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Abstract

Background: Psychoacoustic measures of tinnitus typically include loudness and pitch match, minimum
masking level (MML), and residual inhibition (RI). We previously developed and documented a computer-
automated tinnitus evaluation system (TES) capable of subject-guided loudness and pitch matching. The
TES was further developed to conduct computer-aided, subject-guided testing for noise-band matching
(NBM), MML, and RI.

Purpose: The purpose of the present study was to document the capability of the upgraded TES to obtain
measures of NBM, MML, and RI, and to determine the test-retest reliability of the responses obtained.

Research Design: Three subject-guided, computer-automated testing protocols were developed to con-
duct NBM. For MML and Rl testing, a 2—-12 kHz band of noise was used. All testing was repeated during a
second session.

Study Sample: Subjects meeting study criteria were selected from those who had previously been tested
for loudness and pitch matching in our laboratory. A total of 21 subjects completed testing, including
seven females and 14 males.

Results: The upgraded TES was found to be fairly time efficient. Subjects were generally reliable, both
within and between sessions, with respect to the type of stimulus they chose as the best match to their
tinnitus. Matching to bandwidth was more variable between measurements, with greater consistency
seen for subjects reporting tonal tinnitus or wide-band noisy tinnitus than intermediate types.
Between-session repeated MMLs were within 10 dB of each other for all but three of the subjects. Sub-
jects who experienced RI during Session 1 tended to be those who experienced it during Session 2.

Conclusions: This study may represent the first time that NBM, MML, and Rl audiometric testing results
have been obtained entirely through a self-contained, computer-automated system designed specifically
for use in the clinic. Future plans include refinements to achieve greater testing efficiency.

Key Words: Compensation, hearing disorders, loudness matching, loudness perception, pitch matching,
pitch perception, rehabilitation, reliability of results, tinnitus, tinnitus diagnosis

Abbreviations: LM = loudness match; MML = minimum masking level; NBM = noise-band matching;
PM = pitch match; Rl = residual inhibition

dation in London (Evered and Lawrenson, 1981)
and the National Academy of Sciences (McFadden
1982) made recommendations to standardize tinnitus
evaluation procedures. Four measures of tinnitus psy-

T hree decades have elapsed since the Ciba Foun-

choacoustic characteristics were recommended: loudness,
pitch, maskability, and residual inhibition (RI). Specific
procedures for obtaining these indirect measures were
provided by Vernon and Meikle (1981). The techniques
described, however, required specialized instrumentation.

*VA RR&D National Center for Rehabilitative Auditory Research, VA Medical Center, Portland, OR; 7Department of Otolaryngology, Oregon Health
and Science University, Portland, OR; £Department of Psychology, Neuroscience, and Behaviour, McMaster University, Hamilton, Ontario, Canada

James A. Henry, Ph.D., VA Medical Center (NCRAR), PO Box 1034, Portland, OR 97207; E-mail: james.henry@va.gov
Funding for this study provided by Veterans Affairs Rehabilitation Research and Development (RR&D) Service (GC2300R and F7070S).

486


mailto:james.henry@va.gov

Most audiologists who perform tinnitus measurement do
not have access to such equipment, which may in large
part explain why these procedures have never attained
universal usage. Audiologists generally utilize a clinical
audiometer in some fashion to obtain some or all of the
measures.

Chronic neurophysiologic tinnitus is the result of
pathology somewhere within the auditory system, and
has been observed to be associated with almost every
form of hearing loss (Nuttall et al, 2004). There are
myriad perceptual manifestations of tinnitus, but little
progress has been made to associate tinnitus perceptual
characteristics with different forms of hearing loss. Sub-
categories of tinnitus undoubtedly exist, but progress
identifying them has been hindered by the nonuniform-
ity in procedures used to measure tinnitus psychoacous-
tic parameters. A valid classification scheme of these
parameters could provide a basis on which to diagnose
tinnitus etiology and to specify the optimal form of treat-
ment. Examples of how this information has already
been used include these: (1) The perceived pitch of tinni-
tus tends to be in the range of 2—-8 kHz for noise-induced
(or presbycusic) tinnitus, 250-2000 Hz for middle ear tin-
nitus, and 125-250 Hz for Méniere’s disease (Douek and
Reid, 1968). (2) There is a strong correlation between the
perceived tinnitus pitch and the area of steepest decline
in the audiograms of impaired ears (Meikle 1991). (3)
Subjectively rated loudness of tinnitus (using either a
numeric rating scale or visual analog scale of tinnitus
loudness) correlates well with the level of tinnitus handi-
cap; however, tinnitus loudness matches do not corre-
spond with perceived loudness, nor with tinnitus
handicap (Henry and Meikle, 2000). (4) Minimum mask-
ing levels (MMLs) can be used as predictors of the poten-
tial efficacy of treatment with tinnitus masking (Vernon
et al, 1990). (5) It has been reported that sound therapy
for tinnitus results in reduced MMLs (Jastreboff et al,
1994; Davis et al, 2007, 2008). (6) Residual inhibition
(partial or complete reduction in tinnitus loudness fol-
lowing certain sound stimulation) occurs in 80-90% of
patients with tinnitus (Henry and Meikle, 2000, Vernon
and Meikle, 2000).

We have conducted research since 1995 to develop
computer-automated techniques for obtaining tinnitus
loudness matches (LMs) and pitch matches (PMs).
These efforts have resulted in numerous studies docu-
menting the reliability of the techniques (e.g., Henry
et al 1996, 2000, 2001b; Henry, Flick, et al, 2004). A ser-
ies of studies established these measures could be
obtained reliably when patients were given control over
level and frequency of the test stimuli when performing,
respectively, LM and PM testing (Henry et al, 2006,
2009; Henry, Rheinsburg, et al, 2004). Patient control
of these parameters allowed testing to be conducted
rapidly, which is important for clinical application of
the technique. The system was subsequently expanded
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to perform noise-band matching (NBM) and to obtain
measures of MML and RI. The purpose of the present
study was to document the system capability of per-
forming these new tests and to determine the test-retest
reliability of the responses obtained.

METHOD
Subjects

The limited output of the noise stimuli for NBM dic-
tated that subjects must have tinnitus LMs within
70 dB SPL and PMs no higher than 8 kHz. Therefore,
subjects meeting these criteria were selected from those
who had previously been tested for LM and PM in our
laboratory. A total of 21 subjects completed the new
testing protocol, including seven females and 14 males
(mean age = 57 yr; SD = 12; range = 28-78). Each sub-
ject attended two test sessions. Test sessions were sepa-
rated by an average of 6.2 days (SD = 6.4; range = 1-25).

Ten of the subjects were U.S. military veterans. Only
three of the subjects had normal hearing sensitivity (all
hearing thresholds 20 dB HL or better). Figure 1 shows
mean hearing thresholds for the 21 subjects. Nineteen
of the subjects had binaural tinnitus, and two had uni-
lateral tinnitus. Table 1 lists the types of external
sounds subjects could pick to describe the sound of their
tinnitus, as well as the percentages of subjects who
chose each type of sound. Although subjects could
choose more than one sound, in general the tinnitus
was described as “tonal” for 16 of the subjects and
“nontonal” for the remaining five. All but two of the sub-
jects had experienced tinnitus for at least 3 yr (Fig. 2).

Hardware and Software

Details of the system hardware and software used for
this study have been described (Henry, Rheinsburg,
et al, 2004). The major change to the system that could
have affected patient responses was the custom-built
“knob” device that enabled direct patient control over
auditory stimuli during testing. Knob control of testing
stimuli was developed in an effort to shorten testing
time for clinical application. Use of the knob provided
no cues to the patient; that is, the knob rotated smoothly
(without detents) and continuously (without stops or
labels) in either direction. In the aforementioned study,
LM and PM testing was performed repeatedly by each
subject to document that test-retest response reliability
of these measures was unaffected by using the knob. In
addition to the knob device, the system used a slate-type
(tablet-style) computer (Aqcess Technologies Qbe Personal
Computing Tablet) with a pen-touch-enabled monitor ena-
bling patients to advance the instruction screens and
respond to the auditory tests using a pen-type pointing
instrument. Graphical instruction screens were developed
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Figure 1. Mean hearing thresholds (dB HL) for the 21 subjects. Error bars reflect standard error.

using Microsoft PowerPoint software. Generation and con-
trol of all stimulus parameters was accomplished by the
custom-built Programmable Auditory Laboratory (PAL
3000) (Flick et al, 2000). Earphones were ER-4B Canal
Phone™ insert earphones (Henry et al, 2001a, 2003). Sys-
tem calibration was performed automatically by special
computer programming as previously described (Henry
et al, 1999).

For the present study, the automated system under-
went further programming to incorporate the addi-
tional tinnitus measurement tests that included NBM
(three methods), and measurement of MML and RI.
These tests were added to the previous tests (hearing
threshold, LM, PM). Additional, but similar, instruction
and response screens were developed to allow test stim-
uli to continue to be controlled by the patient for the new
tests. The new testing paradigms required the addition
of new system hardware components to support stimu-
lus generation using direct digital waveform synthesis
techniques.

Hardware

To accommodate the additional testing protocols, new
hardware was integrated into the system stimulus gen-
eration path (see Fig. 3). The Creative Extigy Sound
Blaster USB sound card was added to support near
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real-time, software generated, stimulus waveform gen-
eration and manipulation of various noise bands. In
addition, the slate-type touch-screen computer was

Table 1. Frequency of Responses for Sounds That Most
Closely Resemble Tinnitus (data obtained from initial
survey completed by subjects)

“No” “Yes”

Type of Sound Frequency Percent Frequency Percent

Ringing 13 61.9 8 38.1
Clear tone 13 61.9 8 38.1
More than one tone 15 71.4 6 28.6
Whistle 20 95.2 1 4.8
Hissing 16 76.2 5 23.8
Buzzing 15 71.4 6 28.6
Hum 19 90.5 2 9.5
Music 21 100 0 0.0
Sizzling 19 90.5 2 9.5
Transformer noise 20 95.2 1 4.8
High tension wire 15 71.4 6 28.6
Crickets, insects 19 90.5 2 9.5
Pulsating 20 95.2 1 4.8
Pounding 21 100 0 0.0
Ocean roar 20 95.2 1 4.8
Clicking 21 100 0 0.0
Other 20 95.2 1 4.8

Note: Subjects chose “yes” or “no” to indicate whether the type of
sound resembled their tinnitus sound.
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Figure 2. Numbers of subjects reporting tinnitus of different durations (“length of time aware of tinnitus”).

replaced by an ASUS P4B-533-E Pentium IV 2.5-GHZ
IBM PC. This was done to provide the required power
needed to efficiently run the upgraded stimulus gener-
ation software and keep the user controlled acoustic
stimulus changing highly responsive. As compared to
a pure-tone sine wave, an extremely narrow bandwidth
noise stimulus has very limited acoustic power. There-
fore the previously used tail-end attenuator on the out-
put of the PAL3000 headphone amplifier was removed
in order to achieve adequate output levels when testing
with narrow-band noise stimuli. Finally, the standard
three-wire ER-4B Canal Phone™ insert earphone cabling
was modified to a four-wire cable setup to decrease chan-
nel crosstalk during binaural testing.

PowerPoint Platform Software Interface

Microsoft PowerPoint screens for subject instruction
were developed for the new testing procedures. These
instruction screens provided subjects with the guidance
necessary for performing tinnitus band-match testing,
and measurement of MML and RI. The complete subject
interface was created using the “slide-show” type para-
digm designed and created by user-interface designers
on the project team. This stand-alone “storyboarding” of
the user-interface experience greatly simplified the cre-

ation of an effective and attractive set of subject instruc-
tion and response displays.

Custom Software

Extensive software development was necessary to
support the new “more patient-friendly” PowerPoint
slide-based user interface. A shared system code library
was developed to exchange control and response mes-
sages between the tinnitus test system application and
the user interface running as a PowerPoint application
slide show.

The PAL3000 was used for all pure-tone testing as
before, including pure tones used during sound-match
testing. The previously used digital Noise Stimulus gen-
erator was upgraded considerably to support real-time,
variable-bandwidth, variable center-frequency noise
bands. Full bandwidth, stereo, acoustic transducer
equalization was added using inline real-time digital
filters to support acoustically calibrated variable-
bandwidth stimuli. As before, a continuously varying,
real-time random white noise generator was used as
the foundation for noise stimuli waveform data points
with the Stimulus Generator being implemented on
top of the Microsoft Windows DirectX audio platform
(Ellingson et al, 2004).
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Figure 3. Block diagram of tinnitus testing system as modified for
this study. The CPU is a standard PC-type computer running soft-
ware applications to: (1) display instruction, testing, and help
instructions to the subject; (2) generate digital stimulus waveforms;
(3) monitor “the knob” and adjust digital stimulus parameters based
on subject inputs; (4) control sound card-based digital-to-analog
stimulus generator via a USB interface; and (5) control the
PAL3000 signal generation, mixing, and attenuation headphone
driving device via an RS-232 interface. Acoustic signals were pre-
sented to the subject via ER-4B insert-type transducers connected
to the PAL3000 via a four-wire interface.

The variable-bandwidth noise stimulus generation
was performed using multiple buffer segments, each
with independent filter state storage. The actual noise-
band shaping was implemented using stereo, digital elliptic-
type bandpass filters with 96 dB attenuation, and 1 dB
ripple specification. For stability reasons, the filter order
varied from 9 for bandwidth greater than 6999 Hz to 3 for
bandwidth less 11 Hz. A stereo, 55 tap finite impulse
response (FIR) filter was used for acoustic equalization.
The complete 44,100 Hz, stereo, real-time, digitally gen-
erated, acoustically equalized, noise-band stimulus gener-
ation chain was computationally intensive. For software
development efficiency reasons, a fairly high-powered
desktop computer was used for the testing platform. It
is possible that the less powerful, previously used 400
MHz slate-style computers could be used for future sys-
tems, but such benchmark testing has not been carried
out as part of this project due to time constraints.

System Calibration

A computer controlled calibration routine was used to
calibrate the tinnitus system. The PAL3000, Bruel &
Kjaer 2231 sound level meter, Z1 9101 interface module,
4157 acoustic coupler, and Etymotic ER-4B Canal
Phone™ transducer were used to conduct calibration
procedures. Calibration values were stored in a data-
base for online real-time access, for system documenta-
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tion, and as documentation and for future calibration
reference starting points.

For each stimulus channel, two separate “virtual”
instrument signal paths were calibrated, one for
PAL3000 generated pure-tone stimuli and one for the
digitally generated noise stimuli. PAL3000 pure tones
were calibrated at each test frequency for each ear
using traditional methods as previously described
(Henry et al, 1999). Calibration of the noise generator
was quite different. The first step was to record the
acoustic transducer frequency response characteristics
across the full system test bandwidth. Next step was to
generate the digital equalization filter coefficients nec-
essary to flatten the transducer acoustic response to
support variable-bandwidth calibrated noise band stim-
uli. The system was then operated with the noise gen-
erator running at full bandwidth, and the sound power
output was measured using the linear scale that
became the singular “cal factor” stored for the noise
stimulus channel. The acoustical equalization of the
actual stimulus output level was accomplished using
a mathematical transformation to adjust the full band-
width cal factor value to cal factors for other requested
bandwidths.

Testing Algorithms

The same testing protocols for determining hearing
threshold, LM, and PM that were used in the previous
study (Henry, Rheinsburg, et al, 2004) were used for
this portion of the study. Briefly, subjects were seated
in front of the computer and instructed in how to respond
to the testing. One ER-4B earphone was inserted in the
“stimulus ear” by the examiner. (The stimulus ear was
contralateral to the predominant tinnitus if tinnitus
was asymmetric. If tinnitus was symmetric, then the
stimulus ear was the ear with better hearing, or it
was selected randomly if hearing was also symmetric.)
The computer provided all further instructions, and
the examiner sat close by to be available to answer ques-
tions. The computer then obtained hearing thresholds
and tinnitus LMs at 1/3-octave frequencies from 1 to 8
kHz. For pitch matching, subjects rotated the dial,
resulting in the presentation of adjacent test frequencies
at the loudness-matched levels. Test frequencies were
presented in a saw-tooth fashion—when the highest test
frequency (8 kHz) was reached, consecutively lower fre-
quencies were presented; when the lowest test frequency
(1 kHz) was reached, consecutively higher frequencies
were presented. When subjects decided which frequency
best matched their tinnitus, they touched “Go” on the
computer screen to record this frequency and proceed
to the next measurement. The pitch-matching procedure
was repeated five times, resulting in five PMs. The fol-
lowing new testing protocols began immediately upon
completion of the five repeated PMs.



Noise-Band Matching

Three testing paradigms (Methods 1, 2, and 3) were
developed to conduct NBM. Technical limitations with
the system allowed for testing only from 1 through 8 kHz.

Method 1. For each subject, the mean of the five
repeated PMs was determined, which identified the
“center frequency” for Method 1 of the NBM testing.
Subjects were instructed to “turn the knob until the
sound is the closest match to your tinnitus.” (Fig. 4
shows the screens that were presented to subjects to pro-
vide instructions and to guide responses during testing.)

Noise-band matching was repeated for five consecu-
tive trials. For each trial, testing started with presenta-
tion of the center-frequency pure tone. The subject
turned the knob to change the bandwidth around the
center frequency (within the frequency limits). As the
knob was turned either clockwise or counterclockwise,
the frequency bandwidth of the tone widened exponen-
tially, that is, the first band was 2 Hz wide, the second 4
Hz wide, the third 8 Hz wide, and so on. The noise bands
increased in this manner until they reached their max-
imum frequency range at either end of the frequency
spectrum (1 and 8 kHz). When the maximum band-
width was achieved, further turning of the knob in
the same direction caused the noise band to progres-
sively narrow to the pure-tone starting point. Contin-
ued turning in the same direction would repeat the
entire progression, whereas reversing the direction of
turning would reverse the bandwidth widening/narrowing
progression (in a saw-tooth fashion, similar to PM testing).

Each noise band was presented at the loudness-
matched level of the tinnitus at the test frequency clos-
est to the mean of the five PMs. Regardless of the width
of the noise band, a constant sound pressure level was
maintained.

Automated Tinnitus Measurement/Henry et al

Following selection of a noise bandwidth as a tinnitus
match, subjects were instructed to listen again to the
chosen stimulus and to confirm the accuracy of the
match. Five response choices for this “Tinnitus Sound
Match Check” were provided, ranging from “exact
match” to “not a match,” as shown in the last panel
of Figure 4.

Method2. For Method 2 testing, the program first cal-
culated the mean of subjects’ five bandwidths obtained
during Method 1. The program then selected a center
frequency at random from the test set of frequencies
(1/3-octave frequencies between 1 and 8 kHz). The first
noise band presented thus had a bandwidth as averaged
from Method 1, and a center frequency selected at ran-
dom between 1 and 8 kHz.

Subjects followed the same instructions as for Method
1 (Fig. 4) to turn the knob and select the closest match
from the different noise bands. As the knob was turned,
the same frequency width was maintained while the cen-
ter frequency shifted across the frequency range. As for
Method 1 subjects had five opportunities to select a tin-
nitus sound match, after which the “closeness of the
match” was queried. The knob responded in a continu-
ously variable manner with no stops as before. For each
of the five trials, the initial center frequency was selected
by the computer at random.

Method 3.  For the final stage of tinnitus NBM the sys-
tem averaged the results from the five sound matches
selected in Method 2 to assign a new center frequency.
As for Method 1, subjects then again had the opportu-
nity to increase or decrease the stimulus frequency
bandwidth from pure-tone to full bandwidth in expo-
nential frequency steps to find the best tinnitus match.
The best match and associated confirmation accuracy
were completed five times.

Tinnitus Sound Matching Tinnitus Sound Matching
Instructions Test

+ This new task will determine if
your tinnitus sounds more like a
clear tone (such as a piano
note} or like noise {such as
static)

Turn the knob until the sound
in your left ear most closely
matches the tinnitus in your
right ear...then touch ‘GO’

+ You will use the knob to adjust
the sound.

o
Tinnitus Sound Matching Tinnitus Sound Match
Test Check

Please touch the button that
indicates how closely the sound
matches your tinnitus.

Turn the knob until the sound
in your right ear most closely
matches the tinnitus in your
left ear...then touch ‘GO’

Exact Match

Very Close

Somewhat Close ‘
Somewhat Different ‘

Not a Match

- -

T a0 Contac
Audsiog s Ausdsigs

2 = 0

Intarmation = Audsiogat

Figure 4. Instruction and testing screens for performing noise-band matching (NBM) with the automated system. Note that instructions
are shown for both right-ear and left-ear testing, although testing was performed in only one ear (the test ear, i.e., the ear contralateral to

the predominant tinnitus).
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Minimum Masking Level

Testing for MML used a 2-12 kHz band of noise,
which is the standard stimulus for clinical measure-
ment of MML as described by Vernon et al (1990). As
this was the first test that used binaural presentation
of test tones, the examiner inserted a second earphone
into the “tinnitus ear” (contralateral to “stimulus ear”)
of subjects just prior to conducting the test. Threshold
testing for the noise occurred in each ear separately,
using the automated hearing-threshold technique
(Henry, Rheinsburg, et al, 2004). (Fig. 5 shows the
screens that were presented to subjects to provide
instructions and to perform threshold testing.) Once
both thresholds were obtained, the program randomly
selected a noise level, to the nearest 1 dB, between 5 and
20 dB above the noise thresholds. For each ear, the
noise was presented at the same sensation level (dB
SL, i.e., level above threshold). For example, if the noise
thresholds were 0 dB SPL for the right ear and 10 dB
SPL for the left ear and the program randomly selected
8 dB SL as the starting level, then the binaural presen-
tation of noise would start at 8 dB SPL in the right ear
and 18 dB SPL in the left ear. Subjects were instructed
to “turn the knob until the noise just covers the tinnitus
in both ears.” The noise was raised and lowered in 1 dB
increments when the knob was rotated clockwise and
counterclockwise, respectively. Two responses were
obtained, and the average of the two responses was
the final MML result. It should be noted that the dura-
tion of the stimulus at any level was variable according
to the amount of time subjects chose to listen to the
stimulus at each level.

Residual Inhibition

RI refers to the common phenomenon of a temporary
reduction in loudness of tinnitus (or temporary silenc-
ing of tinnitus) as a result of stimulation with (typically)
broad-band noise. As with MML testing, a 2-12 kHz

band of noise was used for clinical testing of RI (Vernon
et al, 1990). The intensity level of the sound was pre-
sented binaurally at 10 dB above the MML value that
was established for each ear. Subjects were instructed
to listen to the noise for 1 min, at which time the noise
signal was terminated and they could report the loud-
ness of their tinnitus. (Fig. 6 shows the screens that
were presented to subjects to provide instructions
and to perform testing.) If the stimulus was too loud
during the test, subjects could touch the “too loud” but-
ton on the screen. Each time this was done the stimulus
decreased by 5 dB. During the poststimulus time, sub-
jects repeatedly reported the “percentage loudness” of
their tinnitus until the loudness returned to “100 per-
cent of its usual loudness” or until 5 min (from when
the stimulus stopped) had elapsed.

Time of Testing

Time of testing to complete the battery of tests (pure-
tone thresholds, LM, PM, NBM [three methods], MML,
and RI) averaged 47 min for Session 1 (SD = 24; range =
21-110), and 45 min for Session 2 (SD = 25; range = 20—
110). These times reflect actual testing time and do not
include time required to prepare subjects for testing
(i.e., otoscopy, explaining overall function of the system,
and inserting earphones).

RESULTS
NBM: Method 1

Table 2 shows an example of subject individual
responses for Method 1 of NBM. The frequencies shown
in the table indicate the range of frequencies subjects
chose as a match to their tinnitus. Table 2 shows only
results from the first of five consecutive matches during
the first session (each subject completed an additional four
matches during Session 1 and five additional matches dur-
ing Session 2). The column under the heading “Bandwidth

Noise Threshold
Instructions

Noise Threshold Test
{Left Ear)

» For the next task you will listen to a
noise that sounds like static

Turn the knob until you can

just barely hear the
noise... then touch ‘GO’

* You will hear the noise in your right
ear, then in your left ear

* Please pay close altention to the
instructions during the test

Noise Threshold Test
(Right Ear)

Turn the knob until you can

ust barely hear the

noise... then touch ‘GO’

E|

Tinnitus Masking Test
(Both Ears)

Tinnitus Masking
Instructions

+ Now you will try to mask (cover up}
your tinnitus with the same noise
that you will hear in both ears.

Turn the knob until the

noise just covers up the

tinnitus in both ears
then touch ‘GO’

+ You will adjust the knob until the
noise just covers up your tinnitus.

+ You are looking for the quietest
noise that just barely covers uj
your tinnitus

Figure 5. Instruction and testing screens for obtaining tinnitus minimum masking levels (MMLs) with the automated system. This was
the first test that used earphones in both ears. These screens indicate monaural presentation of stimuli for “noise thresholds” in each ear
separately, followed by binaural presentation of stimuli to determine the MML.
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Tinnitus Change Test
Instructions

+ The next test will determine if
noise has an effect on your

C |
Tinnitus Change Test
The noise is on and will shut off in

60 seconds on its own. No
response is required

Tinnitus Change Test

Please respond immediately to

one of the following choices.

Overall my tinnitus is:

&

Tinnitus Change Test

Please respond immediately to one
of the following choices.

Overall my tinnitus is:
Gone

Tinnitus Change Test

Please respond immediately to one of
the following choices.

Overall my tinnitus is:

tinnitus. 10% of Usual Loudness ‘ Louder ‘
Gone |
« Your task will be to touch the 25% of Usual Loudness {
button that best indicates how Quister | 50% of Usual Loudness ‘ Back to Normal ‘
your tinnitus sounds after the
noise is turned off. Time remaining in seconds Louder | T5% of Usual Loudness ‘
90% of Usual Loudness ‘
No Change |

100% of Usual Loudness {Back

TOO LOUD J

to Normal)

- A 1

s s

] 0 i

7
P Audsigat aunsoge

Figure 6. Instruction and testing screens for measuring tinnitus residual inhibition (RI) with the automated system. RI testing was done

with binaural presentation of 2-12 kHz bandwidth noise.

of Match” shows that subjects chose bandwidths ranging
between 0 and 2048 Hz. (A bandwidth of 0 Hz indicates the
subject chose a pure tone as a closer match than any of the
bandwidth choices.) Eleven of the subjects chose a pure
tone as the closest match for this first trial. Only three sub-
jects chose a bandwidth exceeding 32 Hz. When asked to
confirm how close the match was, only three subjects indi-
cated their choice was “not a match.” Other choices
included “somewhat close,” “very close,” and “exact match.”

Tables 3 and 4 show, for Sessions 1 and 2 respectively,
all of the subjects’ bandwidth choices for Method 1 of
NBM. It can be seen that subjects were generally con-
sistent with respect to the bandwidths of their repeated

matches. That is, subjects who chose 0 Hz tended to
choose 0 Hz or very narrow bands (2, 4, or 8 Hz) repeat-
edly. Subjects who chose wider bands tended to be con-
sistent in choosing wide bands of noise. There were of
course exceptions to these trends (note subjects 6 and
8 in Table 3). Subjects were also generally consistent
between sessions, although there were again some sub-
jects who were very inconsistent between sessions (note
subjects 11, 13, 15, and 16 between Tables 3 and 4). Not-
withstanding these inconsistencies a significant test-
retest correlation was found (» = 0.563, p = 0.0078).
Inspection of this relationship in Figure 7 and Tables
3 and 4 shows that 16 subjects chose bandwidths of

Table 2. Results of the First of Five Repeated Noise-Band Matches during Session 1, for Noise-Band

Matching with Method 1

Lower Stop Frequency Center Frequency

Upper Stop Frequency

Bandwidth of Match Subject’s Judgment

Subject (Hz) (Hz) (Hz) (Hz) of Match
1 8000 8000 8000 0 Very close
2 6349 6350 6351 2 Very close
3 5037 5040 5041 4 Somewhat close
4 8000 8000 8000 0 Very close
5 6350 6350 6350 0 Somewhat close
6 4784 5040 5296 512 Not a match
7 8000 8000 8000 0 Very close
8 2000 2000 2000 0 Not a match
9 6334 6350 6366 32 Very close
10 3175 3175 3175 0 Very close
11 3159 3175 3191 32 Very close
12 3175 3175 3175 0 Very close
13 8000 8000 8000 0 Exact match
14 3174 3175 3176 2 Very close
15 5040 5040 5040 0 Very close
16 8000 8000 8000 0 Somewhat close
17 5326 6350 7374 2048 Somewhat close
18 2519 2520 2521 2 Very close
19 5032 5040 5048 16 Somewhat close
20 7744 8000 8000 256 Not a match
21 8000 8000 8000 0 Very close
Mean 5581 5656 5719 138
SD 2104 2118 2142 454
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Table 3. Bandwidths (Hz) of Noise Matches for
Noise-Band Matching, Method 1 (Session 1)

Table 4. Bandwidths (Hz) of Noise Matches for
Noise-Band Matching, Method 1 (Session 2)

Bandwidth (Hz) of Noise-Band Match
Trial 2 Trial 3 Trial 4 Trial 5 Mean SD

Subject Trial 1

Bandwidth (Hz) of Noise-Band Match
Subject Trial 1 Trial2 Trial 3 Trial 4 Trial 5 Mean SD

1 0 0 0 0 0 0 0
2 2 2 64 0 0 14 28
3 4 2 2 2 2 2 1
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
6 512 4096 0 4096 0 1741 2160
7 0 0 0 0 0 0 0
8 0 7000 4 4 16 1405 3128
9 32 4 136 64 37 55 50
10 0 0 2 0 2 1 1
11 32 0 0 0 0 6 14
12 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0
14 2 8 4 0 1 3 3
15 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0
17 2048 5746 384 2048 2122 2470 1972
18 2 4 2 2 16 5 6
19 16 8 2 2 0 6 7
20 256 256 128 256 128 205 70
21 0 0 0 0 0 0 0
Mean 138 816 35 308 111 282 354
SD 454 2060 90 976 462 689 886

1 0 0 0 0 0 0 0
2 2 0 256 2 0 52 114
3 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
6 512 0 0 0 0 102 229
7 0 0 0 0 0 0 0
8 16 8 0 4 8 7 6
9 32 32 128 16 64 54 45
10 0 0 2 0 0 0 1
11 128 0 256 128 128 128 91
12 0 0 0 0 0 0 0
13 512 64 16 16 2 122 219
14 2 0 0 0 0 0 1
15 512 256 0 4096 128 998 1742
16 128 1024 512 128 1024 563 449
17 2048 2048 2048 1024 1024 1638 561
18 0 2 2 4 8 3 3
19 0 0 4 4 8 3 3
20 128 128 128 256 512 230 167
21 0 0 0 0 0 0 0
Mean 191 179 160 270 138 186 173
SD 462 486 452 905 316 411 392

0 Hz or close to 0 on both tests; one subject chose band-
widths exceeding 1500 Hz on both tests; and the
remaining four gave discrepant results between ses-
sions. Comparing the grand means and means of stand-
ard deviations of the bandwidths between sessions,
these numbers became smaller during the second ses-
sion, indicating that, for the second session, subjects
as a group chose narrower bands of noise and deviated
less in response choices from trial to trial. Paired ¢-tests,
however, determined that the between-sessions differ-
ences in means were not significant (p > .05), nor were
the between-sessions differences in mean standard
deviations (p > .05).

Table 5 provides a summary of how subjects responded
following each noise-band match when asked to indicate
how closely the stimulus they just selected matched their
tinnitus. For the first session, responses were fairly nor-
mally distributed across the different response choices.
For the second session, responses were more skewed
toward responses indicating closer subjective matches
(“very close” and “exact match”). Notably, across all trials,
the response option “somewhat different” was selected
only once.

NBM: Method 2
Method 2 maintained a constant bandwidth, and

turning the knob changed the center frequency of the
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stimulus. Tables 6 and 7 show, for Sessions 1 and 2 respec-
tively, the center frequencies that were selected by each
subject during each of the five trials for Method 2.

If, for a single subject, the average bandwidth as
determined from Method 1, Session 1 consisted of a tone
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Figure 7. Scatterplot showing correlations of bandwidth
responses between Sessions 1 and 2 for Method 1. Note that the
overlapping circles represent multiple points that all occur at
0,0 on the graph. The diagonal line is the line of unity, that is,
the line of best fit if Session 1 and 2 values were identical for
all subjects.
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Table 5. Numbers of Subjects, for Each of the 10 Individual Noise-Band Matches from Method 1, Choosing the Different
Response Options When Asked If Their Previous Noise-Band Selection Matched Their Tinnitus

Session 1 Session 2
Subject’s Impression of Match Test 1 Test 2 Test 3 Test 4 Test 5 Test 1 Test 2 Test 3 Test 4 Test 5
Not a match 3 3 2 2 2 1 2 1 1 1
Somewhat different 0 0 0 1 0 0 0 0 0 0
Somewhat close 5 6 7 4 5 4 4 5 4 4
Very close 12 9 7 8 8 12 11 9 9 8
Exact match 1 3 5 6 6 4 4 6 7 8

(indicated by a “0” for the “Mean” bandwidth in Table 3),
then for Method 2 turning the knob changed the fre-
quency of the tone (equivalent to pitch matching with
pure tones). In Tables 6 and 7, subject numbers have
an asterisk if these subjects were responding to tones
during Method 2.

A strong linear correlation was observed between ses-
sions for the mean noise-band matches (r = 0.831, p <O0.
0001). Figure 8 shows that subjects choosing center fre-
quencies at or near 8 kHz appeared to be as consistent
between sessions as subjects choosing lower frequencies
as their best tinnitus match. The within-subjects reli-
ability of the repeated noise-band choices during
Method 2 within a session would be indicated by the
standard deviations (last column of Tables 6 and 7).
These standard deviations averaged across subjects
resulted in a mean standard deviation of 1019 Hz for

Session 1 and 641 Hz for Session 2. While this difference
might suggest an improvement in within-subjects test-
retest reliability from Session 1 to Session 2, a paired ¢-
test revealed that the difference was not significant (p
> .05).

The means and standard deviations across measures
within sessions for the nine subjects who listened to
tones during Method 2 (indicated by asterisks in Tables
6 and 7) were calculated and compared to those of the 12
subjects who listened to bands of noise during Method 2.
For Session 1, the mean standard deviation was 668 Hz
for the subjects who listened to tones and 1282 Hz for
the subjects who listened to bands of noise. Similarly,
for Session 2, the mean standard deviation was 333
Hz for the nine subjects who listened to tones and
871 Hz for the subjects who listened to bands of noise.
Thus, for both Sessions 1 and 2, the standard deviations

Table 6. Center Frequency (Hz) of Noise Matches for Noise-Band Matching, Method 2 (Session 1)

Center Frequency (Hz) of Noise-Band Match

Subject Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Mean SD
1* 8000 2000 8000 8000 8000 6800 2683
2 3175 5040 6350 5040 6350 5191 13083
3 8000 5040 6350 5040 8000 6486 1482
4* 8000 8000 8000 8000 8000 8000 0
5% 6350 8000 6350 6350 6350 6680 738
6 1260 5040 5040 1585 5040 3593 1985
7* 8000 8000 8000 8000 8000 8000 0
8 5040 4000 6350 3175 2520 4217 1520
9 6350 8000 8000 8000 8000 7670 738

10 5040 5040 1585 5040 1000 3541 2063

11 3175 2520 3175 4000 8000 4174 2202

12* 3175 3175 2520 2520 2520 2782 359

13* 8000 8000 8000 8000 8000 8000 0

14 2520 3175 3175 2520 3175 2913 359

15* 5040 5040 2520 2520 2000 3424 1490

16* 8000 8000 8000 8000 8000 8000 0

17 8000 8000 8000 8000 8000 8000 0

18 4000 1000 5040 5040 5040 4024 1749

19 4000 6350 1000 4000 2520 3574 1988

20 8000 8000 8000 8000 8000 8000 0

21* 8000 6350 8000 8000 8000 7670 738

Mean 5768 5608 5784 5659 5929 5749 1019

SD 2285 2310 2470 2336 2562 2061 888

*Subjects who responded to pure tones during Method 2 (all other subjects listened to a band of noise as averaged from Method 1 results).
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Table 7. Center Frequency (Hz) of Noise Matches for
Noise-Band Matching, Method 2 (Session 2)

Center Frequency (Hz)
of Noise-Band Match

Subject Trial 1 Trial 2 Trial 3 Trial 4 Trial5 Mean SD
1* 8000 8000 8000 8000 8000 8000 0
2 8000 8000 6350 6350 8000 7340 904
3 4000 4000 8000 4000 5040 5008 1732
4* 8000 8000 8000 8000 8000 8000 0
5% 6350 6350 6350 6350 6350 6350 0
6 6350 6350 6350 6350 6350 6350 0
7 8000 8000 8000 8000 8000 8000 0
8 5040 5040 5040 2520 3175 4163 1223
9 8000 8000 8000 8000 8000 8000 0

10 5040 3175 3175 3175 6350 4183 1456

11 4000 5040 5040 6350 6350 5356 1002

12¢ 2520 2520 3175 2520 2520 2651 293

13* 8000 6350 6350 8000 8000 7340 904

14 2520 2520 2520 2520 1585 2333 418

15* 4000 4000 5040 2520 4000 3912 899

16* 8000 8000 6350 6350 6350 7010 904

17 8000 8000 8000 8000 8000 8000 0

18 1585 1000 1585 2520 1000 1538 622

19 5040 1000 4000 5040 5040 4024 1749

20 6350 8000 5040 8000 8000 7078 1345

21 6350 6350 6350 6350 6350 6350 0

Mean 5864 5605 5748 5663 5927 5761 641

SD 2128 2462 1983 2234 2270 2072 624

*Subjects who responded to pure tones during Method 2 (all other
subjects listened to a band of noise as averaged from Method 1
results).

were almost twice as large when subjects listened to
bands of noise versus those who listened to pure tones.
Unpaired ¢-tests revealed, however, that these within-
session differences were not significant (p > .05). The
test-retest reliability between subjects was higher
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Figure 8. Scatterplot showing correlations of mean center-
frequency responses between Sessions 1 and 2 for Method 2.
The diagonal line is the line of unity, that is, the line of best fit
if Session 1 and 2 values were identical for all subjects.
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for subjects matching with pure tones (r = 0.93, p <
0. 0003) than with noise bands (»r = 0.74, p < 0. 006),
although the difference between these correlations was
not significant.

NBM: Method 3

For Method 3, center frequencies obtained from the
Method 2, Session 1 repeated tests were averaged to
determine the center frequency for Method 3. Turning
the knob widened or narrowed the bandwidth around
the center frequency as done in Method 1.

Tables 8 and 9 show, for Sessions 1 and 2 respectively,
all individual bandwidth choices for Method 3 of noise-
band matching. As for Method 1, subjects were gener-
ally consistent with respect to the bandwidths of their
repeated matches. Subjects 6 and 8 were again excep-
tions to these otherwise consistent trends. Subjects
were also generally reliable between sessions; although
there were some subjects who were very unreliable
between sessions for Method 1 (subjects 11, 13, 15,
and 16), these same subjects were not seen to be partic-
ularly unreliable for Method 3.

When comparing the grand mean and mean standard
deviations between sessions for Method 3, these num-
bers became smaller during the second session. This
trend, also seen for Method 1, would reflect that, during
the second session, subjects as a group chose narrower

Table 8. Bandwidths (Hz) of Noise Matches for
Noise-Band Matching, Method 3 (Session 1)

Bandwidth (Hz) of Noise-Band Match
Subject Trial 1 Trial2 Trial 3 Trial 4 Trial 5 Mean SD

1 0 0 0 0 0 0 0
2 512 0 0 0 4096 922 1788
3 2 0 0 0 2 1 1
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
6 0 256 4096 0 0 870 1807
7 0 0 0 0 0 0 0
8 110 1024 32 512 256 387 400
9 4 2 8 128 4 29 55
10 0 2 0 2 0 1 1
11 425 2 0 0 0 85 190
12 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0
14 1 4 0 0 32 7 14
15 256 384 256 128 64 218 125
16 0 0 0 0 0 0 0
17 1024 1024 1024 1024 1024 1024 0
18 16 136 2 4 8 33 58
19 16 2 5 16 16 11 7
20 512 256 128 128 128 230 167
21 0 0 0 0 0 0 0
Mean 137 147 264 92 268 182 220
SD 268 311 907 243 906 333 534




Table 9. Bandwidths (Hz) of Noise Matches for
Noise-Band Matching, Method 3 (Session 2)

Bandwidth (Hz) of Noise-Band Match

Subject Trial 1 Trial 2 Trial 3 Trial4 Trial 5 Mean SD
1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 O
3 0 0 0 0 0 0 O
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 O
6 0 0 0 0 0 0 O
7 0 0 0 0 0 0 0
8 4 2 2 2 0 2 1
9 32 32 16 32 14 25 9

10 0 0 16 4 0 4 7

11 8 2 8 2 16 7 6

12 0 0 0 0 0 0 O

13 0 2 0 2 0 1 1

14 0 0 0 0 0 0 O

15 512 128 512 512 1024 538 319

16 512 512 512 32 1024 518 351

17 1024 1024 1024 1024 1024 1024 O

18 0 2 2 2 2 2 1

19 0 2 0 0 2 1 1

20 64 256 256 64 256 179 105

21 0 0 0 0 0 0 O

Mean 103 93 112 80 160 110 38

SD 260 246 262 243 366 263 101

bands of noise, and they were more consistent in their
response choices from test to test. Paired #-tests, how-
ever, determined that the between-sessions differences
in means were not significant (p > .05), nor were the
between-sessions differences in standard deviations
(p > .05). The between-subject correlation obtained
for Method 3 (r = 0.451, p = 0.04; Fig. 9) was lower
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Figure 9. Scatterplot showing correlations of mean bandwidth
responses between Sessions 1 and 2 for Method 3. Note that the
overlapping circles represent multiple points that all occur at 0,0
on the graph. The diagonal line is the line of unity, that is, the line
of best fit if Session 1 and 2 values were identical for all subjects.
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but not notably different from that reported above for
Method 1 (r = 0.565, p = 0.0078; Fig. 7).

Further inspection of the results for Methods 1 and 3
pointed to sources of consistency and inconsistency in
assessing the bandwidth of tinnitus. From Figure 7 it
can be seen that the correlation between the two ses-
sions of Method 1 was strongly influenced by the single
subject (#17) who gave the largest bandwidth matches
in the two sessions, exceeding 1500 Hz in both sessions
(see Tables 3 and 4). This subject also gave the largest
bandwidth matches in Method 3, exceeding 1000 Hz
in both sessions of this method (Tables 8 and 9).
The subject was therefore consistent in reporting a
tinnitus of comparatively wide bandwidth in all four
measurements. Figure 7 also reveals a cluster of sub-
jects (n = 10) who gave bandwidth matches averaging
0 or 1 Hz in the first session of Method 1. Seven of
these 10 subjects repeated their ratings across the
four bandwidth measurements of Methods 1 and 3.
These results suggest that subjects experiencing
either a narrow tonal tinnitus or a noisy tinnitus
can report consistently on the bandwidth of their tin-
nitus. Subjects reporting intermediate bandwidth
matches were less consistent between the sessions
with each method.

Minimum Masking Levels

Prior to testing for MML, threshold testing of the
2-12 kHz noise band was done monaurally in each ear.
Table 10 shows results of this threshold testing. These
results indicate there was no particular trend for subjects
to provide either higher or lower noise thresholds when
testing was repeated across sessions. The absolute values
of the differences show, on average, that differences in
noise thresholds between sessions averaged 4.0 dB in
the left ears and 4.3 dB in the right ears.

Table 11 shows results of binaural MML testing. Any
negative MML would indicate that the MML was below
the threshold level. These negative values only occurred
for two subjects during Session 1 and for one subject
during Session 2. The negative values for MML were
small and are thus explainable as normal variability
for both thresholds and for MML (these subjects prob-
ably had an MML very close to their noise threshold).
All but three of the subjects provided repeated MMLs
within 10 dB of each other across sessions. The three
more variable subjects differed by 14, 29, and 34 dB
between sessions. The results in Table 11 indicate a sig-
nificant test-retest reliability of » = 0.808, p = 0.0001
(Fig. 10).

MML measures have been used by some investiga-
tors as a surrogate for tinnitus loudness measures.
We were able to test this relationship by evaluating
the correlation between the MMLs (from Session 1)
and the subjective ratings of tinnitus loudness (obtained
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Table 10. Monaural Thresholds for 2—12 kHz Noise, and Differences in Thresholds between Sessions

Left Ear

Right Ear

Between-Session

Absolute Value

Between-Session  Absolute Value

Subject Session 1 Session 2 Difference of Difference Session 1 Session 2 Difference of Difference
1 36 36 0 0 31 33 2 2
2 46 44 -2 2 54 48 -6 6
3 44 44 0 0 54 52 -2 2
4 34 33 -1 1 40 44 4 4
5 68 74 6 6 54 58 4 4
6 48 48 0 0 48 46 -2 2
7 40 43 3 3 40 44 4 4
8* 101 101 0 0 24 25 1 1
9 22 24 2 2 38 34 -4 4

10 30 29 -1 1 46 57 11 11

11 70 64 -6 6 58 62 4 4

12 52 49 -3 3 50 47 -3 3

13 49 46 -3 3 47 46 -1 1

14 54 36 -18 18 54 54 0 0

15 52 50 -2 2 63 56 -7 7

16 64 56 -8 8 36 34 -2 2

17 90 90 0 0 58 55 -3 3

18 40 56 16 16 48 68 20 20

19 31 24 -7 7 47 43 —4 4

20 26 24 -2 2 24 22 -2 2

21 64 68 4 4 57 61 4 4

Mean 51 49 -1.0 4.0 46 47 0.9 4.3

sD 20 21 6.3 5.0 11 12 6.1 4.3

*This subject could not hear the noise in her left ear; 101 is the code for “no response.”

on the initial survey). Results revealed a Pearson
product-moment correlation of 0.19 (p > .05), which
suggested at best a weak relationship between the
two measures.

Residual Inhibition

Tables 12 and 13 summarize results of RI testing for
Sessions 1 and 2, respectively. Of the 21 subjects, nine
did not experience any RI during the first session, and
eight did not experience any during the second session.
Two of the subjects who did not experience any RI dur-
ing the first session (#5 and #8) did experience it during
the second session. One subject who experienced RI
during the first session (#14) did not have any RI during
the second session.

Of'the 12 subjects who experienced RI during the first
session, eight experienced partial RI (tinnitus reduced
in loudness) and four experienced complete RI (tinnitus
inaudible). Of the 13 subjects who experienced RI dur-
ing the second session, seven experienced partial Rl and
six experienced complete RI.

Including all subjects, whether they experienced RI,
the mean duration of RI was 79 sec for Session 1 and 113
sec for Session 2. A fairly strong linear correlation was
observed between sessions for the mean duration of RI
(r =0.706, p = 0.003) (Fig. 11). Recalculating the mean
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RI duration only for those who experienced any RI, the
Rl lasted an average of 137 sec for Session 1 and 182 sec
for Session 2.

During the first session, 10 of the subjects opted to
reduce the output of the noise during the 1 min of RI
testing, due to the stimulus being perceived as uncom-
fortably loud. Six subjects reduced the output during
the second session, which included five of those who
reduced the output during the first session.

DISCUSSION

group of 21 subjects completed a tinnitus test bat-

tery over two sessions with the automated tinnitus
assessment system. Each of the subjects was able to
complete the testing protocol with minimal interven-
tion from the attending research audiologist who sat
in the adjoining control room. The current tools dif-
fer from automated methods devised to measure tin-
nitus attributes in the laboratory (Norena et al,
2002, Roberts et al, 2008) in that NBM, MML, and
RI were obtained through automation using a self-
contained system designed specifically for use in
clinical settings. We discuss the results for each tin-
nitus attribute separately, considering relation to
previous results and factors that may contribute to
reliability.



Table 11. Binaural Minimum Masking Levels (MMLs), in
dB Sensation Level (SL)

MML MML Between- Absolute

(dB SL) (dB SL) Session Value of

Subject Session 1 Session 2 Difference Difference
1 29 32 3 3
2 9 8 -1 1
3 2 9 7 7
4 12 22 10 10
5 2 5 3 3
6 29 28 -1 1
7 24 -5 —-29 29
8 74 40 —-34 34
9 15 10 -5 5
10 0 3 3 3
11 -3 11 14 14
12 -2 1 3 3
13 32 28 -4 4
14 10 18 8 8
15 18 24 6 6
16 24 32 8 8
17 27 24 -3 3
18 16 20 4 4
19 7 10 3 3
20 58 56 -2 2
21 4 7 3 3
Mean 18 18 0 7
SD 19 15 11 9

Center Frequency

Subjects in the current study were selected from a
larger sample tested previously to have tinnitus loud-
ness matches equal to or less than 70 dB SPL and pitch
matches not exceeding 8 kHz. The familiarity of the
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Figure 10. Scatterplot showing correlations of minimum mask-
ing levels (dB SL) between Sessions 1 and 2. The diagonal line is
the line of unity, that is, the line of best fit if Session 1 and 2 values
were identical for all subjects.
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subjects with their tinnitus, and their prior experience
with the graphical user interface, may have enhanced
the reliability of pitch matching between the two ses-
sions of Method 2. Reliability was reflected by the sig-
nificant correlation between sessions (Fig. 8) and by a
trend toward diminished within-subject variability
across repeated trials within each session. Although
the sounds used for pitch determination could not
exceed 8000 Hz, the frequencies obtained covered the
range of 2800-8000 Hz suggesting that reliability
was not constrained or inflated by ceiling effects. Per-
ceptual judgments were likely based only on the per-
ceived properties of tinnitus, because cues for pitch
matching were not available from the featureless dial
that was used for pitch determinations.

It may be noteworthy that between-subject reliability
of NBM for Method 2 was especially high for subjects
choosing pure tones as the best match for their tinnitus
(r = 0.93). This relationship accounted for 87% of the
between-subject variance in pitch matching for these
subjects compared to 55% for subjects selecting a band
of noise to represent their tinnitus. While this differ-
ence did not reach significance in our sample (nine sub-
jects performed pitch matches with pure tones rather
than narrow-band noise), it is provocative in supporting
the concept of a pure tonal tinnitus in a substantial
number of tinnitus sufferers. It is possible that off-
frequency listening (Florentine and Houtsma, 1983;
Huss and Moore, 2005) may have been a source of error
for subjects matching a band of noise to their tinnitus.
However, hearing thresholds did not correlate with the
absolute difference in center frequency between the two
repeated sessions and were not different between sub-
jects matching with pure tones or a band of noise. This
suggests that subjects with a noisy tinnitus simply had
a more difficult time matching to the dominant fre-
quency in the percept.

The current approach, which identifies a single cen-
ter frequency to represent tinnitus, differs from the
approaches taken by Norena et al (2002) and Roberts
et al (2008) in which subjects rate a number of frequen-
cies for their resemblance or “likeness” to their tinnitus
sound. The result is a “tinnitus spectrum” that has been
found to cover the region of threshold shift (or “slope”) in
the audiogram, highlighting the role of hearing impair-
ment in the generation of tinnitus. Tinnitus spectra
peak at significantly higher likeness ratings in the
hearing loss region for subjects reporting a “tonal” (pure
tone) tinnitus rather a tinnitus of wider bandwidth
(Roberts et al, 2008), but there is nevertheless a sub-
stantial spread of ratings across frequencies in tonal
cases that could reflect not the presence of multiple fre-
quencies in the tinnitus but proximity to a single dom-
inant pitch. Significant test-retest reliability was found
when likeness ratings were correlated between sessions
for each tested frequency (Roberts et al, 2008) and when
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Table 12. Session 1 Results of Residual Inhibition Testing

Left Initial Presentation Right Initial Presentation Level Reduced by Occurrence of Total Seconds of
Subject Level (dB SPL) Level (dB SPL) Subject Residual Inhibition Residual Inhibition
1 75 70 No None 0
2 65 73 No None 0
3 56 66 No None 0
4 56 62 No None 0
5 80 66 Yes None 0
6 87 87 Yes Partial 87
7 74 74 Yes None 0
8 104 108 Yes None 0
9 47 63 No None 0
10 40 56 No Partial 199
11 77 65 Yes Partial 51
12 60 58 Yes Partial 58
13 91 89 Yes Partial 38
14 75 75 Yes Partial 87
15 80 91 No Complete 141
16 98 70 Yes Complete 276
17 127 95 Yes Partial 195
18 66 74 No None 0
19 48 64 No Complete 186
20 94 92 No Partial 205
21 78 71 No Complete 115
Mean 75 75 78
SD 21 14 89

likeness ratings were correlated across frequencies rating to pitch determinations made by the current pro-
within a subset of individual subjects (Zhou et al, cedure is presently unknown. Both procedures (each
2011). However, the relation of the dominant likeness automated and employing featureless response dials)

Table 13. Session 2 Results of Residual Inhibition Testing

Left Initial Presentation Right Initial Presentation Level Reduced by Occurrence of Total Seconds of
Subject Level (dB SPL) Level (dB SPL) Subject Residual Inhibition Residual Inhibition
1 78 75 No None 0
2 62 66 Yes None 0
3 63 71 No None 0
4 65 76 No None 0
5 89 73 No Complete 161
6 48 46 Yes Partial 85
7 48 49 No None 0
8 110 75 Yes Partial 212
9 44 54 No None 0
10 42 70 No Partial 67
11 85 83 No Partial 95
12 60 58 Yes Complete 53
13 84 84 No Partial 54
14 64 82 Yes None 0
15 84 90 No Complete 281
16 98 76 No Complete 511
17 124 89 Yes Partial 162
18 86 98 No None 0
19 24 46 No Complete 158
20 90 88 No Partial 234
21 85 78 No Complete 297
Mean 73 73 113
SD 24 15 135
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Figure 11. Scatterplot showing correlations of residual inhibi-
tion responses (in seconds) between Sessions 1 and 2. The diagonal
line is the line of unity, that is, the line of best fit if Session 1 and 2
values were identical for all subjects.

have an advantage over two-alternative forced choice
methods for determining tinnitus pitch in that subjects
are not required to choose between two sounds both of
which resemble tinnitus or neither of which do.

Bandwidth

When assessed with Method 1 most subjects were
generally consistent within and between sessions with
respect to the stimuli they chose as the best match to
their tinnitus (Tables 3 and 4). There was also a trend
for the bandwidths that subjects chose as the best
match to become narrower from Session 1 to Session
2, although the difference was not significant. Simi-
larly, the bandwidths that subjects chose as the best
match tended to become more consistent from Session
1 to Session 2, although this difference was also not sig-
nificant. Of the 21 subjects tested, nine chose a pure
tone as their bandwidth match in each session (six of
the nine chose a pure tone for both sessions). When
asked to judge the quality of their matches, for each
of the 10 trials across the two sessions, only three of
the 21 subjects judged their selection as “not a match”
(all other subjects indicated that their selection was
“somewhat close,” “very close,” or an “exact match”).

The second assessment of bandwidth (Method 3)
essentially duplicated Method 1 but using a center fre-
quency that was determined by the average of the fre-
quencies selected during the preceding measurement of
tinnitus pitch (Method 2). One might have expected an
improvement in reliability with Method 2 since the
bandwidth adjustment was now performed around
what was expected to be an improved frequency match.
However, the results replicated those of the first
method with no improvement seen, although more sub-
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jects chose zero as their bandwidth on the second ses-
sion compared to any other bandwidth test.

When the results of Methods 1 and 3 are considered
together, subjects reporting either a narrow-band tonal
tinnitus or a wide-band noisy tinnitus were consistent
across their bandwidth matches. Other subjects choos-
ing an intermediate noise sound as their preferred
bandwidth showed large discrepancies between their
repeated matches. These latter subjects reduced the
test-retest reliability of bandwidth matching to a level
(Fig. 8) considerably below that found for determining
the dominant tinnitus pitch (Fig. 7). Similarly, Roberts
et al (2008) found that 70% of individuals choosing
either a 5 kHz pure tone as the best match to their tin-
nitus (“tonal” tinnitus), or a wide band of noise (center
frequency 5 kHz +15% at —10 dB) as the best match to
their tinnitus (“hissing” tinnitus), repeated their
choices on a second test compared to 43% of subjects
choosing an intermediate noise band as their best tin-
nitus match (center frequency 5 kHz +5% at —10 dB,
“ringing” tinnitus). Consistent bandwidth matching
by subjects reporting a narrow-band tonal tinnitus or
a wide-band noisy tinnitus appears to give a strong indi-
cation of the “spectral content” of a patient’s tinnitus
percept. The presence of a band of frequencies in a tin-
nitus percept may help to explain why some patients
have so much difficulty performing pitch matches with
pure tones—that is, if their tinnitus consists of a broad
spectrum of frequencies, repeated tonal pitch matches
would be expected to span the range of frequencies.

Minimum Masking Levels

Hearing thresholds, using the 2-12 kHz noise stim-
ulus, varied around a central point, i.e., repeated
thresholds did not show any trends of becoming higher
or lower upon repeated testing (Table 10). When the
between-sessions noise threshold differences were con-
verted to absolute values, the mean differences aver-
aged only about 4 dB. This variability is well within
clinical standards that have been established for test-
retest reliability of hearing thresholds using pure tones
(Witting and Hughson, 1940; Corso and Cohen, 1958;
High et al, 1961; Atherley and Dingwall-Fordyce,
1963; Hickling, 1964).

Between-sessions repeated MMLs were within 10 dB
of each other for all but three of the subjects (Table 11).
Even including the latter three subjects, the average
magnitude of the between-sessions differences was only
7 dB. These results supported a test-retest correlation
between the two measurement sessions of r = 0.807
(p < 0.05) with only two of the 21 subjects falling nota-
bly off the line of unity (Fig. 10). Considering the sub-
jective nature of tinnitus, and the potential for tinnitus
fluctuations between sessions, this result suggests that
MMLs can be obtained reliably. Results of repeated
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MMLs have not been reported in the literature, so there
is no external basis for comparison. It is noteworthy
that some studies of sound therapy for tinnitus have
reported improvements (reductions) in MML after
treatment (Jastreboff et al, 1994; Davis et al, 2007,
2008), which implies reliable variance in the measure.
The age range for the 21 subjects was 28-78 yr. This
fairly large range might raise the question of test-retest
reliability of the measures as a function of age. It was
possible to address this question with the MML data.
Table 11 shows the differences in MMLs between Ses-
sion 1 and Session 2 for all of the subjects. These differ-
ences were evaluated as a function of age, revealing
little relationship between age and test-retest reliabi-
lity in the MML data. The Pearson product-moment cor-
relation between these two variables was 0.14.

Residual Inhibition

The literature shows that about 80-90% of tinnitus
patients will experience RI when tested with the clinical
procedure developed by Vernon and Meikle in 1981.
Our results show that 12 of 21 subjects (57%) reported
RI during the first session, and 13 of 21 (62%) reported it
during the second session. These percentages are smaller
than the clinical average, which might be partially explain-
able because subjects were allowed to reduce the volume of
the test stimulus. This is not normally done for clinical RI
testing but was included as an option for this study to
ensure that subjects were not forced to listen to noise that
was uncomfortably loud. Ten subjects reduced the out-
put during the first session, and six did during the sec-
ond session.

The percentage of subjects experiencing RI in the
present study is, however, in broad agreement with
results reported by Roberts et al (2008). In their sample
of 59 subjects with bilateral tinnitus, 69.5% reported at
least some degree of RI (defined as a suppression of 20%
of scale or greater averaged over three trials) after lis-
tening to 11 narrow-band noise maskers one at a time,
with center frequencies differing between 500 and
12,000 Hz. The mean duration of RI was on the order
of 25 sec for subjects who reported RI, compared to
137 sec for such subjects in the first session of the
present study increasing nonsignificantly to 182 sec
in the second session. The difference between these
two studies with respect to the duration of RI is likely
a consequence of the fact Roberts et al (2008) used a
masking sound of only 30 sec duration compared to
1 min here, so that a “residual inhibition function” relat-
ing RI depth to the center frequency of the masking
sounds could be determined. The RI function paralleled
the tinnitus spectrum, both increasing above the edge of
normal hearing in proportion to the degree of threshold
shift up to the limit of hearing. Although the proportion
of subjects reporting RI in the current study appears to
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be less than that reported for patients assessed in clin-
ical practice, the mean durations of RI found in the
present study are typical of what is described for clinical
settings.

A striking feature of our RI results was that subjects
who reported RI tended to do so consistently. No subject
reporting RI in the first session failed to report it in the
second, and RI duration showed significant test-retest
reliability (r = 0.706; Fig. 11). These findings suggest
that RI can be a stable individual trait. Why some tin-
nitus sufferers experience RI and others do not is a puz-
zle waiting to be understood. Roberts et al (2008) noted
that subjects younger than 50 yr old who had compara-
tively good hearing to 12 kHz were resistant to RI. RI
resistance may occur when the bandwidth of the mask-
ing sound is not well matched to the pattern of cochlear
pathology present in such cases.

Conclusions, Limitations, and Future Directions

Testing capabilities enabled by the automated sys-
tem include measurements of hearing thresholds, tinni-
tus LM and PM, NBM, MML, and RI in a controlled test
environment. The assessment could comprise a com-
plete clinical test battery for psychoacoustic quanti-
fication of tinnitus. The total time of testing for the
measurement reported here averaged 46 min to com-
plete the battery of tests. Our objective is to conduct
an entire tinnitus test battery in an average of
30 min. We plan to refine some of the testing for greater
testing efficiency. All of the measures are repeated at
least twice, and we will analyze the responses carefully
to determine the minimum number of responses nec-
essary for each test without compromising test-retest
reliability.

Some examples of potential time-saving changes
include the following:

1. Obtaining hearing threshold responses only once at
each frequency. The computer could be programmed
to analyze each pair of responses “on the fly” for a
given patient, and to switch to single-response test-
ing only if the patient achieves a criterion level of
reliability.

2. Obtaining LM only once at each frequency. As with
hearing thresholds, ongoing computer analyses of
responses could determine if a single response would
be sufficient.

3. Obtaining PM three instead of five times. If a patient
selects the same frequency three times in succession,
the computer could be programmed to omit the last
two PM trials and advance to the next test.

4. Performing only one noise-band test. Analysis of the
present data from the three NBM methods will assist
in determining a single test to perform NBM. It
is also possible that a single trial is sufficient to



determine that the patient’s PM with a pure tone is a
better match than any noise band, which would obvi-
ate NBM in that case.

5. Obtaining an NBM fewer than five times. As for PMs,
if a patient selects the same noise-band three times in
a row, further matches could be unnecessary.

Each of these potential changes is being considered as
we attempt to improve testing efficiency. These changes
will be incorporated into a complete redesign of the sys-
tem. We fully anticipate the development of a clinic-
ready tinnitus measurement system as we complete
current testing. The availability of such a system will
promote, for the first time, interclinic uniformity of tin-
nitus assessment. This capability is greatly needed
within the Veterans Affairs health-care system to
address the rapidly increasing numbers of veterans
who are claiming tinnitus as a service-connected dis-
ability and who are appearing in clinics to receive
assessment and treatment.

Notable within-subject variability in repeated pitch
matching within sessions was observed in Tables 6
and 7, even though the test-retest reliability of mean
determinations between sessions was highly significant
(Fig. 8). We intend to make a modification that could
improve pitch match reliability within and between ses-
sions. When conducting pitch matching using manual
methods, it has been commonly reported that patients
confuse the octave of their pitch match (Henry and
Meikle, 2000). That is, when selecting a match, it is
thought that patients may select a frequency that is
one octave higher or one octave lower in frequency than
the actual perceived pitch of the tinnitus. To remedy
this problem, examiners present tones one octave above
and one octave below the patient’s pitch match to deter-
mine if the patient has made an “octave confusion.” For
our pitch match protocol we (perhaps wrongly) assumed
that octave confusion testing was not necessary because
patients have the capability of raising or lowering the
frequency of the test tone at will. This capability was
thought to preclude the need for octave confusion test-
ing. However, we intend to evaluate the benefit of mod-
ifying the pitch match test algorithm such that, when a
pitch match is made, the computer will present tones an
octave above and an octave below (if such frequencies
are available in the test set) the selected frequency
and query the patient as to which frequency sounds
“most like the tinnitus.”

Another concern that could affect test-retest reliabil-
ity of the measures is the inherent variability that may
exist in the tinnitus itself for some patients. Within-
session fluctuations in tinnitus would be highly unusual.
However, between-session fluctuations could occur for
some patients. The subjects in this study responded
to an initial survey question about whether their tinni-
tus perception fluctuated over time (“Does the loudness

Automated Tinnitus Measurement/Henry et al

of your tinnitus tend to fluctuate up and down?”) as well
as a follow-up question (“If your tinnitus shows loud-
ness fluctuations, how large are the changes usually?”).
We examined the subjects who reported greater fluctu-
ations to determine if they showed higher variability
in their between-session repeated measures. No differ-
ence was found in this measure between subjects who
reported greater fluctuations and subjects who reported
more stable tinnitus percepts. Future investigations of
test-retest reliability of tinnitus measures should query
subjects as to the stability of their tinnitus during and
between test sessions.

A measurement system designed for the clinic will
also facilitate comparison of data with alternative auto-
mated methods for measuring tinnitus spectra (Norefia
et al, 2002; Roberts et al 2008) and RI (Roberts et al,
2008). The latter procedures were designed as research
tools giving measurements of the frequencies that com-
prise tinnitus, its bandwidth, loudness, and RI func-
tions. The procedure of Roberts et al (2008) included
a brief, automated front-end training program to
acquaint the subject with the graphical user interface
and introduce the concepts of loudness and pitch. A lim-
itation of these procedures at present is the time taken
for completion, which can range up to 1 hr or more
exclusive of generating an RI function, and the need
for specialized sound delivery and calibration equip-
ment in the clinic. All approaches to automated meas-
urement including the methods described in this article
will require substantial baseline data if patients are to
understand their tinnitus relative to population norms.

In their comprehensive review of psychoacoustic
methods, Henry and Meikle (2000) noted that the mea-
surement of tinnitus sounds is complicated by the vari-
ability that many patients report in the quality of their
tinnitus. Examples include complex spectrotemporal tin-
nitus sounds, variations over hours or days, and different
percepts in the two ears. The subjects studied here and
by Roberts et al (2008) and Norefia et al (2002) were long-
standing cases with reasonably stable tinnitus percepts.
While capturing the full range of tinnitus may remain a
challenge, methods for characterizing stable tinnitus are
likely to represent an advance and may be suitable for
the majority of individuals afflicted with this condition.
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