = 0.85, df = 4, P > 0.20). Second, 
there is a significant 1-2 dB difference (perhaps corre- 
sponding to 10-20 dB in normals) in the jnd values 
between the 100-ms delay masked and the unmasked 
conditions at the low and high standard levels. 

4.2. Possible origins of the midlevel jnd hump in forward 
masking 

The most important result in this paper is the pres- 
ence of the midlevel hump in cochlear implant (CI) 
listeners and its absence in brainstem implant (ABI) 
listeners. Because the obvious difference between the 
CI and the ABI listeners is that the ABI listeners lack 
both the auditory nerve transmission and the intrinsic 
processing in the cochlear nucleus, according to Fig. 1, 
this pattern of results suggests that the midlevel hump 
is likely due to physiological mechanisms in the audi- 
tory nerve transmission and the cochlear nucleus pro- 
cessing circuits. However, in ABI listeners, the jnds do 
not recover to the unmasked values, indicating that 
cochlear nuclei and higher centers may still be involved 
in forward masking. 

The small contralateral forward masking effect in 
normal-hearing listeners also suggests limited central 
contribution. Because we used circumaural head- 
phones in the acoustic stimulation experiments, the 
small jnd shifts in the contralateral masking condition 
may be due to acoustic cross-talk and not a true 
contralateral effect. Assuming that the interaural at- 
tenuation is 40-50 dB, the 2-dB contralateral masking 
effect may be explained by the equivalent ipsilateral 
masker at 40-50 dB SPL (Zeng and Turner, 1992). An 
alternative explanation is the efferent inhibition effect 
of the contralateral masker on the auditory nerve, 
particularly on the low-SR neurons (Warren and Liber- 
man, 1989). The present study cannot distinguish these 
two mechanisms. 

4.3. Physiological mechanisms 
Let us consider possible physiological mechanisms 

that could explain the observed pattern of results. At 
the level of the auditory nerve, if the jnd is determined 
by a statistically significant increment in firing rate as a 
function of stimulus level, a large jnd could be caused 
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either by a shallower slope of the rate growth function 
or by an increased variance in firing rate. Consider the 
following two possible mechanisms that could produce 
a midlevel hump. First, suppose that the overall rate of 
high- and low-SR neurons is the relevant cue for the 
jnd measurement. It is also known in the 100-ms delay 
forward masking condition that thresholds for low-SR 
neurons with high thresholds are selectively elevated 
(Relkin and Doucet, 1991) and their rate-intensity 
functions are also shifted towards higher levels (Relkin 
and Solessio, 1993). Both the threshold elevation and 
the up-shifted rate-intensity function for the low-SR 
neurons would result in a shallower slope of the overall 
rate growth function at the midlevels. 

Second, an increment in the variance of firing rate 
in forward masking can also produce a midlevel hump. 
We are not aware of any data examining the variance 
of firing rate in forward masking, but an indirect study 
has successfully related the neural variance to a mi- 
dlevel jnd hump. In order to explore the physiological 
mechanisms of a similar midlevel jnd hump for click 
signals (Raab and Taub, 1969), Taub and Raab (1969) 
recorded both the amplitude and the standard devia- 
tion of the compound action potential for the clicks 
and found that the variability of the compound action 
potential was the principal factor correlating with the 
click's midlevel jnd hump. 

At the cochlear nucleus level, two potential physio- 
logical mechanisms may also contribute to the differ- 
ence (the presence and absence of the midlevel jnd 
hump) between the CI and the ABI listeners. Recent 
physiological studies have suggested that both the audi- 
tory nerve and cochlear nucleus innervation and the 
intrinsic neural circuits in cochlear nuclei play an im- 
portant role in auditory information processing (e.g., 
Young et al., 1988). In particular, Blackburn and Sachs 
(1990) showed that the 'chopper' cells can listen selec- 
tively to low-SR neurons. Stimulating the auditory nerve 
(the CI case), the brain may take advantage of both the 
partially preserved innervation between the auditory 
nerve and the cochlear nuclei and the processing abil- 
ity of the intrinsic circuits in cochlear nuclei. However, 
in the ABI case, the cochlear nuclei are stimulated 
nonspecifically; the brain may not be able to make use 
of these two mechanisms. The different effect between 
the C1 and ABI listeners suggests that the midlevel 
hump is likely due to physiological mechanisms in the 
auditory nerve transmission and the cochlear nucleus 
processing circuits. This suggestion, however, is limited 
to the lack of relevant electric stimulation data at both 
the auditory nerve and the cochlear nucleus levels. 

4.4. Recovery from forward masking for low- and high-SR 
neurons 

The present data may also shed light on the differ- 
ential recovery from forward masking between low- 

and high-SR neurons. Two morphological differences 
between low- and high-SR neurons have been observed 
between hair-cell synapse and cochlear nucleus and 
related to their differential recovery from forward 
masking. First, low-SR neurons have been shown to be 
smaller in diameter of both their dendrite and axon 
(Liberman, 1982; Liberman and Oliver, 1984), and a 
smaller diameter leads to a higher threshold and slower 
conduction speed (e.g., Koester, 1981). Second, the 
dendrites of low-SR neurons have been shown to re- 
ceive more innervation by the lateral olivocochlear 
portion of the efferent system (Liberman, 1980). Since 
the efferent effect is usually inhibitory and takes sev- 
eral hundred milliseconds to develop and decay (e.g. 
Warren and Liberman, 1989), it is possible that the 
efferents are involved in the recovery from forward 
masking, particularly, for low-SR neurons. 

Since auditory neurons have essentially no sponta- 
neous activity in electric stimulation of cochlea, we can 
no longer assume any relationship between their recov- 
ery from forward masking and spontaneous activity. 
However, the morphological differences between low- 
SR and high-SR neurons should still be preserved in 
cochlear implant subjects and thus affect electric ex- 
citability of these two populations differentially. In 
addition, recent anatomical evidence indicates that 
low-SR neurons are segregated in the auditory nerve 
bundle and have a path closest to the scala vestibuli 
(Leake and Snyder, 1989; Liberman, 1991). This means 
that for intracochlear electrode inserted in scala tym- 
pani, the distance between the electrode and the axon 
is longer for low-SR neurons than for high-SR neurons 
and the longer distance to the electrode would result in 
higher threshold for low-SR neurons (e.g. van den 
Honert and Stypulkowski, 1987). Therefore, the partial 
preservation of normal morphology and the electrode 
position may result in a midlevel hump in cochlear 
implant listeners. On the other hand, such morphologi- 
cal differences between low- and high-SR neurons are 
obviously absent in the ABI listeners, and thus no 
midlevel jnd hump should be observed. 

5. Summary of results 

Intensity discrimination functions in forward mask- 
ing have been obtained in cochlear implant listeners, 
auditory brainstem implant listeners, and normal-hear- 
ing listeners. Although there are significant individual 
differences, the overall pattern of results suggest a 
possible peripheral origin of the midlevel hump. 
Specifically, the forward masker produced a similar 
midlevel hump in normal-hearing and cochlear implant 
listeners, suggesting that the hair-cell synapse is not 
the likely origin. The forward masker produced no 
hump in auditory brainstem implant listeners, suggest- 
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ing the hump is due to some mechanism either periph- 
eral to or in the cochlear nucleus. The contralateral 
forward masker produced a small hump in normal- 
hearing listeners, further suggesting that central inter- 
actions at superior olivary complex and higher are not 
the likely origin of the midlevel hump. 
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