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The measurement of tinnitus in humans relies on subjective measures such as self-report, visual analog
scales and questionnaires. Gap detection impairments have been tested in animals in an attempt to
objectify the presence of tinnitus. The main purpose of this study was to investigate the gap startle
paradigm in human participants with high-frequency tinnitus. Fifteen adults with bilateral highfrequency tinnitus but normal hearing at standard frequencies and seventeen matched controls
without tinnitus were tested. The psychoacoustic characteristics of the tinnitus spectrum (pitch and
loudness) were assessed using novel participant-directed custom-made methods. The startle task consisted of startle-alone, prepulse inhibition and gap-in-noise condition at low- and high-background noise
frequencies. All measurements were retested after several months. Data indicate normal prepulse
inhibition but higher reactivity to the startle sounds in the tinnitus group in comparison with controls.
Most importantly, the tinnitus group displayed a consistent deﬁcit in gap processing at both low- and
high-background noise frequencies. All effects were identiﬁed consistently and were reproducible at
retest. We propose that the higher reactivity to startle might reﬂect hyperacusis and that the gap deﬁcit
might be an index of abnormal cortical auditory processing in tinnitus.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
The acoustic startle reﬂex (ASR) is a simple, primitive reﬂex
produced by a sudden and unexpected loud sound, thought to play
a critical role in protecting against head blows (Yeomans et al.,
2002). It has been abundantly documented in rodents, primates,
and humans. Its circuit includes the cochlea, the auditory portion of
the 8th cranial nerve, the ventral cochlear nucleus, the lateral
lemniscus nuclei, the nucleus reticularis pontis caudalis (PnC),
which activates the spinal interneurons and motor neurons to elicit
the startle reaction (Davis et al., 1982; Lee et al., 1996). Only three
synapses are involved, and latency is short, around 6e8 ms in rats
and 60 ms in human (For review see Koch, 1998).

Abbreviations: h2, Eta square; dB, decibel; HL, hearing level; Hz, Hertz; ISI, InterStimulus Interval; ITI, Inter-trial-interval; min, minute; ms, millisecond; mV,
microvolts; PPI, prepulse inhibition; s, second; SEM, standard error of the mean; SL,
sensation level; SPL, sound pressure level.
* Corresponding author. École d’orthophonie et d’audiologie, Faculty of medicine,
Université de Montréal, C.P.6128, succ. Centre-Ville, Montréal, QC, Canada H3C 3J7.
Tel.: þ1 514 343 6111x2594.
E-mail address: Sylvie.hebert@umontreal.ca (S. Hébert).

ASR can be inhibited by inserting a soft, non-startling sound
(a prepulse) 30e500 ms before the startling sound (Swerdlow and
Geyer, 2000), thus providing a natural modulatory mechanism of
ASR function. In the laboratory, the prepulse inhibition (PPI) paradigm provides an operational measure of pre-attentive sensorimotor gating. The basic PPI circuitry has been localized to the
brainstem, as PPI can be observed in animals with surgically
(Bowen et al., 2003) or chemically suppressed cortical function
(Ison et al., 1991; Threlkeld et al., 2008) as well as in humans during
sleep (Silverstein et al., 1980). However, PPI itself is subject to
modulation via descending projections from central brain structures such as the auditory cortex and limbic system (Li et al., 2009).
Accordingly, deﬁcient PPI responses are observed in cases of failure
to ﬁlter cognitive, sensory, emotional, or motor information, as may
occur in schizophrenia (Braff et al., 1978), Huntingdon’s disease
(Swerdlow et al., 1995), post-traumatic stress disorder (Grillon
et al., 1996), and primary insomnia (Frau et al., 2008; Hairston
et al., 2010).
The gap paradigm, a modiﬁed PPI protocol, was recently
proposed to model tinnitus in animals, replacing previous timeconsuming or painful conditioning paradigms (e.g., electric
shocks, food deprivation). In the gap paradigm, a continuous
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background noise is presented, into which a silent gap is introduced, followed by a loud startling noise. In normal rats, the gap
decreases the startle reﬂex, similar to a prepulse sound (Ison, 1982;
Turner et al., 2006). In contrast, in rats with salicylate- (Turner and
Parrish, 2008) or noise- (Turner et al., 2006) induced tinnitus, there
is little or no inhibition of the startle reﬂex, presumably because the
gap is partially or totally ﬁlled by the tinnitus sound. Accordingly,
the lack of inhibition is speciﬁc to background noise with a putative
frequency close the tinnitus (i.e., high-frequency). The gap paradigm has therefore been proposed to provide an objective measure
of tinnitus (Turner et al., 2006) and has been used in both rats and
mice (Turner et al., 2006; Yang et al., 2007; Turner and Parrish,
2008; Wang et al., 2009; Holt et al., 2010; Kraus et al., 2010; Ralli
et al., 2010; Zhang et al., 2010; Engineer et al., 2011; Longenecker
and Galazyuk, 2011; Mao et al., 2011; Middleton et al., 2011).
Since in humans, evaluation of tinnitus relies heavily on
subjective measures such as self-reports, questionnaires and visual
analog rating scales, the development of an objective measure is
highly desirable. The main purpose of this study was to investigate
the gap paradigm in humans with high-frequency tinnitus.
Importantly, only participants within normal-hearing threshold
limits were included to avoid problems related to decreased overall
sensitivity (audibility of background noise, prepulse and startling
sounds) or hearing loss at tinnitus frequency (Norena et al., 2002;
Roberts et al., 2008). Although high- and low-frequency background noises were not matched to the tinnitus frequency, the
high-frequency of the tinnitus was veriﬁed with a new method of
tinnitus pitch- and loudness-matching.

less than 35 dB HL at any frequency between 250 Hz and 4 kHz in
either ear. An otoscopic examination was performed to rule out wax
compaction or middle-ear infection. Participants with uncontrolled
medical conditions (e.g., hypertension, diabetes) and heavy
smokers (>10 cigarettes/day) were also excluded (Kumari et al.,
1996). Participants who were non-responsive to the acoustic
startle were also excluded from the study (N ¼ 3) see below. For the
retest part of the study, ten of the tinnitus participants (seven men)
and nine controls without tinnitus (four men) were tested again
after an average delay of 20 weeks (range: 547). Their sociodemographic characteristics are presented in Table 1(B). The study
was approved by the local ethics committee of Université de
Montréal and was conducted with the understanding and written
consent of each participant.

2. Methods

2.2.2. Tinnitus-matching
For frequency  and loudness  tinnitus-matching, we used
a participant-directed custom-made program running under Max/
MSP software (Cycling 74, San Francisco, USA) controlling
a touchscreen (Élo TouchSystems, Menlo Park, CA). Stimuli were 1-s
pure tones ranging from 250 Hz to 16 kHz by ½ octave steps (slightly
different from the audiometry) generated by a Fireface sound card
(RME, Haimhausen, Germany). Participants pressed a green button
on the screen to initiate the presentation of a pure tone. They ﬁrst
rated the likeness of the tone to their tinnitus on a Likert-type scale
(where 0 ¼ does not at all match my tinnitus and 10 ¼ matches my
tinnitus perfectly). During the same trial, they matched the loudness
of the tone, that is, the sound level at which that speciﬁc frequency
contributed to their tinnitus, by moving a visual slider that smoothly
increased and decreased the sound level in 1 dB steps, from 0 to
100 dB SPL. The program allowed participants to control the number
of times they could listen to each stimulus. Once done, participants
pressed “next” to activate the following trial. Pure tones were presented three times each in a pseudo-random order in which no two
identical frequencies were presented in a row. Stimuli were presented binaurally using closed dynamic headphones «DT 770 Pro/
250» (Beyerdynamic, Heilbronn, Germany).
Before starting the matching procedure, the concept of octave
confusion was carefully explained to the participants with the use
of an audiometer (Moore et al., 2010). After veriﬁcation that the
participants understood the concept of octave confusion, they
completed the tinnitus-matching task. Two trials served as practice
trials.

2.1. Participants
Fifteen tinnitus participants (ten men) and seventeen controls
without tinnitus (eight men) were recruited through posted ads
and word of mouth. All tinnitus participants had had bilateral,
continuous, high-pitch tinnitus for at least 6 months (mean
duration ¼ 9.3 years, range ¼ .5e37) and reported a ringing
tinnitus. Four participants also reported some other sounds. Sociodemographic characteristics of both groups are presented in
Table 1(A). It is worth noting that these young participants were
similar to older tinnitus participants included in several previous
studies from our lab (Hebert et al., 2004; Hebert and Carrier, 2007;
Hebert and Lupien, 2007, 2009), as reﬂected by their higher
hyperacusis (Khalfa et al., 2002) and BDI-II scores (Beck et al., 1996).
Participants were recruited on the basis of hearing thresholds of

Table 1
Sociodemographic characteristics (standard deviation) of Tinnitus and Control
participants in the (A) test and (B) retest session.
(A)

Tinnitus (N ¼ 15)

Controls (N ¼ 17)

P-value

Sex (Male/Female)
Age
Education in years
BDI-II
Hyperacusis
questionnaire

10/5
28.5 (6.0)
17.5 (1.9)
9.4 (8.4)
23.5 (9.9)

8/9
23 (2.9)
17.4 (2.5)
3.7 (4.7)
10.9 (6.5)

n.s.
p < .005
n.s.
p < .05
p < .005

(B)

Tinnitus (N ¼ 10)

Controls (N ¼ 9)

P-value

Sex (Male/Female)
Age
Education in years
BDI-II
Hyperacusis questionnaire
Delay in weeks between
test and retest sessions

7/3
29.3 (6.2)
17.4 (1.9)
9.2 (8.8)
25 (9.9)
23(13)

4/5
24.3 (3.5)
17.9 (3.0)
2.2 (2.2)
9.22 (5.2)
16 (14)

n.s.
p ¼ .05
n.s.
p < .05
p < .005
n.s.

2.2. Apparatus and procedure
2.2.1. Hearing tests
Hearing detection thresholds were assessed monaurally from
250 Hz to 16 kHz in both ears in ½ octave steps by a clinical audiologist following the standard modiﬁed HughsoneWestlake
procedure (Harrell, 2002) with an AC-40 Interacoustic clinical
audiometer. Testing started with left or right ears in counterbalanced orders between participants. TDH-39p headphones were
used for frequencies of 250 Hze8 kHz and Sennheiser HDA-200
headphones for very high frequencies (>8 kHz). The audiometric
equipment was calibrated in a soundproof booth (revised version of
ANSI S3.6-1993 standards).

2.2.3. Startle stimuli and task
A schematic view of Startle, Gap, and Prepulse trials is shown in
Fig. 1. Startle noises were 50 ms broadband noise bursts
(20 Hz20 kHz) set at 105 dB(A) SPL with near instantaneous
riseefall time (<1 ms). Startle trials consisted of startle noises
preceded by either a low- or high-frequency continuous background
noise set at 65 dB(A) SPL. The low-frequency background noise was
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Fig. 1. A schematic view of Startle (a), Gap (b), Startle in silence (c) and Prepulse (d)
Trials (SS ¼ startle Sound). Startle trials consisted of a continuous background noise
and a Startle sound. Gap trials consisted of the same condition but included a 50 ms
silent gap presented 120 ms before the Startle sound. Prepulse trials consisted of
a silent background with a 50 ms prepulse presented 120 ms before the Startle sound.
Startle in silence consisted of a startle in silence background.

centered at 500 Hz (200e1200 Hz) and high-frequency background
noise at 4 kHz (3.5e4.5 kHz). Gap trials were similar to startle trials,
except that a 50 ms silent gap was inserted between two segments of
background noise starting 170 ms (Inter-Stimulus Interval ¼ 120 ms)
before the startle noise. Prepulse trials were either low- or highfrequency 50 ms noise bursts set at 65 dB(A) SPL presented in quiet,
followed by a 120 ms (ISI ¼ 120 ms) interval of silence and a startle
noise. The inter-stimulus interval (ISI) of 120 ms was selected to
maximise magnitude inhibition (Braff et al., 1978). Both prepulses
and gaps had near instantaneous riseefall time (<1 ms). The Intertrial-interval (ITI) time was randomly set at a value between 15
and 23 s in each block. Both background noise and silence were
present for the entire ITI duration of the gap and prepulse conditions, respectively. Finally, startle trials in silence consisted of a silent
background (no background noise) with a startle noise as described
above. All stimuli were created using Max/MSP software program
(Cycling 74, San Francisco, USA).
2.2.4. EMG measures
EMG activity of the eyeblink was measured by two 4 mm Ag/
AgCl shielded recording electrodes positioned 1.5 cm apart on the
orbicularis oculi muscle under the left eye and a ground electrode
on the forehead, according to guidelines (Blumenthal et al., 2005).
Signal acquisition was made using the Acqknowledge 4.1 software
connected to a Biopac MP150 system (Biopac Systems, Inc., Santa
Barbara, CA). Signals were ampliﬁed by 1000 and bandpass ﬁltered
at 90500 Hz. The ampliﬁed signal was then transformed using the
root mean square. The sampling rate was set at 1 kHz. The system
was coupled to a Fireface sound card (RME, Haimhausen, Germany)
of a PC-computer, which was used for stimulus presentation as well
as for sending a trigger to the Acqknowledge acquisition system.
The trigger was a square-wave that was synchronized with startle
noises and was used to precisely determine the window of
responses for magnitudes and latencies of the eyeblink (see Data
processing below).
Participants (informed that the task required no direct participation) were asked to sit quietly and to refrain from moving. They
were asked to stare at a white cross in the middle of the screen and
to listen to the sounds presented binaurally through closed dynamic
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headphones DT 770 Pro/250. The test session began with a 2 min
acclimation period consisting of a high-frequency background noise
of 65 dB(A) SPL which ended with four pulse-alone stimuli for
habituation before the beginning of block 1. The task consisted in
three blocks of trials. In the ﬁrst, ﬁve high- and ﬁve low-frequency
background startle trials were randomly mixed with ﬁve low- and
ﬁve high-frequency gap trials. Block 2 started with 1-min acclimation period of silence followed by two startle noises, and then by ten
high- and ten low-frequency prepulse trials, randomly mixed with
ten startle trials in silence. The third block was identical to the ﬁrst
one except that the acclimation period was low-frequency background noise followed by two startle noises. Short breaks between
blocks allowed us to monitor participants’ drowsiness or lack of
attention and to check that they were still comfortable. There were
70 stimuli, lasting for a total duration of about 25 min.
All stimulus types were calibrated before each testing session
with an SE SoundPro DL 1/3 octave level meter (Quest Technologies, USA) using an EC-9A artiﬁcial ear coupler (Quest electronics,
Oconomowoc, Wis., USA) with appropriate rates, that is, impulse
for startle noises/prepulse and slow rate for background noise,
using the A-weighting frequency curve.
2.3. Data processing
All trials were visually inspected for excessive noise in the EMG
signal and for any spontaneous blink occurring immediately before
the startle stimuli. These trials were very few (2.3% for test, 3.5% for
retest) and rejected from further analysis. The baseline was
assessed for each participant by selecting the highest RMS amplitude value occurring between 20 ms to startle noise onset, averaged across startle-alone trials only. The peak-to-peak amplitude of
each startle response occurring between 20 and 120 ms from pulse
onset was extracted from the transform root mean square (RMS)
data. Data for each trial type were averaged for each background
noise for each participant. Any peak-to-peak amplitude value of any
trial (i.e., prepulse, gap, startle) that was smaller than two standard
deviations above the average baseline was considered a nonresponse. Non-responses were assigned a magnitude of zero. In
addition, participants displaying more than 25 non-responses out
of a total of 70 stimuli were considered non-responders and
were excluded from the study (one participant for test, two
participants for retest). Percentage of inhibition was calculated for
each condition (gap or prepulse) using the following formula: %
inhibition ¼ [(pulse-alone)  (gap/prepulse)]/(pulse-alone)  100.
Startle facilitation was assessed by comparing the magnitude of the
mean response for pulse-alone trials in the three different conditions (silence, low- and high-frequency background). Peak latency
was obtained from the same window time but calculated from the
raw EMG waveform following guidelines (Blumenthal et al., 2005).
Data on each trial type were averaged for each background noise for
each participant. Data above three standard deviations from the
group mean were replaced by the average value of the appropriate
group (Tinnitus, Control) for each trial type and background noise
(4.7% for test, 6.6% for retest).
2.4. Statistical analyses
Hearing thresholds were averaged for each frequency for each
ear and were then compared between groups using independent
sample t-tests.
For the tinnitus-matching task, the mode of individual likeness
rating scores for each frequency was used; the median was used
when the mode failed to reveal a single rating value. Likeness
ratings were averaged across each frequency. The testeretest
differences and reliability were assessed using paired sample
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t-tests and Pearson correlations, respectively, between the
frequency with the highest rating at test and retest.
For the loudness-matching procedure, loudness scores for each
frequency were obtained using the mean value in dB SPL. Trials for
which frequency was rated 0 on the likeness rating scale were not
considered since no loudness could be matched. The loudness
scores were averaged across each frequency. The testeretest
differences and reliability were assessed using paired sample
t-tests and Pearson correlations, respectively, between the loudness of the frequency with the highest rating at test and the
loudness of the frequency with the highest rating at retest.
The number of participants who gave a given frequency a rating
1 on the likeness rating scale was also calculated and plotted as an
overall tinnitus spectrum to verify that tinnitus was high-frequency
only.
On EMG data, statistical analyses were run separately on
magnitude, percentage of inhibition (%Inhibition), startle facilitation, and latency. For magnitude, a 2(2  3) mixed ANOVA was
run with Group (Tinnitus vs. Control) as a between-subject factor
and Frequency (High vs. Low) and Stimulus type (gap, prepulse,
pulse-alone) as within-subjects factors. For %Inhibition, a 2(2  2)
mixed ANOVA was run with Group (Tinnitus vs. Controls) as
between-subject factor and Frequency (High vs. Low) and Stimulus
type (gap vs. prepulse) as within-subject factors. For startle facilitation, a mixed 2(3) ANOVA was run with Group (Tinnitus vs.
Controls) as the between-subject factor and Background condition
(High-frequency, Low-frequency and Silence) as the within-subject
factor. For latency, a 2(3  2) mixed ANOVA was run with Group
(Tinnitus vs. Controls) as the between-group factor and Frequency
(High vs. Low) and Stimulus type (gap, prepulse and pulse-alone) as
within-subjects factor. Signiﬁcant interactions were followed up by
ANOVA or t-tests upon circumstances. Bonferroni’s correction for
multiple comparisons was used for t-tests when appropriate in
order to keep the alpha level to .05 throughout all analyses.
Therefore, the p values reported in this paper are corrected values.
The only exception to the Bonferroni’s correction was for hearing
thresholds because a factor correction of 16 was considered too
conservative. Paired sample t-tests and Pearson correlations were
used to assess testeretest differences and reliability of all measures.
3. Results
3.1. Hearing thresholds
Overall, for both ears, there were no signiﬁcant differences in
hearing thresholds between tinnitus and control groups for standard frequencies from 250 Hz to 8 kHz. For the higher frequencies,
the only difference between groups was in the right ear at 16 kHz,
t(24) ¼ 2.3, p < .05 (data not shown). For the left ear, the tinnitus
group had signiﬁcantly higher thresholds at 12.5 kHz, t(24) ¼ 3.4,
p < .005, 14 kHz, t(24) ¼ 3.1, p ¼ .005 and 16 kHz, t(24) ¼ 4.3,
p < .001 (Fig. 2(A)).
At retest (within-group differences), the only signiﬁcant differences for the tinnitus group were at 1.5 kHz in the right ear with
a mean difference of 2 dB HL, t(9) ¼ 2.4, p < .05, and at 8 kHz in the
left ear with a mean difference of 3.5 dB HL, p < .05. For the control
group, a mean difference of 2.8 dB HL was noted at 4 kHz for the left
ear, t(8) ¼ 3.3, p < .05, and a mean difference of 3, 2, 5 and 3 dB HL
at 750, 1000, 3000 and 6000 Hz for the right ear respectively,
p < .05.
3.2. Tinnitus-matching
Mean likeness ratings and sound levels for each frequency in the
tinnitus-matching task are shown in Fig. 2(A). The frequency with

Fig. 2. (A) Hearing thresholds (SEM) for the Tinnitus and Control groups, left ear (plain
line). Hearing thresholds are higher in the Tinnitus group for frequencies above
12.5 kHz. Mean likeness ratings of the tinnitus are following the trend of the hearing
loss with higher likeness ratings corresponding to the frequency regions more affected
by the hearing loss. The dB SL levels are very low across frequencies (dotted lines). (B)
The tinnitus frequency spectrum of the tinnitus-matching task. The most reported
frequencies (13 out of 15 participants) are 11 kHz and 16 kHz.

the highest likeness rating was 16 kHz with a mean rating of 7.4,
followed by 11.3 kHz (mean rating ¼ 5.9) and 8 kHz (mean
rating ¼ 4.9).
When comparing testeretest data for the likeness rating task,
the mean frequency difference was 430.9 Hz (SD: 2671) and was
not statistically signiﬁcant (p ¼ .59) (Table 2).
The testeretest reliability was r ¼ .754, p ¼ .005.
The matched sound level in dB SPL at 16, 11 and 8 kHz were 55.0
(SD: 17.8), 24.5 (SD: 4.8) and 30.0 (SD: 8.0), respectively. In order to
be able to graphically represent those results, the matched sound
levels transformed in dB SL, are shown in Fig. 2(A). Corresponding
SL values are 3.3 (SD: 7.0), 0.8 (SD: 11.8) and 10.1 (SD: 9.5) for 16,
11 and 8 kHz respectively.
When comparing testeretest data for the loudness task, the
mean difference was .98 dB SPL (SD: 11.4) and was not statistically
signiﬁcant (p ¼ .77). The testeretest reliability was r ¼ .91, p < .001.
The tinnitus frequency spectrum is shown in Fig. 2(B), representing the number of participants who gave each of those
frequencies a rating 1 on the likeness rating scale. Overall, the
high frequencies were reported more often than lower frequencies
as part of the tinnitus spectrum. The most often reported
frequencies were 16 kHz and 11.3 kHz, with 13 participants out of
15 reporting a contribution of those frequencies. Very few participants rated frequencies 1 kHz as part of their tinnitus, conﬁrming
a very minor contribution of lower frequencies in the tinnitus
percept. The same trend was observable at retest time.
3.3. Startle magnitude
As shown in Fig. 3, overall the Tinnitus group displayed greater
startle magnitude responses than the Control group, as supported
by a main effect of Group, F(1,30) ¼ 4.2, p ¼ .048, with means of
0.173 mV and 0.106 mV for the two groups, respectively. There was
a signiﬁcant interaction between Stimulus type and Frequency,
F(2,60) ¼ 4.1, p ¼ .022. Following up on this interaction, magnitudes
for high-frequency conditions were greater than for low-frequency
background in the Gap condition, t(31) ¼ 5.3, p < .003, and for the
prepulse condition, t(31) ¼ 2.6, p ¼ .048, but not for the Pulse
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Table 2
Paired sample t-test and Pearson correlations between the test and retest sessions.
Measure
Magnitude

Latency
%Inhibition

Pulse-alone trials
High-frequency background
Low-frequency background
No background (silence)
Pulse þ discrete prepulse trials
High-frequency discrete prepulse
Low-frequency discrete prepulse
Pulse þ gap prepulse trials
High-frequency background
Low-frequency background
Overall
Pulse þ discrete prepulse trials
High-frequency discrete prepulse
Low-frequency discrete prepulse
Pulse þ gap prepulse trials
High-frequency background
Low-frequency background

Tinnitus frequency
Tinnitus loudness

Paired t-test

P-value

Pearson’s correlation
coefﬁcient

P-value

t (18) ¼ 0.1
t (18) ¼ 0.0
t (18) ¼ 1.2

0.92
1.00
0.23

0.91
0.85
0.93

<0.001
<0.001
<0.001

t (18) ¼ 1.2
t (18) ¼ 1.5

0.25
0.16

0.83
0.72

<0.001
¼0.001

t (18) ¼ 0.2
t (18) ¼ 0.2
t (62) ¼ 1.3

0.85
0.84
0.20

0.86
0.70
0.40

<0.001
¼0.001
¼0.001

t (15) ¼ 1.1
t (15) ¼ 0.2

0.31
0.85

0.73
0.80

¼0.001
<0.001

0.49
0.12
0.59
0.77

0.39
0.51
0.75
0.91

n.s.
¼0.046
¼0.005
<0.001

t
t
t
t

(15)
(15)
(11)
(11)

condition, t < 1. There was also a signiﬁcant main effect of Stimulus
type, F(2,60) ¼ 42.0, p < .001, as well a main effect of Frequency,
F(1,30) ¼ 15.2, p < .001.
On retest data, there was a signiﬁcant main effect of Stimulus
type, F(2,34) ¼ 13.9, p < .001, and a main effect of Frequency,
F(1,17) ¼ 9.94, p ¼ .006. There was no signiﬁcant group effect,
F(1,17) ¼ 2.08, p ¼ .17, and no other signiﬁcant effect.
When comparing testeretest data on startle Magnitude, Pearson’s correlations ranged from .70 to .93 for all conditions
(see Table 2). There were no signiﬁcant differences in magnitude
scores between test and retest.
3.4. Percentage of inhibition
The expected three-way interaction between Group, Stimulus
type and Frequency was not signiﬁcant, F < 1. There was, however,
a signiﬁcant interaction between Group and Stimulus type,
F(1,30) ¼ 6.9, p ¼ .013 (see Fig. 4). To follow-up on this interaction,
and to more speciﬁcally address the effects of high- and lowfrequency in the gap condition, a 2  2 ANOVA was run for each
condition separately (Gap and PPI) with Group (Tinnitus vs.
Control) as a between-subject factor and Frequency (High vs. Low)
as a within-subject factor. In the GAP condition, although the

Fig. 3. Startle magnitudes (SEM) for the three trial types, for each background
frequency and each testing session. Startle magnitudes are higher for the tinnitus
group across all conditions.

¼
¼
¼
¼

0.72
1.6
0.56
0.3

difference between groups was greater at high- than at lowfrequency, the expected interaction between Group and Frequency
was not signiﬁcant, F (1,30) ¼ 2.28, p ¼ .14. Irrespective of the
frequency, the Tinnitus Group displayed signiﬁcantly less inhibition
than the Controls, F(1,30) ¼ 8.13, p ¼ .008, whereas the groups did
not differ in the Prepulse condition, F < 1. Effect size for the Group
difference in the Gap condition was h2 ¼ .21 (i.e., a large effect).
There were also two signiﬁcant main effects: Stimulus type,
F(1,30) ¼ 44.5, p < .001, and Frequency, F(1,30) ¼ 26.8, p < .001.
On retest data, there was a main effect of Group, with Tinnitus
showing overall less inhibition than Controls, F(1,17) ¼ 5.6, p ¼ .030.
The Group X Stimulus type was not signiﬁcant, F(1,17) ¼ 1.14,
p ¼ .30. However, when looking at each Condition separately (as for
the test data), the Tinnitus group once again differed signiﬁcantly
from Controls in the Gap condition irrespective of the frequency,
F(1,17) ¼ 9.23, p ¼ .007, but not in the Prepulse condition, F < 1.
Effect size for the Group difference in the Gap condition was
h2 ¼ .35 (i.e., a very large effect). There was also a main effect of

Fig. 4. Percentage of inhibition (SEM) for the Gap and Prepulse trials, for each background frequency (High- and Low-), each testing session (Test and Retest) for Tinnitus
(n ¼ 15) and Control (n ¼ 17) groups. Lower values in the y-axis represent lower
inhibition by the gap. This plot suggests that compared to Controls, the Tinnitus group
has lower inhibition in the Gap condition for high- and low-frequency background
noise.
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Frequency, F(1,17) ¼ 10.9, p ¼ .004, and an interaction between
Condition and Frequency, F(1,17) ¼ 7.8, p ¼ .012.
When comparing testeretest data, % of inhibition was found to be
stable for the prepulse conditions, with Pearson’s correlation coefﬁcients of .73 and .80 (see Table 2). Correlations’ coefﬁcients for the
gap condition were lower with .40 and .51, and signiﬁcant only for the
low-frequency gap condition (not for the High-frequency). However
there were no signiﬁcant differences between percentage of inhibition scores at test and retest in any of the conditions.
3.5. Startle facilitation
The main effect of background (High-frequency, Low-frequency,
Silence) was signiﬁcant, F(2,60) ¼ 7.6, p ¼ .001. The High-frequency
noise background yielded a stronger response than silent background, t(31) ¼ 3.9, p < .001. The Low-frequency background also
yielded a stronger response than silent background, but this
difference was only marginally signiﬁcant after applying Bonferroni’s correction, t(31) ¼ 2.4, p ¼ .072. High- and low-frequency
background did not differ from one another, t < 1. There was no
other signiﬁcant effect.
On retest data, the effect of Background also turned out signiﬁcant, F(2,34) ¼ 7.9, p ¼ .002. The High-frequency background yielded a stronger response than silent background, t(18) ¼ 3.7,
p < .006. The Low-frequency background also yielded a stronger
response than silent background, but again only marginally significant after applying Bonferroni’s correction, t(18) ¼ 2.4, p ¼ .08.
High- and Low-frequency background did not differ from one
another, t(18) ¼ 1.4, p ¼ .19. There was no other signiﬁcant effect.
When comparing testeretest data, the testeretest reliability
was very good, r ¼ .93 (see Table 2). There were no signiﬁcant
differences in magnitude scores between test and retest.
3.6. Peak latency
On latency, there was no signiﬁcant main effect of, or interaction
with, groups, stimulus type, and frequencies, either on test or retest
data.
Testeretest reliability was moderate, r ¼ .39, p < .001, and there
was no signiﬁcant differences between test and retest, t(63) ¼ 1.3,
p ¼ .20.
4. Discussion
The main ﬁndings of this study are threefold. First, compared to
control participants without tinnitus, “normal-hearing” human
adults with high-frequency tinnitus displayed an impaired inhibition of the startle reﬂex when a gap was used as a pre-stimulus, but
displayed normal inhibition with a prepulse. Second, adults with
tinnitus displayed overall a stronger startle response than controls
without tinnitus. Third, the new tinnitus-matching procedure used
here replicated previous ﬁndings with other methods showing that
the tinnitus spectrum matches the hearing loss, even when hearing
is normal at standard frequencies and there is no edge frequency:
tinnitus spectrum at very high frequencies matched the increased
hearing thresholds. Strikingly, loudness was a very stable tinnitus
parameter, with a less than one dB difference on average even after
a six-month delay between testing sessions. These ﬁndings will be
discussed in turn.
4.1. Gap inhibition deﬁcit but normal sensorimotor gating in
tinnitus
Although tinnitus was associated with a consistent and reproducible decreased gap inhibition, the deﬁcit was not speciﬁc to

high-frequency background noise, as it was also observed in lowfrequency background noise. Although the high-frequency background noise was not precisely matched to the tinnitus frequency,
all participants displayed high-frequency tinnitus (predominant
pitch at 16 kHz) as self-reported and conﬁrmed with a pitch- and
loudness-matching procedure. To note, the frequency of 500 Hz
was virtually absent from the tinnitus percept. Yet we did not
conﬁrm our assumption that the high-frequency background noise
effect on gap inhibition (centered around 4 kHz) would be more
similar to the tinnitus effect than the low-frequency background
noise effect (centered around 500 Hz).
The data raise the central question as to the reason why background gap deﬁcit occurred at both a high- and a low-frequency in
tinnitus, seemingly contradicting the animal studies showing
a frequency-speciﬁc impairment, and challenging the idea that the
gap paradigm may “capture” the tinnitus percept. To our knowledge, Turner et al.’ (2006) seminal paper is the only one in which
the tinnitus frequency was veriﬁed with an independent method,
whereas gap impairment was assumed to reﬂect the presumed
tinnitus frequency in others. Yet, in some studies, gap impairments
were reported at frequencies other than the one of the presumed
tinnitus frequency. For instance, Engineer et al. (2011) using
a 10 kHz model (Bauer and Brozoski, 2001) reported that most of
the rats displayed gap impairments at 10 kHz but also at 8 kHz.
Similarly, gap impairments were reported at various frequencies in
one study using salicylate (Turner and Parrish, 2008) although
a gap deﬁcit was reported only at 16 kHz by others (Yang et al.,
2007; Ralli et al., 2010). Therefore, the issue of tinnitus “ﬁlling in”
the gap is still unsettled, notably since in all (but a single) animal
studies tinnitus frequency was not veriﬁed by an independent
method and gap inhibition impairments were observed at several
frequencies. Moreover in a recent review, Eggermont (2012) has
further pointed out discrepancies between electrophysiological
correlates of tinnitus and behavioural measures assessed by the gap
startle paradigm in animals, casting doubt on the original
interpretation.
4.2. How to reconcile the human data with previous animal
reports?
The paradigm investigated herein in humans is derived from
animal studies. It might be possible that discrepancies between the
two models be resolved through technical or methodological
improvements. For instance, it might be necessary to more
precisely match the background noise with the predominant
tinnitus frequency in humans; however, since tinnitus frequency is
often associated with hearing loss at similar frequencies, it would
also be necessary to adjust the background noise in dB SL for each
individual rather than presenting a steady dB SPL level across
groups. More importantly, we contend that reductionist animal
studies using genetically inbred strains of animals living under fully
controlled conditions (e.g. controlled sleepewake cycles, etc.) may
not capture the full array of human conditions associated with
tinnitus. Several studies have shown that humans with tinnitus
display sleep deprivation (Hebert and Carrier, 2007; Hebert et al.,
2011), complex patterns of abnormal stress responses (Hebert
and Lupien, 2007; Simoens and Hebert, 2012), emotional exhaustion and depressive symptomatology (Hébert et al., 2012, in press).
If it were ever possible to expect a correspondence between animal
and human responses to PPI and gap paradigms, researchers
studying tinnitus in animals might have to resort to more elaborate
animal models in which higher central nervous system functions
would be engaged.
Although further research will be needed to evaluate their
signiﬁcance, our ﬁndings in human subjects suggest that the
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tinnitus percept does not “ﬁll in the gap” and therefore may not be
the mechanism responsible for the gap inhibition impairment in
tinnitus. Rather, they raise the intriguing possibility that the gap
impairment occurring at both high- and low-frequencies might be
linked to an underlying or associated tinnitus mechanism. We
propose that one such mechanism may relate to an impaired
structure that is part of the neural circuit involved in gap processing, namely the auditory cortex. Indeed, one key difference
between the PPI and the gap circuits is that the gap requires the
auditory cortex for such short durations up to 75 ms in rats
(Threlkeld et al., 2008), whereas PPI does not (Ison et al., 1991;
Bowen et al., 2003). In fact, the tinnitus group displayed a normal
PPI response with reference to controls, suggesting a normal
sensorimotor gating process and hence, an integrity of the circuits
responsible for the PPI response. Therefore, we surmise that the
deﬁcit in the gap response in tinnitus might lie in impaired cortical
processing. Although the precise duration values up to which
a cortical involvement is required are still unknown in humans,
there is good evidence that values up to 250 ms cannot be detected
in patients with bilateral auditory cortical lesions (Buchtel, 1989),
a value well above the one used in this study.
Abnormal cortical map reorganisation in tinnitus has been
reported in human studies (Mühlnickel et al., 1998; Weisz, 2005;
Bakker et al., 2011) and has been proposed as a core mechanism of
tinnitus (Eggermont and Roberts, 2004). Interestingly, gap processing impairment of durations around 50 ms has also been
reported in numerous animal studies using either noise trauma
(Turner et al., 2006; Wang et al., 2009; Zhang et al., 2010; Engineer
et al., 2011; Longenecker and Galazyuk, 2011; Middleton et al.,
2011) or salicylate to induce tinnitus (Yang et al., 2007; Turner
and Parrish, 2008; Ralli et al., 2010), cortical map reorganisation
being an important common feature of both noise trauma and
salicylate techniques (Eggermont, 2012). Therefore, our data are
consistent with the notion that gap impairment might be an indirect measure of cortical map reorganisation. This hypothesis is
indirectly supported by the improvement of gap impairment
following the remapping of the auditory cortex (Engineer et al.,
2011).
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predominant tinnitus frequency within that region (w16,000 Hz).
This supports the hypothesis that tinnitus is associated with
some degree of peripheral hearing damage (Schaette and
McAlpine, 2011) and underscores the importance of very highfrequency testing in tinnitus.
4.5. Testeretest
Notably, the pitch- and loudness-matching of tinnitus were
both robust and reproducible after several months. For instance,
using the conservative criterion r2 ¼ .64 for a good testeretest
reliability (Kline 2000), our loudness data (r ¼ .91 or r2 ¼ .83)
indicate that 83% of the variance at test was accounted for by the
variance at retest, with an average of nearly six months between
the two testing sessions. Even though some studies have shown
low correlations between tinnitus distress and loudness
(Andersson, 2003; Holgers et al., 2003; Hiller and Goebel, 2007),
those measures might provide important information regarding
the mechanisms involved in tinnitus and should always be
assessed. Finally, although the power of the retest was lower than
in the ﬁrst testing session presumably because of a smaller
number of participants, overall all of the effects reported here
were consistent and replicable through retesting of a subset of
participants with an average delay of several months. We have
shown that these effects are robust and propose that this is
a central issue if the paradigm is to be used to measure tinnitus in
the future.
5. Conclusion
In conclusion, this study shows a consistent deﬁcit in gap processing in individuals with high-frequency tinnitus, at both lowand high-frequencies. Such deﬁcit was observable both at test and
retest sessions after several months of delay. Our ﬁndings suggest
that the tinnitus percept is not “ﬁlling in the gap” and is unlikely to
be responsible for the gap inhibition impairment. We propose that
the deﬁcit might reﬂect abnormal cortical auditory processing
associated with tinnitus.

4.3. Enhanced startle magnitude in tinnitus
Acknowledgements
An unexpected ﬁnding was that startle magnitude was generally
stronger in tinnitus compared to controls. One explanation for this
over-reactivity could be related to many other factors among which
their higher levels of anxiety (Shargorodsky et al., 2010), known to
be associated greater magnitude startle response (Grillon et al.,
1994; Bakker et al., 2008). Another explanation, not mutually
exclusive, is that even with “normal” hearing thresholds, individuals with tinnitus have abnormal coding of loudness and might
therefore be more reactive to sounds than controls without tinnitus
(Schaette and McAlpine, 2011). Therefore, the stronger response
observed here could be an index of hyperacusis, as has been
previously found in the animal literature (Ison et al., 2007; Sun
et al., 2009).
4.4. Psychoacoustic parameters of tinnitus: a reliable subjective
measure
Our participant-oriented method to assess the psychoacoustic
parameters of tinnitus replicated previous ﬁndings that reported
that the predominant tinnitus frequency is usually within the
hearing loss region (Norena et al., 2002; Roberts et al., 2008).
Indeed, despite overall standard “normal’’ hearing thresholds
(250e8000 Hz), tinnitus participants displayed higher thresholds
than controls at very high frequencies (>11,200 Hz) and rated the

We thank Nathanaël Lécaudé for programming the tasks
described in this paper, and Émilie Gosselin for help in the testing of
the participants. We are grateful to Dr. Terry D. Blumenthal for his
kind and expert advice regarding data analysis of the startle paradigm. We also thank the Reviewers and Editors for their valuable
comments on previous versions of this paper. This research was
made possible thanks to a Canadian Foundation Innovation (CFI)
grant, and a studentship from Institut de la recherche en santé et
sécurité du Travail du Québec (IRSST) and from Fondation de la
recherche en santé du Québec (FRSQ) to P.F.
References
Andersson, G., 2003. Tinnitus loudness matchings in relation to annoyance and
grading of severity. Auris Nasus Larynx 30 (2), 129e133.
Bakker, M.J., Tijssen, M.A.J., et al., 2008. Increased whole-body auditory startle reﬂex
and autonomic reactivity in children with anxiety disorders. Journal of
Psychiatry Neuroscience 34 (4), 314e322.
Bakker, M.J., Tijssen, M.A., et al., 2011. Normalization of the auditory startle reﬂex
after symptom reduction in children with anxiety disorders. Journal of
Psychiatric Research 45 (6), 796e802.
Bauer, C.A., Brozoski, T.J., 2001. Assessing tinnitus and prospective tinnitus therapeutics using a psychophysical animal model. Journal of the Association for
Research in Otolaryngology 2 (1), 54e64.
Beck, A.T., Steer, R.A., et al., 1996. Manual for the Beck Depression Inventory-II.
Psychological Corporation, Tx.

Please cite this article in press as: Fournier, P., Hébert, S., Gap detection deﬁcits in humans with tinnitus as assessed with the acoustic startle
paradigm: Does tinnitus ﬁll in the gap?, Hearing Research (2012), http://dx.doi.org/10.1016/j.heares.2012.05.011

8

P. Fournier, S. Hébert / Hearing Research xxx (2012) 1e8

Blumenthal, T.D., Cuthbert, B.N., et al., 2005. Committee report: guidelines for
human startle eyeblink electromyographic studies. Psychophysiology 42 (1),
1e15.
Bowen, G.P., Lin, D., et al., 2003. Auditory cortex lesions in the rat impair both
temporal acuity and noise increment thresholds, revealing a common neural
substrate. Cerebral Cortex 13, 815e822.
Braff, D.L., Stone, C., et al., 1978. Prestimulus effects on human startle reﬂex in
normals and schizophrenics. Psychophysiology 15 (4), 339e343.
Buchtel, H.A., 1989. Auditory agnosia: apperceptive or associative disorder? Brain
and Language 37, 12e25.
Davis, M., Gendelman, D.S., et al., 1982. A primary acoustic startle circuit: lesion and
stimulation studies. Journal of Neuroscience 2 (6), 791e805.
Eggermont, J.J., Roberts, L.E., 2004. The neuroscience of tinnitus. Trends in Neurosciences 27 (11), 676e682.
Eggermont, J.J., 2012. Hearing loss, hyperacusis, or tinnitus: what is modeled in
animal research? Hearing Research.
Engineer, N.D., Riley, J.R., et al., 2011. Reversing pathological neural activity using
targeted plasticity. Nature 470 (7332), 101e104.
Frau, R., Orrù, M., et al., 2008. Sleep deprivation disrupts prepulse inhibition of the
startle reﬂex: reversal by antipsychotic drugs. International Journal of Neuropsychopharmacology 11 (07).
Grillon, C., Rezvan, A., et al., 1994. Baseline and fear-potentiated startle in panic
disorder patients. Biological Psychiatry 35, 431e439.
Grillon, C., Morgan, C.A., et al., 1996. Baseline startle amplitude and prepulse
inhibition in Vietnam veterans with posttraumatic stress disorder. Psychiatry
Research 64, 169e178.
Hairston, I.S., Talbot, L.S., et al., 2010. Sensory gating in primary insomnia. European
Journal of Neuroscience 31 (11), 2112e2121.
Harrell, R.W., 2002. Puretone evaluation. In: Katz, J. (Ed.), Handbook of Clinical
Audiology. Lippincott Williams & Wilkins, Baltimore, pp. 71e87.
Hebert, S., Carrier, J., 2007. Sleep complaints in elderly tinnitus patients:
a controlled study. Ear and Hearing 28 (5), 649e655.
Hebert, S., Lupien, S.J., 2007. The sound of stress: blunted cortisol reactivity to
psychosocial stress in tinnitus sufferers. Neuroscience Letters 411 (2), 138e142.
Hebert, S., Lupien, S.J., 2009. Salivary cortisol levels, subjective stress, and tinnitus
intensity in tinnitus sufferers during noise exposure in the laboratory. International Journal of Hygiene and Environmental Health 212 (1), 37e44.
Hebert, S., Paiement, P., et al., 2004. A physiological correlate for the intolerance to
both internal and external sounds. Hearing Research 190 (1e2), 1e9.
Hebert, S., Fullum, S., et al., 2011. Polysomnographic and quantitative electroencephalographic correlates of subjective sleep complaints in chronic tinnitus.
Journal of Sleep Research 20 (1 Pt 1), 38e44.
Hébert, S., Canlon, B., et al., 2012. Tinnitus severity is reduced with reduction of
depressive mood e a prospective population study in Sweden. Plos One.
Hébert, S., Canlon, B., et al. in press. Emotional exhaustion as a predictor of tinnitus.
Psychotherapy and Psychosomatics.
Hiller, W., Goebel, G., 2007. When tinnitus loudness and annoyance are discrepant:
audiological characteristics and psychological proﬁle. Audiology and Neurotology 12 (6), 391e400.
Holgers, K.-M., Barrenas, M.-L., et al., 2003. Clinical evaluation of tinnitus: a review.
Audiological Medicine 2, 101e106.
Holt, A.G., Bissig, D., et al., 2010. Evidence of key tinnitus-related brain regions
documented by a unique combination of manganese enhanced MRI and
acoustic startle reﬂex testing. Plos One 5 (12), 1e14.
Ison, J.R., O’Connor, K., et al., 1991. Temporal Resolution of gaps in noise by the rat is
lost with functionnal decortication. Behavioral Neuroscience 105 (1), 33e43.
Ison, J.R., Allen, P.D., et al., 2007. Age-related hearing loss in C57BL/6J mice has both
frequency-speciﬁc and non-frequency-speciﬁc components that produce
a hyperacusis-like exaggeration of the acoustic startle reﬂex. Journal of the
Association for Research in Otolaryngology 8 (4), 539e550.
Ison, J.R., 1982. Temporal acuity in auditory function in the rat: reﬂex inhibition by
brief gaps in noise. Journal of Comparative and Physiological Psychology 96 (6),
945e954.
Khalfa, S., Dubal, S., et al., 2002. Psychometric normailzation of a hyperacusis
questionnaire. Journal for Otorhinolaryngology and Its Related Specialties 64,
436e442.
Kline, P., 2000. The Handbook of Psychological Testing. Routledge, London.
Koch, M., 1998. The neurobiology of startle. Progress in Neurobiology 59, 107e128.
Kraus, K.S., Mitra, S., et al., 2010. Noise trauma impairs neurogenesis in the rat
hippocampus. Neuroscience 167 (4), 1216e1226.

Kumari, V., Checkley, S.A., et al., 1996. Effect of cigarette smoking on prepulse
inhibition of the acoustic startle reﬂex in healthy male smokers. Psychopharmacology 138, 54e60.
Lee, Y., Lopez, D.E., et al., 1996. A primary acoustic startle pathway: obligatory role of
cochlear root neurons and the nucleus reticularis pontis caudalis. Journal of
Neuroscience 16 (11), 3775e3789.
Li, L., Du, Y., et al., 2009. Topedown modulation of prepulse inhibition of the startle
reﬂex in humans and rats. Neuroscience & Biobehavioral Reviews 33 (8),
1157e1167.
Longenecker, R.J., Galazyuk, A.V., 2011. Development of tinnitus in CBA/CaJ mice
following sound exposure. Journal of the Association for Research in Otolaryngology 12 (5), 647e658.
Mao, J.C., Pace, E., et al., 2011. Blast-induced tinnitus and hearing loss in rats:
behavioral and imaging assays. Journal of Neurotrauma. 111122064311006.
Middleton, J.W., Kiritani, T., et al., 2011. Mice with behavioral evidence of tinnitus
exhibit dorsal cochlear nucleus hyperactivity because of decreased GABAergic
inhibition. Proceedings of the National Academy of Sciences 108 (18),
7601e7606.
Moore, B.C.J., Vinay, et al., 2010. The relationship between tinnitus pitch and the
edge frequency of the audiogram in individuals with hearing impairment and
tonal tinnitus. Hearing Research 261 (1e2), 51e56.
Mühlnickel, W., Elbert, T., et al., 1998. Reorganisation of auditory cortex in tinnitus.
Proceedings of the National Academy of Sciences 95, 10340e10343.
Norena, A., Micheyl, C., et al., 2002. Psychoacoustic characterization of the tinnitus
spectrum: implications for the underlying mechanisms of tinnitus. Audiology
and Neurotology 7, 358e369.
Ralli, M., Lobarinas, E., et al., 2010. Comparison of salicylate- and quinine-induced
tinnitus in rats. Otology & Neurotology 31 (5), 823e831.
Roberts, L.E., Moffat, G., et al., 2008. Residual inhibition functions overlap tinnitus
spectra and the region of auditory threshold shift. Journal of the Association for
Research in Otolaryngology 9 (4), 417e435.
Schaette, R., McAlpine, D., 2011. Tinnitus with a normal audiogram: physiological
evidence for hidden hearing loss and computational model. Journal of Neuroscience 31 (38), 13452e13457.
Shargorodsky, J., Curhan, G.C., et al., 2010. Prevalence and characteristics of tinnitus
among US adults. American Journal of Medicine 123 (8), 711e718.
Silverstein, L., Graham, F.K., et al., 1980. Preconditionning and excitability of the
human orbicularis oculi reﬂex as a function of state. Electroencephalography
and Clinical Neurophysiology 48 (4), 406e417.
Simoens, V.L., Hebert, S., 2012. Cortisol suppression and hearing thresholds in
tinnitus after low-dose dexamethasone challenge. BMC Ear, Nose and Throat
Disorders 12, 4.
Sun, W., Lu, J., et al., 2009. Salicylate increases the gain of the central auditory
system. Neuroscience 159 (1), 325e334.
Swerdlow, N.R., Geyer, M.A., 2000. Animal models of deﬁcient sensorimotor gating:
what we know, what we think we know, and what we hope to know soon.
Behavioral Pharmacology 11, 185e204.
Swerdlow, N.R., Paulsen, J., et al., 1995. Impaired prepulse inhibition of acoustic and
tactile startle response in patients with Huntington’s disease. Journal of
Neurology, Neurosurgery, and Psychiatry 58, 192e200.
Threlkeld, S.W., Penley, S.C., et al., 2008. Detection of silent gaps in white noise
following cortical deactivation in rats. Neuroreport 19 (8), 893e898.
Turner, J.G., Parrish, J.L., 2008. Gap detection methods for assessing salicylateinduced tinnitus and hyperacusis in rats. American Journal of Audiology 17,
185e192.
Turner, J.G., Brozoski, T.J., et al., 2006. Gap detection deﬁcits in rats with tinnitus:
a potential novel screening tool. Behavioral Neuroscience 120 (1), 188e195.
Wang, H., Brozoski, T.J., et al., 2009. Plasticity at glycinergic synapses in dorsal
cochlear nucleus of rats with behavioral evidence of tinnitus. Neuroscience 164
(2), 747e759.
Weisz, N., 2005. Neuromagnetic indicators of auditory cortical reorganization of
tinnitus. Brain 128 (11), 2722e2731.
Yang, G., Lobarinas, E., et al., 2007. Salicylate induced tinnitus: behavioral measures
and neural activity in auditory cortex of awake rats. Hearing Research 226
(1e2), 244e253.
Yeomans, J.S., Li, L., et al., 2002. Tactile, acoustic and vestibular systems sum to elicit
the startle reﬂex. Neuroscience & Biobehavioral Reviews 26, 1e11.
Zhang, J., Zhang, Y., et al., 2010. Auditory cortex electrical stimulation suppresses
tinnitus in rats. Journal of the Association for Research in Otolaryngology 12 (2),
185e201.

Please cite this article in press as: Fournier, P., Hébert, S., Gap detection deﬁcits in humans with tinnitus as assessed with the acoustic startle
paradigm: Does tinnitus ﬁll in the gap?, Hearing Research (2012), http://dx.doi.org/10.1016/j.heares.2012.05.011

