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Abstract

The auditory efferent nerve is a feedback pathway that originates in the brainstem and projects to the inner ear. Although the
anatomy and physiology of efferents have been rather thoroughly described, their functional roles in auditory perception are still not
clear. Here, we report data in six human subjects who had undergone vestibular neurectomy, during which their efferent nerves were
also presumably severed. The surgery had alleviated these subjects’ vertigo but also resulted in mild to moderate hearing loss. We
designed our experiments with a focus on the possible role of efferents in anti-masking. Consistent with previous studies, we found
little effects of vestibular neurectomy on pure-tone detection and discrimination in quiet. However, we noted several new findings in
all subjects tested. Efferent section increased loudness sensation (one subject), reduced overshoot effect (five subjects), accentuated
‘the midlevel hump’ in forward masking (two subjects), and worsened intensity discrimination in noise (four subjects). Poorer speech
in noise recognition was also observed in the surgery ear than the non-surgery ear in three out of four subjects tested, but this finding

was confounded by hearing loss. The present results suggest an active role of efferents in auditory perception in noise. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

The olivocochlear bundle, or the auditory efferent
system, is a nervous feedback pathway that originates
in the brain stem and projects to the inner ear. Audi-
tory efferents have been identified for more than
50 years (Rasmussen, 1946) and their anatomy has
been thoroughly described (e.g. Warr and Guinan,
1979; Liberman, 1980; Brown, 1987; Warr, 1992).
While the efferent system was traditionally classified
by crossed and uncrossed projections, the present view
is that the efferent system consists of a medial subsys-
tem and a lateral subsystem based on their origins in
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the brain stem. The medial efferents originate in the
medial portion of the superior olivary complex and
project to the outer hair cells; the lateral efferents orig-
inate in or near the lateral portion of the superior oli-
vary complex and project to the dendrites of the audi-
tory nerve fibers. Both medial and lateral efferents
contain crossed and uncrossed projections.

Despite this rather thorough description of the effer-
ent anatomy, the functional role of the efferents is still
poorly understood and remains somewhat mysterious.
One major cause for the mysterious efferent function is
that many earlier studies reported negative findings on
the role of efferents in absolute hearing thresholds, tem-
poral threshold shifts, pure-tone intensity and fre-
quency discrimination in quiet and in noise (e.g. Gal-
ambos, 1960; Trahiotis and Elliott, 1970; Igarashi et
al., 1972, 1979a,b). Recently, there has been a rekindled
interest in efferent functions (for a summary, see Rajan,
1990; Guinan, 1996; Walsh et al., 1998). Several hy-
potheses have been proposed for an efferent involve-
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ment in anti-masking (e.g. Liberman and Guinan,
1998), protection from damage due to loud noise
(Cody and Johnstone, 1982; Handrock and Zeisberg,
1982; Rajan, 1990; Liberman and Gao, 1995), auditory
and visual attention (Oatman, 1976; Igarashi et al.,
1974; Scharf et al., 1994, 1997), and auditory develop-
ment (Walsh et al., 1998). Among these hypotheses, the
anti-masking effect has received the most extensive in-
vestigation, and perhaps the strongest empirical sup-
port.

Dewson (1968) first reported that efferent section in
rhesus monkeys significantly impaired their ability to
discriminate between two vowels ([i] and [u]) in noise
but not in quiet. He interpreted his finding as increased
‘perceptual’ signal to noise ratio mediated by efferents.
Nieder and Nieder (1970) were likely the first to coin
the term ‘anti-masking’ when they observed that effer-
ent stimulation significantly increased neural response
to loud clicks in noise. This anti-masking function by
efferents was subsequently confirmed by a large body of
physiological studies which activated the efferents
through either electrical stimulation or contralateral
noise (Dolan and Nuttall, 1988; Guinan and Gifford,
1988; Winslow and Sachs, 1988; Kawase et al., 1993;
Kawase and Liberman, 1993). It has been assumed that
the efferents produce the anti-masking effect through an
automatic gain control mechanism which reduces the
outer hair cells’ response to noise and increases the
effective signal to noise ratio (e.g. Mountain, 1980; Li-
berman and Guinan, 1998; Winslow and Sachs, 1988).
The anti-masking effect is most likely mediated by the
medial efferents; it also takes time to develop and to
decay and is most effective at moderate noise levels for
mid- to high-frequency sounds (Warren and Liberman,
1989a.,b; Guinan and Stankovic, 1996; Liberman and
Guinan, 1998; Moulin and Carrier, 1998; Zheng et al.,
1999).

Although behavioral studies of the efferent anti-
masking function are rare compared with the large
body of physiological literature in anti-masking, they
are generally consistent with each other. For example,
May and McQuone (1995) found that efferent section in
cats significantly affects intensity discrimination in noise
at 8 kHz but not at 1 kHz. In humans, Micheyl and
Collet (1996) also found a possible relationship between
detection of tones in noise and the strength of efferent
activation, as measured by contralateral suppression of
otoacoustic emissions (Littman et al., 1992; Williams et
al., 1994; Maison et al., 1997). Similar to Dewson’s
(1968) finding, Hienz et al., (1998) showed that vowel
formant discrimination in cats was adversely affected by
bilateral efferent section only in high-level noise back-
ground but not at low noise levels. More recently, Gi-
raud et al. (1997) measured speech in noise intelligibility
in normally hearing listeners and in listeners who had

undergone vestibular neurectomy, a surgical procedure
that severs both the vestibular nerve and the efferent
nerve to alleviate vertigo (House et al., 1984). They
found a positive correlation between speech in noise
intelligibility and the strength of emission suppression
in normal listeners; in addition, the intelligibility was
lower in the surgery ear than the non-surgery ear.

Scharf et al. (1994, 1997) also conducted extensive
behavioral studies on vestibular neurectomy patients.
In the case study, Scharf et al. (1994) systematically
measured the effects of neurectomy on detection and
discrimination of tones in noise. They found essentially
no difference between the surgery ear and the non-sur-
gery ear in detection of tones in broad-band noise (crit-
ical ratios), narrow-band noise (300-1800 Hz, over-
shoot), notched noise (frequency selectivity) and
contralateral noise (central masking). They also meas-
ured suprathreshold intensity discrimination, frequency
discrimination, gap detection, loudness growth and
adaptation, pitch matching, and lateralization and
found little difference between the surgery ear and the
non-surgery ear. The only abnormal finding was that
the efferent-sectioned patient could no longer focus his
attention to a certain frequency region in an experiment
requiring detection of expected and unexpected tones.
Although the role of efferents in selective attention is
still controversial (Michie et al., 1996), Scharf et al.
(1997) were later able to replicate these basic findings
in 16 case studies.

In the present report, we also conducted behavioral
studies in six patients who had undergone a vestibular
neurectomy procedure to alleviate their vertigo. Given
the limited time that was typically available with these
patients, we focused on psychophysical and speech
measurements that are related to the anti-masking func-
tion proposed for the efferents. For example, we specif-
ically examined the difference in detection of a brief
tone presented at the onset and steady-state of a
broad-band noise. In normal-hearing listeners, a brief
tone is harder to detect at onset of a broad-band noise
than at steady-state of the noise (‘the overshoot’ effect,
see Zwicker, 1965a). We focused on overshoot because
it had a time course similar to the efferent activation
(Liberman and Brown, 1986) and a previous anecdotal
report also found reduced overshoot in a vestibular
neurectomy patient (Hafter, Viemeister and Schlauch,
personal communication). Consistent with previous be-
havioral studies, we found little effects of vestibular
neurectomy on detection and discrimination of tones
in quiet. However, we did observe a significant reduc-
tion of the overshoot effect and degraded intensity dis-
crimination in noise in the surgery ear. Speech recog-
nition in noise was also impaired in the surgery ear for
most patients but hearing loss might have confounded
this result.
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2. Materials and methods
2.1. Subjects

Six adult patients, four females and two males, who
had undergone retrolabyrinthine vestibular nerve sec-
tion (de la Cruz and McElveen, 1984; Nguyen et al.,
1992) participated in this study. The surgical procedure
significantly alleviated the pre-operative disabling verti-
go in all patients. Table 1 shows basic personal and
audiological information for these patients. While two
subjects (RW and TG) showed significantly elevated
thresholds (20 dB), they all had high levels of word
recognition (80% or greater) in the surgery ear post-
operatively. Four normal-hearing listeners, serving as
experimental control, also participated in the speech
experiment. Informed consent was approved by the lo-
cal Institutional Review Board and obtained from each
individual subject after the nature and possible conse-
quences of the study were explained.

2.2. Stimuli

Stimuli in all psychophysical experiments were gener-
ated and controlled by a Tucker-Davis-Technologies
system. Stimulus parameters will be described in each
individual experiment as they varied from experiment to
experiment. Hearing in noise test (HINT, Nilsson et al.,
1994) was used to measure sentence speech reception
threshold (SRT) in a control group of four normal-
hearing subjects and in the surgery ear and the non-
surgery ear of vestibular neurectomy subjects. HINT
required a subject to recognize daily life sentences spo-
ken by a male speaker in a broad-band noise whose

Table 1
Subject information

long-term spectrum was matched to that of the male
speaker. All stimuli, including tones, noises and speech
sentences, were presented to the subject via TDH-49
headphones mounted in a MX-41/AR cushion. Regular
calibration of the headphones in an NBS-9A coupler
using a B and K sound level meter and/or a Hewlett—
Packard dynamic signal analyzer (35660A) was con-
ducted to ensure both fidelity and safety of the sound
generation and delivery systems.

2.3. Procedures

A two alternative, forced choice, adaptive procedure
was used in psychophysical experiments measuring
pure-tone thresholds in noise and forward masking,
and intensity discrimination in quiet, noise and forward
masking. A three-up, one-down decision rule was used
to produce 79.4% correct responses (Levitt, 1971). In
the interaural loudness matching experiment conducted
in one subject pre- and post-operatively, a pure-tone
stimulus was presented to the non-surgery ear at a fixed
level and served as a reference of loudness matching to
the same pure-tone stimulus presented alternatively in
the surgery ear. The subject was instructed to adjust the
level of the stimulus in the surgery ear to make it just
louder than, then just softer than and finally equally
loud to the reference stimulus in the non-surgery ear.
In the speech experiment, SRT (i.e. the speech to noise
level achieving a 50% correct response) was obtained
using the HINT material and procedure (Nilsson et
al.,, 1994). To establish the baseline performance, we
first measured SRTs as a function of the contralateral
noise level in normal-hearing listeners. In subjects with
vestibular neurectomy, the noise was presented dioti-

Subject Sex Age Surgery Cause of vertigo

Surgery date

Test date(s) Word recognition

ear (and other symptoms) (month/day/year) (post-operatively)

CM M 68 R Vestibular neuronitis (positional 01/20/83 02/18/92-05/02/94 96%
dizziness, totally disabling)

JD F 35 L Vestibular neuronitis (panic attacks,  05/14/91 04/02/92-05/02/94 100%
sweating)

PR M 40 L Meniere syndrome (tinnitus, hearing ~ 07/17/96 07/31/96 100%
loss, fullness)

RA F 38 L Meniere syndrome (tinnitus, hearing ~ 10/14/93 05/13/94 100%
loss, fullness)

RW F 60 R Trauma and fistula repair (constant 10/28/83 04/15/92-04/29/92 80%
numbness of hands and feet, totally
disabled, positional dizziness, tinnitus,
headache)

TG F 50 R Meniere syndrome (drop attacks, 12/07/93 N/A 88%

tinnitus, fluctuating hearing loss,
fullness)

For subject RA, pre-surgical loudness balance data were collected on the same day when the surgery was performed. TG’s test dates were not

available as a result of a missing laboratory notebook.
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cally at a 70-dB SPL overall level and the speech was
presented either in the surgery ear or the non-surgery
ear. Data are reported for all subjects tested.

3. Results
3.1. Pure-tone thresholds

Fig. 1 shows pure-tone thresholds collected clinically
in the non-surgery ear and in the surgery ear pre-oper-
atively (open symbols) and post-operatively (filled sym-
bols). Except for subjects RW and TG, vestibular neu-
rectomy had relatively minor effects on pure-tone
thresholds with 10 dB or less shift after the surgery.
For the two subjects who had greater hearing loss in
the surgery ear post-operatively, both had Meniere syn-
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drome and their loss might be due to continued hy-
drops that was not affected by the surgery. While little
change in thresholds was reported in Scharf’s (1997)
study, the pure-tone average threshold could be ele-
vated by an average of 4.1 dB in retrolabyrinthine ap-
proach and by 21.2 dB in middle fossa approach in
other studies (de la Cruz and McElveen, 1984). We
noted that three subjects, JD, PR and RA, had nearly
normal pure-tone thresholds post-operatively in the sur-
gery ear.

3.2. Loudness growth
In subject RA, we were able to obtain interaural
loudness matching functions (Fig. 2) pre-operatively

(open symbols) and post-operatively (filled symbols).
At 1000 Hz (top panel), there was essentially no differ-
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Fig. 1. Pure-tone thresholds. Open circles represent thresholds in the right ear and open triangles represent thresholds in the left ear. Filled

symbols represent thresholds measured after vestibular nerve section.
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Fig. 2. Loudness matching functions at 1000 Hz (top panel) and 2000 Hz (bottom panel). The x-axis represents the level of a reference tone in
the non-surgery ear; the y-axis represents the level of a comparison tone in the surgery ear to match the loudness of the reference. Open
squares represent the function measured pre-operatively and filled triangles represent the function measured post-operatively.

ence in loudness growth between the pre- and the post-
operatively conditions. However, at 2000 Hz, this sub-
ject consistently required lower levels (about 10 dB) in
the surgery ear post-operatively than pre-operatively to
match the loudness of the same reference stimulus in
the non-surgery ear. In other words, a 2000-Hz tone of
the same level would elicit louder sensation in the sur-
gery ear than in the non-surgery ear.

3.3. Intensity discrimination in quiet

Fig. 3 shows a just noticeable difference (JND) in
intensity, presented as level differences in dB and meas-
ured for a 25-ms, 1000-Hz pure-tone stimulus in three
patients. Except for low stimulus levels (30 and 40 dB
SPL) in subject JD, no apparent difference was found
between the surgery ear (filled symbols) and the non-
surgery ear (open symbols).

3.4. Forward masking

Forward masking measures the effect of prior stim-
ulation on detection and discrimination of a following
sound. No previous study has addressed forward mask-
ing in vestibular neurectomy patients. In the present
study, the forward masker was always a 1000-Hz, 90-

dB SPL, 100-ms tone. In the threshold recovery experi-
ment, the probe tone was a 1000-Hz, 9-ms tone with 3-
ms cosine-squired ramps. Signal delays, defined as the
interval between the offset of the masker and the onset
of the probe, ranged from 1 ms to 200 ms. In forward-
masked intensity discrimination, the probe tone was 25
ms in duration and was presented always at 100-ms
signal delay.

Fig. 4 presents threshold recovery from forward
masking in one subject (top panel) and forward-masked
intensity discrimination in two subjects (bottom two
panels). The threshold recovery in the surgery ear was
typical compared with normal-hearing listeners (e.g.
Jesteadt et al., 1982). However, vestibular neurectomy
accentuated the ‘midlevel hump’ in forward-masked in-
tensity discrimination (Zeng et al., 1991) by producing
both significantly worse discrimination at moderate lev-
els and slightly better discrimination at low and high
levels in the surgery ear than the non-surgery ear.

3.5. Overshoot in diotic noise

Overshoot is usually measured with both the signal
and the noise presented to only one ear. Here, we pre-
sented the signal unilaterally but the noise binaurally in
order to induce the strongest efferent effect (for ‘binau-
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Fig. 3. Intensity discrimination in quiet. JND are plotted as a func-
tion of the pedestal level (x-axis). The open circles represent data
obtained in the non-surgery ear and the filled triangles represent
data in the surgery ear.

ral enhancement’, see Liberman, 1988). In addition, a
moderate to loud broad-band noise was chosen to max-
imize the overshoot effect (20-5000-Hz bandwidth with
a spectrum level of 30 or 40 dB, see Bacon, 1990). The
probe tone was 9 ms in duration and had 3-ms cosine-
squared ramps. The probe tone was presented either at
3 ms or 300 ms after the onset of the noise, which had
an overall duration of 425 ms and also 3-ms cosine-
squired ramps. To minimize the effects of hearing loss
on overshoot (Bacon and Takahashi, 1992), the probe
frequency was chosen to be both 1000 Hz and 4000 Hz
for subject JD, 4000 Hz for subject TG and 1000 Hz for
the remaining subjects. At these frequencies, all subjects
had 30-dB HL or better hearing thresholds. Except for
subject PR whose overshoot effects were measured at

30- and 40-dB noise spectrum levels, other subjects per-
formed the task at the 30-dB level.

Fig. 5 presents the difference in threshold between the
3-ms and the 300-ms conditions (i.e. overshoot effect)
for both the non-surgery ear (‘N’ and open bars) and
the surgery ear (‘S’ and filled bars) in five subjects.
Compared with the non-surgery ear, overshoot was uni-
formly reduced in the surgery ear for all subjects and
this reduction was statistically significant (paired ¢-test,
P <0.01). However, large individual variability was
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Fig. 4. Forward masking. Top panel: recovery from forward mask-
ing. Thresholds in dB SPL (y-axis) are plotted as a function of sig-
nal delay (x-axis). The threshold in the absence of masking (marked
as ‘Quiet threshold’) is represented by the horizontal line. Middle
and bottom panels: intensity discrimination in forward masking.
Bottom panel: intensity discrimination. JND data are plotted as a
function of the pedestal level for a forward-masked tone. Open
circles represent data obtained in the non-surgery ear and filled tri-
angles represent data in the surgery ear.
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Fig. 5. Overshoot. Threshold differences in dB between the onset (3-
ms delay) and the steady-state (300-ms delay) conditions. Open bars
represent data obtained in the non-surgery ear and filled bars repre-
sent data in the surgery ear. All data were obtained for a 1000-Hz
brief tone in the presence of a noise with 30-dB spectrum level ex-
cept for (1) JD4k and TG4k which denoted a 4000-Hz tone in sub-
jects, JD and TG, respectively, and (2) PR40 which denoted a noise
spectrum level of 40 dB.

also apparent with the difference in overshoot effect
ranging from 0.7 dB in subject CM to 11.4 dB in sub-
ject PR. We note that this large individual variability in
overshoot was directly related to hearing loss (see Ba-
con and Takahashi, 1992). The three subjects (JD, PR
and RA) with the largest overshoot effect also had the
least amount of hearing loss, whereas the two subjects
(CM and TG) with the smallest overshoot also had the
most significant hearing loss.

Table 2 presents the threshold values in dB SPL at 3-
ms and 300-ms delays in both the surgery ear and non-
surgery ear. These threshold values allowed us to exam-
ine whether the reduced overshoot effect was due to the
lowered onset threshold, or the elevated steady-state
threshold, or both. Column ‘(S—N)3ms’ in Table 2
shows the onset threshold difference between the sur-
gery ear and the non-surgery ear and column
‘(S—N)300° shows the steady-state threshold difference.
Positive numbers mean higher thresholds in the surgery
ear. Except for the subject PR at 40-dB noise level,
which clearly showed that the reduced overshoot was
due to the elevated steady-state threshold, all remaining
cases had a mixed contribution of lowered onset thresh-
old and elevated steady-state threshold to the reduced
overshoot effect in the surgery ear.

3.6. Intensity discrimination in diotic noise

We are not aware of any previous reports that meas-
ured intensity discrimination of brief tones presented
under overshoot conditions in either normal-hearing
subjects or vestibular neurectomy subjects. Fig. 6
presents intensity discrimination data for a brief tone
(1000 Hz or 4000 Hz) under the 3-ms delay condition

Table 2

Overshoot

Subjects S3ms N3ms (S—N)3ms S300 N300 (S—N)300
CM 65.6 650 0.6 63.8 625 13

JD (1k) 639 60.0 3.9 622 547 15

JD (4k) 645 722 7.7 60.3 633 —3.0

PR (30dB) 775 813 —38 66.5 64.0 2.5

PR (40dB) 924 93.0 —0.6 82.8 73.0 98

RA (1k) 664 78.0 —11.6 629 69.7 —6.8

TG (4k) N/A N/A N/A N/A N/A N/A

The unit for the threshold values is dB SPL. ‘S’ represents the sur-
gery ear and ‘N’ represents the non-surgery ear. ‘3ms’ represents the
onset condition and ‘300’ represents the steady-state condition. ‘1k’
and ‘4k’ represent the probe frequency of 1000 Hz and 4000 Hz, re-
spectively. ‘30dB’ and ‘40dB’ represent noise spectrum level of 30 dB
and 40 dB, respectively. ‘(S—N)3ms’ represents the onset threshold
difference between the surgery ear and the non-surgery ear and
‘(S—N)300° represents the steady-state threshold difference. TG’s
threshold data were not available as a result of a missing laboratory
notebook.

(top panel) and the 300-ms delay condition (bottom
panel). The pedestal level was at 80 dB SPL for all
subjects except at 85 dB SPL for subject PR whose
onset threshold was at 81.3 dB SPL (see Table 2). In-
tensity discrimination at the 3-ms delay produced mixed
results, in which the JND values were greater in the

10
ONon-Surgery Ear

8 1 MSurgery Ear

JND at 3 ms (dB)

CM JD JD4k PR RA

ONon-Surgery Ear
8 1 M Surgery Ear

JND at 300 ms (dB)

CM JD JD4k PR RA

Fig. 6. Intensity discrimination in noise. Top panel: JND data in
the onset (3-ms delay) condition. Bottom panel: JND data in the
steady-state (300-ms delay) condition.
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Fig. 7. Speech recognition in noise. Top panel: SRT in normal-
hearing listeners as a function of the contralateral noise level. The
ipsilateral noise level was fixed at 70 dB SPL. ‘Absent’ denotes the
ipsilateral noise only condition. The horizontal line represents a di-
otic condition in which both speech and noise were presented identi-
cally to both ears. Bottom panel: SRT in vestibular nerve-sectioned
listeners. The speech was presented ipsilaterally to either the non-
surgery ear (open bars) or the surgery ear (filled bars). The noise
was presented diotically to both ears.

surgery ear in one case and in the non-surgery ear in
other cases. A paired ¢-test analysis revealed no statis-
tical significance in JND values between the surgery ear
and the non-surgery ear (P =0.29). On the other hand,
intensity discrimination at the 300-ms delay was uni-
formly poorer in the surgery ear than in the non-sur-
gery ear. This difference was statistically significant
(paired t-test, P<<0.01) and suggested a possible in-
volvement of efferents in intensity discrimination in
noise as previously proposed.

3.7. Speech perception in noise

We first establish the normative performance in ipsi-
lateral, dichotic and diotic conditions. Fig. 7 (top panel)
presents SRT as a function of contralateral noise level
in four normal-hearing subjects. For the 70-dB SPL

noise, the SRT was about —2 dB in the ipsilateral con-
dition (labeled as ‘Absent’ on the x-axis depicting the
contralateral noise level). This SRT value remained un-
changed until the contralateral noise level reached 50 dB
SPL and dropped abruptly to about —6 dB between 50-
and 60-dB contralateral noise levels. The lowest SRT
value of —7 dB was achieved at 70-dB contralateral
noise level, i.e. the same level as the ipsilateral noise.
Further increases in the contralateral noise levels (80-
and 90-dB conditions) resulted in a slightly poorer per-
formance (SRT=—6 dB). The diotic condition with
speech and noise presented identically to both ears pro-
duced a SRT value of —4 dB (horizontal line). In other
words, presenting a moderate to high level noise in the
contralateral ear improved speech recognition in noise
relative to the monaural condition (—6 dB vs. —2 dB)
and the diotic condition (—6 dB vs. —4 dB).

Due to time availability, SRT was measured in four
subjects. For subject JD, both the non-surgery ear and
the surgery ear produced SRT values similar to nor-
mals, whereas for the three remaining subjects, the sur-
gery ear produced significantly higher SRT values than
the non-surgery ear. Unfortunately, there were two po-
tential confounding factors in the present results. First,
these three subjects had hearing loss in the surgery ear,
which could lead to the higher SRT values in the sur-
gery ear. Second, the same noise was presented to both
ears, possibly resulting in binaural interactions other
than the efferent activity. By using subjects with normal
hearing in both ears and using an uncorrelated contra-
lateral noise, Giraud et al. (1997) overcame both short-
comings in the present experiment and provided con-
vincing evidence for the efferent anti-masking effect on
speech recognition in noise.

4. Discussion

In this study, we compared pre-operative and post-
operative pure-tone thresholds in six vestibular neurec-
tomy patients and interaural loudness matching in one
patient. In addition, we compared the surgery ear’s per-
formance with the non-surgery ear’s performance in
pure-tone intensity discrimination in quiet and in for-
ward masking, detection (overshoot) and intensity dis-
crimination of brief tones at onset and steady-state po-
sitions of a diotic broad-band noise, and sentence
recognition in noise. Consistent with previous studies,
no apparent effects of vestibular neurectomy were ob-
served on pure-tone threshold, intensity discrimination
in quiet, and recovery from forward masking.

However, several new findings were obtained in this
study. In one case (2000 Hz in subject RA), the same
intensity sound was louder (about a 10-dB effect) post-
operatively than pre-operatively in the surgery ear.
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Scharf et al. (1994) also noticed an abnormality in loud-
ness matching function between the surgery ear and the
non-surgery ear but could not determine whether such a
difference was present pre-surgically. Our present find-
ing appeared to be consistent with Borg’s (1971) study
which showed that rabbits’ acoustic reflex threshold,
particularly at high frequency, was lowered after the
section of the efferents. More data are needed to test
whether there is a relationship between efferent section
and loudness growth.

We also noted a greater midlevel hump in forward-
masked intensity discrimination in the surgery ear than
in the non-surgery ear. While several central and pe-
ripheral factors have been identified to contribute to
the midlevel hump (Plack et al., 1995; Schlauch et al.,
1999; Zeng, 1998), efferents may also be involved in
intensity discrimination under forward masking. In a
contralateral forward masking paradigm, Zeng and
Shannon (1995) observed a small but consistent midle-
vel hump for intensity discrimination of an ipsilaterally
presented pure tone. Zeng and Shannon ruled out the
possibility of a cross-talk masking effect and suggested
that there might be an efferent component in the mid-
level hump. While the present finding is consistent with
this suggestion, it remains unclear how exactly the ef-
ferent nerve affects forward masking.

The most interesting finding in this study is the re-
duced overshoot effect and the deteriorated steady-state
(300-ms delay) intensity discrimination in the presence
of diotic noise. Because hearing loss generally reduced
the overshoot effect through the lowered onset thresh-
olds and because even mild to moderate hearing loss
could significantly reduce the overshoot (Carlyon and
Sloan, 1987; Bacon and Takahashi, 1992), the reduced
overshoot in the present study might be due to hearing
loss. However, some of the greatest reductions in over-
shoot were observed in subjects with normal hearing,
suggesting an efferent involvement in overshoot reduc-
tion. The degraded intensity in the steady-state condi-
tion provided additional support for an efferent in-
volvement. Physiological studies showed that the
efferent action usually takes tens to hundreds of ms to
develop and to decay (Liberman and Brown, 1986;
Warren and Liberman, 1989a,b), indicating that an
anti-masking effect would not be observed at the onset
of a noise but only in a steady-state condition.

Three previous studies also measured overshoot in
three vestibular neurectomy subjects and showed a re-
duction in overshoot effect in the surgery ear. Hafter,
Viemeister and Schlauch (personal communication) re-
ported reduced overshoot in a vestibular neurectomy
subject, but their observation seemed to be confounded
by hearing loss (~40 dB HL) at the test frequency.
Scharf et al. (1994, 1997) also measured overshoot in
the presence of monaural noise in two patients and

found that overshoot was reduced by 2 dB (13.5 vs.
15.3 dB) in the operated ear in one patient and by
1 dB (10.6 vs. 11.7 dB) in the other. Because of this
relatively small reduction in overshoot in the operated
ear, Scharf et al. (1997) did not measure overshoot for
the remaining 14 subjects in their 16 case study.

The present positive results suggest that one should
not dismiss a possible relationship between overshoot
and efferent function. There were significant differences
in stimulus paradigm between the present study and the
Scharf et al. (1994, 1997) studies. One difference was the
noise used in each experiment. The present study used a
broad-band noise (20-5000 Hz) with a spectrum level of
30 or 40 dB. Scharf et al. used a much lower noise
spectrum level, which was 10 dB (42-dB SPL overall
level and 1500-Hz bandwidth) and 3 dB (39 dB SPL
and 8000 Hz) in their 1994 and 1997 studies, respec-
tively. While existing literature shows little overshoot
effect at these low noise spectrum levels (e.g. Bacon,
1990), Scharf et al. (1994, 1997) found an unusually
large overshoot effect (10-15 dB) in their two subjects.
These unusually large overshoot effects could be due to
individual variability but also other factors such as
training and practice.

The other difference was that the noise was presented
to both ears in the present study, but only to the ipsi-
lateral ear (relative to the signal) in the Scharf et al.
(1994, 1997) studies. There is evidence for an involve-
ment of contralateral noise in overshoot. For example,
Chatterjee and Zeng (1996) found that overshoot was
slightly greater (about 2 dB) in the diotic noise condi-
tion than the ipsilateral noise condition. In addition,
Turner and Doherty (1997) found that a contralateral
forward masker was also effective in reducing the over-
shoot effect. Bacon (personal communication) was able
to replicate Turner and Doherty’s findings in some of
his subjects. Had Scharf et al. used a contralateral
noise, they might have been able to observe greater
than 1-2-dB overshoot reduction in the surgery ear of
their patients.

Finally, Scharf et al. (1997) did not pursue overshoot
also because they found no significant differences in
tone in noise thresholds between the operated and un-
operated ears. However, detection of long tone in noise
and overshoot are two phenomena having totally differ-
ent underlying mechanisms. The detection of a long-
duration tone in noise is mostly mediated by noise com-
ponents close to the tone frequency (i.e. critical band).
On the other hand, overshoot (threshold differences in
detection of a brief tone in noise at various signal de-
lays) is mostly mediated by noise components remote
from the tone frequency (Zwicker, 1965b; McFadden,
1989; Carlyon and White, 1992; Wright, 1997). In oth-
er words, a more reasonable comparison would be be-
tween overshoot and detection of a tone in notched
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noise. Scharf et al. (1997) indeed provided such data in
seven subjects (their Fig. 3), in which subjects had to
detect a 500-ms, 1000-Hz tone in the presence of two
400-Hz wide band noises whose frequency separation
was varied from 0 to 800 Hz. While there were no
differences in tone threshold between the operated and
unoperated ears for the no notch condition, all subjects,
except one (HO), showed that, as the notch width was
increased, the tone threshold became increasingly high-
er in the operated ear than the unoperated ear. While
the higher threshold in the operated ears could be par-
tially attributed to the difference in absolute thresholds
(Scharf et al., 1997), we noted that there was still at
least a 10-dB masking effect even in the widest notch
(800 Hz) condition. This masking effect could not be
attributed to any on-frequency masking but had to be
caused by the off-frequency masking (possibly the same
mechanism underlying the overshoot). The major con-
tribution of off-frequency components to overshoot
found psychophysically is consistent with the wide (as
much as an octave) and more basal projection by the
efferent nerve to outer hair cells in the cochlea (Liber-
man and Brown, 1986; Warr, 1992).

In summary, the present study showed that vestibular
neurectomy (1) did not affect absolute thresholds and
intensity discrimination in quiet condition, (2) increased
post-surgical loudness sensation, (3) accentuated the
midlevel hump in forward-masked intensity discrimina-
tion but had no effects on threshold recovery from for-
ward masking, (4) reduced the overshoot effect, (5)
worsened intensity discrimination in noise in the
steady-state condition but not the onset condition,
and (6) degraded speech recognition in noise in some
but not all subjects. These results, taken together with
previous studies, suggest that the efferent system is in-
volved in auditory perception in noise.
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