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. ABSTRACT OF THE DISSERT%EIGNﬂ

s
V

Studies in Evoked Potential Audiometry.

-

P David Richard Stapells

»*

Doctor of Phi!osopﬁy (Psychology)
University of Ottawa, 1983
- ;ﬁ_,f”’ - L0
y -
Four sets' of experiﬁents were performed to evaluate human
psychophysical thresh;ldé to brief  stimuli and how these
behavioral thresholds may be estimated using the auditory evoked

- 1

potentials. . ‘ b

-

The norﬁél hear}ng thresholds for the clicks used to elicit
the brains;em_auditij evoked poéentials were evaluated, and the
effecés' oh these ﬁhre;holds of varying the polarity and symmetry
of éhe click assessed. Threshold decreases 4.5 dB per tenf;ld
:change in rate. fhe aver&ge threshold obtained from 40 normal
young adults using 100-us square-wave clicks presented through a
TDH-42§ earphone af -10/9 was 36.4 dB peak SPL or 29.% dB peak
equivalent 'SPL. A root-mean-square measure of the pressure over
the initia)l millisecond -- SPL{1ms} —-—~ provides a more consistent
me;sure of threshold with clicks of differing symmetry than the

peak or peak egquivalent measuress

vi



The brainstem regponse +to brief tones contaieg a large
S

vertex-positive component. The morphology ;f thip responsge
dhanées gso that a vertex-negative component .bécomes prominent ’
when high~pass "filter " settings above 20 Hz And high rolleff
slopes arxe used. Tones with longer. rise-timeaq‘have greater
f;equency—speéificity, but rise-~times longer than 5 ms result in
braiﬁstem regponses Qith *smaller amplitudes. .The brainsteh
resp;nses to hig@-intensitycstimuli are not frequengy-specific,
and notched noise masking should be used. |

Stimulus presentation rates 65740-45/5 result-in a 40-Hz
singsoidal respongse which is about twice the amplitude of the 10
and 60/s responses. The 40/s response shows a linear decreage“in
amplitude aﬁd a linear inc;ease in latency whgn stimulus
intensity is decreased‘from 90 to 20 dB nHL. This response is
record;blé to within a few dB of behavioral threshold.
High-freque;cy étimuli res?lt " in 1ong—amplitude. responses.
rSignal averaging and Fourier analysis provide nearly identical
ampiitude/rate, . amplitude/;ntens%ty, and latency/iﬁtensity
functions.  Fouri;r analysis, however, may he ﬁhe faster and

legs-expensive method.

-
¢

Eight evoked botential techniques were evaluated €for
frequency-specific objective audiometry at 500, 1000, 2000, and
4000 H=z in\normal-hearing and hearing-impaired subjects. The
tests were tﬁg Slow Response, the Transient Middle Latency
Response (MLR), the 40-Hz Steady State Potential, and Ffive

brainstem response techniques (Derived Responses, Clicks in

Notched Noise, unmasked Tone responses, Tones in Notched Noise,

—

vii
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and(ﬂrones in White Noige). The high noise intensities- required
to magk clicks maf result in small and variabie regponses and may
cause temporary thresﬁold shifts. The ABR/Derived Responses and
'ABR/Clicks in Notched Noise tests do not tharefore?aépear to be
useful for EP audiometry. The Transient Middle Létéhcy Responses
are variable and thresholds are difficuiz5toféd%e;mine and do
not appear to be useful for EP audiometry. The results indicate
that the auditory brainstem responses to tonal stimuli (masked
and unmasked) are the best for audiometry. On average, response
thresho}ds were within 4 - 6 ‘dB of‘ pure tone behavioral
thresholds. WNoise masking of the tones improves threshold

prediction in the presence of sﬁeep high-frequency hearing

logses.

viil
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INTRODUCTION )

-

This thesis consists of four papers, each representing an
attempt to provide some answers to guestions in evoked potential
audiometry. The format of each paper is that regquired by the
joﬁrnal in which it has been (or will be) published.

The first paper investigates a topic which is fundamental to
the recording of auditory evoked potentials (EP): the behavioral
and physical calibration of tﬁe acéustic stimuli used in EP

audiometry. Published in the Journal of the Acoustical Society

of America, this paper provides a normal reference threshold for

-

clicks, and compares techniques for the physical calibration of
a&oustic stimuli.. The studies in thi; paper also lay down £he
groundwork for the calibration of normal behavioral thresholds
for tonal stimuli. These thr?sholds are presented in the fourth
paper.

The goal of the second paper, published in Ear and Hearing,

was to dgtermine the optimal stimulation and recording techniques
for brainstem EP audiometry using tonal stimuli. In particular,
this paper demonstrates the effects of amplifier filter settings
and rolloff slopes, stimulus frequency, stimulus rise-time, and
notched noise masking on these responses. The results of these

experiments are summarized as a set of recommendations for using

this technigue.

The third paper, to be published in Ear and Hearing,

Q



.

summarizes experiments investigating the recently-descyibeﬁ 40~Hz
Steady State Poteﬁtial. Recent studlies suggested thqé this "new"
resbonse might prove to be very useful for EP audiémetry. "The
results of the s;udies presented in this paper indicéte that this
steady state :poéential does show promise for objéctiﬁe
audiometry;' Furthermore, the results of this paper also
indicate that the use of the frequency-based technique of Fourier
analysis to recorg\the 40-Hz response may provide information
more qu;ckly, more ‘objectively, and less expensively than
conventional signal averaging techniques.

The £final ;aper of this thesis presents the results of  a
study which evaluates the usefulness of eight EP techniques for
frequency~-specific objective audiometry. The objective was to
determine +the best test. Each technigue was evaluated using the
optimal stimulus and recerding protocéls to provide information
;ithin a specified time. All technigques were evaluate& in each of
ten normal-hearing and ten, hearing-impaired subjects. The results
presented in this ‘paper ciearly delineate the poor EP. techniques
from the better techniques, and demonstrate their strengths and
weaknesses. The paper concludes with a set of recommendations
for the practice of evoked potential audiocmetry.

The four papers in this thesis représent an attempt
to answer some of the technical and practical problems of evoked
potential audiometry. They are united by the overall goal of

providin an accurate and efficient technigue for obtaining

audiometric information as early as possible in a child's life.
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ABSTRACT

This paper evaluates the normal hearihg thresholds for clicks

5

and assesses the effects on these thresholds of varying the duration of

N, the 1istenfng period and the presentation-rate, polarity and symmetry

of the clicks. There were no significant changes in threshold as.the

~

11§tgning-period decreased from 2 s to 300 ms. There was, however, a

2.5 dE\increase in threshold as the listening-period decreased from 300
N,

to 100 mg;\ Increasing stimulus presentation-rate from 5 to 80/s de-

creased thgésbold 4.5 dB ﬁer tenfold change in rate. There were no
significant dif¥9rences in threshold between rarefaction and condensa-
tion clicks. Tﬁg\qyerage threshold obtained from 40 normal young
adults wusing 100 ps\\sguare-wave clicks presented through a TDH-49
earphone at 10/s was 36.d\ﬂE\peak SPL or 29.9 dB peak equivalent SPL.
Neither peak SPL-nor peak eqﬁiva]ent SPL measurements gave consistent
thresholds for clicks with diffefent degrees of symmetry. A root-
mean-square measure of the pre;§uge over the initial millisecond
- SPL{lms) - gave a threshold of 25.6“\9?. This - SPL{1lms) measure of

.
threshold proved to be far more consistent\fqy clicks with different

degrees of symmetry than either the peak SPL or }he peak equivalent SPL

measures.

RN

PACS numbers: 43.66.C, 43.66.S, 43.63.R
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INTRODUCTION .

Brainstem auditory evoked potentials arg extensively used to
eva]uate human auditory and neurological function {Jerger et al., 1980;
Stockard et al., 1980; Glasscock et al., 1981; Rowe, 1981). Most
laboratories use broad-band clicks generated by passing short-duration
(10-250 us) electrical pulses through an eagphone. There is as yet no
standard technique for calibrating the intensity of these stimuli.
Both behavioral and acoustical calibrations are presently emplbyed.

There are two methods bf obtaining a behavioral «calibration of
intensity. In the first method stimulus intensity is measured relative
to the behavioral threshold of the paréicu]ar subject being tested
("sensation level" or SL). This is an important measurement but it
cannot be used as a standard because it will vary with tﬂe ambient
noise, the ag&ﬂjty of the subject to respond accurate]y, and the degree
of hearing Tloss. Most Tlaboratories therefore obtain the average
threshold of ten normally-hearing youn§ adults {Picton et al., 1977).
This second method of behavioral calibration gives a "normal hearing
level" or nHL reference. This 1is similar to the standard reference
thresholds ("“hearing 1ev;1"- or HL) for pure tones (IS0, 1964; ANSI,
1969) but is specific to the stimulus and to the 1aborator§. The

duration, frequency-spectra and rate of presentation of the stimuli

Sy

will vary among laboratories,
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There are two main disadvantages to nHlL calibrations. -First,
even with didentical stiﬁu]i nHL-thresholds may vary among 1aborétor1es~
because -of differencés‘in ambient noise-1e;e1s and threshold-estimation
procedures, and because of the sma]} numbers_ of subjects tested.
Second, *any recalibration of the stimulus (for example, bécause of
changes in the earphone) wod1d require the time consum{ng re-evaluation
of ten normally-hearing sub&ects.

An acoustic reference for clicks would therefore be very help-
ful.  Unfortunately there is no standard téchniqye for acoustically
calibrating a very brief stimulus. “wo methdds- ®re available for
measuring the sound pressure level (SPL) of ; transient: hpeak SPL"
and "peak equivalent SPL" (peSPL}. Peak SPL is the intensity of the
sound at the peak of the pressure change. It is méasu}ed using a sound

Tevel meter with a "peak-hold" capability. Peak equivalent SPL js the
root-mean-square sound pressure Tevel of a continuous pure tone having °
the same amplitude as the transient. It is measure& by monitoring the
output of the sound level meter on an oscilloscope, recording the
peakfto-peak amplitude of the transient, adjusting a continuous tone to
have an equivq]ent amplitude, and then measuring the SPL of the con-
tinuous tone {Zerlin and Naunton, 1975; Elberling, - 1977; Gibson,
1978).1 whgn| the £ransient stimulus is symmetrical about the zero-

pressure level, peak-equiva]ént SPL is always 3 dB lower than peak SPL. .

When the stimulus is asymmetrical, hpwever, the peak equivalent SPL
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measurement giyeé a result Fhat is between 3 and 9 dB Tower than peak
SPL, depending upon the degree of asymmetry (Campbell et al., 1981).
Neither- the peak nor the peak eéuiva]ent SPL  measurement accurately
gva]uates the energy content of the transient. This could be obtained
from a root-mean-square measuremént of the pressure waveform, but it is

difficult to determine over what duration such a measurement.should be

taken.
Y

.r*‘"/) The clicks used to evoke brainstem potentials have véry short
durations and are usually presented at rapid rates (10-100/s).
poral summation effects can decrease ‘the behavioral threshold for
clicks that are presentea rapidly or over 1long periods of time (Zerlin
and Naunton, 1975; Yost and Klein, 1979; Weber et al., 1981). It would
therefore be necessary to evaluate. the role of both Ifheﬂrate of
stimulus-presentation and the duration of the 1fstening-periaﬁ when
obtaining an acoustic calibration for the normal behavioral threshold
for clicks. ' |
This paper presents the resu]ts. of several experiments in-
vestigating the effects on behavioral threshold of varying the polar-
ity, presentation rate and sy%metry)of the clicks, and the duration of
the listening-period. The goaffg¥/these experiments was to obtain an
appropriate acoustic calibration of the normal hearing threshold for.

L .
clicks.
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METHODS )

\\-. . Q\’
A. Subjects

—

Twenty-two male and twenty-three femaie subjects, aged between
18 and 38 years, participated in one or more of the experiments. Pure
tone threshélds were obfained using the method of 1imits‘yith 5 dB
steps. For each subjgct the average pure tone thresho]é across the
fregencies 500, 1000, 2000, and 4000 Hz wa; ]ess than 15 dB HL. The
threshold at any one of these freguencies was never gteater than

20 dB HL (ANSI,1969). The mean threshold over a]T'?requencies and all
subjects was 3.3 dB HL, with a standard deviation of 6.0 dB.

B. Stimuli

A1l stimuli were presented thréugh a TDH-49 earphone mounted in
a MX41/AR cushion., The stimuli were calibrated daily using a Brﬁel and
Kjaer 2209 sound level meter ané/ﬁBS 9-A earphone coupler (Briiel and
Kjaer Type 4152(DB 0909) with 1" microphone Type 4144), The stimulus
waveform was also amplified on a Briuel and Kjaer Type 2619 preamplifier
and digitized on a Tracor Northern TN-1500 signal ana]yzef. The
root-mean-square SPL over the initial millisecond of the stimulus-
- SPL(lmsi - was calculated as a measurement of the peak energy of the

stimulus. The one millisecond period was chosen arbitrarily. The
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pe

frequency spectra of the stimuli were also calculated and plotted uéing

Togarithmic axes. i~

The 100 us clicks ‘used ~in the first three experiments were
produced by passing 100 us square-wave pulses through the TDH-49
earphone.  These pulses were generated by a Tracor Northern TN-3000
~Clinical Evoked Potent1a1 System, amplified u$ing a Bryston 2B audia

amplifier, and attenuated using Wavetek 5010 and 5070 attenuators. The

fntensity measurements using this system were accurate to within 0.5 -

dB. The acoustic waveforms and frequéﬁpy~spectra of these clicks-are
shown in Figufe 1. No differences were noted between condensation and
rarefactipn clicks.

The stimuli used for the fourth experiment wggg)'a 2 kHz

single-cycle sine wave ("2 kHz-symmetrical click") and a 2 kHz

single-cycle offset cosine-wave ("2 kHztasymmetrical click"). - The .

single-cycle cosine was offset by an amount equal to its peak amplitude
to eliminate the sharp initial and final transients which would
otherwise be present. The a;oustic waveforms and frequency-spectra of
these stimuli are shown iniFigure 2. There were no differences‘between
‘condensation and rarefaction stimuli although the symmetrical and
asymmetrical stimuli were quite distinct. The 2 kHz-asymmetrical
stimulus is similar to that used by Salomon and Elberling (1971).

The testing took place in a single-walled IAC sound-attenuated
~ chamber.  The sound pressure Tevel in the room was measured as 55 dB
SPL using a bandpass of 20 Hz - 20 kHz, and 21 dB SPL using the A-

weighting network. The octave-intensities of the background noise at

=
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250, 500, 1000, 2000, and 4000 Hz were 11, 7, 8, 8.5, and 9 dB SPL

respectively.

C. Experimental procedures

For all experiments there was a 10-minute practice session prior
to threshold evaluation. During this time the subject became familiar
with the experimental paradigm, and the experimenter obtained an ap-
proximate threshold using the method of limits with 2 hB steps.

In the first experiment, the subjects listene& at ten intensi-
ties spanning in 2 dB steps an 18 dB range centered at an approximate
normal threshold which had been obtained in 2 pilot sté?y. The clicks
were presented at a rate of 10/s. A "listen" light 1a§fing tﬁo seconds
signaled tﬁat there was a 50% probability of clicks being present.

1

After two seéonds a "respond” 1light came on and the subject made a
yes/no button press response. Responses to ten stimulus-present and
ten stimulus-absent trials were obtained at each of the ten intensities
for both condensation and rarefaction 100 us clicks. N

Five changes were made in this paradigm for the second, third,
and fourth experiments. First, a 560 ms "warn{ng" 1ight began one
second prior to the listening-period. Second, 5 one second listening-
period replaced the two second 1listening-period during experiments 2
and 4, Third, four button-press confidence—ratings were used instead
of the yes/no response. Fourth, fewer stimulus intensities were used.

Responses were evaluated at 4 - 8 Jlevels spanning the approximate

threshold obtained for each subject during the practice sessions.
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These levels were separated by 2 dB forHExperiments 2 and 3, agd by 1
dB for Experiment 4. Fifth, the number of trials at each intensity wés

increased to 30 for Experiments 2 and 3, and to 40 for Experiment 4. \

AN

S

D. Data-analysis

In the first experiment the proportion of correct detections at
each intensity was'adjusted to compensate for guessing using the for-

mula {Gescheider, 1976):

P(yes|stimulus present) - P{yes|stimulus absent)
1 - P(yes|stimulus absent)

P(correct detections)=

Thre5h01ds were obtained by interpolating to the intensity lat which
there were 50% correct detections. |

In the next three experimenfs a recéiver operating
characteristic (ROC) curve was plotted on the basﬁs- of the three
criteria separating the four different confidence-ratings (Green and
Swets, 1966; Gescheider, 1976). The area under the ROC curve was
calculated for each intensity. This gave a measure of signal de-
tectability that was distribution-free and 1ndependent of response
bias. Thresholds were obtained by interpolating to the intensity where
the area under the ROC curve was 75%. This was roughly equivalent to
the adjusted 50% correct detection level used in the first‘experiment.

The data were analyzed using Student t-tests, Pearson pro-
duct-moment correlation coefficients, repeated-measures ana1yses of
variance, and Tukey HSD (1953} post hoc testing procedures. Results

were considered significant at p<0.01 .
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RESULTS ‘

Experiment 1: Normal thresholds for 100 us clicks

Twenty male (mean age 24.3 yrs) and twenty female (méan age 23.8
yrs) subjects participated in this study. One ear was tested for each
subject using condensation and rarefaction 100 ps clicks. The subjects
were balanced across age, sex and ear. The a;erage thresholds are
shown in Tables I and II. Figure 3 shows the range of thresholds as
measuréd in peak SPL. There were no significant differencés in
threshold between males and females (t = 0.24, df = 78, p?0.8), between
right and left ears (t = 0.45, df = 78, p»0.6), or between condensatioﬁ
and rarefaction clicks {t = 0.45, df = 39, p»0.6). -There was no
significant correlation between age and threshold (r = -0.1, p»0.25).
The overall average threshold obtained was 36.4 dB peak SPL, 29.9. dB
peak equivalent SPL, or 25.6 dB SPL{1ms). The standard deviation'was
2.7 dB, with a range of 29 to 45 dB peak SPL. '

Experiment 2: The rate of stimulus-presentation

Five male énd five female subjects participated in this experi-
ment. Rarefaction(100 us) clicks were presented at raFes of 5, 10, 20,
40, and 80/s. The order of selecting rate and intensity was - random-

ized. There was a significant effect of rate on thresholds (F = 19.0,

I
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df = 4,36 ; p<0.001). The average data are plotted in Figure 4. A
logarithmic regressjon Tine fitted to the data showed a slope of
4.53 dB per tenfold change in click-presentation rate (r = -0.48,
p<0.001). The average threshold obtained at 10/s was 36.2 dB peak S;L
with a standard deviation of 3.95 dB. | ]

~

Experiment 3: Duration of 1jstening-period

Four male and six female subjects participated in this experi-
ment, Rarefaction(l100 us) clicks were presented at a rate of 40/s.
The 1istening-period was set at. 0.1, 0.2, 0.3, 0.5, 1.0, and 2.0
seconds. There was"a significant effect of increasing listening-period
duration on the threshold (F = 12.85, df = 5, 45; p<0.001). The thres-
hold improved by 2.5 dB as the duration increased from 0.1 to 0.3 s.
The tﬁresho]d at 0.1 s was significantly elevated compared to

the thresholds obtained with durations of 0.3 s or Tlonger

(Tukey HSDy g1 = 2.4 dB). The average data are plotted in Figure 5.

Experiment 4: Click symmetry

The symmetrical and asymetrical 2 kHz clicks used in this ex-
periment differed in their intensity-measurements according to peak SPL
or peak eqguivalent SbL. The.difference between the two SPL measurements
for the asymmetrical stimulus ﬁas 8.1 dB while for the symmetrical
stimulus the difference was 2.9 dB (peak SPL greater in bop&\sfses).

. Comparison of the thresholds for these stimuli could therefore demon-
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strate whether peak SPL or peak equivalent SPL was the more consistent
measuremgnt for cYicks of different morphologies. Five male ‘and five
female subjects participated in the experiment. Four sepafate stimulus
conditions were used: asymmetrical-rarefaction, asymmetrical-
condensation, symmetrical-rarefaction, and symmetrical-condensation,
" the polarity of the symmetrical stimuli being determined by their
initial deflection. The stimulus conditions were presented in balanced
order.
The average thresholds for the 2 kHz stimuli are shown 1in
Table II, with the mean thresholds for the 100 us click stfmu]us from
Experiment 1 included for comparison. The thresho]&s as measured in
peak SPL were significantly different between the symmetrical and
asymmetrical stimuli (F = 12.4, df = 1,9; p<0.0l), as were the
thresholds measured in peak equivalent SPL (F = 14.9, df = 1;9;
p(O.gpS). There were no'significant differences between the SPL(1ms)
measurements (F = 0.06, df =1,9; p>0.25)f Furthermore, there were no
significant differences between rarefaction . and coﬁdensgtion stimuli

F = 0.03, df = 1,9; p>0.25).

-7
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DISCUSSION

/

We obtained a mean threshold of 36.4 dB peak SPL or 29.9 dB peak
equivalent SPL for 100 us square-wave clicks presented'at a rate of
10/s. This is similar to the thresholds reported by others. Table III
presents published threshold-data and laboratory-thresholds obtained
from several colleagues. There is a range of approximately 10 dB in
these reported thresholds. Some of this may result from different
stimulus-presentation parameters or levels of ambient noise. Our
resulfs were quite similar whether thresholds were obtained using
classical psychophysical methods (Experiment 1) or measures of signal
detectability (Experiﬁent 2). The thresholds therefore appear to be
quite reliable. The absence of any threshold-difference between
rarefaction and condensation clicks replicates the %indings of Flanagan
{1961) who reported a threshold of 30 dB peak SPL for 100 us clicks of
different polarities when presented binaurally at rates from 20 to-
102/s.

Increasing the rate of stimulus presentation from' 5/s to 80/s
decreased the threshold level by about 5 dB. Perceptual processes
integrate acoustic energy over several hundred milliseconds (Zwis\péki,
1969; Pedersen and Salomon, 1977). Incregsing the rate at which brief
stimuli are presented probably invokes this temporal summation 1in a

similar manner to increasing the duration of a continuous sound
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(Zwicker, 1975). There are, however, some differences between the
summation processes for the two types of stimu1i; Experiment 2 demon-
strated a smaller summation effect (4.5 dB per tenfold increase in rate
per second) for clicks than has been reported for continuous pure tones
(8-10 dB per.tenfold increase in duration). Other studies using brief
tonal stimuli have reported effects of stimulus presentation rate that
are similar to the present study (Zerlin and Naunton, 1975; Picton et
al., 1979; Yost and Klein, 1979). The smaller summation effect may be
related to the wide frequency-content of brief stimuli, Zwicker (1975)
and Garner (1947) having reported smaller temporal summation effects
for broad-band stimuli. The actual high-frequency content of the
stimulus may also play a part since there is less temporal summation at
highgq frequencies for pure tones (Watson and Gengel, 1969; Pedersen
and Sa]omoh, 1977;”Chuﬁg; 1981) and for third-octave clicks (Zerlin and
Naunton, 1975). Zwislocki (1960, Figure 9) reported a iO dB summation
effect per tenfold change in the presentation rate of 0.5 ms clicks.
Flanagan (1961), on the other hand, reported very little change in the
threshold for 100 pys clicks presented at rates increasing from 20
102/s. It {s possible that these differences may be relafed to the
different frequency spectra of the different stimuli, the 500} ps pulse
of Zwislocki cbntaihing relatively more low-frequency energy

We  observed | a 2.5 dB decrease in threshgld as the

listening-period was increased from 100 ms to 300 ms. 7 This indicatas ¢
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a temporé] summation period within these Tlimits, comparable to
the 200 ms period reported by others (Zwislocki, 1969; Zwicker,
1875). The data shown in our Figure 5 are quite similar to those
plotted by Zwislocki (1960, Figure 7) for 100/s clicks with durations
of 0.2 - 2.0 ms. Both sets of data show a decrease in threshold of
about 5 dB as the listening duration increased from 100 ms to 1 second.
Our results concerning click-symmetry illustrate some of the
problems associated with the measurement of the intensity of brief
broad-band stimuli. Neither the peak SPL nor the peak equivalent SPL
measurements gave consistent thresholds for clicks with different
degrees of symmetry. In contrast, the SPL{1ms) measurement appears to
provide & reasonable evaluation of the energy of the click during its
period’of*peak'excursion, and is less affected by the stimulus waveform .
than the peak SPL and peSPL measurements. The SPL{lms) measure gives
consistent thresholds for the 2 kHz clicks at differean}degrees of
symmetry, and the threshold obtained for thesé c]ické’ - 24.8 dB
SPt(lms) - 1is also very similar to the threshold obtained for the
100 us square-wave click when this intensity measure is used (25.6 dB).
The selection of the 1 ms pgriod is, however, somewhat arbitrary, and
some difficulty with the SPL(1ms) measure might be encountered with
very brief signals that have most of their energy in the high frequen-
cies , or signals with a wave form lasting longer than one millisecond.

Further studies involving a variety of stimuli will therefore be re-
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quired to assess the usefulness of this measure.

The stimuli used in different laboratories will certainly differ
in }heir écoustic morphology. The click produced by Ozdamar and Stein
(1981) has a waveform and frequency-spectrum which is similar to our

2 kHz-symmetrical stimulus, whereas that produced by Elberling (1977)

is more similar to our 2 kHz-asymmetrical stimulus. Different earbh-

ones vary a great deal on how symmetrical produce even

when activated by the same square-wave pulse (Weber et al., 1981).
The asymmetrica] stimuli have a relatively flat frequency-spectrum in
the response-region of the earphone whereas symmetrical stimuli have a
spectrum which falls off toward the lower frequencies. The peak SPL
thresholds we obtained in our first experiment are therefore appropri-
ate only to clicks with a relatively flat spectr;lei.e. within 5 dB)
over the frequency range 500 - 4000 Hz .

Another problem with the calibration oflthe intensity of a brief
transient is the choice of earphone-coupler. We used an NBS 9-A‘,6 cc
coup]er‘(ANSI,1973), the Brilel and Kjaer Type 4152(DB 0909) arf?ficia]
ear with a 1" microphone (Briiel and Kjaer Type 4144)Y. The fact “that
the frequency-responsé of this microphone does not reach beyond
8 kHz is probably not significant because the frequency~response of_ the
TDH-49 earphone also does not extend significantly beyond 8 kHz. The

use of different coupling devices can give different measurements for

the morphology and the intensity of an acoustic stimulus produced by
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the same earphone. These differences may be as large as 5 dB (Elberl-
ing, personal communication). Similar acoustic differences could be
expected between different human ears, and optimally one would like to
measure the click waveform in the external auditory meatus near the
eardrum. At present, however, such a measure is not readily feasible
for clinical use.

In order for the perception of a stimulus to occur it is ne-
cessary for neural responses to be initiated. The threshold for in-
itiating neural responses must therefore be at the lowest perceptual
threshold one éou]d obtain with increasing rates of stimulus presenta-
tion. Since the stimuli have a duration of 1-2 ms, this would probably
be 6-9 dB¢less than the threshold at 10/s. In our experience (Campbell
et al., 1981) brainstem responses are often not identifiable at in-
tensities below 60 dB‘peak SPL. The fact that brainstem responses are
not recordable at Tower levels is not caused by an absence of neural

qaggresponse. It could be caused by the lack of consistent timing
('latency-jitter') in the response and/or the presence of unaveraged
backgrbund noise in the recording. Because of Ithe difficulty in
extrapolating to an absolute neural threshold, we therefore feel that
nHL thresholds.should be calibrated at one particular rate. Since a
rate of 10/s is commonly used in recording brainstem responses we feel

that nHL calibrations should be determined at this rate.
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How then should clicks be calibrated for use in brainstem evoked
potential studies? We recommend that the clicks be broad-band aﬁd have
a relatively flat spectrum from 500 to 4000 Hz. The normal hearing
threshold for such clicks presented at a faté of 10/s is 36.4 dB peak
SPL, 29.9 dB peak equivalent SPL, or 25.6 dB SPL(lms). Between pre-
sentation .rates of 5 and 80/s the threshold decreases 4.5 dB per

tenfold change in rate.
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FOOTNOTES N -
1

Unfortunately there is some controversy in the IiFerature as to
whether the continuous tone should be adjusted to equal the transient

on the basis of its peak-to-peak amplitude (Zerlin and Naunton, 1975)
or its peak amplitude (Arlinger,1981).
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TABLE I 100 ws CLICK THRESHOLDS

- 4
Left Ear ' Right Ear
Rarefaction Condensation Rarefaction Condensation
(dB) (dB) (dB) (dB)
Male mean 36.9 _ 37.6 35.4 35.9
s.d. 3.5 2.9 1.5 1.3
Female mean 36.2 35.3 36.8 36.9
s.d. 3.2 2.4 : 3.6 2.6

Clicks presented at 10/s .

)

Measurements in peak SPL (pe SPL is 6.5 dB less; SPL{1ms) is 10.8 dB less).

<
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TABLE IT 2 kHz CLICK THRESHOLDS
' 2 kHz CLICKS
' 1
Asymmetrical Symmetrical

Threshold Measure

(dB) Rare. Cond. Rare. Cond.
peak SPL 32.6 32.2 29.8 30.1
peak équiva]ent SPL 24.5 24.1 26.9 27.2
SPL(1ms) 24.8 24.4 24.9 25.2
standard deviation 3.0 3.0 - 3.9 3.7

2 kHz click data from fourth experiment. 100 ps click data

_periment. All stimuli presenfed at 10/s .

100 us CLICKS

36.4
29.9
25.6

2.7

from first ex-
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TABLE ITI LABORATORY THRESHOLDS

ORIGIN | STIMULUS RATE ‘ peak SPL
(/s) (dB)

Published _

Campbell et ai.(1981) 100 us click 10 40.0

Elberling(1977) 2 kHz half-sine 10 -

Uzdamar & Stein(1981) 100 ps click . 20 -

Selters & Brackmann(1927) 160 us click 20 38.0

Personal communication

Berlin(New Orleans) 100 us click 17.7 43.0
| Davgé(Saint Lpuis) 2 kHz sq.wave 25 - 29.5
Dan(Los Angelgs) 160 us click - 13 -
Martin(Houston) 24 us click 8 -
Onishi(Yokohama,Japan) 4 ¥Hz(1 cycle) 10 -
Present Study 100 us click 10 36.4

26

peSPL
(dB)

34.0
28.5
32.0

32.2
34.9
36.5

29.9
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FIGURE LEGENDS \-\ )

FIG. 1. 100 us clicks. The clicks were produced by passing 100 us
square waves through a TDH-49 earphone. Acoustic waveforms (left) and

spectra (right) of the clicks used in Experiments 1, 2, and 3.

FIG. 2. 2 kHz clicks. Acoustic waveforms of the 2kHz-asymmetrical
(top left) and the 2kHz-symmetrical (bottom left) clicks wused in Ex-

periment 4 and their spectra {right).

FIG. 3. Behavioral thresholds for 100 us clicks presented at 10/s.
Thresholds for rarefaction and condensation clicks 1in dB peak SPL from

40 subjects. (Experiment 1). Mean threshold = 36.4 dB peak SPL (29.9 dB
peSPL; 25.6 dB SPL({lms)). Standardhdeviation = 2,7 dB.

-

=
FIG. 4. Effects of stimulus presentation rate on the threshold for

100 ups rarefaction-clicks. A one-second Tlistening-period was used.

Results are the average of data from 10 subjects.

FIG. 5. Effects of the duration of the listening-period on the
threshold for 100 us rarefaction-clicks. Presentation rate was 40/s.

Results are the average of data from 10 subjects.
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ABSTRACT, '

The brainstem respongse to brief tones ;ontaips a large
vertex»positi;e componént. - If filter settings of greater than
20 Hz are used, particularly with high rolloff slopes, the
morphology of the response changes so that a vertex-negative wave
becomes thé most prominent component of the response. The
amplitude of the response is unaffected by stimulus presentation
rates of up to 35/s. Tones with longer rise-times have“'éreater
frequency specificity, but at r;Le-times of greater than 5 ms the
brainstem response becomes very small. At high intensities,
regardless of the rise-time, th; response to tones is not
completely frequency-specific and notched noise masking should be

used to obtain freguency-specific responses.

¢



Stapells and Picton
Brainstem responses to tones

INTRODUCTION

The brainstem potentials evoked by click stimuli can provide
a reliable and objective assessment of auditory function (4, 12,
25, 34). It is difficult, however, to determine
frequency-specific thresholds using wide-band click stimuii.
Several .techniques have therefore been proposed for obtaining a
full-frequency audiogram from brainstem recordings.

The "derived response" technique requires’ recording the
brainstem responses to clicks presented in high-pass masking
noise. Sequential subtraction of the responses recorded using
different cutoff settings for the high-pass noise gives derived
responses to the freguencies between.the cutoff settings. Thesge
derived respeonses have been recorded from the human brainsteT {9,
19, 20) and have been used to provide frequency-specific
threshold information in patients with hearing impairment (10).
This technique is accurate and reliable; it is, however, more
complex and time-consuming than simple evoked potential
recording.

A simpler approach 1is to record brainstem responses to
frequency-specific stimuli - filtered clicks, tonepips and brief
toneburgts. Initially, brainstem responses were recorded using
stimli with frequencies of greater than 1 or 2 Hz (18, 24, 31,
32). Regponses to_lower frequency stimuli (26) appeared to be
either too small to recognize, easily at low Aintensities, or
mediated by the high-f;equency region of the cochlea (7). The

use of wider‘amplifier bandpasses extending below 100 Hz (28)
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made the response to low-frequency tones more easily
recognizable. Recently, several researchers have reported
braingstem responses to brief tones with frequencies as low as 250
or 500 Hz (2, 5, 8, 14, 16, 27, 33). There is some controversy
in the 1literature, however, about the nature of the response
recorded to low frequehcy tones. Most authors report a prominent
vertex-positive wave - apparently equivalent to thg V component
of the «click response occurring with longer latency because of
both the travelling-wave delay to the low-freguency regions of
the cochlea and the longer rise-time of the stimulus. Davis and
Hirsh EE), however, using a 40 Hz 24 dB/octave high-pass filter,
find the main component of the response to be a vertex-negative
wave that ;hey call SN.pe One reason for this difference could
be the particular filter settings used by Davis and Hirsh (22,
28). Another cause could be the overlapping of the brainstem

regsponse with the middle-latency response to the preceding tone

when rapid rates (33/s) of stimulus presentation are used.

Tones of short duration and/orl rapid rise~time contain

acoustic energy at frequencies away from their nominal fregquency.
The shorter the duration or the rise-time of the tone the greater
the spread of acoustic energy. Spectral analysis of the acoustic
waveform _can be used to evaluate the frequeqcy-specificity of a

brief tone. Two factors, however, make if difficult to rely on
such a spectrum as an indicator of the frequency-specificity of
the response evoked by that tone. First, there may be further
distortion of the stimulus Quring transmission through the middle

ear - particﬁlarly if the intensity is high. Second, the
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respongse may be evoked only by the onset of the tone and not by
the entire tone that is evaluated in the acoustic spectrum. The

spread of energy in brief tones can result in spuricusly low

thresholds being obtained during evoked potential audiometry. In

patients with large differences in threshold between different
frequencies a brainstem response may be evoked not by the energy
in the tone at its nominal frequency sut by the energy in the
skirts of the spectrum (é1, 23}). Because of this problem Picton
and his colleagques (23) proposed the use of "notched noise"
masking to 1limit the tone-response to a specific area of the
' cochlea. This technigque -‘yielded more accurate threshold
information than the use of tones alone. However, the tones used
in this study were quite brieé - 1 ms rise-time, 1 mg plateau,
and 1 ms fall-time. It is therefore possible that tones of
longer <rise-time - and therefore of greater acoustic
frequency-specificity - may evoke responses of sufficient
e
frequency-specificity to render the notched nolse unnecessary.
This paper presents the results of several experiments
designed to investigate various technical aspects of recording
the auditory brainstem response to tones. The effects of
amplifier high-pass filter setting and rolloff slope, stimulus
presentation rate, reference electrode location, stimulus
intensity, stimulus frequency, stimulus rise-time and notched
noise .are all investigated. The general goal of the experiments

was to dgtermine the optimal stimulation and recording techniques

for brainstem evoked potential audiometry using tones.
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METHODOLOGY

This section describes the methodology common to all of the'
experiments. The specific details of each experimeﬁtal design
are included for clarity in the description of the results.

Recordings were made from 11 volunteer subjects aged between
22 and 30 years. Recordings were taken from 8 subjects in each
_experiment. Most of the subjects participated’ in all 6
experiments. Five subjects were female. All subjects had no
history of hearing difficulty and all had normal hearing (415 dB
I50) between 500 and 4000 Hz. During the recording the subject
sat quietly in a reclining chair and either read or fell asleep.

The 500 Hz tones eﬁployed in the first 4 experiments had a
ligear rige-time of 5 ms, a plateau duration of 0 ms and a
fall-time of 5 ms. This stimulus was produced by gating the
output of a Tektronix FG501 function generator with a

Grason-Stadler 1287B electronic switch. The tone was timed,

amplified and attenuated on other Grason-Stadler modules and
pfeaented to the subject's left ear through a TDH-49 earphone.
The onset phase of the tone was random.

The auditory stimuli employed in Experiments 5 and 6 were
generated by a Tracor Northern TN-3000 clinical averaging system.
Tones with linear rise~times of 1, 2, 5 and 8 ms, egual
fall-times and plateau durations of 0.01 S@h were used at
frequencies of 506, f&DO, 2000 and 4000 Hz with alternating onset

polarity. The noise employed in Experiment 6 was generated by
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the TN-3000 system and filtered using a Krohn-Hite 3343 filter
set in band-reject mode using a 2 octave range centered on the
tone frequency qith 48 4B attenuation at that freéuency. The
tone and filtered noise were mixed, amplified and attenuated for
presentation to the subject's left ear using a TDH-49 earphone.
The stimuli were calibrated using a Briiel and Kjaer 2209
sound level meter with a 4144 microphone and a 4152 artificial
ear. The frequency spectra of the TN~3000 stimuli were evaluated
using a 4144 microphone with a 2619 preamplifier to measure the
acoustic -‘stimulus and a laboratory-programmed Tracor Northexrn
TN-1500 signal analyzer to perform the fregquency aﬁalysis. Power
spectrél density élots for the 500 and 2000 Hz tones at an
intensity of 115 dB peak SPL are shown in Figure 1.
.............:.....Inéert Figure 1 about heressscsssscsssnssscacs
Electroencephalographic signals in all 6 experimengg' were
reqPrded from the scalp using Grass gold-plated electrodes
connected to the scalp using Beckmén saline gel and
pollodioﬂ-impregnated gauze. interelectrode impedances were
kept below 3000 Ohms. In Experiments 1 to 4 electrodes were

applied at the vertex, left mid-mastoid and left low-mastoid (2-3
Uem below- the mid-mastoid). In Experiments 5 and 6 only one
reference electrode was placed on the left low-mastoid. All 6
experiments employed a ground electrode on the right mastoid.

In Experiments \1 to 4 the electroencephalographic signals
were amplified ofi Beckman R-611 polygraph amplifiers with a
bandpass (-3 dB) of 0.16 to 1900 Hz and a rolloff of 6 dB/octave.

f
Responses to é;‘proximately 5000 individual stimuli in each of the
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experimental conditions werékstored on FM-tape (Hewlett-Packard
3960, bandpass of DC-5000 Hz) for later off-line averaging using
the 'TN-3000 system (bandpass 0.1.. =~ 10,000 Hz). The
electroencephalogram in experiments 5 and 6 was amplified wusing
the TN-3007 preamplifier and the TN-3000 system with a bandpass
of 10-3000 Hz and 12 dB/octave rolloff slopes.

The tape-recorded electroencephalogram from the first four
experiments wa; played back using different high-pass £filter
settings and rolloff rates. Low-pass filtering in these
experiments was always get at 3000 Hz~48 dB/octave wusing the
Krohn-Hite 3343 filter. High-pass filtering was accomplished
us;ng 1, 2 or 4 Tektronix AM502 amplifiers in series with unity
gain. These amplifiers were modified to provide the necessary
filter settings for the experiments. Since rolloff slopes add
when the filters are placed in series, this arrangement allowed
for high-pass filter rolloff slopes of 6, 12 and 24 dB/octave.
Small decreases in ;he filter cutoff frequencies as measured
using the -3 dB points also occurred at the 12 and 24 dB/octave

settings, but these changes (1/4 and 9/24l octaves) were not

congidered significant to  the experimental design. | The

Krohn-Hite 3343 filter was used to give the 48 dB/octave rolloff
slope ugsed in Experiment 1.

Averaging was carried ,out for between 1000 and 4000
‘responses using the TN-3000 system. Averaging was done off the
tape recorded data for the first four experiments and on-line for
the last two experiments. Trials containing ampiitudes of

greater than +20 pV were automatically rejected from averaging

A

-
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except in Experiment 3 where no artifact rejection was employed.
The average evoked potential waveforms were stored on diskettes

using the TN-1007 disk drive for later plotting and peak

measurements.

L

The maximum positive peak oécurring between 6 aqq//Js mg
after the tone onset was recorded as the V component of the
brainstem response. If the peak was in the form of a plateau the
latency was taken at the center and the amplitude was measured to
the maximum point on the plateau. The most prominent negative
peak occurring within 7 ms after the wave V peak-latency was
identified as component V;. If no distinct negative peak
occurred, “the maximum negativity within this interval was

recorded. Amplitude measurements were taken relative to baseline
oJ

for each peak V and V', and the V-V' peak-to-peak amplitude was
calculated. Unless otherwise noted, "amplitude" represents the
V-Vv' peak-to-peak amplitude. These measurements were evaluated
using a repeated-measures analysis of variance and appropriate
post hoc testing procedures. Results were congidered as

"significant at p<0.01.

RESULTS AND DISCUSSION

.

Experiment 1 - High-pass Filter Settings

This experiment was designed to evaluate the effects of
different amplifier high-pass filter settings and rolloff slopes

on the brainstem reéponses to 110 dB peak SPL 500 Hz tones
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presented at a rate of 10/s. The evoked potentials recorded
betwen the wvertex and mid-mastoid electrodes were filtered prior
to averaging through 1, 2 or 4 Tektronix amplifier or throqéh-the
Krohn-Hite €£ilter +to obtain rolloff slopes of 6, 12, 24 ;Ld 48
dB/octave. Filter settings of 10, 20, 40, 50 and 100 Hz were
investigated. .The low-pass filter was set at 3000 Hz
(48 dB/octave) for all conditions.

{ The brainstem responses from a ty?igﬁl subject are shown. in
Figure 2 and the average latency and amplitude data for all 8
subjects are plotted in Figuré 3. The latency of wave V and the
V-v' amplitude both decreased as either the gutoff setting or the
rolloff slope of the high-pass filter increased. With the 6
dB/octave filters the average wave V latency decreased from 8.57
to 8.40 ms from 10 Hz to 100 Hz with a corresponding amplitude
decrease of 0.41.to 0.30 uV. With the 48 dB/octave filters the
changes were somewhat greater - from 8.46 to 8.11 ms for the

latency and from 0.44 to 0.10 uv for the amplitude. The latency

of the V' component'also decreased with increasing filter cutoff

———

setting or rolloff slope.. These decreases were much greater than
those gseen with wave V. The average latency of V' decreased from
13.52 to 9.43 ms as the filter settings changed from
10 ﬁz—s dB/octave to 100 Hz-48 dB/octave. At 40 Hz-24 dB/octave
the V' latency was 11.53 ms.
¢sssessssececInsert Figures 2 and 3 about herec.eseecssccesnacases
e~ .
The morphology of‘thé\response wasg greatly altered at the

higher filter settings, particularly when higher rolleoff slopes

were also used. The vertex-negative V' wave was especially
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prominent at the 40 Hz-24 dB/octave filter setting. This

"prominence" of the V' component was evaluated by calculating the
.V'/V amplitude ratio. This ratio was greater than one at filter
settings o©f 100 Hz using rolloff slopes of 12 dB/octave or more,
at 70 and 40 Hz using rolloff slopes of 24 dB/octave or more, and
at 20 Hz using rolloff slopes of 48 dB/octave. The most
prominent V' waves asgessed by this ratio were recorded at filter
settings of 20 Hz-48 dB/octave and 40 Hz-24 dB/octave.

These results indicate that the effects of filtering on the
brainstem evoked potentials are complex. The brainstem evoked

potential to clic of moderate intensity contains its major

power in the 50 to regiqn and at lower intensities the

main power shifts toward the lgwer frequencies

range
{11). Any high-pass filtering ;n this frequency ° range wil
changg the amplitude of the response. the filtering i
performed using analog filters there wi}l also be phase chan
that will alter the morphology and.latency of the xespon
The phase changes Ean be prevented if digital filtering is wused
but this requires more computationsl power than is usually
available for «clinical testing. Suzuki and Horiuchi {(28) have
pointed out that the brainstem response to 500 Hz tones is
particularly susceptible to high-pass filter settings of 50 Hz or
more using 6 dB/octave rolioff slopes. Uéing higher rolloff
slopes marked alterations in respoﬁse morphology can be seen.
Using a 50 Hz cutoff with a rolloff slope of greater than 50

dB/octave, they'reported thetxthe responses to a 30 dB SL 500 Hz

tone with 4 ms rise-time contained "a--.prominent negative
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deflection ,with 1latencies of 10-15 ms™ (29}. The latencies of

this wave and of the V' wave of our experiment are slightly

longer than the SN,, component of Davis and Hirsh recorded using
a 40 Hz-24 dB/octave filter (B). This difference is probably
related to the shorter"rise-time (2~-2.5 ms) used in their study.
It is therefore reasonable to conclude that the V' and SNyg

components are eguivalent. The results of our experiment

indicate that the morphology and latency of this component are
extremely susceptible to the settings of the high—-pass filter

used in the recording.

Experiment 2 - Stimulus Presentation Rate

This experiment investigated the interactions between

stimulus presentation rate and high-pass filter settings on the
brainstem response to 110 4B peak SPL 500 Hz tones. Filter

settings of 10, 40 and 70 Hz with rolloff slopes of 6 and 24 dB

were used. Averaging was performed over 1000 trials using an

averaging sweep of 51.2 ms. Tbg stimuli were presented at rates
of 10, 20 and 35/s.

The results of this experiment showed some complex
interactions between stimulus presentation rate and the high-pass
filter settings. An increased presentation rate resulted in an
lncreased wave V latency at all filter settings, with the major
change occurring between the 10 and 20/s rates. The average wave
V latencies recorded using tﬁe 10 Hz-64dB/octave filtér were B.50,

9.50 and 9.56 ms at stimulus presentation rates of 10, 20 and
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35/s. The latency of the WV component did not change
significantly with increasing stimulus presentation rate. At the
higher filter settings wave V became smaller in amplitude and
wave V' became the more prominent response component. The V'/V
ratio was largest at the 35/3 presentation rate using thg
40 Hz-24 dB/octave filter settings. At these settings there was
no significant effect of stimulus presentation rate on the V!
amplitude.

There were no consistent changes in the V-V' amplitude with
changing stimulus presentation rate. The largest amplitude was
recorded at a rate of 35/s using £he 10 Hz-6 dB/octave filter

setting. The middle: lgtency components of tle response were

variably affected by increasing stimulus presentation r&ge. At

higher rates the later (30+ ms3) componentg-were attenuated; the
earlier components varied from subject to subject . probably
because of postauricular muscle reflexes. In certain subjects
the V-V' complex at the 35/8 presentation rate was superimposed
on the residual middle latency components to the previous tone.
This is illustrated in Figure 4. This effect probably
contributes to the finding that the V-V' amplitude was largest at
35/s. |
tesessacssssssecsssscesIngert Figure 4 about here..escscccavecsses
The results of this expe;;ment are in general agreement with
those of Kodera et al. who recorded responses to 1000 Hz 50 4B SL
tones with 5 ms rise time (15). They found that the latency of

wave V increased slightly when the interstimulus interval was

decreased from 104 to 32 ms. They further reported that the V-v'
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amplitude (BSR-Na in their-nomenclatur%l_gyowed no change with

decreasing interstimulus interval except ‘for a'slight increase at

the 32 ms interval. The relative stability of the latency and
AN

amplitude of V' with changing stimulus presentation rates in our

experiment is” in agreement with the SN,, results of Davis and

Hirsh (7).

Experiment 3 - Location of the Reference Electrode

Mogst authors agree that the optimum recording electrode

location for the brainstem response is at the vertexf‘ There 1is

. §
some difference of opinion, however, about the location of the
, ) -

- reference electrode. If only wave V is to be evaluated a>

reference electrode low on the neck (23, 30) givesé‘a greater

amplitude recording than a reference electrode on the mastoid or

ear lobe (29)i If the recording montage is. to. be used to

52

evaluate wave I as Well as wave V, the use of a reference

electrode near the cochlea : on the mastoid, earlobe or éxternal
auditory meatus - is essential. Electrodes on the' mastoid
process may also pitk up pést-auricular muscle reflexes that
might distort. the la;er components of the brainstem response.
This muscle reflex potential " has a uvery ‘localized scalp
aistribution, and_}q much attenuated at small distances from £he
mid-mastoid region (22, 35). This experimenf was therefore
designed .o assess the effect of the postauricular muscle

reflexes on the V and V' compgnents of the brainstem response

using reference electrodes located at the mid-mastoid region (at

=
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Ehe'level of the external auditory meatus) and at ‘the low—mastoid
region (2-3 cm lower). Responses werenfecorded to- 500 Hz tones
presepted at rates of 10, 20 and 35/s8 with intensi%ies of 110, 90
and 70 dB peak SPL. The electroehcephalogréphic activi£y from
vertex to mid;m’stoid and from vertex to low-mastoid electrodes
was filtered( using a high-pass setging of 10 Hz - 6 dB/octave.
Averaging was perforzfd over 2000 trials with é;40.96 ms Sweep.
Artifact rejectifn was not employed. ' \ i
Only 2 out of 8 subjects showed a congistent pogt—auricular
muscle reflex. The waveforms from one subject are plétted in
Figure 5. The post auricular muscle reflex consisted of a large
mastoid-negative wave peaking at 15-20 ms followed by a
mastoid~positive wav at 25-30 ms. The amplitude of this response
decreased and its latency increasgd with decreasing intensity aaga
no definite response was recorded at 70 dB peak SPL. The
respénsé was only recgrdable from the mid-mastoid region. Wave V
of the brainstem response was not affected by the reflex.
However, at high intensities the initial component of the reflex

potential overlapped and attenuated the V' wave of the.bﬁpinstgm

L]

regponse.

3

l---.'...............Insert Figure 5 about here.......-,.,.......-...

L

Experiment 4 - Intensity Effects d,—~”"

This experiment evaluated the effects of differenf stimulus

intensities 90 and 70 dB peak SPL} on (éhe brainstem’

_fesponse to 500 Hz tones presented at 10, 20 or 35/s using
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different .high-passjfilter settings. Responses recorded between-
vertex and low-mastoia electrode were averaged over 4000 trials
- with a sweeb duration of 20.48 ms. High-pass filter settings of
10, 20, 40 and 70 Hz-with rolloff slope§‘of 6 and 24 dB/octave
were used. The results of this experiment are illustrated in
-Figures 6 and 7. . -
...............IﬁSert Figures 6 and 7 about heXessesesssssassssss
Decreasing the stimulus intensity resulted in an increage in
latency for both the V and the V' components of the response and
a decrease in amplitﬂae. These effects were common at all filter
settings and at all stimulus presentation rates. At the 10 Hz-6
dB/octave filter setting and at a tone presentation‘raté of 10/s
the average laﬁgncies of wave V at intensities 110, 90 and 70 4B
peak SPL were 8.72, 9.68 and 12.37 ms. At 35/s the ‘latencies
were 9.41, 11.48 and 13.22 ms. The average latencies of V' were
14.75, 15.64 ghd 16.63 at 10/s and 15:21, 15.96 and 17.05 at
35/3. The V-V' amplitudes were 0.63, 0.45 and 0.32 nv at 10/s
{and 0.87, 0.50 and 0.29 puv at 35/s.
The effects of changing the filter settings were gimilar at
90 and 70 4B to thosé described in Experimenf 1 using the 110 dB
N .
tones. The latencies of both wave V and wave V' decreased with
both increasing filter ‘qptoff-agtting and Pincreasing rolloff

' - -,
-~ .o o

slope. For ?pe V' component the latency changes were qreater

.
.

than for the V wave and the effect of increasing rolloff 'slope
~was much greater at the higher filter cutoff settings. ‘The V-V'
amplitude decreased with increasing filter se éings and with

increasing rolleff slopes. Again there was aq interaction
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between the two éffects sucﬂ that the effect of rolloff slope was
not significant at 10 Hz and increased from 20 to 50 Hz. The
differences in amplitude related to filter settings were much
legs at 70 dB as compared to 110 4B but the diffe?ences were

stiil +8ignificant at 70 dB. The amplitude effects are shown in

n E
-

Figure 7 where,. for clarity, only the results at 35/s are
plotted. The morphology of the V-V' complex changed in much the
same manner at 90 and 70 dB és at‘110 dB in Experiment 1. The
V' component was most prominent at filter settings ofv 40 and 70
Hz. |

The effects of changing the rate of stimulus presentation
were similar to those obtained in experiment 2. Increasing éhe
rate of tone presentation caused an increased wave 'V latency.
There was no effect on V' latency except that the combination of
low intensity, high filter setting and hiéh rolloff Qlope cauaed
a decrease in V' latency with increasing stimulus presentation
rate. There was no effect of increasing rate on the V-V!
amplitude except at high filter settings and low isgynsity where
_the amplitude were smaller at 35/s rates. '

The results oé this experiment show gquite clearly that at
all intensities larger brainstem regpongses are recorded using the
lower high-pass filter settings and rolloff slopes. The optimal
settings appear to be 10 Hz at aither 6 or 24 dB/octave rolloff
and 20 Hz at 6 dB/octave rolloff. The recognizability of an
average waveform, however, depends upon both the amplitude of the
response ;nd the amount of background electroencephalographic

noise remaining after averaging. It is possible, therefore, that
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higher filter settings and/or higher rolloff -slopes may be of
assiténce in certain clinical conditions where the background
noise level 4in the '10-40 Hz range is high - for example in
patients who' are sedated or who have high levels of muscle
activity. The use of these higher Efftings on the high-pass
filter will alter the brainstem response mo¥phology to give a
prominent vertex—negati&e V"component. There were no consistent
effects of stimuluéipresentation raté on the amplitude of the
response. Because of the decreased tim# necesséry for averaging,
it is therefore preferable to ﬁse the faster stimulus

presentation rates.

Experiment 5 - Stimulus Rise-times

This experiment evaluated the effect of different rise-times
on the brainstem response to tones of. different frequéqpies.
Tones with rise-times of 1, 2, 5 and 8 ms and equivalent

'

fall-times were presented at frequencies of 500, 1000, 2000 and

4000 Hz and a

an intensity of 100 dB peak SPL at a rate of 35/s.
Averaging wag carried out over 2000 trials using a sweep duration

of 25.6 mg.
&,

The average wave V latencies and amplitiudes for eight
subjects are plotted in Figure 8. There were significant
‘increases in V latency with decreasing stimulus freuency and with
increasing rise-time. There was also in interaction between

thege two effects .such that the increase in latency with

increasing rise~time was greater at the lower frequencies.
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Regression lines were calculated for the rise-time effects at
each fregquency. The equation for these reg?esaion lines was:
latency of wave V= a (rise-time) + b. The slopes (a) of these
lines were 0.44, 0.40, 0.30 and 0.26 at 500, 1000, 2000 and-4000

Hz. The respective latency intercepts {b) were 6.88, 6.48, 6.33

-and 6+11 ms.

¢

...;.............Insert Figure 8 about.here...............;......
~ L.

These results show a definitely increasing effect of
rise-time on V latency at the lower freguencies. ©Cne possible
explanation for this could be the- increased spread of . the
acoustic eneré& in the159ectra of low-frequency tones with short
rise—times. These rapid-onset tones could thus evoke responses
i through ﬂﬁre basal regions of the cochlea than the tones with
longer rise-times. The regression line calculated for 500 Hz 100
dB tones presented in notchéa nois%-(data f;om Experiment 6),
however, showed a slope of 0.49 as well as a g;nerally increased
latency with a latency intercept of 8.65 ms. The regression line
for the 2000 Hz 100 4B tonés in notched noise had a slope of 0.23
and . an intercept of 7.12 ms. It therefore seems that the
alteration in slope with stimulus frequency is a true function of
stimalus fregLency and not an artifact of acoustic distortion.

‘ Several researchers have reported an increase in wave V
latency with increasing stimulus rise-time (3, 6, 13, 17).
Brinkmann and Scherg (3) introduced the concept of "wvirtual
trig;er time" which appears to represent the point on the

rige-time of the Qﬁimulus when the majority of nerve fibers

connecting to the brainstem response generator are activated.
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This virtual trigger time is a function of both the rise-time and
the intensity of the atimulus. Our results indicate that it 1is
also a funotiQQ of stimulus frequency. At the lower frquenies,
where there 1is locking of nerve fiber activation to stimulus
phase, increasing the rise-time could delay the time of
major nerve fiber activation by one or more stimulus cycles.
Thig delay‘ would be greater the lower the frequency of the
stiahlus. .

The V-V!' aﬁplitude- of the braingtem respon;e- showed
significant changes with both stimulus fregquency and rise-times.
These effects are shown on the right ;f Figure 8. The amplitude
was greater at the lower frequéncies énq decreased with
increasging rise~-time. The majér chang7/;n' émpiitude occurred
between the rise~£imes of 5 and 8 ms. ’
The effect of gtimulus rise-time on the braingtem regsponse

améIIZEé?{:appears{ to differ‘ between white noise and tonal
sélmuli. Varying/éhe rigse-time of white noise bursts up to 10 ms
does not cause.—Eﬁy definite . charge in the brainstem response
amplitude (3, 13). Our results and those of Kodera et al (17}
indicate a definite decrease in amplitude at longer rise~times
with tones. This is particularly true at rise-times of 'greater
than 2.5 ms. At shorter rise-times there may not be any change
in amplitude (86). It is possible that the locking of ﬁerve
impulses to the phase of low-frequency stimuli may cause more
jitter at longer rise-times in tonal as opéosed to noise stimuli.

This jitter would result in broader respongses of lower amplitude.

Our results indicate that for tonal stimull rise-times of 5 ms or
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shorter would be preferable since at longer rise-times the

braingtem response is quite attenuated.

Experiment 6 - The Effects of Notched Noise

This experiment was deéigned to investigate the
» .

frequency-specificity of the brainstem responses to tones with
different rise~times. Tones of 500 and 2000 Hz were presented at
, . ~
intensities of 120, 100, 80 and 70 dB peak SPL either alone or
mixed with ﬁoéched noise (with the réjected band centered on the
‘Erequency of the tone). The noise intensity measured in RMS SPL
wag 25 dB 1less than the tone intensity measured in peak SPL.
Stimuli were presented at 35/s and averaging was carried out ovér
2000 trials with a sweep duration of 25.6 ms. The’responses at
80 - and 70 4B were replicated. The rationale for this experiment
was that if the notched noise caused the response to change, the
regponse tq_the tone alone was in part mediated by frequencies in
o

the tone away from itqhnominéi frequency.

) The effect of the notched noise on the wave V iatency was
quite complex. The average data from eight subjects are plotted
in Figure 9. The latency of wave V in the 500 Hz response was
significantly increaged by.- notched noise at all intensities for
the 1 ms rise-times, at 100 dB or more’for 2 mg, at 80 4B or more

fof 5 ms, and at 100 4B or more for 8 ms. The latency of the

2000 Hz response was significantly increased by the notched noise
X, \ ’ .
)

at 80 aB or more for the 1 ms rigse-time, and at 100 dB or more

for 2 ms. There were no significant effects of the notched ncoise

(-

Y
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on khe 2000 Hz response latency for rise-times of 5 or 8 ms.
cesrssessateriassssssiInsert Figure 9 about here.eecesecesscssssns
v

The notched noise significantly\reduced the amplitude of the
brainstem response. This reduction amplitude was greater at
the .higher intensities and at the 1 ise-times. At 500 Hz
there were significant amplitude differences with the notched
noise at 80 dB or more for the 1 and 2 ms rise-times, at 100 dB
or more for the 5 and 8 ms rise-times. At 120 dB the average
Q-v' amplitude for 5 ms rise-time tones.was 1.20 pv  when the
tones were alone and 0.87 av when.in notched noise. At 70 dB the
amplitudeé were 0.42 and 0.32 pv. At 2000 Hz there were
aignif}cant differences in the‘v—V' amplitude at 100 dB or more
for all rise-times. At 120 dB the average amplitude for. 5 ms
rise-times was 1.16 v whén the toﬁeg were presented alcne and
0.56 nvV when in notched noise. at 70 dB the amplitudes were 0.37

and 0.36 ).‘I.V.

Two possible explanations for the effects of notched noise

L3
can be congidered. The first is that the masking noise decreases
the effective intengsity of the tond, thereby decreasing the

amplitude and increasing the latency of the response. The second

is that the notched noise limits the response to a particular

area of the cochlea, masking out those parts of the response that

are-‘mediated through other regions of the cochlea activated by
the spread of acoustic energy in the brief tone or by the
dynamics of the travelling wave. The £irst explanation ig
probably not a major cause of the experimental findings. It does

[
not explain the different effaects of the masking noise at the
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different frequencieé or ° at the different intensities.
Furthermore, increasing the intensity of the masking noise has
_1itt1e effect on the amplitude or latency of the 500 ﬁz regponse
{23). The second line of egélanation can accoqgt reasonably well
for all of the observations. The latency changes are most
evident at 500 Hz because the 500 Hz re;ponseklateﬁcf is wmainly
determined by the higher frequency regions éf the cochlea
activated by the spread of frequehcies in the b;iéf tone. These
high-frequency regions are more readily synchronized and give a
sharp-peaked component in the response that determines the
latencg. The notched noise masks the response from the higher
frequency region Ileaving a braod, longer latency response from
the 500 Hz regidn of the cochlea. At 2000 Hz the notched noige
. has less éffect beéause of the higher frequency-specificity of
the 2000 Hz stimulus (¢f Figure 1} and because thew response
{cannot shift far to an earlier or more synchronizable-f;gion of
X the _cochlea. The amplitude changes occur at bth frequencies
because of the masking of the response to frequencies outside of
the rejection band of the notched noise. The decreasing effects
of notched noise at lower intensities occur because at the lower

intensities the skirts of the tone frequency spectrum become

subthreshold.

If we therefore‘accept the second line of explanat;on as
correct, then the results of this sixth experiment indicate that
the braiqstem regponse to brief tones at inten;ities of 100 4B or
more is not frequeqcy-specific regardless of the rise-time of the

tone. At rise-times of 1 or 2 ms the response to 500 Hz tones is

-
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-
not even frequency-spesific at lower intensities.
o

i

CONCLUSIONS :

The largest brainstem responses to low frequency tones are
recorded using 1low high-pass filter éettings (10 or 20 Hz) anﬂ
low rolloff slopes. Under these conditions a large clear
vertex-positive wave is recorded. At higher high-pass filter’
settings, particularly if higher rolloff slopes (24-48 dB/octhve)
are uéed, the response is smaller and tends to show a prominent
vertex~negative wave. ’

There are no significant changes in the amplitude of the
response recorded using low high-pass filter settings and low
rolloff slopes when stimulus presentation rate of up to 35/s are
used. There is, however, a significant increase in the latency
of wave V at the higher presentation rates.

Postauricular muscle reflexes are evoked by high intensity
tones and can distort the brainstem response ;ecorded using a
mid-mastoid reference electrode. A reference located lower do@n
on the mastoid is therefore preferable. If the wave I recording
is not essential, the reference electrode can be located on the
lower part of the neck.

Tones with longer rise-times have greater acoustic

specificity. They elicit responses with longer latency and

smaller amplitudes. JIn general, latency increases of 0.2~0.5 ms

occur with increases of 1 ms in rise-time. The exact
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]

relationship between rise-time and latency is a complexlfunction
of both the frequency and the intensity of the tone. The
amplitude of the response falls off dramatically wi;h riseltimes
of greater than 5 ms. A 5 ms rise-time is perhaps the best
compromise between frequency-specificity and response
recognizability.

The effects of notched noise indicate that even at this S5 ms

rise~-time the brainstem response is not frequency-specific at

intensities of 100 dB peak SPL or more. It rtherefore appears

advisable to use notched noise masking for brief tones of high
intensity. |

The results of these experiments can be pummarized as a set
of recommendations: high-pass filter settings of 20 Hz with 6
dB/octave rolloff, stimulus presentation rates of 35/s, a
low-mastoid reference electrode, tones of 5 ms rise-time, notched
noise masking. These recommendations must be teﬁpered by the
fact that under certain conditions ' other stimulation gnd
recording parameters may be more effective. Nevertheless, for
the most part these recommendations should allow prficient

brainstem evoked potential.audiometry using tones.
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FIGURE LEGENDS

Figure 1 - The effect of different risé and fall times on the.
acoustic spectra of 500 and 2000 Hz tones. Tones were ggnerated
Sy the TN-3000 ;:stem with rigse-times of 1, 2, 5 and 8 ms,
equivalent fall times, and plateau durations of 0.01 ms. * The
tones were presented through a TDH-49 earphone at an intensity of
. 115 dB peak SPL. The acoustic signal was recorded using a érﬁel
and Xjaer microphone And analyzed using a laboratory-programmed
TN-1500 sfgnal analyzer. The power spectral density function for
each tone is plotted between 100 and 10,%00 Hz using-loqarithmic
" intensity and-frequency axes. The intensity axes axe .arbitrary

{0 dB is approximately 40 4B SPL). ,

Figure é - The effects 6f'different'high-pass filter settings on
the brainstem response td 110 dﬁ peak SPL 500 Hz tones presented
.at a fate of 10/3. Recordings were taken between vertex and
mid-mastoid elactrodes and each tracing represents the average of

2000 responses. Relative negﬁtivity at the vertex is represented

by an upward deflection. 1Tl-'xe vertex-posit%ve wave V, indicated
by the open triangles, is most prominent at the lowest settings
of \the high-pass fi].tef'. The v".ertgx-negative v component,
indicated by the filled triangle, is p&rticularl} pr;ginent at

the 40 Hz 24 dB/octave filter setting.” Subject D.S.

4
¢ 4

Figur%'3 - The effects of changing high~pass filter settings and

rolloff slopeé on the brainstem response to 500 Hz tones. The

o

’
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average data from eight subjects are plotted. The latency of
wave V is shown on the left and of wave V' on the right. The

V-V' amplitude is plotted in the center.

1

-

Figure 4 - The effects of stimulus presentation rate and
high-pass filter 'settings on the brinstem response to 500 Hz
tones. The duration of the averaging sweep wag 50 ms. At 35/s
the interstimmlus time (28.6 ms)fis less than the sweep duratifi)
and therefore a second regponse is initiated prior.to‘the end of
the sweep. This is illustrated in £he fiéure Py the dotted
lines. As well, this second response has been superimposed on
the first in the initial portion of the tracing. In this subject
(S.8.) the increase in stimulus presentation rate from 20/s to
35/s causes-a decrease in the amp1itude of wave V (open triangle)
.and an increagse in the amplitude of V' (filled triangle). This
is probably because of the superimposition of these components on
Fhe negative wave occurring at 40-45 m; after the preceding tone.

When the high-pass filter setting is changed, the V' component

has a shorter latency and small amplitude.

A

Figure 5 = ;?ostauricular Cmusclé | Feflexes. Responses were
r;éorded to ¥10, 90 and 70 dB peak SPL 500 Hz tones presented at
a rate of 10/s. The dotted tracings represent recordings from
vertex to low-mastoid electrodes, and the continuous tracings
represent recordings from vertex to mid-mastoid ‘electrodes.
High-pass filtefing was performed at 10 Hz with a 6 dB/ocEave

|
rolloff =slope. Each tracing represents the average of 2000
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responses and negativity at the vertex is represented QX an

upward deflection. AT 110 dB this subject (P.F.) exhibited a

large muscle reflex that decreased in amplitude at 90 dB and
disappeared at 70\dB. The musacle reflex was very focal Iin its
scalp distribution \and did not sﬁow up in the _recor&fggs made
using the low- tojd electrode. The V component of the
brainstem response' (filled trianglés) was not éffeété? by the
location of the reference electrode. However, the musgie reflex
began before the peak of the V' wave and distorted any

3

measurement of this component.

Figure 6 - The effects of hzgh-pass filter settings and stimulus
presentatiqn rate on the response to 500 Hz tones. The waveforms
in this figure each represent the average of. 4000 individual
résponses from subject 5.S., obtained using a vertex to
low-mastoid derivation and a higﬁ-pass filter rolloff slope of 24
dB/octave. With decreasing intensity wavé V (open triangles)
showed increasing latency and decreasing amplitude. The
vertex-nﬂggiive V' component (filled tﬁﬁgngles) is best seen at

the 40 and 70 Hz filter settings. WIth decreasing intensity this

V' wave also increased in latency and,decreased in amplitude.

Figure 7 - The effects of high-pass filtering on the amplitude of
—————i. - L

the brainstem response to 500 Hz tones of different intensities.

The average V-V' amplitude data from 8 subjects is plotted at

tone intensities of 110, 90.and 70 as peak SPL. To simplify the

figure only the 35/s data from Experiment 4 .are plotted.
»

7



T e

/

Stabells and Picton
Braingtem responses to tones

Increasing the filter setting or the rolloff slope causes a
decreaged ampiitude af the brainstem response. This effect -is
smaller but still signifiéant at the lower intensities. At each
intensity the largest wave V amplitudes are recorded using the 10
Hz filt;r settings with either the 6 or 24 dB/octave rolloff or
using the 20 Hz_sétting with the 6 dB rolloff.
RN

Figure 8 - The latency and amplitude 6f the brainstem regponse to
tones of different frequencies and rise-times. The tones had
rise-times of 1, 2, 5 and 8 ms, plateau durations of 0.01 ms, and
fall—timeé“-equal .to the.rise-times. They were presented at an
intensity of 100 dB peak SPL and at a rate of 35/s. The. average

data from eight subjects are plotted in this figure. The wave V

latency is plotted on the left and the V~Vv' ampliéude on the
right. . .
Figure 9 - The effect.of notched noise on the latency of the
brainstem response to'fgneg.:‘Tones 6f 500 Hz and 2000 pz were
presented at 35/s either'al?ne {Epntinuous lines) or in notched
noise (dotted lines) at 25 dB:below the tone intensity. The
. e, [
average latencies of wave V for eight subjects ar? pletted for
tone rise-times of 1, 2, 5 and 8 ms. &é 500 Hz the notched noise
‘causes a prolongation ip the latency of the response. This is
signifigeft at all intensities for the 1 ms rise-tide but only at
’ .

the 100 and 120 4B intensities for the 8 ms rise-time. At 2000

Hz the notched noise does not affect the latency at the 5 or 8 ms

, Fise-times. At the shorter rise-times there is a prolongation of

-~

.

12
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the latency at the higher intengities.
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ABSTRACT

_ The auditory .steady state potentials may be an important

technigque in objective audiometry. The effects of stimulus

rate, intensity, and tonal frequency on these ! potentials were
inve tigated using both signal averaging and on-line Fourier

analysis. Stimulus presentation rates of 40 - 457ﬁ“result in a
40-Hz sinuso}dal respogse ;hich.ig about twice the.:ﬁplitude of
ﬁhe 10 and 60/s responges. No significant effects of subject age
or sé# were seen. The 40/8 response shogs a linear decreasé in
amplitﬁde and a linear increase in latency when stimulus
intensity is decrea;ed from 50 to 20 dB nHLh. This .response is
recordable to within a few dB of behavioral threshold. Stimuli

of different tonal frequency give similar amplitdde/rate

functioné; with absolute ;mplitude decreasing with increasing
tonai frequency. Signal #veraging and Four{er‘analysis péovide
nearly  identical amplitu&e/rate, amplitude/iniensity, and
latency/intensity functions. Both methods of analysis may
bggiused, théreforeL to record the AO-Hz steady étate potential.
Foﬁrier; analygis, however, may be the faster and less—-expensive
method. Furthermore, tecﬁniques ("zoom") are available with
Fourier énalyais to stﬁ&y the effects of varying stimulug
parametérs on~line with the Fourier analysis procedure.

* KEY WORDS: Auditory evoked potential; Fourier analysis; Middle

- . latency responge; Steady state potential.
Al
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The audito;f evbkéq potentials have recently become very
important in objecti&e .audiometry. Many different auditory
responses can be recorded from the human scFlp and each may
provide important information about auditory function (17). The
auditory . evcked potentials— may be classified as transient
responses, sustained responses aéd steady state responses (16).
A transient _response is _elicited by a rapid change in the
auditory stimulus whereas gmlsugﬁained response is e}idlted b&
the continuatioﬂ of a stimulus. Transient and sustained
responses are xyecorded ‘using sfimulus rates th;; allow‘ the
response to one stimulus to be finished before the next stimulus
is presentéd. Steady stafé potentials, howevey, are elicited by
stimuli presented at a sufficiently high rate to cause an
overlapping of Ehé reagonses t;‘ succeaaive gtimuli.‘ This
results in a periodic response with a constant phase rélat}onship
to the repeating stimulus. Transient and sustained responses are
best recoxrded using signal averaging. Steady state regponses can
be recorded either by signal averaginé.o; by frequency-based..
analysis procedures. Transient ;ésponses'?re usually described
in terﬁs of the amplitudes and latencies of their camponents:
steady state potentials are described by their amplitude arfd
éhase. | '

Until recently the human steady state potentials w;re mainly
studied fin the visual modality (18,19,20,21%,22,23,24), ?ith oqu

~ o

occasional reports of auditory sﬁgady state responses (4). The

'.
degcription of an auditory 40-Hz event related potential (ERP) in
'

__lggl}by Galam?os, Makeig and Talmachoff (9}, however, re-awakened
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interest in the auditory steady:étate potentials and their
possible use 'in objective audiometry. In their initial report,

L '
Galambos et al. showed that when stimuli are presented at 40/s,
the middle latency responses have an améitﬁude some 2 or 3

times greater than when the stimuli are presented at the

_ conventional 10/s  rate. They dﬂmonétrated; that the

s

amplitude/rate .functiqn of the response * had a large peak. at
40/s, a smalle; peak at its Bubharmonic.zofs, and minima at 25
and 55/s. They attributed the greater amplitude at 40/8 to the
superimpositioﬁ "of the successive negative-positive peaks. Each
negative—positive‘ cycle in éhe 10/s response lasts apprgximately
25 nms, and at 40/3 these cycles would‘oqcur in phase“'and gum,
prodﬁcing a larger response._ The successive cycles gould be
out¥of-bhase at a rate of approximately 27/s (1/37.5 ms). The
40~Hz auditory potential <an be recorded to tones of.léﬁ (250 &

500 Hz} as well as high (5000 Hz) frequency (9). - As tonal

frequency increases the amplitude and latency of the 40-Hz

+
A

B e
response decreases. As stimulus intensity is decreased, the

am iifﬁag deéreases'-awd the latency increéases {(9). Most

antly, Galambos..anpd his coilqagues reported that the 40-Hz
regponge co“id_ be recorded at levels very close to behavioral
thresholds. Thése results, which have been replicated in other
laboratories (3,10,11,12,27), suggest that the 40-Hz response may
become an important tool in the .objective eégluation of auditory
thresholds.

Since the auditory system is nonlinear, the éranaignt and

steady state potentials may provide complementary views of the

RN

N~

-,
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system's functions (18,20,22,23). In a completely linear system,
the steady . state responses are equivalent to the 'simple
superimposition of the transient responses. Transient and steady

state responses ghen give essentially the same information. If

,the gsystem is nonlinear, however, steady state poténﬁials may not

5,

be eguivalent to the simple superimposition of ~transient
o )

responspé but will show gvidencé of nonlinearities such as the
relative refractory period. It would then be useful to record

beth the transient and steady state responses.

The present paper reports the results of four experiments on

“the human adfitory steady state potentials. Our purposés were to

replicate and extend the results of Galambos and his colleaques,
an;\hgto see if frequgncy-analysis techn;ques could provide the
same resuits . as time-based signal averaging. The
frequéhcy—analysib instrﬁment for our experiments was a Fourier
analyzer (22). This simple and relatively inexpensive instrument
calculates the amplitude and phase of that part of the frecorded

. “ ’
activity that hag the same fundamental frequency as the rate of

stimalus presentation.
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GENERAL METHODS

Subjects

Nine“hn}es and eleven females, between the ages of 21 and 61
{mean. age = ‘27.4 years), participated in one or more of the
experiﬁéhts} None had any hihEB;y‘of audiological or neurological

problems. During the experiment the subjects sat or reclined in a

quiet room. The subjects were ipstructed to stay awake and

their state was continua itored to ensure that they did not

fall asleep-' Most jects fread a magazine or book during the
recordings.

Stimulus Generaticn

Tonebursts with linear rise and fall times of 4 ms each and
a plateau duration,of 2 ms were-produced by electronically gating
a 500, 1000, 2000 2} 4000 Hz sinewave signal. This signal was
produced by a Tektropix (model FG501) functién generator, and

gated by a Grason Stadler (model 1287B} electronic switch that

was timed by a Grason Stadler (model 1216) timer. The onset-phase

of the ‘tone was random. The inter-stimulus interval (ISI) was

contrclled by a Wavetek (model 159) waveform generator. The
toneburst was amplified (Grason Stadler, modgl 1288),-attenuated
(Gragon Stadler, model 1293), and presented to the subject
through an unshielded TDH-4% . earphone mounted in a MX41/AR
cushion. -The ‘stimuli were calibrated using a Briiel and Kjaer
2209 sound level meter and NBS 9~A earphone éoupler [Briel and
Kjaer type 4152(DB 0909) with a 1-inch microphone type 4144].

The normal hearing level (nHL) for the tonebursts used in the
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studies reported here were cobtained in a pilot study in which 10
audiologically;normal subjects were tested in an IAC
sound-attenuated chamber using Békésy tracinéa. The normal
hearing . level for tﬁg 500 Hz toneburst, presented at a rate of 10
‘per second, is-27.5 dB peak SPL.

EEG Recording Procedures

y

Electroehcephalographic (EEG)} signals were obEF;ned using
 Grass gold-plated cup electrodes attached at the vertex _on
the mastoid ipsilateral to stimulation using saline 1 and
collodion-impregnated gauze. Inter—electrode.q impedances were
balow 3 kOhms. The EEG was amplified using ;h Beckman R-611
polygraph amplifier (bandpass 5 - 1900 Hz; 6 dB/octave slope).
These signals were further amplified and avéraged using a Tracor
Analytic 3000 Clinical Evoked Potential System (bandpass’ 10 -~
1500 Hz; 12 dB/octave slope). This relatively-wide band was
chosen to preven# any distortion of the recorded waveform
(25,28). Trials containing amplitudes greater than +50 uv were
automatically rejected from averaging. Repliéate tracings of
2000 responses each were recorded using either a 51.2 ms or 102.4
mg sweep time. These averaged responses were then gtored on
floppy-disks. The gEG signals could also be routed to an
analogue Fourier analyzer constructed based on <the schematics
published by Regan (22). After being amplified by the Beckman
polygraﬁh, the EEG was further amplified using a Tektronix (model
AM502) amplifier (bandpass 1 ~ 10,000 Hz; 6 dB/octave slope) and
fed to the Fourigr analyzer, which calculated the mean phase and

amplitude of the EEG at the frequency of stimulus-repetition. A
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Digital Equipment " MINC-11 computer controlled the waveform
generator ,nd calculated the average amplitude and phase of the

signals being processed by the Fourier analyzer.

Response Analysis

The principle of the Fourier analyzer is diagrammed in
.Figure 1. An oscillater (0) ;riggers the stimulus generaéor (8)
at a repetition‘rate of F Hz. While the subject receives the

; auditory stimulation his EEG is amplified (A) and fed to the
Fourier analyzer to be multiplied (M} by the sine and the
cosine of the stiqylus-repetitioh frequency. These
multiplications convert that component of the EEG having the same
frequency és the stimulﬁs—rééetition rate into a steady d.c.
output.. all ffequency components which are ocutside of the narrow
bandpass of this system (0,002 Hz at ~6 dB (18)) are converted to
a.c.‘ outputs.” The outputs of these 'multipliera are then
low—paaégd filtered (F) to remove the a.c. "nojise", and the
resultanF d.c. outputs (x,y) are used to calculate (C} ¢the

. L .
mplitide and phase of the fundamental frequency component using

;hé formulae presented at the bottom of Figure 1.

-

Insert Figure 1 about herxe

1 -

N
A

\
The amplitude gv;He averaged evoked potential was measured

as the average of the peak-to-peak amplitudes in the- waveform,

with the number .and location of these determined using a
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sinusoidal template of the same frequency as the rate of
- - - ~ .
repetition. The latency to the first major vertex-positive peak

in the averaged 40-Hz waveform was recorded. At higher rates of
e

»
stimulus presentation, howeve:fhone cannot actually assocliate any

1
individual response cycle with a particular stimulus cycle. A
"derived latency”.of the averaged steady atate evoked potentials
- N
was therefore “obtained using the method proposed by Diamond

(5,6}. f;r each subject, linear regressions were performed on
the latency/ISI plots for the pfominent positive and negative
peaks of the response between 35/9 and 55/s8, and the‘ averag-
latency intercecpt taken as tﬁe dgrived 1a£ency. Thﬁp.amplitude
and phase of the respongses evaluated on .the Fourier analfzer were
calculated by ‘the MINC-11 computer. Replicate responses wefe
combined usiné vector-averaging. This allowed us" to calcluate the
averaée amplitude and phase of the response over a per;od of time
or over several replications. The amplitude measurements from
the Fourier analyzer Q;re ca;}brated on the bagis of pehk-to-peak
Foltages. Regan-.(18) has described the calculation .of an
"apparent latency™ from the phase data obtained at several
repetition rates. For each subject the apparent latency (in

seconds) was calculated by cobtaining the slope of the 1linear

portion of the phase/repetition-rate function (55 ~ 55/s8) and

‘dividing it by 360.

The data were analyzed using linear regressions and

repeated measures Analyses of Variance. Results were considered

significant at p<p.01.

Sl BN
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RESULTS AND DISCUSSION

Experiment 1: Stimulus Presentation Rate

The purposes of this experiment were to replicate the

-

rate study originally reported by Galambos et al. (9) in 1981 and
to assess the intersubject variability ] .Q;; regponse. Averaged
regponses were -‘fecorded from 16 subjects (8 male, 8 :female;
mean age = 27;9 éear;) iq response tosihe S00 Hz tonebursts

presented at 60 dB nHL at rates of 10 to 60/s, gsing_ sé;ps of

-

5/s. The order of selection of these rates was randomized.
Replicate averages of 2000 evoked potentials each were aﬂalyzed
using either a 51.2 ms (20 -~ 60/s) or 102.4 mg_(10 & 15/8) sweep
time;' '

The waveform~ “résented in Figure 2 are the grand ﬁeans at

each (presentation rate for all of the 16 aubjects. Each

tracin| represents the average of 64,000 responses (4000 from

each sulject). The mean peak~to~peak amplitudes from the ;6
subjects t each %ate are plotted iﬁ Figure 3. The amplitude of
the . response is greatest with repetition rates of 40 = 45/; and
smallest at the slower and faster rates. The mean amplitude at
40 and 45/s was 1.06 pv (SD = 0.29), which decreased to 0.65
(0.18) and 0.52 (0.26) pv at 10}5 and 60/s, respectively. The

maximum amplitude of the response occurred at 20/s in 1 subject,
—~

at 30/s in another subject, at 40/s in 5 subjeéts, at 45/8 in &

subjects and at 50/s in 1. These differences were not related to

the gender [F = 0,33; 4f = 1,14; pr0.10] or the age [r = 0.16;

p>0.10] of these adult subjects.
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Ingert Figures 2 and 3 about here

L4 .

The responses from each subject to the stimulus presented at
49/5 are presented in Figure 4. This demonstrates the high degree
éf simiiarity in response amplitude and morphology between
subjects. No significant tdifferences in the 40/s response
amplitude were found betweep male and female subjects [% = 1.34;
df = 1,14; py0.10]. The éverage amplitude at stimulus rates of
40/8 wasvo-97 nv for the male subjects and 1.15 pV for the female

subjects. There were no sign%ficant effects of age on the 40/s

regponse amplézj?e [r = 0.10; §>0;10].

Insqft Figure 4 about here

. .

! ’

The éhape of cur amplitude/rate function obﬁained from 16
9 . ’
subjects 1is practically identical to that presented by Galambos
et al. (9). It demonstrates the amplitude at 40/s to be nearly

twice that recorded at 10/s. It also shows the additional peak

in the amplitude function at a rate of 20/s, and depression at

'25/s. These findings support the suggestion that the 40-Hz

potential evolves out of the "algebraic summation of separate

40-Hz sinusoids" (9). The regponse can be reliably recorded from

S~
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all subjects and neither gender nor age have any clear effect on
the response. Our results with age are limited to young
and middle-aged adults and further evaluations will be necegsary

to assess the response in childhood and old agé.

Experiment 2: Fourler Analysis and Averaging

This experiment investigated the use of'fourier analysis to
record the 40;Hz potential: We used exactly the same conditions
as in Experiment 1. Fourier 'analysis was performed
simultaneously with signal averaging in each subject. Every
50 ms the Fourier analyzer evaluated the EEG at the fundamental
frequency of thé stimulus repetition rate. The resultant
amplitude and phase data were averaged together over the
approximately 100 seconds it took to obtain an averaged evoked

potential of 2000 responses (plus a few seconds depending upon

~
the amount of artifact rejecteon). -

The results of this experiment are shown in Figure 5 which

represents the mean amplitudes obtained from averaging and from
Fourier analysis in 8 subjects. While the response amplitude
at each rate is scmewhat greater for the signal averaged data,.
the shape of the Fourier analysis function is essentially the
same as that obtained with signal averaging. One reason for the
separatién in amplitude between the two functions is the
presence of'hiéh-frequancy noise in the averaged reaponse which
would increase the peak-to-peak measurements and would not. be
presen£ in the narrow-band Fourier analysis. A second reason

is that transient responses such as wave V of the brainstem



\

Auditory steady state potentials - : 98
Stapells et al. :
L . ’ ~ -
) ‘S ~ - -
responge - are often superimposed  on . the signal-averaged
waveform. =
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v When steady state responses are obtained gt different
stimulus-rates, a latenéy can be calculated. This latency is the
latency to that portion of the waveform that stays at constant
phase regardless of the stimulus-rate. It can bg congsidered the
latency ¢to tﬁé doginant component of the steady state response.
The method of degiving latency from the averaged data using thel
technique of Diaménd (5,6) is shown for one subject in Figure 6.
The mean "deriﬁed“ latenc for the 8 subjects calculated using
the Diamond: technique was 33.3 ms (SD = B.6). The “apparent
latency” of the Fourier—analyzed results was calculated using the_

, _
methed described by Regan {18). The phase data from the Fourier

analysis are plotted against repetition rate in Fiqure 7. The

i
1

phase of “the responsé\ipcreases linearly from 30 to 60/s8. The
mean apparent l;tency'for the 8 subjects was 34.0 ms (SD = 10.8).
The two methods - one a "time-difference analysis", the other a
"phase-difference analysis"™ - thus provide essentially the same
regsults. The resultant latency of 33 - 34 ms lies in the range

of the Pa component of the 10/s transient response.
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Experiment 3: Stimulus Intensity

This experiment inveatigated the effects of stimulus
intensity on the 40-Hz potential using both signal-averaging and

Fourier analysis. The 500 Hz toneburst was presented at 40/s in

10-dB steps from 90 to -10 dB nHL. There was also a control
condition in which the earphone was disconnected. The order of
the intensities was randomized. Behavioral threshold (SL) for the

stimulus presented at 40/s was obtained using the method of

-

limits with 5-dB steps. Replicate waveformé of 2000 averaged

~

responses each were récorded using the 51.2 ms sweep at each

" intensity f£rom 10 subjects. At the same time, the amplitude and

phase of the 40-Hz fundamental in the EEG were obtained using

Fourier analysis.

Fig?re 8 shows the effect of stimulus intensity on the
amplitﬁde of the 40-Hz potential. Tke results from both methods
of analysis again parallel each other. The decrease in 40-Hz ERP
amplitude is fairly 1linear down to threshold, with the mean
amplitude at 90 dB nHL being 1.63 (SD=0.65) and 1.46 (Spb=0.60)
AV, decreasing to 0.26 (SDf0.10) and 0.16 (SQf0'11) AV at 20 4B
nHL using signal averaging and Fourier anaiysis, respectivelf.

These represent amplitude decreases of 20 nV per decibel. The
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change in amplitude was quite linear between 90 and 20 4B
{r = 0.99 for mean data). The amplitudes obtained using' signal
averaging are slightly greater than those obtained using Fourier

analysis for the same reasons as noted for the preceding

experiment.

— 2 o

The noise level of the recording technique was determined in
the control condition wherein tﬁe‘earphones wére unplugged. The
noise level was 0.18 (SD=0.04) pv for signal-averaging and 0.09
{SD=0.06) pv for Fourier analysls. The 40-Hz potential amplitude
decreaées‘ to these noisge levels at intensities below 13
(range=-10 - 40) dB for 'signal averaging and below 15 (range=-10
- . 40) dB for Fourier analysig. These levels are 4.5 and 2.5 4B
bélow the average behavioral thresholds (SL). This SL thresheold
was gome 15 dB higher than the nHL threshold because there was a
higher level of ambient noise in the laboratory where the evoked
potentials were recorded than in the sound-attenuated chamber
where the nHL was obtained.

The latency to Fhe first vertex-poéitive peak of the
averaged response and the phase of the 40-Hz fundamental changes
with stimulus intensity. The mean latency of the averaged
regponse for the 10 subjects was 7.61 ms at 90 dB nHL, increasing

linearly to 15.46 ms at 20 dB nHL, as shown in Figure 9. A
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linear regression analysis performed on these data (plotted as

*

‘the continuous line in Figure 8) shows a slope of 114 nps/dB

-5

increase in latency |[r = -0.79; p<0.6005]. The phase data
obtained using'Fourier analyéis were converted to millisecopds,
and the chang; in latency from 90 dB hHL calculated (i.e. the 90
dp lapency\was set at zero ms). Again, the regults using Fourier

analysis paralleled those of averaging, with a slope of 125 us/dB

obtained [r=-0.65; p<0.0005]. This linear regression is shown in
5

the interrupted line of Figure 9.

T T D et T D i . e et i et B Sl g S e i B i R N S i e e

These 40—ﬁz response latency chaifges with intensity,K are
within = the range of 100 to 200 ns/dB reported by Galambos et al.
(9), but are somewhat larger than those rep;;ted for the
transiént responsés. Thorntén, Mendel and Anderson (30) reported
an~ approximately 75 ns/dB change for the Pa.éotential evoked by

1000 Hz tones (data measured from figure). Wolf and Goldstein

(31) reported a 95 ps/dB slope for the Pa component evoked by

500 Hz tones in neconatesg.
&

Experiment 4: The Zoom Technique

This experiment employed the zoom technique (18}19,//ﬂ"
20,21,22,23,24) of Fourier analysis to determine the effects of

stimulus rate and tonal frequency on the steady state potentials.

S

’3'
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The zoom technique is illustrated in Figure 10. The computer
continually changes Bomel ﬁarametér of the stimulus (in our
experiment, the stimulus repetition rate) and registers the
amplitude and phase of the response during.;heae change;. Whereas
the method in Experiment 2 involved obtaining the amélitude/rate
function using Fourier analysis at discrete 5/s8 steps {(i.e.
stimulate at 20/s for 100 seconds, calculate average amplitude
an?ﬁwgﬁase over this time and print out values, increase rate to
25/:%* calculate and print ocut values, increase to 30/s3, etc.),
the =zoom technique sweeps or "zooms" confinuously in 1/s =steps,
calculates amplitudes and phages for each rate, averages together
the mgasurements from several sweeps, and plots out the resultant

-

amplitude-rate and phase-rate functions.

1 . S il e} o e L ey - - —
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S5ix subjects participated in this study. Acoustic stimuli
were the 500, 1000, 2000, and 4000 Hz tonebursts presented at 98
dB peak SPL. Each toneburst had rise and fall times of 4 ms each

"

and a platean duration of 2, ms. After obtaining the
amplitude/rate and phase/rate functions for each subject {(average
of 32 Bweepsi using each tonal frequenéy, three measuréments were
made: ' (1) the amplitude at a stimulation rate of 40/s8, (2) the

maximom amplitude between the rates 30 to 60/s8, and (3) the rate

at which the maximum amplitude was recorded. Apparent latencies
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to each tonal stimulus were also calculated on the phase data

'frop 35 to 55/s,léxcept in one subject whose phase data was only

clearly linear from 35 to 44/s.
The amplitude results ffom the 6 subjects for the 500 Hz

tone are superimposed in Figure 11. Although there is some

inter-subject variability, the characteristic amplitude/rate

function first demonstrated by Galambos et al. (9) can be

clearly discerned. The phase vs rate data for the 6 subjects are
also superimposed in Figu&e 11. The phase data are more
consistent across subjects than are/;ﬁe amplitude data. As in
Experiment 2, the phase of the funéamental component increases
linearly with increasing stimulus presentgtion rate, especially
after 39/5. These 500 Hz amplitude and phase results, summarized

as_ grand means on the left of Figure 12, are similar to those

from Experiments 1 (Figure 3) and 2 (Figures 5 & 6).

TR L e ] i} o T ol T g o PO ) e S
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Table 1 summarizes the data for rate and tonal frequency
obtained using the zoom technique and Figure 12 shows the grand
mean amplitude/rate and phase/rate functions for the 500 and 4000

Hz tones. The decrease 1in amplitude with increasing tonal

frequency is statistically significant at 40/s [F = 7.43; df

Il

3,15y p = 0.003], and at the maximum [F = 5.27; df =43,15; p

0.01]. The rate at which the maximum amplitude was recorded
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tended to increase with increasing tonal frequency, but this was
not statistically significant ([F = 1.85; af = 3,15; p= 0.18].
As ¢an be seen in Figure 11, élthough reduced in Qbsélute
amplitude, the .shape of the 4000 Hz amplitude/rate function is
ésséntially the same as for the 500 Hz function. This was true
in géneral for all four tonal frequencies. The apparent latency, -
caleulated from the slopes of the phase{rate functions, decreased - ' \\“\\

with increasing_  tonal frequency. This frequency effect

approached but did not reach statistical significance [Fl= 4.2;{

daf = 3,157 p = 0.024].,

\ . :

The decrease in amplitude with increasing tonal fregquency

L3

for the 40/s responseﬂis gimilar to aithough not as large as that
reborted in the - original study using averaging published by
Galaﬁpos et al. (9). In another study, we have found the
amplitude of the ayefaged 4000 Hz response at 70 dB nHL to be
approximately half‘ that of the 500 Hz response (27). These
amplitude differences could represent, as Galambogs and his

.

colleagues have suggested, the amount of the basilar membrane

which is stimulated (8,9). Similarly, the decrease in apparent
latency with increasing tonal frequency could be related to the

‘ velocity of the travelling wave along the basilar membrane.
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CONCLUSIONS

When auditory stimuli are presented at 40/s, a ‘sinusoidal
response at the rate of stimulation can be recorded from ;he
human scalp. With stimuli of moderate intensity this reaponse is
easily recqrded in all subjects and is quite replicable from one
subject to a&other.

The amplitude/rate function first demonstrated by Galambos
et al. (9) is a very robust phenomenon. Presentation rates of
40 - 45/8 result in a steédy state potential which is
approximately twice as large as that recorded at 10/s. The
effects of stimulus-rate are similar across the different tondl

Al
frequencies.

The 40~-Hz steady state potential can be recorded to
Y

- Within a few dB of behavioral threshold, with an amplitude which

decreases linearly down to threshold. Our results should be

interpreted with caution because of the high levels of ambient

noise in the laboratory. Other experiments performed in a
sound-attenuated cﬂambe? indicate that the response can be
recorded on averége _down to 15 4B nHL (27); therefore this
response could be uged to predict'behayioral thresholds in normal
hearing subjects (9,10,12,27) and in hearing-impaired patients
(10,11,27). oOur data reflect measurements made on adult subjects
and hence the results should not be geﬁeralized to a pediatric
population (29). The 40-Hz response 15 larger at the lower tonal

Ereguencies. It may therefore be complementary to the auditory
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braingtem response which is more easily recorded with higher
tonal freguencies.

Fourier analysis_can be used to record the auditory sféady
state ‘p;gentials. This technique provides éssehtially the same
results as signal averaging. The two methods provide nearly
identical amplitude/rate, - amplitude/intensity, - and
latency/intengity functions. EXither or both of these techniques
may be used,. therefore, to record the 40~-Hz steady state
potential. Fourier analysis, however, does not requlre . the
purchase of the expensive equipment used fgr signal averaging.
The analyzer can be built using a few integrated circuits (22}
and the calculations can be done by integrated circuit devices or

by an inexpensive microcomputer. Furthermore, <the Fourier

analysis of steady state potentials does not entall scome of the

common problems associated with signal averaging: .no decision’

regarding which "peak" is at which latency need be made; no

baseline determihakion is required; and no decision whether a-

peak ex ‘ts or not must be made. Instead, Fourier analysis
provides objective measures of amplitude and phase (22). TFourier
analysis probably also has an advantage in speed. Further
exiiuation of the reliability of,the recordings obtained wusing
signal-averaging and Fourier analysis is needed. OQur initial
impreasion, .however, is that the ﬁechnique provides reliable
measures in less than one.quarter of the time regquired by
averaging. In the fourth exeriment, for example, the time
required by the zoom technique was about one £ifth what would

have beean?cessary using the averaging technique of Experiment

«

M
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1, and the data appeared equally reliable. Fourier analysis and -

the =zoom technique can be ysed with parameters other than
stimulus presentation rate. The most obvious parameter -for
audiometry is _stimulus intensity, which could be swept from

1

supra~ to sub-threshold levels in order to obtain auditory

thresholds. Other frequency-based techniques can alsc be used to

-~

asseba the 40-Hz potentiﬁl. Martin and Hayeé {12), for example,
have evaluated the Fast Fourier Transform of the averaged 40-Hz

-

response in order to obtain auditory thresholds.
d

Consid?rably more research on the 40-Hz steady 5t§te
po;ential\‘is needed to be done. Little is known of its cere?ral'
origin. Galambos has suggested it may arise from polysensory
extralemniscal areas such as the brainstem and/dr thalamic
reticular mmnmﬁ(ﬂm?hwqu,m;mﬂ% have directly
investigated this' possibilitx. The relationship between the
transient response and the 40-Hz response is not clear. Is the
40-Hz response simply a supérimposition of the hegat%ve—positive
peaks of the £ransient resébnse ~ and hence similarly generated -

or is it different? What is the relatiqnship between the auditory

40-H;’;¥Fponae to similar responses in other modalities (7,8) and

¥

to other 40-Hz phenomena that can be recorded from the human
scalp 'ii,26)? Another unknown and possible problem f;r the 40-Hz
ﬁotential is the effect of sleep and/or sedation ;n the response.
It has 5een pointed out'that.the 40-Hz EP has approximately half
its waking amplitude during sleep (2,3,7, 10&). The effects of

: o '
sleep on the transient response 'are cont¥oversial, with some

studies . reporting little or no effect (13,15) while others have
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ind}caped an effect (2,3,14). These effect;-may have 1mpor£ant

implicatlons for thé cliniéél utility of the AQ-Hz potential.

Finally, there — are limiteé dﬁta ‘available on the

frequency-spgcificity of -the 40-Hz response (10b). This 1is

particularly important if.the response is to:be used in objeﬁtive
'

audiometry.

In conclusion, the §ésu1t; of these experiments indicate the
40-Hz potential to be a robust résponse’which can be evoked by
tones of low and high f;equency presented at‘ high and low
intensities. Its steady-atate nature dliows the use of simple,
inexpensive recording technigues such as Fourier analysis.

Ciearly, there is a promising future for the 'auditory steady

state responses in evoked potential audiometry.
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TABLE 1. Summary of Zoom Technicgue Results (N=6).

iy b ek e e D i W D TN i e S L i . P M 1 . . e} o b . T o i T P . PV . A B D S . o e .

Freguency . Amplitude (nv) Rate at Apparent *
(Hz) 40/s Peak Peak(/s) Lhtency(ms)_
500 T.12 1.42 40 29.3

1000 0.91 1.34 43 25.3
2000 0.89 1-3b 44 20.3 -
4000 0.81 1.11 46 20.3

S S D L S N S D D ) . e A S D S S . MY S . S Sy S . v o . S P S A i



Auditory steady state potentials 114
Stapells et al.

FIGURES

Figure 1. Principle of the analog Fourier analyzer. ot
The stimulus generator (S) is triggered by an oscillator (0) at the-
repetition rate (FHz). The subject's EEG is amplifie8 (A) while he
recéives the auditory stimulus, - and iz fed into the ‘Fourier
analyzer to be multiplied (M) bylthe sine and the cosine of the
stimulus repetition frequency. These multiplications convé he
th component into a steady d.c. output; all o?heri fr
components are converted to a..c. output. The a.c\v oétputs are
removed with a low-pass filte F). The remaining d.c. outputs
(x,y) are used to calcilate ;:;L:;blitude and phase of the FHz
component using the fofmulée at the bottom oE this figure.

Figure 2. The effécts of stimulus presentatioq rate on the Middle
Latency Rgsponses. The waveforms are the grand means from the 16
subjects, each representing 64,000 responsés (4000 per subjeéct) t;
the 500 Hz tones presented at 60 dg nHL (re. a 10/s presentation
rate). 'The recordings were taken from vertex to the mastoid
ipsilateral t¢ the ear stimulated. Negativity at the vertex is
plotted as an upward deflection. Wave V of the brainstem response
and waves Na and Pa of the trangient middle latency regponse are
cleariy visible in the 10/s ?esponse. Around 40-45/5, a large
amplitude sinusoidal wave - the 40-Hz ERP - of the gsame frequency

is recorded. .
Figure 3. The amplitude/rate function of the middle 1latency
responses. The mean peak~to~peak amplitudes from the 16 subjects

in response to the 60 dB nHL 500 Hz tone are shown above. This
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Y\
 function replicates that of Galambos and coworkers (%), with peak

amplitudes arcund 40 - 45/s, and minima at the slower and faster

»
rates.

Figure 4. The 40-Hz steady state potential. Top: Superimpositicn
of the responses from 16 subjects, demonstrating the gimilarity of
the 40-Hz ERP amplitude qnd morphology between subj;;ts. The
recordings were taken from vertex to the mastoid ipsilateral to the
ear. stimulated. Negativity at/ the vertex is plotted as an upward
deflection. Bottom: Diagram of tﬁe 500 Hz stimulus which occurred
twice in each 51.2 ms sweep.

Figure 5. Fourier analysis and averaging. The responses to thé 60
dB nHL 500 Hz tones presented in steps of 5/s8 were simultaneously
recorded using both signal averaging and Fourier analysis. The
Fourier analyzer always evaluated the EEG at the frequency of the
stimulation rate. The average data from 8 subjects are plotted in
this figure, with the averaging reaultg plotted as ‘a continuous
line and the Fourier analysis as an interrupted line. Both

.

methods provide essentially the same results, w;th the maxima at 40
- 45/85.

Figure 6. The Diamond (5,6) technique.of deriving the latency of a
steady state response from éata obtained using signal averaging.
The left of this figure demonstrates how lines can be drawn
connecting particular peaks in e#ch waveform recorded at different
interstimulus intervals (ISI). Some components change in latency
more than others, while one usually shows little or no latency
change with rate. The latter can be considered the dominant

component in the steady state response. The latencies of the 4
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components in this‘subject's responses are piotted on the 'right,
and the linear regressioﬁs calculated using these points are drawn
for each component. The latency intercepts of these regressions are
all within 2.5 ms of each other. The mean of these intercepts -
43.99 ms - is the "derived latency” (the Reg;n "apparent latency"
for this subject was 43.16 ms). The mean of 2 latency intercepts
from 2 regressions from each subject was usgd f;r the calculation
of derived latency in Experiment 2.

Figure 7. Phase of the steady state response. This figure s#ows
the phase vs rate functions --30 to 60/s - for each of the 8
subjects, obtained using the Fourier analyzer. The’hnalyzér always
evaluated the EEG at the freguency of.stimulation. Phase increases
linearly from 30 to 60/5,‘and is fairly replicable from supject to

subject. Apparent latency for each sﬁbject's responses was
calculated on the phase data from 35 - 55/s.

Figure 8. The effects of stimulus intensity on the amplitudé of
the 40-Hz steady state potential. The ;Eaﬁfaveraging and Fourier
;nalysis regults from 10 subj;cta are plotted using continuous and
interrgpted lines, respectively. The mean noise levels were
obtained in. a condition in which the earphone was unplugge?. The
mean behavioral threshold is marked by "SL". The 40-Hz potential
amplitude decreases linearly down to behavioral threshold, with
both Fourier analysis and averaging providing the same results.
Figure 9. The effects of stimulus intensity on the latency of the
40~-Hz pteady state.goﬁéntial. The latency to the first positive

peak in the averaged response is plotted using a continuous 1line.

The phase~converted-to~latency from Fourier analysis is plotted
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using interrupted 1lines. Dividing the phase by (40 X 360°)
converted this measure to latency (seconds). The Fourier analysis
data are plotted with the 90 4B latency arbitrarily set to zero.
The latency -of the 40-~Hz potential increases linearly with
decreasing stimulus intensity, with both methods of analysis,
providing similar gunctions 114 and-125 ps/dB for averaging and

Fourier analysis, respectively).

Figure 10. The =zoom technique. The computer sweeps or "zooms" a
————— R B J -

stimulus parameter - 1in this case, rate - and calculates the
amplitude and. phase of the EEG activity at the fu;damental
frequency (the reéétition rate) as it zooms the stimulus. Following
this the data is stored on disk to be averaged and plotted. The
phage data are plotted such that values reset to zerc every 360°
(e.g. 540° is plotted as 180%). This technique has the computer
carrginé-out most, of the recording and anélysis " functions, with
little intervention required.

Figure 11. Amplitude/rate and phase/rate functions for the auditory
steady state potentials obtained using the zoom technique. This
figure shows the superimposed data from six subjectsj The stimulus
was the 500 Hz tone presented at 98 dB peak SPL. The characteristic
amplitude function with maxima around 40 - 45/8 can be discerned,
as well as the phase increase with increasing rate.

o \

Figure 12. Grand mean 500 and 4000 hz amplitude/rate and phase/rate
functions. These functions, recorded using the zoom technigque, are
the mean data from six subjects. The larger maxima at 40 - 45/s
and the smaller 20/3 maxima are similar to data obtained in

Experiments 1 and 2. The 4000 Hz function has the gmame general

-
.
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shape as the 500 Hz function, although it is of somewhat smaller
amplitudé- The phase data indicate that phase increases with
increasing stimulus raﬁg, .with this increase being more linear
after 30/s. The slope of the phase graph is lower for the 4000 Hz

tone than for the 500 Hz tone.

J,$
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Eight auditory evokéd potential {EP) techniques
' .

for frequency-specific objective audiometry were evaluated in ten
normal-hearing aqd ten hearing-impaired subjects. The eight EP
techniques were the Slow Responsé, the Transienp‘niddle Latency-
Response (MLR), the 40-Hz Stéady State Pptentigl,"a;d five
braingtem response technigues (Derived Respoﬂ;;;, Clicks in
Notched Noise, unmasked Tone responses, Tpnes in Notched Noise,
and Tones in White‘Noise). All EP tests werxe recorded in each
subject to obtain threshold information at 500, 1000, 2000, and
4000 Hz. Each gechnique was evaluated by considering {a) +the
accuracy of pure tone threshold prediction, {(b) the inter-subject
variability, {(¢) the response clarjty, and (é) the inter-rater
reliability. The Deri;;gdks?sgonse and the Clicks in Notched
Noise Techniques require caution because of the high intensities
- _required to mask the clicks, and éive responses that are small
and variable. The variabilify and lack of clarity of the
Transient - Middle Latency Responses indicate that they also are
not very useful for objective audiometry. The Slow Responses and
the 40~Hz Steady State Potential gfﬁe intermediate results but

-

the auditory brainstem responses to tonal stimuli {masked and
unmasked) show the best results. Oon average, ‘detectable
responses were recordable to low- and high-frequency tones within
10 dB of pure tone behavioral thresholds when recordihg the ABR

to tones. Noise masking of the tones improved threshold

prediction when steep high-frequency hearing losses were present.
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The use of a 40/s stimulus presentation rate for Ehe tones
combines the 40-Hz response with the brainstem responses, aiding

responge identification at low intensities, p&rticularl& for the

low-frequency stimuli. *
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Introduction

. ' . ﬁ\,\

Evoked potential (EP) audiometry measures a subjec(‘s
sens;tivity to socund by recordinq ' the electrical responses ;;/
the cochlea or ﬁrai?. EP audiometry is considered "objective"
since it does not reguire an; behavioral responsé from  the
subject. Objective audiometry. is  required ﬁorA testiﬁg
individuals in whom the threshold-information obtained using
behavioral audi ometxy is incomplete or unreliabie. Patients
commonly requiring objective audiometry A;e the very young, the
mentally handicapped, the emotionally -disturbed, and the
un?gnscious. It is with éhe first group of individuals that " EP
aundiometry has its most important use: the e.:‘nrly identification

of'héaring loss in infants (Downs, 1982; Galambos, 1982; Gerber &

Mencher, 1978; Mencher & Gerber, 1981).

-
v

The auditory evoked potentials which can- be recorded from
t?e human scalp can be classified as transient; sustained, and
steady ' state responses (Davis, 1576: Picton, - ) Woods, '
Baribeau-Braun, & Healey, 1977; Picton & Fitzgerald, 1983; Star;
& Don, in press). A transient EP is elicited by a change in the
auditory stimulus, 'sﬁéh'as the ongset or offset pf a tone, or a
change in its frequency or intggsity. They are p?esently widely
used in the clinic for objective audiometry. Sustained responses
are eiicited by the continuation of tﬁe stimulus. They tend to be
smaller in amplitude than the transient EP to the same stimulus

(Picton, Stapells & Campbell, 1981; Picton et al., 1977), and are

therefore probably not very helpful for threshold prediction
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(Davis, - 1981). Steady state potentials are elicited by stimuli
2

presented at a sufficiently high rate to cause an overlapping of

the responses to successive stimuli. This results in a periodic

regsponge with a constant phase relationship to the repeating

stimalus. The auditory steady state responses have been studied
as a possiple technique-for objgctive--audiometry {Galambos,
Makeig & Talmachoff, 1981; Stapells, L;nden, Suffiéld, Hamel &
Picton, in press-a).

Transient evoked ,potentials are usually classified into

three main divisions on the basis of the p&st-stimglus latencies

of their various components. The "fast™ responses {1 - 20 ms)

represent activity f£rom the auditory ~ nerve and brainstem
structures; the "middle™ latency responses (10 - 50 ms) may
represent activity from the brainstem, thaiamus and primary
auditory cortex; and the "slow" components {50 - 250 ms)
repfesenting activity in the primary auditory corfex, the
temporal aﬁditory association cortex, ghd the frontal association

-

areas. -(Davis, 1976; Picton, Hillyard, Krausz & Galambos, 1974;

, Starr & Don, in press).

Slow Responges. The Slow Responses were the firgst to be

\
used 1in objective audiometry (Davis, 1976), and as receritly as
b

) . .
1976 these responses were still the most. commonly used EP

component for audiometry (Picton et al., 1977)t,«ﬁ&§e " Slow
Response includes the components P1, N1, P2, and N2, with the

N1-P2 complex having latencies between 100 and 200 mis at higher
intensities being the clearest part of the response in an awake

subject. This response can be elicited by low- and high-frequency

o7
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tonal stimuli with rise-times and plateau-durations of around 20

. ms each. Such stimuli - provide reasonably good

frequency-specificity (Davia, 1976; Gibson, 1978; Mendel, 1977

’

Onishi & Davis, 1968; Picton et al., 1977). The amplituée of the
reqp;nse decreases as ‘the interstimulus interval (ISI) is
decreased below 10 seconds. An ISI of 1 - 2 seconds is the most
efficient pgesentation ‘rate, providing an optimal compromise
between response ampxitude and recording time (Davis, 1976;
Picton et al., 1977).

| Response thresholds for the slo# potentials are usually
reported as being within 10 - 20 dB of normal hearing thresholds
{nHL) in awake and cooperative adults'(Dﬁvis, 1976y Gibson, 1978;
Mendel, 1977; Picton et al., 1977). The:estimation of audiometric

threshold using this response, however, is not without problems.

Rose, Keating, Hedgelock, Miller, and Schreurs (19?39 report

. i
. occasional discrepancies, between slow EP thresholds and

behavioral thresholds of more than 60 d4B; Mendel, Hosick,
Windman, Davis, Hirsh and Dinges (1975;s?e§ort a mean slow
response threshold in awake adults of 27 dB SL, with a range of
iO .to 45 dB8 SL; Salomon, Parving, and Elberling (1981) repoxt

differences between electrocochleographic and slow response

thresholds of greater than ZQ.dB in 4Y of 8 cases. These

problems may be related to fluctuations of the subject's level of

arousal and attention (Picton et al., 19 Since it is

difficult to contrecl +these paramete in infants and young

4

children, there are problems when/, the Slow Responses are

recorded from those individuals who peed EP audiometry most. This
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has prompted Davis (1976) and Gibson (1978) to suggest that the
Slow Efs are not aﬁproniateifoﬁ the testing of children.

?)\ The above problems notwithstanding, the Slow Responses offer
the ‘best- choice for determining freguency-specific thresholds
because of the long duration of the tonal stimuli used. Recording

theée potentials also allows an evaluation of the higher levels

of the auditory system.

o~

Middle Latency Response. The Middle Latency Response (MLR)

is 1gss .sensitive than the Slow Responses to changes in
attention {Picton & Hillyard, 1974). There exists, however, some
controversy as to what degree the MLR is affected by siéép:
Mendel and Goldstein f1969) and Mendel and Xupperman {1974)
report no change in the MLR with sléep, while Mendel and
Goldstein (1971) .show large decreases in amplitﬁde during sleeb,
component Pa decreasing about 40% from waking to Stage 3 sleep.
Recent investigations have subégquently réplicated these 40 - 50%
amplitude decrements (Brdwg,niHQBZ: Brown & Shaliop, 1982).

) -~
However, Picton and Smith (1978) suggested that lower %thresholds

may be obtained using the MLR during sleep because of the lower
background noise levels (cf. Mendel & Goldstein, 1971). The MLR
appears to be relatively insensitive to mild sedation with
chloral hydrate or diazepam (Mendel, 1980; Ozdamar & Kraus,
1983).

The vertex-positive component occurring around 30 ms ~-- Pa
~~ ig the most stable of the MLR components {Davis, 1976; Gibson,
1973: Mendel, 1980), and its amplitude measured from the

preceding negative wave (Na) is the best measure for identifying
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the MLR response (Goldstein & Rodman, 1967). The response is best
elicited by click stimali (Picton et al., 1977), but tonal
stimuli may also be used. Stimulus rise times up to 5 ms may be
ugsed without significantly reducing the amplitude of Pa (Beiter &
Hogan, 1973; Vivion, Hirsch, Frye-Osier & Goldstein, 1980},
while plateau durations of greater than 5 ms have little effect
on response amplitude (Lane, Kupperman & Goldstein, 1971; Skinner

»

& Antinoro, 1971). The usual rate of stimulus presentation has

been around 10/s (Davis, 1976; Mendel, 1977; Picton et al.,

1977).

Controversy presently surrounds the filtering of the EEG
when recording the MLR. Most researchers have used high-pass
filterr setﬁings of 10 - 30 Hz and low pass settings of 100 ~ 200
Hz, even though such settings are known to cause distortions of
the MLR waveform (Lane, Mendel, Kupperman, Vivion, Buchanan &
Goldstein, 1974}. High pass analog filtering at 30 Hz has been
shown to result in the artefactual enhancement of some of the MLR
components (Kileny, 1983; Scherg, 1982), especially when using
filters with steep rolloff slopes. Suzuki, Kobayashi, and
Hirabayashi (1983) report, however, that most of the intgr— and

intra-subject variabjlity seen with the MLR disappears whén the

'EEG is digitally-filtered such that all frequencies below 30 Hz

are excluded. It appears that the best compromise when using an
analeg filter is for a wide-band (eq. 10-1500 Hz) recording

(Scherg, 1982). *

[

A wide variety of MLR responsé thresholds have been

reported. Proponents of this technique, such as Mendel and his
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associates, report thresholds of 10 to 20 4B above behavioral
thresholds using clicks (Musiek & Guerkink, 1981; Ozdamar &
Kraus, 1983) or tonal stimuli (Brown & Chambers, 1983; Goldstein
& Rodman, 1967; Mendel, 1977; Mendel et al., 1975; Vivion,
Wolf, Goldstein, Hirsch & McFarland, 1979). Others, however, have
reported great variability in response threshold and waveform
morphology. Lane, Kupperman, and Goldstein (1971} found no MLR
recordable to a 50 dB 5L 1000 Hz tone in 40% of their subjects.
Musgiek and Guerkink (1981) and Ozdamar and Kraus (1983) both
report MLR latencies and amplitudes to be considegaply more
variable than those seen with the auditory brainstem response
{ABR) .
The MLR in normal young children may be variable or -
non-existent (Davis, 1976; Engel, 1971; Hirabayashi, 1979;
riuchi, ]978; Izumi, 1980; Okitsu, Kawamato & Hirose, 1980). dn
the other hand, there have been several studies which have
sﬁccéssfully-recorded MLRs in young children and neocnates
{McRandle, Smith & Goldstein, 1974; Mendel, Adkinson & Harker,
1977; Suzuki, Hirabayashi, and Kobayashi, 1983; Tapia, Olaizola &
Garzon, 1983; W::lf & Goldstein, 1978, 1980). Suzuki et al.
digitally-filtered the EBG of children and reported that the
detectability of Pa is considerably decreased when highfpass
filter settings eithef ﬁigher or lower than 20 Hz are used. They
found that wide-band recording of the MLR in children resulted
in 'a__lack of stability and increamred variability of this
response; considerable improvement was seen when the MLR was

digitally high-pass filtered at 20 Hz. These researchers
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—
concluded that "the unstable responses in young children were
mainly caused by low-frequency brain activities below 20 Hz"
{Suzuki, Hirabayashi, & Kobayashi, 1983). -

The preceding discgssion indiéates tﬁe controversy
concerning the usefulness of the mlddlé latency response. This
response's main advantage over the slow response is that it is
less affected by alterations in psychological and physioclogical
states; its primary advantage over +the auditory brainstem
regsponses 18 the fact that it can be evoked by tones with longer
rise-times and therefore greater frequency-specificity. The
major drawback of the response is the difficulty in

distinguishing it from background noise.

Auditory Brainstem Response. The auditory braingtem response

- {ABR} has taken over the distinction as being the most  widely
used EP technique for ijective audiometry (Davis, 1981). The
components of this responge are not significantly altered by
changes in qttent;on (Picton & Hillyard, 1974; Picton et al.,
1981; Woodg & Hillyard, 1978) and are unaffected by sleep (Amadeo
& Shagass, 1973; Campbell & Bartoli, 1983). The ABR is5 relatively
ingensitive to sedation with chloral hydrate or diazepam
{Stockard, Stockard & Sharbrough, 1980), or anesthesia with
barbiturates or nitrous oxide and halothane (Goff, Allison,
Fisher & Conte, 1977; Sanders, Duncan & McCullough, 1979). The
small amplit.ude of the brainstem potentials requires averaging
several thousand regponses (Picton et al., 198{). This is
compe_nsated by the relative insensitivity of wave V to high rates
of stimulus presentation which allows rates of up to 80/s to be

/J a

-
-
.
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ugsed (Picton et al., 1981). Hyde and Blair (1981) have suggested
a stimulus presentation rate of 40/s to be the most efficient.

.The ABR can be consistently recorded in neconates and older
infants i#h response to clicks (Cone, 1979; Cox, Hack & Metz,
1981; Despland & Galambos, 1980; Durieux-Smith, Edwards, Hyde,
Jacobson, Kileny, Picton and Sanders, in press; Galambos &
Despland, 1980; Galambos & Hecox, 1978; Galambog, Hicks & wi;son,
1982; Hecox & Galambosg, 1974; Salamy & McKean, 1976; Salamy,
McKean, Pettet & Mendelson, 1978; Schulman-Galambos & Galambos,
1975, 1979; Starr, B2amlie, Martin & Sanders, 1977; Stockard,

/

Stockard & Coen, 1983) and tones (Cone, 1979; Durieux-Smith et
al., in press; Xobayashi, Hirabayashi, Takagl & Suzuki, 1983;
Stockard et al., 1983).

The auditqry brainstem response thus appears to be the ideal
EP measure for ébjective audiometry. The use of auditory
brainstem resgponses. for the prediction of threshold is not,
however, without its drawbacks. The major problem is poor
frequency-specificity of 'tﬁe stimuli, especially at low
frequencies. The optimal stimulus for the ABR is a click, but
since this is a broadband stimulus it provides only a rough idea
of auditory sénsitivity. Screening programs relying upon
click-evoked ABRS -could miss individuals with hearing losgses
restricted to particular fregquencies, Furthermore, résidual
low-frequency sensitivity present in a patient with severe
&high;frequency hearing loss may not be detected by R&B
audiqmetry using cliﬁks. Attempts have been made to predict the

shape of an individual's audiogram, and the site of the
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pathology, using the wave V latency-intensity function, but these
techniques have haa only limited success (Gorga, Worthington,
Reiland, Beauchaine and Goldgar, 1983; Picton and Smith, 1978;
Picton et al 1977).

Numerous investigators have employed "filtered clicks™ or
short—duration tones in an attempt to obtain frequency-specific
thresholds (see Picton et al., 1981). The amplitude of the ABR
falls off dramatically when rise-times greatef than 5 ms are used
(Kodera, Hink, Yamada & Suzuki, 1979; Stapells & Picton, 1981).
Davis (1976) has recommended the use of tonal stimuli having rise
and fall times each equal to two cycles of the stimulus, and a
plateau egual to.oné cycle. This "Davis 2-1-2 tonepip" is "an
approximation of the logon signal described by Gabor (1947) as
the optimal compromise between time and freguency.

The effects of stimulus frequency on the tone ABR are

complex. High~frequency Davis tonepips elicit brainstem responses

5

¢ .
which are similar to those evoked by clicks (Terkildsen,

Osterhammel & Huis in't Veld, 1973, 1975a, 1975b)}. Early research

found ' that responses to low-frequency stimuli, however, were

difficult to identify and’were probably mediated by the basal

“regiong® of the cochlea (Davis & Hirsh, 1976). Subseguent

research showed that brainstem responses to low-frequency stimuli
were identifiable to within 10 - 20 4B SL provided that the
high~pags filter setting of the amplifier was lowered to 0.5 Hz
from the usual 100 Hz (Suzuki, Hirai & Horiuchi, 1977; Suzuki &
Horiuchi, 1977). After changing their high-pass filter to 40 Hz,

Davis and Hirsh (1979) found the vertex-negativity following
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wave V to be the most prominent componenﬁﬁbf the response to
low-frequency tones. They called this wave the ”slbw ﬁegative
wave at 10 ms™ or SN10. The largest brainstem responses to
low-frequency tonepips are recorded using a high-pass filter
setting S of 10 Hz (Stapells & Picton, 1981). Using this setting
one sees a broad, clear vertex-positive wave -- wave V. Higher
high-pass fllter settings (20-100 Hz), particularly whern the
rolloff slopes are greater than 12 dB/octave, result in a lower
amplitude response with a prominent vertex—-negative wave
(Stapells & Picton, 1981). This is the SN10 of Pavis and Hirsh
(1979). There are now numerous reports of braingtem responses to
;ow- and highffreque;cy stimuli, showing SN10 or V response
thresholds of 10 - 20 4B nHL in normal subjects (Brama & Sohmer,
1977; Coats, Martin &-Kidder, 1979; Davis & Hirsh, 19793 Hayes &
Jerger, 982; Klein, 1983a; Klein & Teas, 1978; Kodera,' Yamane,
Yamada & Suzuki, 1977; Picton, Ouellette, Hamel & Smith, 1978;
Stapells & Picton, 1981; Stillman, Moﬁshegian & Rupert, 1976;
Suzuki et al., 1977; Suzuki & Horiuchi, 1977; Woods, Seitz &
Jacobson, 1979).

The brainstem responses in normal-hearing subjects to the
Davis tonepips are frequency-specific when the tones are
presented at low to moderate intensities (S50 4B nHL or less)
(Klein, 1983b; Stapells & Picton, 1981). At higher intensities,
however, Davis tonepips with frequencies less than 2 kHz elicit
regponges originating from more'bésal regions of the cochlea
(Burkard & Hecox, 1983b; Stapells ; Picton, 1981). 1In

LY

hearing-impaired individuals the effects are even more complex.

& .
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Where significant differences in threshold exist between
different frequencies, the acoustical spread of;h brief tone
that is subthreshold at its nominal frequency may stimuiate more
sensitive cochlear regions transducing either higher or lower
frequencies. This would result in an underestimation ;f the
threshold at +the nominal frequency of the tone. This is
particularly true in patients with steep high-frequency hearing
logsses (Hayes & Jerger, 1982). A variety of masking procedures
have been proposed.to overcome these difficulties in obtaining.
frequency—-specific brainstem responses.

- The "Derived-Response™ technique involves the recording of
the ABR to clicks preaegged in high-passed masking noise using
different filter cut-offs.  Subtraction of the response to clicks
in high-pass noise at one cut-off frequency from the response to
clicks 1in high-pass noise at a higher cut-off frequency leaves a
derived response to the frequencies between the two cut-off
settings. Derived Responses representing full intensity series
for each audiometric frequency may be obtained by recording
responses to clicks at each intensity wusing high-pass noise
magker cut-offs from B000 to 500 Hz (Don, Eggermont & Brackmann,
1979; Picton et al., 1981). Originally proposed by Teas and his
colleagues working with animals (Teas, Eldridge & Davis, 1962),
this technique has been used successfully with audiologically
normal humans, giving thresholds for the 1, 2, and 4 kHz center
frequency (CF) bands of 10 - 20 dB (above the behavioral

thresho for the unmasked stimulus) and 30 dB for the 0.5 and 8

kHz CF bands 1(Don & Eggermont, 1978; Eggermont & Don, 1980;
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Parker -& Thornton, 1978a, 1978b; Picton et al., 1981). The
derived—fesponse technique has alsc been used to obtain threshold
information from subjects with hearing loss. Don and his
coworkers found éood agreement (within 15 dB) between the Derived
Response threshold (corrected for normal threshold) and the pure
tone behavioral threshold for the 0.5, 1, 2 and 4 kHz CF bands.
The high normal thresholds for the 0.5 and 8 kHz CF bands and the
high levels of noise required to mask the clicks permitted only a
40 dB range which could be tested. Don et al. (197@fq‘did not
test patients with greater losses at these fréquencies.

There are several disadvantages with the derived-response
tedhniqﬁe. First, high levels of noise are required to ma;k the
click, thus limiting the range of intensities which may be used.
Second, thé technique requires more on-line recording time than
other techniques bhecause a full intenﬁity series at each
frequency band must be carried out. As respénses are derived
off-line using subtraction, one cannot be sure during the

recording whether ‘;hréahold has been reached. Third, the
technique requiréé greater off-line ana;ysisq:I;e, and a storage
and .subtraction Capability which many clinical averaging systems
do not presently possess. These problems notwithstanding, the
derived—-response technique does seem to provide
reasonably accurate threshold information, and may be useful for
objective audiometry.

An alternative masking procedﬁrejf\*ﬁvolves the uae. of

band-reject or "notched" noise +to mask tonal stimuli (Picton et

al., 1979). This technigue removes the part of the response
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generated by those areas of the co;:hlea not specific to the
nominal frequency of the stimulus by masking the skirts of the
tonepip's frequency-spectrum (Picton et al., 1981), Using this
technigque, Picton and his colleagques obtained EP thresholds
within 20 4B of conventional audiometric thresholds in both
normal-hearing and hearing-impaired subjects, and demonstrated
the technigue to be particularly useful when steep high-frequency
losses are present (Picton et al., 1979). Picton et al. used
toneplip stimuli with 1 ms rise and fall times {(no plateau), and
broadband noise having a 2.octave notch centered on the nominal
fregquency. They showed that a noise level of 15 dB below the
tonepip peak intensity (12 dB below the peak equivalent SPL} was
required to ensure that the tonepip frequency splatter was
sufficiently masked in hearing-impaired subjects with a steep
high-frequency loss. Subsegquent studies have shown that tonepips
having  rise-times of up to 5 ms ﬁrovide better .
frequency-specificity without significant decreﬁen:s in response
amplitude (Stapellg & Picton, 1981). The gse of. tonepips with
longer risg;@imes than those used by Picton et al. (1979} éould i
. @allow the use of lower noise intensities and narrower notches.
Picton and | his coworkers briefly investigated the
possibility of wusing unnotched broadband noise and found that
this method provided about the same frequency-specificity as the
notched noise technique. The drawback with the white noise
method, .however, was that it resulted in lower amplitude
responses Qhen noise levels greater than 30 dB Dbelow the -

tonepip's peak intensity were used (Picton\zz‘al., 1979). Picton

L 3
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et al. oncluded that this technique mighk be worth considering

if one were to use more frequency-specific tones requiring lower
levels of masking noise. The advantages of this technique over
the notched noise technique are its simplicity (no filter

settings to change) and its lower expe;se {no need to purchase'a
multi-pole band-;eject filter).

The .notched noise procedure has also been used to mask
clicks (Pratt & Bleich, 1982; Stapells ef al., in preas-b; wvan
Zanten & Brocaar, in press). The ration§1 fbr using clicks is
that their rapid onget elicits a lﬁrger ABR. The initial paper by
ﬁratt and Bleich (1982) showed large amplitude responses, the
latency of which dia nﬁt change with the frequency of the notch.
A recent paper by van Zanten and Brocaar (in press), however,
does show an appropriate increase in latency for lower freguency
notches. We have found that the level of -masking noise is
critical for this technique, and the resulting responses
demonstrate considerable inter-subject variability (Stapeiis et
al., in press-b). The onl§ study investigating this technique in
patients reports little correlation betwéen thresholds obtained
using th;s procedure and thos; obtained using conventional

audiometry (Pratt, Ben-Yitzhak, & Attias, in press}.

Thé 40-Hz Response. The description of the augiﬁory 40-Hz

potential in 1981 by Galambos and his colleagues has awakened
- ¥

1ntérest in auditory steady state potentials and their possible

; audiometric use {Galambos, Makeig & Talmachoff, 1981). Galambos

et al. demonstrated that stimuli presented at rates of 40 - 45/s

evoke a steady state potential which is two to three times the
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amplitude of the MLB recorded at 10/s. This 40-~Hz response can be
recorded in respohse to tonal stimuli within a few 48 of
threshold (Galémbos et al., 1981}. We have found the 40-Hz steady
state potential to be a robust response which céﬂ be recorded
using either conventional averaging techniques or the relatively
simple.and inexpensive technique of Fourier analysis (Stapells et
al., %p press-a). The few studies which have investigated this
response have indicated that it is recordable to within 20 48 of
behavioral threshold (Brown & Chambers, 1983; Brown & Shallop,
1982; Dauman, Szyfter, Charlet de Sauvage, Cazals & Portmann,
1983; DOring, 1983; Galambos et al., 1981; Klein, 1983a; Lynn,
Lesner, Poelking & Daddari;; i982: Staéélls et al., in presgs-a).
There are several problems with the 40-Hz steady state
response. Little is known about thg cerebral"érigin of the 40-Hz
response, its relationship to the transient MLR, or -its
frequency-specificity. The effects of varying stimulus or
recording" éarameters have not been studied. Fﬁrthermore, a
number of reports have indicated that this potential decreases in
amplitude by about 50% in sleep (Brown, 1982; Brown & Shallopf/
1982; Dauman et al., 1983; Galambos, 1981; Klein, 1983a; Shallop
& Osterﬁammel, 1983}y Its amplitude in the awake staté is
sufficiently large, however, that the 50% decrease méy be
tolerable. Little is known of the effects of age and maturation.
Although Galambos (1981) and Shallop & OSterhamﬁel (1983) have
recorded the 40-Hz respons;'in neonates, there are instances
where infants and young children show no response (Galambos,

personal communicationy Kileny, 1983).
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‘Summnary. The preceding discussion has outlined the many
evoked potential techniques‘wﬁich are, or may be usefﬁl for the
prediction of pure tone behavioral thresholds. The optimal
stimulus, recording and subject parameters for each technique
have been briefly reviewed. The numbe; of studies which have
compared the results of two or three EP techniques recorded in
the same individual have demonstrated considerable variability in
the threshqlds obtained. These results are sho&n in Table 1. No
‘clear conciusion as to the superiority of any of these methods

evolves from these studies. ~Variations in the recording

methodologies and the subjects make comparisons very difficult.

The determination of which EP technique provides the best

predictions -of pure tone thresholds will require that each

technique be tested in the same group of subjects. As sﬁme
techniques may be better for specific frequencies or types of
hearing 1loss, stimuli of different frequencies should be used.
Each technigque should be used to test individuals having hearing
losseg with - différent levels of severity, audiometric
configurations, and etiologies. ‘Each technique shoﬁld. be
evaluated using éhe optimal recording parameters provided that

the recording times for all téchniques are . approximately thé

r
Same . H

-

This paper présanta the results of a study to evaluate how

well eight evoked potential techniques estimated the pure tone

L~
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behavioral thresholds in normal-hearing and hearing-impaired

- subjects. A gouod test for EP audiometry should accurately
’estimate these thregholds with a high degree' of consistency

across differenérsubjects. In doing so, the .responses recorded

using this test should bel/}lear and obvious to different

«

individuals. Because of th (&ength of the recording sessions we

evaluated these techniques“ié:jlder children and young adults..It

and éoung‘ hildren normally tested in the clinic. Furthermore,
al Ccts were tested while awake and reading. Later studies
+ on the effect of subject state and age must be done, .but for
/ inifial comparisons it is essential that these parameters be
constant. The overall objective of this study was to provide the
clinician with information necessary for choosing betwee;

different evoked potential procedures.

-

Method

Subjects

All subjects were paid an h9norarium of $50.00: $3.00 for
each of the eight EP. tests and éénveﬁtional audiomgégy, and an
additional bonu; of $23.00 after finishing all of thé éésts. All
subjects (and their parenﬁa when subjects were under 18 years of
age) were informed verbally and in writing of the procedureé and

purpose of the study, and gavé their written consent to

participation. ‘ :

152

would not have been possible to complete the study in the infants

. TWwo groups of subjects took 3sart in this study. The-

At
5
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"normai-hearing" groupl consisted ;f éive male and filve female
subjects, ageé‘ between 1é and 38 years, recruited from the
general population. Each subject in this group had pure tone
audiometric thresholds of 15 4B HL (ANSI, 1969} or less for eacﬁ
of 250, 500, 1000, 2000 and 4000 Hz and 20 4B HL or -less }t aboo
Bz; speech receptiqg th&esholﬁs within 10 4B of the 500, 1000,
and 2000 Hz pure tone averaée'(aess, 1982); static compliance
values within 0.3 .and 1.6 cc (Jerger, Jerger, & Maudlin, 1972)
and normal Type A tyﬁpanogfams (Jergex, - 1970). A detailed
description of this group can_be found in Table 2.
| ‘The “hearing—impaired" group consisted of “12 subjects, aged
between 11‘ and 17 years of agg,.each having stable bilateral
hearing losses of vary;ng degree .and etiology. Each of these
iﬁdf;idugis were oﬁtpgtients of the Department of Audiology gt
the Children's Hoépi;al of Eastern Ontario, and prior to their
i involvement in this study they and their parents were .informed
as to thé. nature‘ and purpose of the study, and invited to
participate. Oﬁg‘subjéct dropped out of the study after two of
the tests. Her data are not included in the resultg. Another
subject frop the hearingfimpaired group (Subject 5;)'_qeased
participation in the study because of her sensitivity to the
noiseé masking used in some of the EP tests. Her results will be
~dfscussed later. a detailed description of the hearing-impaired

group can be found in Table 3.

W .
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Stimuli

Stimuli were generated by a Tracor Analytic TN 3000 Clinical
Averaging sttem, attenuated and mixed (Med Associates Inc. model
ANI-918 attenuator/mixers)- with noise of appropriate frequency
composition and ‘}ptensity (when applicable}, and further
attenuated sefore 'being presented " to the subjgct's test
("ipsilateral™) ear via a TDH-~49 earphoneihounted in a MX41/AR
cushion. The noise was generated by a Med Associates noise
generator (model ANL-912), filtered 96 4B/ octave for high-pass
noise and 48 dB/octave for nétched noise using a Krohn~Hite 3343
filter, and féa into the attenuator/mixer. Stimuli were
continuously monitored on an oscilloscope prior to and after
being mixed with the nois¢ and attenuated. Broadband noise used
‘to mask any response from the non-test ("contralateral”) ear was
generated by the TN 3000 system, attenuated by a Med . #Qsociates
attenuator (model ANL-918), and presented to the subject using
another TDH~49 earphone mounted in an Hx41/AR cushion. The setup

of the above system is diagrammed in Figuie 1.

Pirameteré suéh as signal rise/fall time and dura;ion, and
ipsilateral noise intensity and notch width, were chosen to
provide the best comprqmise between fregquency-specificity and
respopée aleitude."The tonal stimuli were presented with

alternating onset polarity. The clicks were presented with a

rarefaction onset polarity. Stimulus presentation rates selected
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were those most efficient: ie. the optimal stimulus rate to

cbtain the . best signal-to-noise ratio within a given time of
averaging (Hyde & Blair, 1981; Pict;n et al., 1977). A" detailed
listing of the values of these parameters used in each EP test is
found in Table 4. All testing took place in a single-walled IAC
gound-attenuated chamber, the amﬁient acoustic levels of which
were measured as 21 d8 SPL using the A-weighting network
{Stapells, Picton & Smith, 1982). i

The stimuli and noise were calibrated daily using a Briiel

and Kjaer 2209 sound level meter and NBS 9~A earphone oupler

[Brilel & Kjaer type 4152 (DB 0909) with a 1-in. microphone type

-+

. 4144). Stimulus intensities are expréssed in dB peak—-equivalent

SPL{peSPL) (Stapells et al., 1982, in press—c¢); noise intensities
are expressed in dB SPL. Stimulus waveforms and ipsilateral
noise (notched and broadband) were also amplified on a Briel and

Kjaer type 2619 preamplifier and type 2804 microphone ‘jpower

supply, digitized on a Tracor Northern TN 1500 signal analyzer, ~

and their frequency spectra calculated and plotted using
logarithmic axes. The freguency spectra of each of the tonal
stimuli used in this study are shown in Figure 2; the spectra of
the click and of the notchedland broadband noise are presented

AN
in Figure 3.

---------- Table 4 and Figures 2 and 3 —-=——————-
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Normal behavioral thresholds (nHL) for .each of the stimuli

were obtained prior to this study by testing one ear each of 10
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normal-hearingl adult subjects in the IAC chamber using a Békésy
traéking prdcedure. Only one of these subjects particiéated in
the EP study; the other 9 participated only in this
psychoéhysicai experiment. Stimuli were routed from the TN 3000
through a Grason Stadler model 1701 audiocmeter, and the subject's
responses recorded using the 1701's X-Y recorder. After 5 - 10
minutes of practice, tracings of E?ree to four minutes were
obtained for each stimulus. The average of ten stabilized
reversals, the midpoints of which were ali within 3.5 4B of each
other, was taken as threshold. The méan nHLs for each stimulus
presented at a rate of 10/s are presented in Table 5. The
accuracy of the above technique was checked by comparing the 10/s
cli;k threshold obtained using the Békésy tracking method with
that obtained in a previous study which involv;d a greater number
of subjects and used more sopﬁisticated psychophysjcal techniques
{Stapells .et al., 1982). The Békésy tracking procedure resulted
in a slightly higher 10/slclick threshold than that obtainedl in
the earlier study -- 32.3 vs. 29.9 dB peSPL. Although small,
this difference was statistically significant (t = -2.09, 4f =
48, p < 0.05). It was probably caused by tﬁe decreased
sensitivity of the Békésy procedure compared to the forced-choice
threshold estimation proceddres used in the earlier study. The
difference was not sufficiently large, however, to be worried
about for tests that were to be carried out with 10-~dB accuracy.
The Békésy thresholds for the toges were therefore accepted for
this study. Thelclick threshold used in the present gtudy is

that from Stapells et al. (1982).
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The levels of broadband noise reguired to mask the various
stimuli were also assessed in five normal-hearing subjects using
the method of limits with 2 dB ascending and descendin§ steps.
Stimuli were presented at a rate of 10/s at 40 ana 60 dB nHL;
masking “threshold” was defined as the mean masker intenaity
which just-masked the stimulus 50% of the time. The results are
given in Table 5. Assuming a minimum interaural atfenuation of 40
dB (Zwislocki, 1953), the intensity of the contralateral masking
noise was conservatively set at 30 dB below the level required to
mask ipsilate:aliy- This difference between the ipsilateral

. stimulus and contralateral masker intensities was kept constant
1 -

for all stimulus intensities.

The lével ogﬁgibadband noise required to mask a click was
agsgsessed in ten normal-ﬂéaring subjects. This level was used to
determine the amount of noise for .masking the clicks for the
ABR/Clicks in.Notched Noise and ABR/Derived Response tests. The
masking intensity for these iests was obtained in the following
manner: the masking thresholds for 60 dB nHL clicks were obtained
from the 10 subjects as described above; 5 dB was added to the
maximum of these thresholds and this intensity was used as the
magker level for ipsilateral masking. The range of these

thresholds was 77 to 83 dB SPL, thus the ipsilateral m&éking

level for a 60 dB nHI click was 88 dB SPL.

We determined the intensity of the notched noise relative
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to the tone's intensity (in peSPL) in two patients (not in the EP
study) with abrupt hig;ifrequency iosses {50 and 75 dB/octave).
the audiograms of these subjects and the stimulus and masker
levels wused are presented in Table 6. The 2-1-2 tonei were
presented at 10 dB nHL below the patilent's pure tone threshold.
Their behavioral responses to these tones, mediated through the

spread QF energy in the tone, were then masked by notched noise.

Varying the intensity of the masker using the method of limits in

2-dB steps, we determined that notched noise of 20 dB lower than

the peak equivalent SPL of the tone just masked the behavioral_
responses of these patients. This represents an 8 dB improvement
over the noise levels recommended for patients by Picton and his
coworkers (1979). This is probably .due -to the increased
frequency-specificity of the Davis 2-1-2 low-freguency tones over
the much briefer tones used in tﬁe earlier study, and to the

narrower notch (1 octave compared to 2 octaves).

Two normal-hearing subjects were tested to check if 100
o .

seconds (the approximate time for two EP replications in this

study) exposure to the maximum noise level of 118 4B SPL ({used
for ipsilateral masking of a 90 4B nHL clic¢k) would result in a

L)

Tém@orary Threshold Shift (TTS). Thresholds were evaluated using

- ’

5-dB steps. The résults, presented, in Table 7, 4indicate no
i

detectable shift in kthreshold occurred in either subject. This

agrees with the data of ward, Glorig, and Sklar (1958), which
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suggestjﬂﬂa "minimum effective time" of between 1.5 and 2.0

minutes, below which no TPS should occur. Ward et al. (1958,

1959} proposed that in normal-hearing subjects the TTS tested at

4000 Hz after exposure to broadband noise isa:
1.06xr(8 - 85)(log10(T/1,7))

where r equals the duty cycle of the noige, S is the SPL of the
noise, and T is the total duration of the exposure in minutes
{Wward et al., 1958). This formula predicts that a TPTS of 5 4B
would Eccur after 142, 164, and 235 seconds of exposure to
broadband noise at intensities regquired to mask 90, 80, and 70 4B
nHL, clicks respectiéely. Exposure times of 197, 262, and 542

seconds at these three levels would be necegsary to produce a

10-dB TTS.

EP Recordings

Electroencephalographic (EBG) signals in all EP tests were
recorded from the scalp using Grass gold-plated cup electrodes

‘,—?’-‘;Etached at . the vertex and on the lower ﬁortion of the mastoid
- iﬁsilateral to stimulation using Beckman ‘'saline gel and
collodion-impregnated gauza. An electrode placed on the
contralakeral mastolid served az a ground. All inter—electrode -

impedances were kept below 3 kOhms (measured at 25 Hz). EEG

signals were amplified, filtered (12 dB/octave), and averaged
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using the TN 3000 system. The amplification, filter, and

artifact rgaection settings selected are listed in Table 4.

Experimental Procedures

Complete éarticipation in this study included ﬁ;ne "tegtg":
the eight EP tests and the conventional audiometric evaluation
(pure tone, speech, and impedance audiometry). Eééﬁ subject
underwent the conventional audiometry {both .léars)- béfore
beginning the EP tests. Following these tests, . one ear was
selected for testing; and this same ear was used in all
subsequent tests. The ear tested in a normal subject was selected
randomly; in a hearing-iﬁpaired subject the ear with the loss of
interest was tested. The order of the eight E®P tests ~was
random*-ed, with the exception that the first EP test performed
on a subject normally did not invol;e ipsilateral noise masking.
This was done to ensure that an individual's initial introduction
to EP recording procedures did not include possibly bothersome
masking noise.

The order of selection of stimulus freguency Qithin each EP
gést wag randomized, with the exception that in the ABR/Derived
Response test the responses to the unmasked click were recorded
first. All waveforms wére replicated. A third or fourth response
was occasi;;ally recorded when there was some uncertainty
concerning the presence or absence of a response ‘e.g. when
background nolse levels were higher in one replicatio;).

Subjects were seated in a comfortable chair, instructed to

relax and asked to read something of their choice. They were not

allowed to sleep, and were monitored constantly to engsure that
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they did not. At the end of each intensity series of a test (one
series for each frequency in a test), the subject's behavioral
threshold ("sensatibn level”) for the stimulus (at the rate used
in the test) was determined using the method .of limits in
descending and ascending 10 dB steps. i | -

The entire ba{tery of conventional audiometric tesga and fhe
EP tests usually lasted a total of 12 - 16 hours, which was
spread out over three to five sessions (usually four), each
lasting three to five hours. All tests were completed within 16
days of the first session. At the end of the finpgl session
subjects -ﬁnderwent pure tone aundiometry of tﬁeir test ear to
ensure no changes in threshold had occurred.

'In all EP tests except the ABR/Derived Response test, the
stimulus " intensity initially tested was 70 .dB nHL. If a
replicable response was present at this intensity, an ~intensity
series in 10 dB decrements was_performed until "no response”
recordings had been collected at three consecﬁtive intensities or
until -10 dB nHL was reached. The requirement for three "no
responge” recordings ensured that a) a response reappearing
10 4B Dbelow where it;Qisappeareq would he recorded, and b) a
"blind" ra?er scd;I;; t;é‘uaggférms,w;uld have a complete set of
recordings from well above to well below threshold. If either "no
response” or unclear "response" waveforms were recordaed at 70 &B
nHL, tésting waé-carried out at 90 or 80 dB nHL, respectively.
The maximum stimulus intengity used in the ABR/Derived Response
and the ABR/Clicks in Notched Noise tests was 80 dB nHL, due to

the high levels of noise required to mask this stimulus.  Two
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patients were tested at 90 dB nHL in the tests involving clicka.
No further patients, however, were tested above 80 4B because of

the development of a TTS in one of the patients tested at 90 dB

(see Results).

The intensity series forsthe ABR/Derived Response test
differed from the other EP~tests in two ﬁajﬁ. First, the
normal-hearing subjects begaﬁ at 70 dB nHL while subjects in the
hearing-impaired group always began at 80 dB nHL '(90 dB  nHL
requiring too much noise); second, recordings were made at each
intensity 1level down to and including 0 4B nHL, regardless at
which intensity no replicable responses were recorded. These
changes were made because it was not until the later off-line
subtraction of waveforms that one could be sure whether a

response ex&ited or not.

Data Analysis

Response Criteria. Thé final decision regarding the

presence or absence of a response was made by combining the .

ratings of two individuals who were fami;iar with all forms of
auditory EPs and their measurement. One rater (T.W.P.) had no
knoyledge of the behavioral thresholds of each subject or of the
on-liné EP threshold decisions; the other rater (D.R.S.) had full
knowledge of each subject's pure tone thresholds, sensation
levels, and of Ehe on-line decision regarding threshold. Each
rater separately scored each and every set of waveforms on a
scale of one to four. A rating of "4" was used for replicable

responses:that were greater than three times the amplitude of the
o )

~__ - ’
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difference betwee““the replications (Picton & Maru, in presgs) and
contgined a cﬁmponent which had the correct latency and
morphology. A rating of "3" indicated a smaller response with the
correct morphology and latency or, occasionally, a large response
with an unusual morphology or latency. A rating qf "2" indicated
no replicate response at the correct latency although one might

have occurred within the background noise. A rating of ™1"

- indicated a ';;I;tively noise~free recording with no response.

*
Thus, a score of "4" indicated a "definite response", a "3"

meant a "probable regsponse™, a "an indicated "probable
non-response”, and a "i" indicated "definite non-response”.
During recording, a response was tentatively conside;ed "present”
when a rating of "3" or "4" could be awarded. The EP waveforms
were evaluated with kn;wledge of the intensity and fregquency of
the stimulus, and in order of descending intensity. Raters based
their judgements on the latency/intensity and amplitude/intensity-
characteristics of the response in question, the waveform's

morphology and replicability, and their own intuition.

The raters' scores were averaged and rounded-up to the

nearest integer to obtain a combined score. Recordings with a

combined score of "3" or "4" were considered as responses; a
combined score of "1" or "2" indicated no response. The lowest
intensity with a "3" or "4“ responge with.no incidence of two
consecutive non-response recordings ahove it was consiéered as
the evoked potential threshold (EPT).- If no intensity fit these
criteria, the EPT was recorded as ihe maximum intensity tested

plus 10 dB, up to a maximum of 90 dB nHL. In order to determine

4
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how well the EP test predicted a subject's pure tone threshold,,

' ,

their "conventional - pure tone threshold (CPT) for the same
frequehcy as the EP stimulus was subtracted from the EPT, thereby
providing the EP threshold minus pure tone difference (EPT-CPT)},
or test accuracy. If a subject had a CPT greater than 90 4B at a
partiéular frequency, it was considered as 90 dB for the
calcuiatibn of EPT-CPT differences.

‘The ratergs' scores provided two additi;nal measures:
response clarity and inter?rater reliability. Response clarity
was obtained by sustracting. the mean: combined scores below_
threshold from the mean combined scores at and above threshold.
The greater this difference, the easier it was to identify a

response and to differentiate it from a non-response. The'segoﬁd

-

-~

measure, inter-rater reliability, was obtained by calculating the
absolute difference between raters' scores for each intensity
series. A reliable EP test would be one in which responses and

non-responses arehggually-obvious to different raters. Frequent
' v

‘occurrences of disagreements greater than one (eg. one rater

scoring a recording-as a "4" and the other rater giving a score
i N .
of "2" or ' "1") would suggest that the test is unreliable.’

N

Evoked Potentjal Measurements. Measures of latency and
L4 ]

(%) -

amplitude were obtained.in the normal subjects for all recordings
; . : .
which had a combined rating of" three or greater. These

meagurements were made from the average of the replicate

recordings; only one component in each response was measuréﬁf‘

These components were defined as follows£

a) Brainstem potentials (ABR): Waie_v\yas defined as thg
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maximum vertex-positive peak occurring betwegn 4.5 and 16.0 ms
%ollowihg stimulus onset. If several peaks of' equal amplitude
occurred within this range, the peak precgding the largest
negative shift was selected. Latency waé measured to tﬁ% peak of
wave V; wave V amplitude was measured from this positive peak to
the most prominent negative peak occurring _within 6.0 ms

following the wave V peak latency. If no distinct negative peak

occurred, the maximum negativity within this  interxrval = was

165

used. If the wave V peak was in the form of a plateau, the .

latency was taken at the center and the amplitude was measured to

“
the maximum point on the plateau. This method of measurement for

peaks 1n the form of plateaus was also used in the measurement of

the MLR and Slow Responses.

b) Transient Middle Latency Response (MLR): cOmpohent Pa was

deéfined ag the maximum vertex-positive peak occurring between
- 5
20.0 and 50.0 ms post stimulus onset. Latency was measured to

" this. peak, and amplitude was measured from the largest negative
4
peak (Na) preceding Pa to the peak of Pa.

¢) 40-Hz Steady State Potential: The ,40-?; Response
regembles a single cycle of a 40-Hz s%gpgoid, hence no specific
components exist. The maximum peak-to~peak deflecéion present in
the waveform was recorded as amplitude. Nq 1atencyﬁaéasure was
recéfdeé.

d) c_S-loyr Response: Componéﬁt N1 was defined as the ﬁost
prominent negafive peak occurring between 50 and 225 ms following

the onget of the stimulus. Latency was measured to this peak;

‘amplitude was measured from the N1 peak to the most prominent

v

.
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peak ogegurring within 150 ms after N1.

Statistical analyses. . a} Mean latencies and amplitudes, and

" thelr standard deviations were calculated for the EP measures

obtained from the normal-hearing group. Linear regressions and

! i
Pearson product-moment correlation coefficients were  calculated

~’

for the normal latency-intensity and amplitudeQiﬂtensity
functions. Mean test accuracy (EPT -~ CPT), response clarity, and
inter-rater reliability \results'ﬁéfe obtainsd from both +the

normal-hearing and hearing-impaired groups for each EP test at

eacg_frequen?y. X oo

b) Bartlett's Test for homogeneity of variances (Bartlett,
' ot

1947) was used to determine the statistical significance of

differenceqi'in the variability of the EPT-CPT measures obtained

- . ~ 4

for different EP tests. This pxov@déd' .a measure of the
‘"inter-subject consistency” of thresholds provided by each test.

A tesnt £$éuiting in;a wide raﬁge of EPT-CPTs demonstrates pooxr
inFef;sﬁbje;t consisteﬁcy, whereas a' range gf only 5 - 15 aB "
fkoss si.xbjects show-s high consistency. ;

cs Repeated meﬁgnfes angkyéés of variance (BMDP, 1981) were

performed on the accuracy (EPT-CPT), clarity, and inter-rater
- . ’
" reliability data from those subjects who completed all estd.
Results were considered staﬁistically significant ategg < 0.01.

using fconventional degrees'pf freedom, a’;d at 2(0.05 using - the

- - N
.

more—coﬁservative Greenhou%%—seisser degrees of freedom
adjustment (Greénhouse & Geipser,°1959). Tukey (1953) "honestly

" significant aifferences"” fHSD) were calculated to perform

' pairwise compariions when significant main effects " and
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iﬁéeraction$"were obtained. These pogt hoc tests were congidered
significant at p <« 0.05. -

The analyses of variances'ﬁeré performed on the test clarity
and inter-rater reliability meagures, éven théugh?%hese measures
were derived from the ordinal rating;."fﬁeaé éernmetéic analyses
weré_ used since the twb raters used the -r@t;ng—séale és an

equal—inﬁerval continuum and the diastributions of the *ratings

were approximately normal.

d) The EPT-CPT, clarity, and rellability scores were

+

combined™ for each EP test to determine the test  which
- N

167

demonsggates the best overall_usefuiness for EB audi;Eetry. This

was done by ranking each test's - scores, and then combining
. 4 '

these ranks 8o that each measure contributed equally to a final

overall rank. A Friedman two-way ana¥ysis, of variance

(siegel, -1956) was performed on these data, and post hoc

pairwise comparisons were made using the sign test (Siegel,

1956) . Results for +the analysis of variance were considered

significant at p << 0.01, while the sigp test results were

considered significant at p < 0.05.
Regults

A) Normal Sﬁbjects

Y

. ¥

(i) ABR/Derived Responses. The Derived Responses from a

-

typical éubject are shown in Figure 4, and the average latency

data from all ten subjects are plotted in Figure 5. At 70 4B nHL

- !
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the 2000 and 4000+ Hz (4000 - 8000 Hz) Derived Responses are most

similar to the response to the unmasked click. This suggests that

the basal region of the cochlea provide the greatest

‘contribution to the high-intensity unmasked response. The

responses to the low-frequency ® (500 and 1000 ; Hz) ‘bands
demonstrate broad and delayed wave V waveforms. Latency of wave
V increases with decreasing intensity and frequency, with values
at 70 dB nHL of 5.70 (+ 0.26), 6.34 (+ 0.37}, 7.30 (+ 0.27),.?.56

i

(+ 0.55) ms for the 4000+, 2000, 1000 and- 500 Hz Derived
‘ »
Responses. These latengies increagse linearly with decreasing

intensity with slopes of 38, 40, 61, and 76 us/dB for the 4000+,

2000, 1000 and 500 Hz recordings.

The mean, amplitude data are ghownlin Figure 6. There is
little diffefénce between the sob, 1000 and 2000 Hz amplitudes
which decreaéed from 0.55 (+ 0.19) nv at 70 éB to 0.25 (+ 0.22)
nﬁ - at 20 dB. The 4000+ Hz band responaes,‘however, were larger
and demonstrated a greater chanée with in}eqbity, decreasing from
0.82 (i 0.20) nv at 70 gB to 0.28 (i 0.18} nV at 20 dB nHi. The
Ssteep slope of the 4000+ Hz amplitude-intensity fynction is

2 . !

similar to that for the unmasked click.

ii) ABR/Clicks in Notched Noise. The responses to Clicks

4
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in Notched Hoise racorded from a better;than-average subject are
presentéd in Figure 7. While thQre is some suggestion of an
increase in wave V‘iatency with decreasing.centre frequency of
the notchﬂ the fééordings in this condition were variable and
difficult ﬁo interpret. High-frequency (4000 and 2000 Hz)
responses were clearer than the low-freguency recordings, the 500
Hz notch providing responses only at the highest intensities.
The mean laﬁency of wave V at 70 dB nHL was 10.58 (+ 0.77), B.45
(i 1.43), 6.50 (i 0.46), and 6.24 (i 0.35) ms for the centre
frequencies of 500, 1000, 2000, and 4000 Hz. The émplitudes were

small - on average 0.16 (+ 0.12), 0.14 (+ 0.08), 0.21 (+ 0.10)°

and 0.22 (i 0.07) nav at 70 dB nHL regpectively.

{iii) ABR/Tones (masked and unmasked). The average wave V
latencies to the 500, 1000, 2000, and 4000 Hz tones presented
alone, in notched noise, and in white noise are ploéted in

L .
Figures 8, 9, 10, and 11, respectively. The latency increased
with gecreasing tonal frequency. The latency.also increased with
decreasing sﬁﬁmdlus intensity, this change Jbeing greater at the
lower frequenciea. Although it was clearest for the i:ones-alone,
this frequency-dependence ;: the latency-intensity function
remained evén when the stimulus was limited to ‘narrow regions of
thé basilar membrane by the masking noise. Regression lines were

calculated for the effects of intensity at each fregquency. The

slopes of these lines for the Tones-alone results were 91, 81, 56
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and 40 as/dB at 500, 1000, 2000, and 4000 Hz, The 0 dB nHL

intercepts were 14.59, 12.88, 10.35, and 8.72 ma. The slopes of

the regression lines for the Tones\ in Notched Noise were €9, 55,
40, and 36 us/dB at 500, 1000, 2000, and 4000 Hz. The intercepts

were 15.54, 12.56, 9.88, and 8.

(

regression lines for the Tones in White Noise were 81, 58, 39 and

1 ms. The slopes of the

33 nus/dB; the intercepts were 16.70, 13.09, 10.20, and 8.82 ms.
The latencies to the tones presented in white noise were slightly

longer than when notched noise is used.

————————— Figures 8, 9, 10 and 11 —————==m--
o

The effects of stimulus intensity and noise masking on the
amplitude of wave V are shown in Figures 12, 13, 14, and 15. The

amplitude of responses to tones presented alone decreases at a

rate of approximately 10-12 nv/dB from 70 dB nHL values of 0.97

"(+ 0.32), 0.92 (+ 0.28), 0.90 (+ 0.31), and 0.81 (+ 0.32) nuV at

500, 1000, 2000, and 4000 Hz. The addition of the masking noise

markedly altered these amplitude- intensity functions: at the

higher- stimulus intensities, the masking noise caqges.ja: large
reductiqn in response aﬁplitude. The 70 4B nHL ampl{}ude; in the
notched noise condition were 0.69 (+ 0.20), 0.4? (+ 0.16), 0.44
(i 0.17), 0.38 (i 0.07) nv at;SOO, 1000, 2000, and 4000 Hz.
Only small differences, however, exist between the maqkea and
unmasked amplitudes at iow intensities. The amplitpée-intensity

functions ‘fhus -tend to be quite flat when using masking noise.

The amplitudes of fesponses recorded with the white noise masking

)
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were slighter lower than those recorded using notched noise

masking. coL : e

(iv) Transient-MLR (10/s8). The mean latenclies of the

vertex-positive component Pa to 500, 1000, 2000, and 4000 Hz
tonal stimuli are presented in Figure 16, while the mean
amplitudes measured to tﬂe preceding negative peak (Na) are shown
in Figure 17. Increaainé stimulus tonal %fequency resulted in a
decrease of Pa latency, with 70 dB nHL i;£encies of 34.2 (+ 4.6),
32.6 (+ 4.3), 31.9 {(+ 5.3), and 27.8 (+ 4.3) ms for the 500,
1000, 2000, and 4000 Hz tonesf Decre;sing the stimulus intensity

results in small latency increases. The amplitudes of these

responses were variable but there was a tendency for

o

lower~fréquency stimuli to elicit larger responses. The mean
B ,

amplitudes at 70 dB nHL for all frequencies fell between 0.80 and

1.0 (i 0.33 to 0.50) uv. Small and inednsistent . decreages in

amplitude were seen with decreasing stimulus intengity.

[

i

" e ————— Figures 16 and 17 ~-~~—===—--

" YR ’ -

Rl !

., i) '40-Hz Steady Stlate Potential. Figure 18 shows a full
’ ! )

o _ 1 '
frequency by intengity eries of 40-Hz waveforms from a subject
. L)

¢ { -
who demonstrated very clear responses. The amplitude of this

Bihusoida11 response decreases linearly down to threshold.

r

’ s Low-frequency stimuli elicit larger resp¥nses than do

Y
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high-frequency stimuli. The mean peak-to-peak amplitudes at. each
frequency and inteﬁsity are plotted in Figure 19. The mean
amplitudes at 70 dB nHL were 1.00 (+ 0.41), 0.87 (+ 0.39), 0.81
(+ 0.12), ané 0.58 (+ 0.15) nv for thé 500, 1000, 2000, and 4000
Hz tones, decreasing 1iqearly do;n to threshold with slopes of

11, 11, 11, and 6 nv/dB. Thé average amplitudes of the 40-Hz

'Responses at 10 dB nHL were .29 (+ 0.22), 0.24 (+ 0.22),  0.09

(+ 0.15), and 0.07 5) uy for the 500, 1000, 2000, and 4000

Hz tones. A

an "noise" value of 0.25 (+ 0.06) nV was obtained
by recordi the maximum peak-to-peak amplitude pngsent in
~

.
non-response ~waveforms from each normal subject obtained at -10

or 0 dB nHL.

—————————-— Figures 18 and 19 1—----;-——

&

(vi) Slow Responses. The Slow Responses from a typical

normal-hearing subject are shown, in Figure 20, and the average N1

latencies and amplitudes are plotted in Figures 21 and 22. There

were no consistent frequency-differences in the latency of WN1.
. [y ’ .

The mean latency of this component at 70 dB nHL was 99.1 ms (SD =

8.2} At_intensiti%a'below 40. or 50 dB nHL, latencies increased

"noticéably and were more varlable  between ‘Bubjects. The

aﬁplitude of thelslcw_Response (Ni-P?) decreases lineafly with
decreasing intensity, with - low-fregquency | stimuli eliciting
slightly larger regﬁoﬁégé. At 70 dB nHL, mean amplitudes for
responses to the 500, 1000, 2000, and 4000 Hz tones wexe 9.6

' (i 4-1), 10.4 (i 4:1)’, 8.4 (t 307)',and 7.7 (i 300) pV.

> .
« -
- . -
o - : .
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B) Hearing-Impaired Subjects

b .

(1) Subject 52 completed only the ABR/Derived Response,
ABR/Tones, and Slow Response EP tests before being required to
drop out of the study. Tﬁis-subjeZE had a 40 - 50 dB hearing loss

at the low frequencies and normal hearing at 2000 Hz and above

.(see Table 3). Thresholds obtained using the brainstem responses

to unmasked tones were within 10 - 15 &8 of her pure tone
behavioral thresholds. The Slow Responses recorded from this

subject were somewhat variable with-EP thresholds of 10, 30, 35,

and 25 dB above her 500, 1000, 2000,

. 1 .
thresholds. The Derived Responses for 1000 and 400D+ Hz are

pure tone

shown in Figure 23. They demonstrate that the technique does map

threshold: the high-

éne thteshold; EP threshold at 1000/ Hz was

recorded_ as"40 dB, thin 5 dB of her pure tone thres Q}d. The

1000 Bz wavefofms in Figure 23, however, also illuystrate a

Al

problem inherent with the derived-responge technique;\‘ﬁhéh
wavefogms are ﬁgded or subtracted, the background noise present

in the waveforms add together. The result is increased waveform
. . .

variability, making precise datermination of EP threshold

difficglt. The 1000° Hz waveforms show no easily recognized
re;Lonse at 60 4B nHL, bﬁé\thq response is again visible at

lower intensities. !

. . . P

requency responses are recorded tp~ within

L]
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Another serious problem with the derived-response technique

is illustrated in Figure 24. Subjec? 52 showed a sensitivity ¢to
the noise useé to mask the click. In this subject we had used
118 dB SPL noise (brquband) to mask the 90 4B nHL clicks. She
developé; tinnitus.and on.audiometric examination showed a 30-dB
temporary threshold shift (TTS} at 4000 Hz. The tinnitus lasted
for 48 Hrs and her thresholds returned to pré-test levels when
tegted 3 days after the noisge exposure. The occurrence of a TTS
of this magnitude underscores the current lack of knowledge

concerning the sensitivity of pathological ears to high-intensity

noise. According to the Ward et al. (1958) fermula, an exposure

“ -
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time of at least 12 minutes would have been regquired to produce a

+

TTS of 30 dB in a normal ear: This subject did not participaté

in any quFher testing. Following this experience the maximum

noise intensity was lowered 10 dB to 108 dB SPL, énouéh to mask

an 80 dB nHL click. Subject 52's ngrmal ABRsf;o iow-intensity

unmasked clicks (shown on the_right of Figuré 24) suggest the

Presence, oé normal Bena;tivitf at high‘freqﬁencies, and shojlld
——

perhaps have indicated the need for cajigion when using the

derived-response technique.

“ v

. ; ; \
{ii)} Subject 31 had a very steep highufrqugncy loss (65
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dB/octave), with a 65 dB HL at 4000 Hz and normal hearing at 250
to 3000 Hz. Hex brainstem respofises to the masked and unmasked
tones illustrate how a responsé may result from the spread of
acoustic. energy away from a tone's nominal frequency. At 4000
Hz, the brainstem responses to unmasked tones were recorded down

to 10 4B nHL, underestimating her loss by 55 dB. The addition of

notched noise masking improved the frequency~specificity of the
N .

resggﬂgg\\iz*‘:nly 10 dB (EPTHG_ = -5 dB). The response was
probably mediated by her normal sensitivity at 3000 Hz, which was
! )

not masked by the notched noisej\elthough the waveforms were
somewhat variaslé, the threshold of the briinstem respohses to
Tones in White Noise atf4000 Hz was yithin 5 dB of her pure tone
HL, suggesting better frequency specificity with this technique

when very steep losses are present. The better

frequency~specificity of the longer-duration stimuli used to -

elicit the fO-Hz Response resulted in a 4000 Hz EPT-CPT of 5 dB.

This. indicated that the lower frequencies did not contribute to

this résponse. 4

s (1ii) sSubject 32 had a flat conductive loss (45 - 55 as).

In general, her EPT-CPT threshold differences were higher and

b

respongse clarity measures lower than the individuals with

v : ) .
sensorineural hearing loss. The better « response clarity and

»

threshold prediction in the sensorineur?l less patlents is

-~

.‘probably relatedy at least in partj"to the presence of amplitude

recruitment in kheir reaponges (see vi below). The responges

from this patient wifgl; conductive loss are more like those of a

normal-hearing individual. Thé effects on the ABR are

-
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illustrated in the right of Figure 25. The left of Figure 25
shows the mean- latency-intensity function for £he brainstem
responses to unmasked clicks and 500, 1000,'2000, and 46q0 Hz
unmasked, tones from the 10 normal-hearing subjects. The

conductive loss shifted the latency-intensity gurves up and to

the right.

{iv) The responses from most of the eight EP tesés for
Subject 33 (sloping high-frequency sensorineural hearing' loss)
were very clear (high ratings above ‘;hreshold, low ratings
below), and ghowed thresholds which were verY.closeféo her pure
tone thresholds (most tests were within + 15 dB). One of the
exceptions to this were her1transient middle latency resﬁqpses,
some oftqbicﬁ aré shown in Figufe 26. This Fiqure i;iﬁétratea the
variability of thé MLR. It is very difficult to dlfferentiate'the
above-threshold responses from the recordings bel;w threshold

R

(particularly at 560 Hz).

R

Av) The: pure tone thresholds of Subject 34 (low-frequency

conductive 1loss) werxe predicted fairly accurately by most Ep

tests. Many of her ABR waveforms, especrally‘those in response to

low-freguency stimdii, were characterized ' by - a wave V

superimposed on a large sinusoid. This was a common occurrence in

*

176
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many subjects (both ndrmtl and hearing-impaired). The brainstem
responses from a normal-hearing subject.{Subject 02) and from
Subject 34 to 560 Hz unmasked tones are %ﬁﬂEP in Pigure 27. They
demonstrate the superimposed 40-Hz sinusoid which remains visible
down to threshold. An ABR w;ve—v which is separate from the 40-Hz
Reaponses- at high inte:gities, bepomes indistinct below 50 - 69
dB nHL. These subjecta 3 brainstem responses to the 4000 Hz

tone=, however, showed the ABR wave V as the majoxr component down

to threshold, with little evidence of the 40-Hz sinusoid.

-~ -

(vi) °‘The phenomenon of amplitude recruitﬁent is illustrated
by the braiﬁstem arid. 40-Hz waveformé of Subject 35 (45 - 75 4B
flat sensorinetrai‘loss) pfesented‘in Figqure 28. These.responsea'

. (left and center of Figure-28) are large down to 60 4B nHL and
vanish completely below this intensity. This rapid decline in
amplitude over a 10 4B intens;ty change does not occur in a
normal ear, Th;s‘phenomenon ~alded thresholad Qetermination in
many patients 'with sensorineural 'hearing ' ioss. The Slow

»
Responses from this subject, shcwn on, the right of Figure 28, do

not demonstrate the recruitment of amplitude so clearly.' these

responses are variable and show a ﬁigher threshold. \s' '

(vii) The recordifgs from Subject 36 (45 - 70 4B flat
S . . s )f

A . U .. s
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sensorineural loss) showed EP thresholds which were genérally

a8

within 10 dB"of his pure tone threshoids. 'He showed’ similar -

responses to his brother Subject 35.

{viii) The steep high-frequency logs of Subject 37‘resn1ted )

in a number of interesting observations. The brainstem responses

to unmasked-clicks, illustrated on the left of Figure 29, showed

a normal wave V latency at high intensity and were recorded down

"

threshold and/or wavg.v latency at 60 - 80 dB nHL would pass this
subjeqéﬁuaq being normal. Her iatency—intennity function (Figure
2.9, right), %owever, shows a@rge jump at intensities below 50
dB. The 500 and 2000 Hz Derived Résﬁonnes recorded from this

subject are shown in Figure 30. The broad late wave Vs of the
- ' ' -

low-intensity unmasked responses are similar to the 500 Hz -

ﬁerived Responses. The jump in the unmasked latency—intensity

' function thus probably represents a. shift in the cochlear origin

of the response to a more basal region of the basilar membrane.
The unmasked high-intensity response is similar to the 2000 Hz
Derlved ‘Responses, suggesting that the high-frequency //gg&ons

contribute to the unmasked response when the intensity reaches

their abnormally high threshold. T

»

Figure 31 shows Subject 37's brainstem responses to 2000 Hz

tones' presented alone (left) and in nptch@d noige (right}. When

presented alone, the spread of the tone to . the more-sensikaE; .

) . o

-

13

v h
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. - P -

1000 Hz' region rebultgufﬁaben ,upderestimation of pure to?e
threshold by 15 dB. WHEn preae;ted in notched noise threshold is
raised 50 dB,  such that it is now ‘withirn' 5’ dB ‘off pure tone
threshold., 'The clarit; of the resoonsea go ronal stimuli (masked

and unmasked) contrasts with the variagili;y of the 2000 Hz
. _ Pans &
Derived Responses from this same subject, presented in Figure 30.

—

In this case, the variability of the Derived Responses probably

wae the cause of the 15 dB underestimation of her hearing loss

-

at 2000 Hz. -

4

“mmmmcwmee Figure 31 =——--m—-——

(ix) 'At 1000, 2000, and 4000 Hz, the various ABR tests

. ; .
provided recordings from Subject 38 (30 _to 60 dB sloping
. s ' o
high-frequency loss) which were clear and equally-obvious to both

raters. At 500 Hz, however, thresholde were elevated an extra 5

' r - .
-

_to 25 dB over those for higher frequencieS,J*and the raters.

disagreed more often.,

—

R (xJ ' Subject 39 (20 to 50 ds. sloPing highnfrequency loss)

showed . a large postauricular ./?éié response in most of his

“/

higher—intensity brainséim and Lransient MLR waveforms. This .
muscle response is the dominant component in the 70 and 60- dB nHL *

n P .
MLE waveforms shown on the left of Figure 32. At high
- P LT

c‘

intensities his 40-Hz Responses, preaented on the right of Fiqure

-

“‘M, are unusual in their morphology and’ may ontain. a steady

K

- ey
state poatauricular mascle response. These Xesponses have

‘
\\ -

peak«to-peak amplitudes which are: twige that of normal Bubjeotb

\. ] c ) S
\ . * .. - .

A
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(over 2 nv at 70 dB), suggesting that Fhe postauricular muscle
response may -.contribute to the size of ﬁhe 40-Hz Response in some
individuals. Although not larger in amplitude, £his subject's
40-Hz .Responses are élearer and replicate better than his
Transizht MLRs, and threshold determination is much easier. This
.is largely due to the greater number of trials in the averages

obtainable within the time limits when recording the 40-Hz

Response.

-

(xi) Subject 40 had a significant mid—frequenéy loss, with
normal -sensitivity at 500 Hz and below and aﬁove 4?00 Hz. The
40-Hz Responses recorded £258 this subject plotted in Figure 33
map his aud am (shown on the left of Figure 34), predicting
within- 5 dB the pure tone HLs at each frequency. His bfainstem~
respongses to unmasked clicks (Figufe 34, right), however, showed
no abnofmalities of latency; amplitude, or threshold. Figure 35
shows the 500 and 2000 Hz brainstem responses f;om quj;ct 40 f;i
Clicks in Notched Noise wvs. Tones in Notched Noise. Both
techniques predict within 5 dB of this subject's 65 dB pure tone
HL at 2000 Hz. At SOO‘Hz, however, the Clicks in Notched Noise
test overestimates threshold by 40 dB while Tones in Notched
Noise predict within 10 4B of the 20 dB puge tone HL. As -is
obvious from this figure, the waveforms in response to the masked

LY
clicks are very small, show considerable variability, "&nq are

much more difficult.to interpret than are the responses to the

3
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magked tones.

C} Test Evaluation ‘ -

Four measures were used in the evaluation of each EP 'test:
test accuracy (EPT—CPT;, intef-subject consistency, response
clarity, and inter-rater'reliability- Ratérs rated each set Pf
wavef;rms on a scale of one to four, and these ratings were
‘combined to calculate the above measures. Examples of "qr, "3",
"2", and "1" waveforms from each of the_ABR/Tonepips in notched
noise, Transient MLR, and Slow Respdnse EP ﬁests are presented

in Figuré 36.

(i) Test accuracy. The difference between EP threshold (EPT)

and pure  tone behavioral threshold "(CPT) provides a measure of
the accuracy of threshold prediction of an EP test. Figures 37,
38, 139, and 40 show the mean EPT-CPT data for each EP test from
eacﬁ group for 500, 1000, 2000, and 4000 Hz. The results of a
repeateé measures analysis'of variance on this data, presented in

Table 8, show significant main effects for Group (Normal VSe

Hearing-Impaired), Frequency, and EP Test, as well as significant
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Test X Group, Frequency X Test, and Frequency X Test X Group
interactions. Post hoc Tukey HSDs were calculated for this datas’

(HSDO 05 = 9.3 dB), and pairwise compérisons between the
. .
regsults from each test at each frequency carried out.

---------- Figures 37, 38, 39, 40 and Table B =——-mm==mm

The results from the normal-hearing subjects show that the
EP tests sgplit up into three groupings oA test accuracy; At all
frequencies the brainstp;'résponses to tbna; stimuli (ABR/Tecnes,
ABR/Tones in Notched No%se, ABR/Tones in White Noise) 'provided
the m§st accurate thresholds, on average 7ithi$ 10 - 15 dB of
pure tone threshclds. At the other e§tremé, the - ABR/Derived
Response, the ABR/Clicks in Notched Noise and the Transient MLR
techniques' providéa very po;r threshold prediction at all
frequencies. In between these two groupings were tests which

provided accurate thresholds _at some frequencies, while at the

other frequencies thresholds were high. Thus, the.40-uz ste;dy
state potential provided very good thresholds at gOO and 1000 Hz,
but not at higher frequencies. The Slow Responses provided
dccurate thresholds only at 500 Hz.

The overall pattern of the EPT-CPT results from the
hearing-impaired group was very similar to that of the
normal-hearing -group. The threshold prediction in the
hééring-impaired group, however, was considérably better for most

tests (Fiqures 37, 38, 39, & 40). This may be related to the

decreased temporal integration in patients with sensorineural
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hearing loss_ (resulting in long duration pure toné thresheolds
which are closer to their brief-tone thresholds){Chung, 1981;
Stelmachowicz & Seewald, 1977), o; because of the effects of
recru;tm;nt (Figure 28). The ABR/Clicks in Notched Noise and
Transient MLR tests resulted in poor threshold prediction at all
frequencies, while the ABé/Tones in Notched Nois; and the 40-Hz
Steady State Potential provided very aécurate threshold; at all
freguencies in the hearing-impaired subjects. The inaccuracy of
the 40-Hz Response at 4000 Hz in the normal-hearing subjects did
not occur in the hearing~impaired subjects. The ABR/Tones
provided accurqye thresholds at 500, 1000, and 2000 Hz, but at
4000 Hz this technique significantly underestimated pure tone
behavioral thresholds, perhaps because of spread éf acoustic
energy to other regions of the cochlea. The ABR/Derived Responses
showed excellent threshold prediction in the hearing~impaired
group at 1000, 2000, and 4000 Hz, but significantly overestimatea
the amo;ht of hearing less at 500 Hz. Similarly, the Slow
Resgonses estimated the patients' 500 Hz thresholds very poorly,
butlprovided good egtimates for the higher frequencies.

After considering the EPT-CPT results at each frequency for
each group, the data were combined to obfain the threshold
prediction accuracy f9r each EP test for all frequencies and for
a}l subjects. These results, sgowq in Figure 41, show that the
o
brainstem responses to tones, with and without noise masking,
provides the most accurate prediction of puré, Lone behavioral

threshold, with mean overall EpPT-CPT differénces between 4.4 and

6.0 dB for the three tests. Next best were the 40-Hz Response and
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ABR/Derived Response techniques with overall mean EPT-CPT of 9.9 _
and 12.6 4dB respectively. The Slow Response, Transient MLR, and

ABR/Clicks 'in Notched Noise methods resulted in the. poorest

overall threshold prediction (mean E?T-CPT 15.5, 21.3 & 26.4

dB, respectively).

»

(ii) Inter-subject consistency. Bartlett's Test  for

homogeneity of variances was used to deteémine whether threshold
predictions (EPT-CPT)  were significantly more variable between
subjects for some EP tests compared to others. The Bartlett
statistic (B) was first calculated for the data from both groﬂps
and all frequencies, resulting'in a statistidally-éignificant B
of 111.7 (F = 15.88, af = 7, 3§9426, p<0.00001). Following this;
the Bartlett statistic was calculated for each possible pairwise
comparison between the EPT-CPT variances of EP.testé,_using a
chi _square (df = 1) for significance testingl Tﬁese‘ pairwise
coméafisons are presented in the matrix in Table 9, and , were
considered significant at p<0.05. The results of the Ba{tlett
Tests show that the ABR/Derived Response, the Transient MLR, and
the ABR/élicks in Notched Noise tests  show ~£he highest
inter-subjé;t variébility. The threshold predictions proﬁided by
the other EP tests, on the other hand, are sigﬁificantly less
variable. This is particularly trxue of the ABR/Tones in Wwhite

Noise technique, which provided the least-variable threshold

predictions.
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(iii) Response clarity. A measure of how distinct

o,
above-threshold responses are from below-threshold waveforms --

response clarity -~ was obtained by calculating the mean combined
rating above and at threshold apd subtracting from it the mean
combined rating below threshold. The higher the result, the
greater the anrity. This calculation was made within each
inteﬁaity "Beries for each frequency; EP test, and group. No
significant main effects of group (£=2.o4,' a = 1, 18,
p=0.1699) or frequency (F = 0.74, df = 3, 54, p=0.5332) were
seen; significant differences, however, existed between the
response clarities obtained using éifferent EP tests (F = 24.99,
af = 7, 126, E<0'0001 (conventional and Greenhouse—-Geisser)). The
response clarities were collapsed across groups and frequencies,
and are shown in Figure 42. Three EF test procedures resulted in
overall mean response clarities of 2.0 or less:Transient MLR,
ABR/Derived Responses, ABR/Clicks in Notched Noise. These ‘were
significantly- worse than the other five EP tests which resulted

in overall mean fesponse clarities . of 2.4 to 2.5

(TukeyL HSD, 45 = 0.37). The clarity results are reflected in

the number of times extra replications were reguired during a -

W
test. The ABR/Clicks in Notched Noise and the MLR tests required

-

extra replications at approximately‘16 and 9 percent of the

intensities tested. This contrastagﬁith only 2 percent, for the

ABR/Tones test.

185
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(iv) Inter-rater reliability. This measure was calculated by

obtaining the absolute difference ('disagreement') between the
ratings provided by the two raters. No significant main effects

~

of group (F = 0.04, df = 1, 18, p=0.8344) or freqguency (F = 1.09,
af = 3, 54, p=0.2031) occurred, but significant differences were
seen with different EP tests (F = 7.27, df = 7, 126, p<0.0001

(conventional and Greenhouse-Geisser)). Figure 43 shows the mean

overall inter-rater reliability (collapsed across groups .and

186

frequencies)} - for each EP test. The lower the disagreement, the

better tﬁE"reliabilrty.' The three bfainstem procedures using
- ~ .
tones (ABR/Tones, ABR/Tones in Notched Noise, ABR/Tones in White

Noise) resulted in the best inter-rater reliability,iw{th .mean

overall disagreement of 0.27, 0.32, and 0.31 respectively. The °

Transien;i MLR and the ABR/Clicks in Notched Noise tests showed

the highest levels of inter-rater disagreement -~ both 0.47 -~
Myt . .

_which fa significantly higher than that for the ABR/Tones _aloné

test (Tukey HSD().05 = 0.19).

(v) Combined results. The EPT-CPT, clarity, and inter-rater

reliability data from each EP test were ranked and these ranks
combined to determine which test demonstrates the best overall

performance on all three of these measures. The Friedman two-way
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analysis of variance indicated that significant differences exist
between the combined r«_ank-s of the EP tests (Er_= 75.76, df = 7,
P < 0.0001). As 'with ‘the parametric tests performed on the
individual measures, post hoc pairwige compariééns using the,sign
test (shown in Table 10) show that the EP tests divide into three
categories of usefulness %or audiometry. The brainstem responses
to tones (masked and unmasked) aré the most-suited for EP
audiometry. Tﬂﬁ;do-ﬂz Responses and the Slow Responses comprise a
second category. They show poorer performance than most of the

tests in the first category, but}conaiderably better performance

than those tests in the third category. The 40-Hz Responses were

‘deemed to be in this middle category because their combined

[} b

results were not significant from those for the Slow Responses,
and their rank sum represented a large increase over the scores
for théx tests in the first category (Table 10). The third
category is comprised of the ABR/Derived Response, Transient MLR,

and ABR/Clicks in Notched Noise tesgts.

Discussion

R} Normative Data

Our results from the normal-hearing group confirm previously
reported findings with the auditory evoked potentials (see
reviews by Davis, 1976; Gibson, 1978; Picton et al., 1977, 1979,
1981; starr & Don, in press)s They will be considered with
regspect to three general principles: the effects of stimulus
intensity; the effects of stimulus freéuencyy and the effects of

stimulus masking.
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Effects of stimulus intensity. As  stimulus intensity

decreases, the latencies of the auditorf Eé components increase
and their amplitudes decrease. - The mean ABR wave.V latency to a
70 4B nHL 500 Hz tone in notched noise was 10.51 ms, which
increased to 13.40 ms at 30 dB nHL. The MLR Pz, however, only
increased abou? 2 ms (34.18 ﬁo 36.07) over the same intensity
range. This is slightly less than the latency changes reported by
athers {Picton et al., 1977; Thornton, Mendel, and Andersoq,
1977). The Slow Responses {N1) increased from 95.9 to 120.3 ms.
A3 intensity decreases the rise time of post-synaptic potentials
becomes longer. The increasing intensity;}elated latency changes

for the slower components probably reflect the cumulative effect

of more synapses.

-

plitudes of auditory EPs generally decline with decreasing
stimulus intensity, with this effect being most evident for the
later components. Aﬁplitude of N1 in response to a 70 4B nHL 500
Hz tone was 9.6 nv, which decreased to 4.7 uv at 30 dB. The
brainstem résponse_ (500 Hz tone in notched noise) changed from
0.69 nV to 0.53 nv over the same range. Evoked potential

+

- .
amplitudes may saghiiii at high intensities, especially for
. - .

high-frequency stimuli (Davis, 1976; Picton et al., 1977, 1981).

Our results, however, do .not show this saturation. This is

probably because we did not use high intensity stimuli (80 or 90

dB) in the normal sﬁbjects.

Effects of stimulus frequency. Decre the tonal

frequency of a stimulus results in ioége

ABR (V) and MLR (Pa)

‘C‘.
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latencies. The incrggaed latency reflects the time taken by the'
travelling wave along the basilar membrane to reach the apical
regions of the cochlea. Thé 3 - 5 ms delay bétween high (4 - 8
kHz) frequency to low (500 Hz) frequency regions is accurately
seen in the AP of the electrocochleogram and wave V of £he
brainstem response when the Derived Response technique is used;
At 70 dB nHL the latency delay'from 4600 to 500 Hz was 3.86 ms
for the Derived Resgponses, 4.18 ms for the responses to tones in
notched noise, 4.32 ms for the respenses to tones in white noise,

and 6.34 ms for +the MLR. The Slow Response (N1} does not

demonstrate this frequency effect on latency.

The amplitude of auditory EP components tend to be larger
with low-freguency stimuli. One possible explanation is that the
larger amplitude of the responses to the low-frequency stimuli
reflect an increase in the area of basilar membrane activation
occurring with decreasing tonal frequency (Galambos et al.,
1981). The effects of ;onal freguency on the amplitude of the ABR
are confounded, -however, by the poorer synchrony of responses
from apical regicns of the cochlea. The increase in the area of
the basilar.membrane.stimulated results in increased-variability
of the onset of neﬁronal regsponses. This jitter may result in
broader responses of 1ow;r amplitude (Stapells & Picton, 1981;
Starr & Don, in press}.

I

Effects of stimulus masking. The effects of masking on the

latency . and amplitude of the brainstem response are complex. The

addition of notched or white noise to moderate- or high-intensity
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torieg ;auged an increase in the latency and a decrease in the
;mplitude of wave V compared with the unmasked réaponse.

The iatency shift which occurs with the addition of masking
noise is gréater for low-frequency tones, and decreases with
decreasing stimulus intensity. Brief tones contain acoustic
energy at frequencies higher and lower than their nominal
frequen;y. The effects of the masker on the responses to
low-frequency stimuli are probably the result of the masker
removing the part of the response originating from the higher
frequency region. The latency changes seen with the 500 Hz tone
are thus due to the masker limiting the response to apical
regions of the cochlea, and reflect the increased travelling-wave
delay (Burkard & Hecox, 1983; Picton et al., 1979; Stapells &
Piéton, 1981); At lower intensities the masker has less effect
because thelskirts ?f the tone's frequenéy spectrum are becoming
sub-threshold (Pictoh et al., 1981). High-frequency stimuli show
little chaﬁge in latency with the addition of mask;nq noise
because the response cannot shift far to an earlier and morée
synchronizable region of the cochlea (Stapells & Picton, 1981).

iy

The ‘§Eall shifts which are seen at the high freéuencies are

probably due to the effects of masking at the nominal frequency’

of the tone (Burkard & Hecox, 1983; Picton et al., 1979), the
effects of which are most pronounced at high-frequencies {Burkard’
& Hecox, 1983). This‘may also account for a small part (leds
than 1 ms) of the latency-shift seen with the low-frequency
stimuli. Similarly, tﬁe longer latencies produced by the white

compared to notched masking noise are the result of increased

¢
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masking at the nominal frequency. ‘ '

I Th?;flattening of the ampiitude-intensi?y relationship which
occurs at all ffequencies when masking noise is added is - caused
primarily by the removal of underlying.componenta that derive
from other frequency regions of the cochlea. Scme of the
amplitude changes are "also attributable to 'a direct masking
effecé, both from the low-frequency edge of the notched noise
and from 'energy present at the nominal frequency (Burkard &
Hecox, 1983; Picton et al., 1979, 1981). The decreasing effect of
the masker on the amplitudes which occurs. with deqreasing
intensity occurs becausel the skirts of the tone becomey
sub-threshold. The lower amplitudes of the ABR to tones in whiteg
noise are the result of the additional maskin; which occurs
without the notch.

The changes in the amplitude and latency of the ABR to
low-frequency stimuli which occur when masked indicate that
these responses are not frequencf—spec{fic when recorded at

’

moderate to high intensities (Burkard & Hecox, 1983; Klein,

1983b; Picton et al., 1979, 1981; Stapells & Picton, 1981).
Thegse results demonétrate the need for the use of noise masgking

when recording responses to these stimuli.

B) Audiometric Usefulness

This section will discuss the audiometric usefulness of the
various EP - technigues with particular attention to

hearing-impaired gubjects. Our results- indicate that of the

eight EP tests, the auditory brainstem responses to tonal stiﬁhli
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(masked and unmasked) best fit the requirements £for a good test—
for frequency-specific EP audiometry. These requiiements are:
(;; accurate prediction of pure tone behavioral 'threshold;
(b) consistency of threshold prediction across different
subjects; (c) ease of dgstinguishing'abovajthreshold responses
from below-threshold responses; and (d) inter-rater reliability.

-

Tests with Poor Scores. Three EP tests gave poor scores’

consistently for the four measgures used for test evaluation. The
results of this study suggest the ABR/Derived Response,
ABR/Clicks in Notched gpise, and Transient MLR techniques are not
useful for frequency—sé;cific EP audiometry. -

(i) ABR/Derived Responses. The derived brainstem resgponses
demonstrated poor responge clarity,- a major problem if this
technigque is to be uged.for audiometry. The variability evident
in some of the Derived Responses presented in Figqures 23 and 37
is due primarily to 'the increase of background noise which
occurs when wgveforms are subtracted. The subtraction of one
waveform from another increases noise levels by a facéor of
approximatély 1.4 (Jf } {Picton, Linden, Hamel, & Maru,t 1983;
Picton, Stapells, & Campbell, 1981). The resulting problem in
recognizing‘ the responses makes determination of thre;hold' very ’
aifficult. lThe poor performance of this technigque at 500 Hz
“ might have been improved by using a longer-duration click
containing more low-frequency acoustic energy. The
derived-response  techniqu§ has'provén to be very accurate in

electrocochleography (Eggermont, Spoor, & Odenthal, 1976;
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Elberling, 1974), and théoretically it érovides the b?Bt
frequency-specificity of aﬁy of the EP tests evaluated in’iigé
present study. incre&sing the number of trials in the a@erages
would prob;bly have i;proved the overall performance ,°f the
ABR/Derived Response technigue. This would, however, de ‘a%se its
usefulness since it already requires mor; time than the her
test§ because of the off-line analysis,.

K A sec;nd prgblem with the derived-response technique is the
high intensity of noise required .to mask the click. High acoustic
noise levels tend to make the subject tense, and this increases
the electrical noise in tﬁe recordings. Most importantly,

however, the high intensity masking noise can cause a temporary

threshold shift. This is difficult to predict since little is

known of the noise-sensitivity of pathological cochleas.

»

(ii) ABR/Clicks in Notched Noise. The ABR/Clicks in Notched
Noise test prov;ded Fhe worst results of all measures. The
waveforms recorded using this technique were very noisy and
variable. ‘Aa with the De;ived-response technique, hig? levels of
masking noise are required to mask the click. This enteiils the
problems of muscle tension and temporary threshold shift. In
addition to these serious practical problems, the cocﬂiear
mechanisms of the brains£em response to Clicks in Notched Noisge
are not understood. The.alterations in wave V latency which would
be p;edicted for changes in notch center frequency are not always
apparent (Pratt & Bleich, 1982; Stapells et al., in press-b).
The intensity . ;f the masker relative to the click is critical,

with different peaks occurring at different levels (Stapells et
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al., in press-b}. Our results indicate that the ABR/Clicks in

Notched HNoise technigue is not useful for EP audiometry, a

conclusion supported by Pratt and his colleagues (Pratt et al.,

in press).

{iii) Transient Middle Latency Response.‘The Transient .MLRs
provided results wﬁich were almost as poor  as the
ABR/Clicks in Notched Noise tech;ique. Noisy, variable wayeforms
are again the cause of the problems. The contributioﬁ of reflex
and on-going muscle activity to the MLR (Bickford, 1972; Picton,
Hillyard, Xrausz, & Galambos, 1974) is probably the cause of
the wvariability. The presence of a large feflex response can
demonstrate that the cochlea and brainstem have responded to the

sound. Problems occur, however, when a small reflex re e
. !

gverlaps with the neurogenic response producing a distorte:szid
uninterpretable waveform (Pictoak& Fitzgerald, 1983; Picton et
al., 1877). The audiometric usefulness of MLRs is probably
increased during light sleep, when muscle activity decreases
(Picton & Smith, 1975); indeed, this has been shown by Mendel et
al. (1975), who reported lower MLR thresholds during light sleep

than during wakefulness.

The MLR may have provided better results if different

amplifier filter settings had been used. Suzuki and his’

colleaques have reported that when responses are
- digitally filtered using a high pass setting of 30 Hz for adults

and 20 Hz for children, much of the MLRs' wvariability
disappears (Suzukl, Hirabayashi, & Kobayashi, 1983; Suzukil,

Kobayashi, & Hirabayashi, 1983). These results would probably not

)
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occur with analog £ ering because the phase—distartion of the
waveforms would make the interpretation of the responses more

difficu}t.
r—""'_'/

Tests with Intermediate Scores. Two EP tests (Slow Responses
and the 40-Hz Response)_ féll into a middle category in the
bverall evaluation of their usefulness for audiometry. This was
due either to their intermediate performance on.;ll measures, or
to poor performance at some frequencies. These tests, however,
were significantly better than the tests discussed in the
previous section.

(1) Slow Response. The Slow Responses showed ihtéfmediate
scores at all frequencies for accuracy, inter-subject
consistency, and inter-rater reliability. The exception to this
was their poor accuracy in.predicting 4000 Hz thresholds, due
probably to the lower amplitude of these responses at this
freéuency (see Figure 22)(Picton et al., 1977). In‘general, the
Slow Responses demonstrated good response clarity. During sleep
these ‘responses are larger in amplitude, but show ' greater
responsé variability (Campbell & Bartoli, 1983; Davis, 1976¢;
Mendel et al., 1975; Picton et al., 1977). These responses would
therefore - not be any better-when testing sleeping subjects. The
Slow Regponses, however, do appear to be useful in testing older
children and adults with funct%::iijpeﬁfzng loss (McCandless &
Lentz, 1968; Picton mith, 1978;- Picton et al., 1977; Squires &
Hecox, 1983). .

(ii) 40-Hz Steady State Response. The 40-Hz Response fell
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into the middle category because of poor sccores at 2000 and 4000
Hz, particularly for the EPT-CPT accuracy measure. The K;;lﬁz
Response, however, provided excellent scores at the low
frequencies, and it may be possible to use this test at low
frequencies with another (one of the auditory brainstem response
techniques) for testing high freguencies. This could be done bf
presenting the tones which are used to elicit the brainstem
responses at a rate of 40/s, and using a filter bandpass which
will allow the recording of both responses (such as 10 - 3000
Hz). We used a 3%/s stimulus repetitibn rate when recording the
brainstem responses as this was close to the fastest rate allowed
using a sweep of 20 mg, and previous studies had demonstrated
that a rate arcund 40/s was optimal for recording large brainstem
responses (Hyde & Blair, 198%; Picton ;t al., 1979). Our BABR
protocol thus fortuitously combined the 40-Hz Résponse with the
brainstem response. A large 40-Hz sinusoid is seen in many of the
ABR recordings (Piqure 27). The 40-Hz sinuscid is also clearly
evident in most of the tracings presented in the initial notched
noise study by Picton and his coworkers (1979). The major
difference in this study between the ABR and 40~Hz protocols was
the use of tones having longer rise-time and duration for the
latter technigque. The low amplitudes and high thresholds we found
for the 40-Hz Responses at 4000 Hz are probably due to the use
of stimuli with longer fise-times ~- 0.5 ms8 vs 5.0 ma (Stapells &
Picton, 1981}. This would have caused the comcomitant 4000 Hz
ABR to be smaller in amplitude. It was not possible to filtér out

this 40-Hz activity to separate the two responses because at
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lower tonal frequencies éhey’share similar freq;ency spectra
(Boston, 1981; Elberling, 1979). A slower repetition rate such
as 10/s would have been required to separate the ABR from the
40-Hz Response.

d%ile the 40~Hz test scored considerably better than the
‘Trangient MLR, it's results may have been further improved by
employing a different filter bandpass (for the same reasons
presented above fo¥ the MLR). The usefulness for audiometry of
the 40-Hz fechnique may be substantially improved by using
Fourier analysis, which ' can be considered as the "ultimate"
bandpass filter. We have found that Fourier analysis and
conventional signal averaging provide similar resﬁlts: Fourier
analysis, however, may ge used in conjunction with te;hniques
such as the "zoom" technique to speed up the recording, analysis
and output of data (Stapells et al., in press-a). In the present
study we evaluéted only the amplitude of the 40-Hz Reaéonse.

Recent evidence, however, suggests that phase is a more-sensitive

and legs—variable measure for response detection near threshold

(Makeig & Galambos, 1983}).

Tests with Best Scores: ABR/Tones (masked and unmasked). The
three brainstem response techniques using tonal stimuli proved to
the best EP tests for audiometry; On average, detectable
regponses were recordable using low- and high-frequency tones to
within 4 - & dB of pure tone behavioral thresholds. Test
accuracy, inter-subject consistency, reséonse clarity, and

inter-rater reliability measures were consistently better for the

-
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ABR/Tones-alone, ABR/Tonea in Notched Noise, and ABR/Tones in
White Noise tests than for any of the.éther EP tests. The clarity
of the brainstem responses to tonal stimuli was not significantly
changed when notchpd masking noise was introduced. The masking
noise intensities required to mask the acoustic spread of the
tones are at least 20 dB lower than those required to mask click
stimuli. The masked tone tests therefore are much less likely to
cause temporary thréshold shifts.

* Greater differences between the thresholds for the m;sked
and unmasked tone ABRs were predicted. Unmasked technigues would
be accurate for lossges wﬁich are flat or sloping in
conf iguration. The need for masking increases, however, with the
steepness of a hearing-loss preseﬁt\(Picton} 1978; Picton et al.,
1979). The results from-the two patients in the present study
having steep high-frequency hearing loss show a 10-dB improvement
in threshold prediction when notched noise masking is used. The
earlier study of Picton et al. {1979) demonstrated improvements
as great as 30 dB. The results from subject 31 illustrate the
effects of acoustic spread and its masking. Her 4000 Hz threshold
was underestimated by 55 dB when'masking is not used. Notched
noige did not mask adequately thé 3000 Hz region, hence threshold
.prediction was improved only 10 dB. The responses to Tones in
Notched WNoise therefore represent activity over areas of the
cochlea representing approximately one octave (Picton et al.,
1979). When the ’tone was masked using white noise, however,
frequency-specificity was improved such that EP threshold

predicted within 5 dB her pure tone behavioral threshold. The

o ‘ . £
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better performance of the white noise over notched noise masking
in this case was, however, unusual. In most cases the white noise
technigque provided less-clear responses because they were lower
in amplitude than when notched noise is employed. An uneguivocal
demonstration of the relative efficiency of notched or white
noise masking will require the evaluation of these techniques in’

additional subjects with steep hearing loss.

-

. o
. .
!

-

C) General Comments

In carrying out the present study we did not determine which
EP test might be the best procedure to obtain accurate
thresholds under optimal recording conditions. It .is possible
that gome of the tests.would have fared better in =~ the £final
comparison if recording had been carried out for a greatér numbér
of average;. However, thialwould result in recording times longer
than would be ;cceptable in the clinic. Furthermore, allowing a
greater number of averages may not have drastically altered this .
study's conclusions.since the two tests with the poorest results
(Transient MLR and ABR/Clicks in Notched Noise) were also the
tests in which the greatest number of extra replications were
obtained. -

An EP test which results in high threshclds in

»

normal-hearing -éubjects can still accurately predict thre;holds
- in hearing-impaired subjects if these thregholds are consistent.
This may be done by subtracting a constant "correction factor"

{such as the normal threshold) from the pat}ent's threshold (Don

et al., 1979). We were unable to do this in the presen}r"étudy
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because the tests ‘which provided %}gh- EPT-CPT scores also
demonstrated considerable variability across subjects. When _the
variability .of the tﬁreshold estimate -exceeds the correction
factof, the use of such a factor giveg;little improvement.
Ultimately evoked potential audiometry will use automatic

and objective decisions reqgarding the presence and gquality of

a response (Don, Elberling, & Waring, 1983; Elberling & Don,

1983; Picton, Linden, Hamel, & Maru, 1983). In contrast with the

present methbd which wused a fixed number of trials for each
average, - an automatic technigque would stop the averaging process
when a response reaches some criterion for detection. Thus, on
occasions when recordings are particularly necisy, averaging
would continue until the criterion is finally attained or the
trial aborted. When the recordings are clear and noise~free,
criterion would be reached very quickly and the test completed in
shorter time. This technigque would rule out the present problem
which occurs when .interpreting the results from a patient whose
EPs recorded one day are noisier than those recorded on another
day.

Click-evoked brainstem potentials are the most common
technique presently used for evoked potential audiometry. As
broadband stimuli, clicks can provide a rough estimation of
auditory sensitivity. Thus, if the ABR/Click threshold and
latency-intensity function are normal then overall auditory
sengsitivity may be such that the individual is able to function
normally. While probably true for the majority of hearing

losses, dindividual cases such as subject 40 (sidnificant
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mid-freguency loss) indicate that this profocol may miss
individuals with aignificaét hearing handicap. Auditory
function and sensitivity aemonstrpteé using clicks must therefore
be interpreted with thé limitations of the technigue kept in
mind. 2 o ]

‘ Click-evoked brainstem potentials are u;ed,,tgzggnerate the
synchroni;ed response conthining waves I; III and V™used in
neurOIOgicai evaluation. Tonal stimuli do not elicit a
well gsynchronized response, and difficulties can arise when
hearing loss is present. Click-evoked brainstem potentials are
thus useful as an igitial tool for screening both neurological
fﬁnction and hearing. When a hearing 1055 is indicated by this
technigque, however, a more~detailed examination to obtain
frequency—-specific thresholds is required. This examination is
required in order to determine if any residual hearing is present
(especially low frequ;ncy) and to obtain the threshold

information needed for the fitting of a hearing aid.

D) Recommendations

The results of the present study can be summed-up by the

!

following recommendations for evoked potential audiometry:
LD
(i) A general auditory evaluation and screening for hearing
loss is best carried-out by recording the ABR in response to
unmasked clicks. This.:test can be carried-out very quickly,
provides a rough overall assessment of auditory sensitivity, and

provides information cordterning the maximum stimulus and masker
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intensities needed in freguency-apecific techniques. The
relative insensitivity of wave V to hiéh stimulus presentation
rates (Picton et al., 1981) allows one to use rates from 50 to
80/8, thus speeding-up the recording-time and a full intensity
series can be obtained relatively quiickly. In addition to the
threshold, a response to high-intensity clicks (60 - 90 dB nHL)
pregsented at rates between 10 to 20/s may be obtained to assess
neurological function.

(ii) Frequency-specific information should be obtained in
those individuals demonatrating elevated ABR/Click thresholds
and/or abnormal latency—in;ensity functions, or who, for some
other réason, are suspected of having impaired auditory function.
This information is required for the fitting of hearing aids and
subéequent management of the patient, The method of ehoice for
obtaining the fregquency-specific information is the ABR/Tdnés in
Notched Noise fechnique- Presenting the Davis 2-1-2 tones in the
presence of notched noise at an intensity 20 dB below the
peak eguivalent intensity of the tﬁne ensures failrly good
frequenéy-specificity at 500, 1000, 2000, and 4000 Hz. The use
of a 40/s presentation rate combines the ABR with 40-Hz
Response, thus providing good response identification and low
thresholds at all stimulus frequencies. These combined responses
are perhaps best recorded using a wide amplifier bandpass of

10 - 3000 Hz.
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Table 1
Ditferences Between Thresholds Obtained Using
Different Evoked Potential Technlques.
Brainstem Middle Latency Slow 40~-Hz .
Responses Response Responses Response )
Electro- +7.5% +6.4% +34.8%
cochleography +17.88
: —1.2% . 427,38 -20%
Brainstém +1.50 - +5
Responses +2.
-15
Middle Latency +28.5% -5t
Response +8.5% .

Note. The number in each colum represents the dB difference between the -

average threshold using the technigue described in the-title of the

colum and the average threshold obtained using the technique described © -

in the title of the row. A negative sign indicates the éolum technique
provides a lower threshold. Brainstem responses include SN10 gia.té..

 BRohzu, 1980

YBrown & Chambers, 1983

Ozdamar & Kraus, 1983 L
“Shallop & Osterhammel, 1983 -

Musiek & Geurkink, 1981

Jendel, Hosick, Windman, Devis, Hirsh, & Dinges, 1975
Ino, 1976 (4000 Hz, Hearing-Impaired)

rf
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7 Pigqure Legends

Figure 1. Stimulus and recording apparatus. A: Filter setup for

-high~pass noise. B: Filter setup for notched noise. C(C: Setup

for white noise.

Figure 2. Acoustic spectra of the tonal stimull used in this
study. Tones were generated by the TN 3000 system with the rise
and fall times, and plateau durations indicated on the left. The
tones were presented through & TD earphone at an intensity of
111 dB peak equivalent SPL. The a ic waveforms were recorded
using a 6-cc artificial ear (Brilel & Kjaer Type 4152 with a 4144
1-in microphone), amplified on asBriel and KXjaer type .2619
preamplifier, "and digitized on a TN 1500 signal averager. The
%verage power spectral density function for each tone is plotted
between 100 and 10,000 Hz using logarithmic intensity and

frequency axes. The intensity axes are arbitréry.

Figure 3. Acoustic spectra of the 100-us click stimulus and
noise wused in this study. Generated by the TN 3000 system, the
click was presented through a TDH-49 earphone at an intensity of

113 dB peak eguivalent SPL. Broadband noise ("white noise") was

.

.generated by the Med Associates noise generator (model ANL-912)

and presented through a TDH-49 earphone at an intensity of 100 4B
SPL. Notthed noise was obtained by bafid-reject filtering the
white noise over a i-octave xrange (Krchn~Hite model 3343,

48 dB/octave rolioff). The acoustic waveforms were recorded using
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a 6-cc artificial ear (Brifel & Kjaér Type 4152 with a 4144 1-in
microphpne), amplified on a Brilel and Kjaer type 2619
preamplifier, and digitized on a TN 1500 signal avefager. The
average power spectral density fuhctions for the click and for
the noise are plotted between 100 and 10,000 Hz uéing logarithmic

intensity and frequency axes. The intensity axes are arbitrary.

Figqure 4. Derived braingstem responses. This figqure shows the
Derived Responses from one normal-hearing subject (#05). The
intensities given on the left are those of the unmasked ¢licks.
The frequencies given across the top represent the lower cut-off
frequencies of the high-pass noise. With filter-slopes of 96
dB/octave this is the aébroximate center fregquency of the
effective narrow band stimulﬁs. Responses for the 4000 ~ 8000 Hz
band afe represented by the 4000+ waveforms. 'In this and all
subsequent figures, negativity recorded at the vertex is
represented as an * upward deflection. The wave Vs in the
re;ponses at each frequency at 70 4B nHL are indicated by the
arrows. Clear wave Vs are not visible At the 500 Hz frequency

band below 30 dB nHL in this subject. Latency of wave V

increases with decreasing stimulus intensity and frequency.

Fiqure 5. Derived Response latency (wave V) as a function of

stimulus intensity and frequency. Intensities given are those of

the unmasked click. Datum points represent the average from at
least £five of the ten normal-hearing subjects. Wave V latency

increases linearly with decreasing stimulus intensity,
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and increases about 4 ms when the fregquency band is

"‘de%eased

from 4000+ Hz to 500 Hz.

Figure 6. Derived Response ‘amplitude (wave V) as a funct
stimulus intensity and frequency. Intensities given are thoseé of
the unmasked click. Results are the average of data from te

normal-hearing subjects. No consistent difference exists between\\\\*"“~

e

the amplitude results for the 500, 1000, and 2000 Hz bands. /The

#

4000+ Hz band resulted in responses with greater amplitudes.
.

Fiqure 7. Brainstém responses to Clicks 4in WNotched Noise.
The better-than-average responses shown in this figqre are from
subject #13. The intensity of the broadband noise (no notch} was
sufficient to mask the perceptual response of the subject. A
notch was formed by band-reject fiitering the noise over a
1-octave range, centered on the frequencies indicated at the top
of this figure. Each tracing represents the average of 2000 -
trials. The responses to the 70-dB stimulus suggest an increase
of wave V latency (indicated by the ‘?IIOWS) with decreasing
stimulus fregquency. Responses at the high-frequency bands show
wave Vs at intensities down to 10-20-dB nHL. The waveforms
recorded _at the 500 and 1000 Hz bands, however, show
interpretable wave Vs only at the highest intensities. ﬁelow‘ 70
or 60 dB, the low-frequency responses contain peaks at latencies
which appear inappropriate for the frequency and intensity of the

effective stimulus.
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Figure 8. Lati?cy of brainstem reéponse wave ; to masked and
unmasked 500 Hz‘tones.lEach datum point represents the average
reéﬁlts from a. minimum of five of the ten normal-hearing
subjects. NN = notched noise; WN = white noiée. Intensity of the
noise was 20 AB below the peak equivalent SPL of the tona. Wave
V latency iﬁcreases with decreasing stimulus intensity. The
notch and whité-noise pro}onéa wave Vblatenéy at all stimulus
intensities. The iatencies of wave V to éhe 500 Hz tones in
white noise™are longe.r than when notched noise is used. This
effect increases with decreasing stimulus intensity.

Figure .9. Latency of  wave V to masked and unmasked 1000 Hz
tones. Each datum point ;epresents the average results 'from a
minimum of five of the ten normal-hearing subjéctp. NN = notched
noise; WN = white ;oise; Intensity of the noise was 20 dB below
the peak equivalent SPL of the tone. Wave V latency increases
with decreasing stimulus intensity: The notch and white noisge
prolongs wave V latency at stimulus intensities above 30 4B nHL,
with this effect increasing‘with increasing stimulus intensity.

; &he latencies of wave V to the 1000 Hz tones in white noise are

1on§ér than when notched noise is used.

Figure 10. Latency of wave V to magsked and unmasked 2000 Hz
tones. Each datum point represents the average results from a
minimum of five of the ten normal-hearing subjects. NN = notched
noise; WN = white noise. Intensity of the noise was 20 4B below

the peak equivalent SPL of the tone. Wave V latency increases
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‘with decreasiﬁg stimﬁlus intéﬁsityik The notch noise proloﬁgéfy.
wave V latency éiightly at st;mulus intensities above 40 dB nHﬁ.
At all stimulus intensities, latencies of wave V to the 2000 Hz

" tones in white'nOise éfe iongér than whéﬁ noﬁched.néise is used.
Figure 11, Latenc§ of wave.V to'masked and unmasked 4000 Hz
tones. Each .dAtum poin; represents the average results ‘frpm a
minimum of five pf the teﬁ“nérmal-hearing‘Bubjects. NN = notched
noise; WN.= white noige. Intehsity of the noige was 20 dB "below
the' peak‘ equivalent SPL of.the tone. Wave V latency increases
with decreasing stimulus intensity: Littlej differencg exists
between the unmasked and notched noiseAfunctioné. The white noise
function demonstrates 'élighﬁly longer latencies thanl‘both the

masked and notched noise functions.

Figqure 12. Amplitude of brainstem response wave V. to masked and

unmasked 500 Hz tones. The average results Ufrpm the ten
normal-hearing subjects are plqttea. NN = notched noise; WN =

white  noise. Inféggziy of the noise was 20 dB below the peak

\

equivalent SPL of the tone. Amplitude of wave V in response to
the unmasked $00'?Hz‘tones decreases with decreasing stimulus
-"‘ . - |

intensity.. The.uéerof noise masking markedly decreases amplitude
of wave V at higher stimulus intensities. Little difference
exists, however, between the mﬁ%ked‘ and unmasked response

amplitudes at low stimulus intensities. At 30 dB nHL and higher,

regponses to tones in white noise have lower amplitudes than

those to tones in notched noise.
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"Figure 13. Amplitude of wave V to masked and unmasked 1000 Hz

tones. The average results from the ten normal-~hearing subjects
a;e' plotted. NN = notched noisé; WN = white moise. Intensity of
the noise was 20 dB below the peak equivaleﬁt 5PL of the tone.
Amplitude of wave V in response to the unmasked 1000 Hz tones
decreases with decreas;;% stimqlus intensity. The use.of. noise
masking markedly decreases amplitude of wave V at higher stimulus
intensities. Little differencé exists, however, between the‘-
masked and unmasked response amplitudes at low stimulus

intensities. Above 20 4B nHL, responses to tones in white noise

show lower amplitudes than those to tones in notched noise.

Figure 14. BAmplitude of wave V to masked and unmasked 2000 Hz
tones. The average results from the 10 normal-kearing subjects

are plotted. NN = notched noise; WN =.white noise. Intensity of

>

the noise was 20 dB below the peak equivalent SPL of the tone.
«

‘Amplitude of wave V in response to the unmasked 2000 Hz tones

decreases with decreasing stimulus intensity. The use of noise

- e

masking markedly decreases amplitﬁde of wave V at highér stimulus

intensitiegs. Little difference exists, however, between the

masked and unmasked response amplitudes at low stimulus

intensities. At all intensities, the responses to tones.in white
¢ .

noise shdﬁ lower amplitudes than those to tones in notched noise.

)
' .

0 “;};-
Figure 15. Amplitude of wave V £o masked and unmasked 4000 Hz

tones. The average results from the ten normal-hearing subjects

H
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are -plotted. NN = notched noise; WN = white noise. Intensity of
the noise was 20 dB below the peak equivalent SPL of the tone.

Amplitude of wave V in redponse to the unmasked 4000 Hz tones

. decreages with  decreasing stimulus intensity. The use of noise

masking marKedly decreases amplitude of wave V at higher stimulus

intengitiles. o difference exists, however, between the masked

'‘and unmalked ) response amplitudes below 30 48 .nHL. Above 30 dB

nHL, th respongses to tones in white noise are slightly lower

amplitudes than those to tones in notched noise.

Figure 16. Latency of MLR component Pa as a function of stimulus
intensity and frequency. Each datum point represents the average

data from at least five of the ten normal-hearing subjects. Less

. than five subjects showed replicable responses to the 4000 Hz

stimulus when presented at levels below 50 dB nHL. Decreasing
stimilus frequency resulted in longer Pa latencies. Only small

and inconsistent latency increases occur with decreasing stimulus

intensity.

Figure 17. BAmplitude of the MLR component Pa as a function of

stimulus intensity and frequency. Stimulus presentation rate was

" 9.6 'per second. The EEG was filtered using a 10 - 1500 Hz

bandpass (12 dB/octave). Amplitude was.measured to the preceeding
vertex-negative peak (Na); Each datum point plotted represents
the average data from ten nbrmal-hearing subjects. Less than
five subjecgg showed replicable responses to the 4000 Hz sti@ufus

< .
presented at levels below 50 dB nHL. Small decreases in Pa

s

236
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amplitude occur as stimulus intensity is decreased, with a

tendency for the lower-freguency stimuli to elicit 1largerxr

regponses.
/,
. s

Figure 18. The 40-Hz steady state potential. The 40-Hz responses
from one subject (#04) are presented in this figure. Eaéh t;acing
represents the average of 2000 trials. The tones (5 ms rise and
fall; 5 ms plateau) were presented at a rate of 39/s. The EEG was
filtered using a 10 - 1500 bandpass (15 dB/octave}. The resulting
sinuscidal respénse decreases in amplitude down to threshold,

P

and is larger for low-fiequency stimu}i.
O
Figqure 19. amplitude of the 40-~Hz steady state potential as a
function of stimulus intensity and frequenéy. Results represent
the average data fr&m the ten normal-hearing subjects. The
largest peak-to-peak amplitude present in the waveforms was
recorded as the amplitude. Average noise levels were estimated to
be 0.25 uV. This noise level was obtained by record;ng the
largest peak-to-peak amplitude present in these subjects’
non-respongse waveforms (at 0 or -10 4B nHL). Amplitude of the
40~-Hz response decreages linearly with 'decreasing " stimulus
intensity. Increasing stimulus frequency results in smaller

amplitudes.

Figure 20. Slow Responses. Shown are the Slow Responses from a

normal-hearing subject (#11). Component N1 is indicated by the

arrow for the 1000 Hz response at 70 dB nHL. Latency of this
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component. increases, and its amplitude decreases, with
decreasing stimulus intensity. Responses from this subject are
vigible at 20 dB nHL for the 500, 1000, and 2000 Hz tones, and at

30 dB nHL for the 4000 Hz tone.

Fiqure 21, ﬁatency of the Slow Response (N1) as a function of
stimalus intensity and frequency. " Datum points represent the
mean resul&g from at least.five of the ten normal-hearing
subjects. Below 30 d8B nHL fewer than five subjects sho%ed
replicable Slow Responses to the 2000 and 4000 Hz stimuli.
Latency of N1 increases slowly with decreasing stimulus intensit}
until near threshold, at which point latency rapidly increases.
No clear relatiosship is evident between stimulus ‘fregquency . and
N1 latengy.

Figqure 22. Bamplitude of the Slow Response (N1) as a function of
stimulus intensity and frequency. Amplitude was qeasured between
the N1 pqak and the following positive peak (P2). Results ;re the
average of data from the ten normal-hearing subjects. Amplitude
decreases linearly with decreasing stimulus iﬁtensity.
Low—frequency'stimuli elicit slightly larger responses.

Figure 23: .Derived brainstem responses from subject #52. This
figure shoﬁs the 1000 and 4000+ Hz Derived Regponses from a
patient witﬁ a low-freguency sensorineural hearing loss. The
4000+ Hz.responses indicate a threshold of 10 dB nHL (indicated

by the star) which 1s within 10 4B of her 5 and 15 4B pure tone
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HLs for 4000 and‘BOOO Hz. The 1000 Hz response threshold of 40 dB
is within 5 dB of her pure tone HL. The Derived Responses thus
mapped threshocld. The 00 Hz responses, however, show
considerable wvariability, with the response disappearing at 60

ds, and subsegquently reappearing at 50 and 40 4B nHL.

Figure 24. Left: Temporary £hreshold shift (TTS) féllodfhg
exposure to noise levels used to mask clicks. This figure shows
the audiogram obtained (a) prior to subject #52's‘participat16n
in the study; (b) one day following her participation in the
ABR/Derived Response test; and (c) th?ee days folldwing her
exposure to the noise in the Derived Respongse test. Following her
participation, she developed tinﬁitus which was centered around
1000 Hz. The pure tone audiometry performed one day after her
exposure showed a 30-dB TTS at 4000 Hz. When retested at 3 days
post-exposure, her thresgolds had returned to her pre-exposure
levels, and her tinnitus had disappeared. In this subject we had
used 118 dB SPL noise (broadband) to mask the 90 dB nHL clicks;
the maximum click intensity was subsequently lowered to 80 4B nHL
for all other individuals. Right: Subject #52's brainstem
responses to unmasked clicks show a iow threshold and a normal
latency-intensity function, suagesting normal sensitivity at high
frequencies. This should perhaps have indicated the need for
" caution when. using the derivéd-response technique in this
patient. "-Each tracing represents the average of 2000 trials.

Click intensity in dB nHL is shown to the left of the responses.
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Figure 25. The effects of a flat conductive loss on brainstem
regponse latency-intensity functions. The left of this figure

shows the normal latency-intensity functions for the brainstem
responses to unmasked clicks and unmaskedl4000, 2000, 1000: énd
500 Hz tones. The results were obtained from ten normal-hearing
subjecté- Latency increases with decreasing stimulus frequengy
and intensity. The increase seen with decreasing intensity is
greater for the low-frequency stimuli. The right of this figure
shows the latency-intensity functions obtained from a patient

with a 45 to 55 dB flat conductive loss (subject #32). These

functions are shifted up and to the right (compare the intensity

scales).

Figqure 26. Variability of the Transient Middle Latency
Responses. This figure shows the MLRs to 500 and 1000 Hz tones
.recorded from a subjectf{#33) with a sloping high-frequency loss.
This subject's pure tone HL for 500 and 1000 Hz are indicated in
the brackets under the titles. Each MLR waveform represents the
dveraée of 500 trials. The EEG was filtered using a bandpass of
10 - 1500 Hz (12 dB/oct). Intensities of the stimuli (in 4B nHL)
are indicated to the left of each recording. Response threshold
is indicated by thé star. At 500 Hz, the MLR overestimated
threshol& by 35 dB. The waveforms are quite variable, and leven

though there is gsome suggestion of }esponses to the 500 Hz tones
- &
at lower intensities, the replicability is so poor that the

raters scored them as non-responses. PFurthermore, at::foth

frequencies it is difficult to differentiate some waveforms



Stapells et al. 241
Auditory EP Thresholds

recorded in response to stimuli which should be below threshold

from those recorded in response to high-intensity stimuli.

FPigure 27. Wave V superimposed on the 40-Hz response. This
figure shows the brainstem responses to unmasked 500 Hz tones
from a subject with noima; hearing (#02), and from a subject with
a 1ow—fre§uency conduct ive ﬁearing loss k#34). The SdO‘Hz pure
tone HL for each subject is indicated at the top of the tracings.
Intensity of the 500 Hz tone is shown on the left of each set of
tracings. ,Responses represent the average of 2000 trials each.
Response threshold is indicated by the star. & 39/s stimulus
repetition rate was used to record the brainstem responses. This
rate resulted in wave V of the braingtem response (indicated by
the filled triangles) to be superiméosed on the 40-Hz sinusoid.
Separate from the- 40~Hz response at high intensities, wave ¥
becoﬁgg- ipdistinct below 40 - 50 4B nHL in the normal-hearing
subject ta questionable wave V is indicated by the open triangle)
and below 80 4B nHIL. in the patient. The 40-Hz sinusoid, however,

-

rema%ps visible down to threshold.

Figure 28. The effects of amplitude recruitment. The
brainstem, 40-Hz, and Slow responses to 500 Hz tones from subject
#35 are’ shown in this £figure. This subject had a flat
sensorineural 1loss {45 to 75 dB HL), anq stapedial reflex
thresholds of 100 and 110 dB ﬁL for 1000 and 4000 Hz. Evoked
potential thresholds are indicated 'by the stars. The bralnstem

and 40-Hz responses are large and clear down to. and including 60
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dB nHL, with amplitud;s of 0.80 uV at this intengity. Below this
intensity they  disappear completeiy. This rapid decline in
amplituﬁe over a 10-dB cbange in intensity is not seen in the
normal ear and is indicative of amplitude recruitment. The

phenomenon of amplitude recruitment aids threshold determination
in this and many other patients with sensorineural hearing loss.
The Slow Responses from this sﬁbj;ct, on the other hand, are
noisy, disappear earliér, and do not demonstrate recruitment.
Furthermore, at 40 4B nHL -- well below this subject'é behavioral

threshold -- the background qoise in the two replications

superimposes, resulting in waveforms which appear to contain a

response.

Figure 29. Effects of a steep high-frequency hearing loss on
the ‘click-evgked bréinstem response. The left of this figure
shows the brainstem responses to ﬁnmasked clicks from subject
#37. Each tracing is the average of 2000 trials. These responses
show a normal wave V latency at high click intensities;. and a
normal threshold at 20 dB nHL. Wave V latency to low-intensity
clicks, however, is prolonged. These changes are shown in. the
wave V latency-intensity function for this subject, shown on the
EEEEE' Wave latency is within normal limits (dgshea lines
indicate + 2 standard deviations) down to 50 4B niL. Below this
intensity, however, a large jumglto latencies well outside of the

normal limits occurs.

Figure 30. Derived brainstem regponses from subject #37. The

~
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500 and 2000 Hz Derived Responses from this subject provide
insight into the cause of the "recruitment" of laténcy seen with
the wunmasked responses. The high;intensity 2000 Hz Derived
Regsponses are similar in morphdlogy to. the high-intensity
unmasked regponses, and show a wave V iatency within normal
limits fﬁr this frequency band (see Figure 5). Wave v (indicated
by the filled triangles) is clearly visible in the 80, 70, and 60
ds nHL responses. The response then disappears, reappearing at
40 dB nHL with a questionable wave V (ihdicated by the open
triangle). Response threshold (shown by thg\EFar) underegtimated
pure tone threshold by 15 dg- This was probably due to the
vé;;;bility of the Derived Responses. Wave V latencies for the
500 Hz responses were also within the normal range (Figure 5).
The morphology of these responses, particularly at lower
intensities, is similar to the morphology of the low-intensity
responses to the unmasked clicks. Indeed, the 500 Hz Derived
Regponses at 40 and 30 4B nHL are nearly .identical to the
responses to the unmasked clicks pregented at these intensities.

The Derived ﬁesponses from this subject suggest that the abnormal

Fump in the unmasked wave V latency is due to a change in

the cochlear origin of this response.

Figure 31. Brainstem responses to unmasked and masked 2000 Hz
tones: Subject 37. Subject #37's brainstem responsés to 2000 Hz
tones presented alone (TONE) and in nqtched noise (TONENN). are
shown in this figqure. Each waveform represents the average of

2000 trials. Response thresholds are indicated by the stars. The
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responges to the unmasked tones underestimate her 55 4B pure tone

threshold at for 2000 Hz by 15 dB. This underestimation is

probably due to the spread of the tone to the more-sensitive'1000
1%

Hz region. The addition of notched.noise masks this region and

results in a 10-dP improvement in threshold prediction.

Figure 32. The postauricular muscle response. This figure shows
the Transient Middle Latency jRé8ponses (10/s) and the 40-Hz
Steady State Responses (39/s8) from subiect #39. The tonal
frequency of the stimulus was 4000 Hz. Waveforms represent the
average of 500 and 2000 trials + each at 10/s and 39/s
respectively. Response thresholds are indicated by the stars. The
‘10/s response in this subject shows a very large postauricular
muscle response {(indicated by filled triangle), particularly in
response to the 70 dB stimulus. The 40~Hz Response to the 70 dB
stimulus is unusual in morpﬁology and has a geak;to-peak
amplitude which is twice the mean from the normal-hearing
subjects. The unusual morphology and large amplitude is perhaps
due to the preseﬁce of a postauricular muscle response in thése
waveforms (open triangle). The 40-Hz Responses shown in this
figure also demonstrate a'mplitude recruitment.

Figure 33. 40-Hz Steady State Potentials in a patient with a
significant mid-frequency hearing loss, The 40-Hz responses from

(" .
éﬁb;gpt #40 are shown in this figure. Each tracing reprg?gg;s the

. 244

average of 2000 trials. Thresholds are indicaked by the sgtars.

Pure tone behavioral thresholds for each freguency are indicated
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in brackets

under (the titles. The 40-Hz responses predict

within 5 dB of the behavioral thresholds.
/—'-..-

= -
i

gure  34. Subject #40's mid-frequency hearing loss, the
extent of which is shown by the audiogram on the left of this

figqure, did not result in any abnormalities in his brainstem

responses to unmasked clicks. These responses, shown on the "

right of this figure, demonstrate normal response morxphology,
e L

normal wave V 1atenc;eé, and normal threshold (30 4B nHL).

-

ot

Figure 35. Brafﬂstem regsponses to clicks and tones in notchea
noise (subject #40). Each tracing represents the average of 2000
trials. Response thresholds are indicated b§ the stars. The
intensity required to mask 70 dB nHL clicks was 98 dB SPL while

the intensity of noise used for the masking of the 70 dB nHL

tones was 76 dB SPL. The righﬁ of the figure shows subject #49's '

responses‘to 500 and 2000 Hé tones in notched noise (TONENN). The
EEEE of the figure shows his responses to clicks in 500 and 2000
Hz notched noise {CLICKNN). Even with extra replicationgf' the
responses to clicﬁs in notched noise in this subject are
difficult to detect, and very small when present. At 60 dB
NHL, the 500 Hz response shows what may be a‘ small wave V
(indicated by the open triangle) superimpogsed on ‘a 40-Hz
sinusecid. No replicable responses were visible below this level.
Threshold .at 500 Hz was therefore overestimated by 40 dB. The

2000 Hz waveforms are e#é; noisier, with threshold reg¢orded at 70

dB. ©On the other hand, subject #40's responsegi/?;r—;;;;;igin
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notched noise are clear and have relatively‘large amplitudes.
The large 40-Hz sinuscidal response to the 500 Hz tones aids
threshold determination, predicting threshold within 10 4B of his'
pure tone threshold. The-zboo Hz tonal responses do not show the

large 40-Hz sinusoid but threshold is accurately predicted.

and the ‘Slow Response {SLOW) EP tests are
e. Waveforms with combined ratings ofl 4,

re showple The subject from whom a waveform was
recorded and the sfimulus intensity and frequency are indicated
for each example. The scores given by the two raters are given in
brackets. These ratings were combined to obtain the ratings shown
on tgli far. left of the figure. A rating of "4™ indicates a
“definite response”, a "3" means i "probable response", a "2"
indicates a "probable nop~re5ponse“, and a "1" ;Adicates a

"definite non-responsge".

Figqure 7. Test accuracy: 500 Hz. EPT-CPT is the difference
between’ EP threshold and pure tone behavioral threshold.
The closer a result 1is toe 0 4B, the g;eaten is the  test's
accuracy. Test codes: 01 = ABR/Derived Responses;y 02 =
ABR/Clicks in Notched Noise; 03 = ABR/Tones; 04 = ABR/Tones in
Notched Noise; 05 = ABR/Tones in White Noise; 06 =" Trjhﬁient
Middle Latency Response; 07 = 40~Hz Steady State Potn iéi; 08 =

Slow Response. The Tukey HSBU.OS = 9.3 dB.
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Figure 38. Test accuracy: 1000 Hz. EPT—CPf is the difference
between EP threshold and puré tone behavioral threshold. The
Ccloger a result is to 0 dB, the greater is the test's ACCUTracy.
Test codes: 01 = ABR/Derived Responses; 02 = ABR/Clicks in
Notched Noise; 03 = ABR/Tsnes; 04 = ABR/Tones in Notched Noisej
05 = ABR/Tones in White Noise; 06 = Transient Middle Latency

Responge; 07 = 40-Hz Steady State Potential; 08 = Slow Response.

The Tukey HSD = @
¥ ™.05 = 9-3 aB.

Figure ' 39. Test accuracy: 2006 Hz. EPT-CPT is the difference
between EP threshold and pure tore behavioral tPreshold. The
closer a result is to 0 dB, the greater is the test's accuracy.
Test codes: 01 = ABR/Derived Responses; 02 = ‘ABR/CIicks in
Notched Noise; 03 = ABR/Tones; 04 = ABR/Tones in Notched Noise;
05 = ABR/Tones in White Noise; 06 = Transient Middle Latency
Responge; 07 =‘40-Hz Steady State Potential; 08 = Slow Response.

S =
The Tukey H DU-US = 9.3 dB.

<
Flgqure 40. Test accuracy: 4000 Hz. EPT-CPT is the difference

.between EP thregshold and pure tone behavioral threshold. The
clogser a result is to 30 dB, the greater is the test's accuracy.
‘Test codes: 01 = ABR/Derived Regponses; 02 = ABR/CliEks in
Notched Noise; 03 = ABR/Tones; 04 = ABR/Tcnes in Notched Noisge;
05 = - ABR/Tones ‘in White Noise; 06 = Transient Middle Latency
Response; 07 = 40-Hz Steady State Potential; Oé = Slow Response.

The Tukey HSD 5 = 9.3 dB.

0.0
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. Figqure 41. Test accurac&é Q;éréll.j ﬁesults_”are .collgpsed
acroes group (normal~hearing aﬁd hearing-impaiigd) and freguency
(500, 1000, 2000 & 4000 Hz). Tl_'xe. closer a result is to 0 dB, the
greater is the test's accu;acy- EPT-CPT is the differencg between
EP threshold and pure tone bhehavioral threshold. Test codes: 01
= ABR/Derived Responses; 02 = ABR/Clicks in ﬁotched Noise; 03' =
ABR/Tones; 04 = ABR/fones in Notched Noise; 05 = ABR/Tones in
White Noise; 06 = Transient Middle Latency Response; 07 = 40-HZ.

Steady State Potential; 08 = Slow Response. The Tukey HSD, o5

9.3 dB. ,
e

Figure 42. Overall responsé‘clarity. Results are collapsed across
group (normal-hearihg and hearing—impaired) and freguency (500,
1?00, . 2000 & . 4000 Hz). Response clarity was obtained by
calculating the mean combined rating at and above threshold and
subtracting from it the mean combined rating% below thresﬁold.
Test coaes: 01 = ABR/Derived Responses; 02 = AﬁR/Clicks in
Notched WNoise; 03 = ABR/Tonest 04 = ABR/Tones in Notched Noisge;

2

05 = ABR/Tones in White Noise; 06 = Transjient Middle Latency

Response; 07 = 40-Hz Stéady State Potential; 08 = ‘Slow Response.

The Tuk ="
e Tu ey~HSD0.05 0.37.

Figure 43. Overall inter-rater reliability. Results are collapsed

across group (normal-hearing and hearing-impaired) and frequéncy
’ g

(500, 1000, 2000 & 4000 Hz)}. Thig measure was obtained by

calculating the absolute difference between the ratings-providedf
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by the Pﬁo raters. The lo;er the disagreement the ‘better the
reliability. Teé?%‘codess 01 = ABR/Derived Responﬂés; 02 =
ABR/élickﬂ in Notched Noise; 03 = ABR/Tones; 04’= ABR/Tones in
Notghed Nolse; 05 = ABR/TbnaB in White Noise; 06 = Trangient
Middie aténcy Response; 07 = qoj#g-Steady State Po;entiai; 08 =

~,

Slow sponse. The Tukey H560.05 = 0.19.

N ,
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