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. -ABSTRACT OF THE DISSERTATION
~“\\°, N N . -
f Human }Géitory Steady State Evoked Potentials.
B "Roger Dean Linden
. Doctor of Philosophy (Physiology)
v Universify of Ottawa, 1985
Human auditory steady state evoked potentials were oxarined in a series
“~ ~ -y .
of experiments. s
— N First, these responses. were measured during natural all-night sleep in
£ * 10 noraal hearing young adult subjects. The reasponses uere'neasured using

on—ling Fourier analvsis. The effects of stieglus rate and intenzity were

exaninéd during wakefulness and the various siages of sleep. The'fesponse
His largest At stimulus presentation rates be;ueen 30 to 50/s during
wakefulness %ad all stages of sleep;, The aﬁparent latency of the response is

~ . .

not different between sleep and wakefulness. As the intensity of the
stiaulus is increased above threshold the response amplitude increases anf
tﬁe response phase decreases. The response amplitude decreases during sleep.
There is ne sibnificant difference_ﬁat;een the estinmated threshold during
wakefulness and sleep. ~

-

Second, the effects of selective attention upon these potentials were

exanined 12’21;5;222 of exporiments. The first and second experiaents’

-
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évaluated the effect of attention on the steady state evoked potentials by
comparing the reron;es obtained when subjects atﬁenﬂed to increaents .ing
intensity to those obtained when subjects ignored the tones uné read a

bock. There were no effects of attention. f thi%d.experilent evaluated

the effects of attention in a dichotic listening paradiga wherein tones were
presented in each ear at a different rate and the responses were recorded
using the ginultanecus stimulation technique of Fourier analysis. There were
cléar effects of the physical paranetefs of the stimulus but there were no
effects of attention upon the stqady atate.responses. The late evoked
potentials were enhanced by attention. The late event related potential
data were also hiéh-pass f£iltered to analyze the coaplex event related
potential (CERP). The CERP? was not affected by attention. The feourth
experiment used the same paradiga as thé third experiment and c¢ne other
condition wherein the subjects read a book while tones were presented to both
ears. There were no effacts of selective auditory attention upon

the steady staté’evoked potentials, The fifth experiment evaluates the
effects of attention oﬁ these potentials recorded using signal averaging.
Again, there were no significant effects of attention.

The literature on the auditory Middle Latency R;spons;s {MLR) is
reviewed. There are two types of MLR: the transient and steady state
respoﬁges. The transient responses are elicited by stimuli presented at a
low rate such that there is no overlapping of the responses to subseguent
gtimuli. The steady state responses are elicited by stimuli presented at a
high rate such that there is an overlapping of the responses %to subseguent
etisuli. BEBoth responees zay be racorded using signal averaging. The steady

ctate responces nay also be recorded using Fourier analysis. There are

probably multiple cerebral sources for the MLR. Tho brainstem and the



: xii’

primary auditory cortex both contribute to the scalp-recorded transient MNLR.
The steady state MLR are probably in part composed of the auditory brainstem
response and the transient NLR and.; contribution EFOI the polymodal area of
the neural axis. As the intensity of .the stimulys increases the response
aaplitude o£ both the transient and steady‘atate MLR increases, reaching a
maxiaua at approximately 60 dB above threshold. Both types of MLR are

" affected by the frequency, duration and rise%gall of the tones used to elicit
a response. Larger amplitudes are reéordod to tones of lower frequency, .
longer duration and decreaeing rise times. Binaural stimuli generate larger
- transient and steady state KLR than monaural stimuli. There ig a definite
agde affect on the MLR and one must therefore be careful when recording tlese
responses fr;n children. The transient MLR are affected by sleep. The
steady state MLR amplitude is decreased by sleep but the response phase is
not affected by sleep. The transient MLR are probably affected by attention
and eitper adapt or habituate over time. The steady state MLR are not
affected by attention and do not habituate. Pharmacologically, the transient
HLR amplitude is not affected‘by nuscle relaxants and is decreaed by seditive
nedication and severely decreased by anesthetic medication. As audiological
tgolc, the transient MLR may be too noisy to estimate threshold. The steady
state KLR can assess threshold to within 5-10 d3 of those determined
beﬁaviourally. Once the geherator sites of these responses are clearly
defined tHey Bay become helpful as a test to assess central auditory

dysfunction.
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Introduction.

This thesis evaluates the =iddle latency responses (MLR) of the human
auditory eﬁbked potentials. The MLR may be classified, based on the stimulug
presentation rate as either transient or steady state responsges.

Two major facts may be derived froa th; presently available literature.
First, the MLR can be recorded at low intensities and are therefore helpful
in objective sudiometry. This is particularly true for the steadf state MLR
which are larger and therefore easier to recognize. Second, the
cerebral source of the MLR is not known. Thete are probably multiple
generators. One of thege may be.tbe ;olynodal area of the brainsten.

The transient responses are olicited when stimuli fre presented at &
slow rate, sucﬁ as 10/s5, and there is no overlapping of the responses evoked
by subﬁequen: stimuli. The steady state MLR are :oco:deé when stipuli are
presented at a faster rate, such ;s 40/3, and the rosponses té subsequent
stinuli overlap. Both transient and steady state Tesponses nay be recorded
uging signal averaging. .Tho steady state regponse, because of its
periodicity may be recorded using Fourier analysis. . .

Fou;ie: analysis is based on the premige that any waveform may be
considered as a linear conbinations of sinusoidal waveforas. To
extract a particular freguency from a wavefora you nult;ply the waveforam by
the sine and the cdsine of the frequency of interest. This
multiplication causes the frequency of interest to be converted teo a DC
component, other frequencies are converted %o AC components, and amay de

Tomoved with low-pass fiitering, This rosults in two values: an Zand 2 ¥
-~

cormponent which may be used to calculate the applitude and phase of the



response.

Because of the larger anpli}ude of the steaﬁy state MNLR and ease with
which these responses may be recorded using Fourier analysis they have
important possibilities as a tool in electric response audionatff.-_
However, certain evoked pot;ntinls, such as the late auditory components are
cffected by sleep and selective attention and have been shown to have limited
ugse in objective audi;net:y. I therefore decided to evaluate the steady
state MLR during sleep and in a selective attention experiment.

These experizments were also perforamed to give us some insight into the
generator sites of this responmse. My working hypotheses were:

(1) If the steady state MLR is generated in.a polymcdal area such as
the reticular formation they should be affected by sleep.

(2) If the steady state MLR is generated in a polymodal area they will
be affected by selective attention..

The £irst paper of the thesis ovaluated the effects of sleep on the
steady state MLR. To perform this I introduced the sweep technique of gteady
state analysis. This technique invelves rapidly changing a stimulus
parameter and recording the response %to that change. I examined the effeocts
of otimulus intensity and rot;. In the intensity series, the stimulus was
;reaented at 40/s and was swept from a low intensity (-20 dB SL) to a high
intensity (60 4B SL) in 3 dB steps. This regsulted in amplitude/intensity and
phase/intensity plots. These data were used to estimate the subjects

. thresheold during uakefulness'and sleep. In the rate series, the stinmulus
intensgity was kept constant (60 dB SL) and the rate was swept Eron 10/s to
60/5 in 2/s increments. This resulted in amplitude/rate and phase/rate
plgtﬂ. The phase/zate plots were used to determine the apparent latency of

the rcesponses.



The intensity series. demonstrated that the amplitude of the steady state
MLR is smaller during wakefulness and does.not diffqr between the various
stages of sleep. The phase of the steady state MLR is nctlsensitive to the
change from sleep to wakefulness. Tﬁa-thre?hold estimated from these data
does not differ between sleep and wakefulness. | ‘

The rate sqries deaonstrated that the amplitude/rate {unction observed
during wakefulness is preserved during sleep. The overall eaplitude is
however saaller during sleep. The phase/rate éata i; not affected by gleep
end therefore the apparent latency calculated from this data did not differ
between wakefulness and sleep.

I then examined the effect 6f attention upon the steady gtate MLR in a
séries 0f experiments. To perform this analysis I used both the dichotic
listening technigue and the stinultane;us stimulation technique of -Fourier
analysis.

Tones were presented dichotically. In one ear the 1000 Hz tones were
- presehted at a rate of 37/s. In the othér ear, 500 Ez tones were présented

at a rate of.4l/s. The EEG response was aaplified and fed into twe Fourier
analyzezs. The Fourier znalyzers calculated the amplitude and phase of the
response in each ear. The response was displayed as a vector uhe;eby‘the
anplitude of the response was shown by the length of the vector and the
phase of the response was sbown by its orientation to the x-axis. The

-

attention task wes to detect slight ‘increases in the %tone frequency in

one ear ("targets;) and to ignore th; tones presented to the

contralateral ear. The response to the "targets"” were signal averaged for
500 ms after the presentation to ensure selective attention in our paradiga.

The late evont-rolated poteatialz %o tho targois deacanstrated that there

was selective attention in the paradigm. Across’ all conditions



the response amplitude is larger in the attend conditions compared %to the
ignore congiths. The Fourier analysis data of the steady state MLR
demonstrated no effects of atténtion. However, the amplitude of the response
to the 1000 H: tones was larger than the amplitude to fﬁe 500 ‘Hz tones. The
response phase was longer for the 500 Hz tones and the 41/s presentation |
rnte; In punmary I saw clear effects of the physical parameters of the
stfnulus-butAno significant effect of attention.

The late event related potentials data to tia targets were high-pass

’ S

filtered and Fourier analyszed to evaluate the Complex Event Related

Potentials (CERP). The CER? are not affected by attention.

In 2 £inal experiment I measured the response using siaultanecus signal
‘ L

- .
averaging and Fourier analysis. The EEG -response fed intoc the Fourier

analyzer was also fed into 2 signai averager. The steady state MLR recorded . -
using signal averaging demonstrated no effects of attention. Tpe steadyA
staéz ¥LR reco:deé using Fourier analysis demonstrated no affects of
attention. The late event related potentials were clearly larger to the
attended targets. ‘

In sunmmary, I have shown the following:
(1) The amplitude of these responses are decreased during sieep. The
phase appears not to be affected by sleep.
.EZ) Central to the 40/s presentation rate is ugether this amplitude
enhﬁncenenn ig preserved during sleepl I have shown that tﬁé amplitude .
enhanceaent is preserved during :leep: .

(3) The estimated threshold ic not different between sleep and

wakefulness.

{4) The steady state MLR i3 not affected by selective attention.



(5) These steady state MLR may be recorded using the sWeep ‘ﬂ
method of Fourier analysis and the gimultaneous stiaulation technique of
Fourier analysis, Althouﬁh these techniges have been applied in the visuel

syster this is the first time they have been applied to the auditory system.

With respect to my working hypotﬁeses on generator localization:

{1) The steady state MLR are affected by sleep and may
therefore be generated in part by an area that ig involved in sleep such as
the reticular formation. \

' (2) My hypothesis that these responses would be
sffected by selective attention proved not to be true. Wherever they

are generated they appear to be more affected by arousal than attention.

This dissertation consists of three papers examining human auditory
steady state evoked potentials. Each paﬁér is presented in the format
required by the Journal in which it has been published in or will be
subnitted for publication to. |

The first paper evaluates the effect of sleep on the ﬂunan aﬁditory

steady state evoked potentials. This paper was:publighed in Bar and Hearing.

—— - -

The second paper evaluates the effects of attention on the steady state
MLR. This paper has been written following the format required by the

journal, Electroencephaloqraphy and Clinical Neurophyvysioclogy.

The third paper is a review of the literature on auditory middle latency
responses. This paper has been written following the format of the

~

Journal of Ciinical! Neurophvsiologv. It i3 an attenpt to clarify puddy

waters. The literature is vague and difficult to follow. Using sope minor



experiments and éollating the reports in the literature I have atteapted to

present an understandable summary of the literature on the auditory MLR.

o
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Abstract
.fhe hdhan‘aﬁditory steady state evoked poton£ials were recorded during
all-night sleep iﬁ 10 subjects. The effects of stimulus rate and integsity
on these poténtials were measured using on-line Fourier analysis. The
anplitude of the response was greatest at stimulus rates of 30-50/s.
Although the'rgsponge-anplitude Wwas lower during sleep, the rate at which the
anﬁlitude was greatest did not change between sleep qnd wakefulness. As the
intensity was inqreasgd_abéQe threshold the amplitude of the response
increased linearly. rThe responses recorded éuring wakefulness showed a
larger hnplgﬁpde change with increasing intensity tﬁ;n during sleep. The
estinated thresholds for the reéednses, however, did not differ significantly
between wakefulness and sleep.
,
Kev. Words: Audix?ry evoked potentials
Fourier anaffsis
Middle latency responses’
Steady state potentials .
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introduction

Auditory evoked potentials are important t;olq in the clinical
assessmaent of hearing. There are two kinds of auditory evoked potentials:
transient éesponses and steady state responses. TIransient responses are .
evoked by an auditory stiaulus that is presented at a rate sufficiently sI;u
‘that the response to one stimulus has finished before the next stimulus
occurs. Transient }esponses are clasgified on‘the basis of their latency as
fast, middle, slow and late*. }The-niddle latency responses (MLR) occuring
between 10 and 100 ms are usually recorded using stimsulus rates of 10/3 or
less.

Steady state reaponses are evokgg when stimuli are presented at a
aufficiently high rapetitien Tate to cause an overlapping of- the responses to
succes;ive stimuli3*. Until feceﬁtlx, the auditory steady s;;te
regponzee were not widely studied. Campbell et al.>® described auditory
steady state'resppnses to tones presented at rages of up to 32 Hz. They
reported the response amplitude increased linearly as the intensity of the
stimulus increased, with an intercept approximately equal to subjective
threshold. 1In 1977 Cohen* described a "following ;esponse" to tcnes

) -
presented at rates between 20 and 100/s. In 1981 Galambos and his
colleagues® described the auditory 40 Hz potential. They demonstrated
that ?hen etimnuli were presented at rates of 30-50/3 the anplitudelof the
response wae 2-3 times greater than the amplitude of th; transient MLR to
stinull presented at ratez of 10/s. Stapells and his colleagues*
replicateé this work and denmonstrated that these 40 H: steady state responses.

could be recorded using Fourier analysis.
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The literature is very unclear about the effgct of sleep on the auditory
HLR. Mendel and Goldstein®° initially reported that the transient MLR was
stable over a 24 hour waking period and in various stages of sleep. In 1971,
Mendel ahd Goldatein@* found that the latencies of the major p;aks
remained constant across the different stages of sleep and that the
aaplitudes were larger duriﬂg stages REM and 2 than during stages 3 and 4.
Mendel and Kupperman=3, houever,'rep;rted no significant amplitude
differences between REX (rapid eye movement) and non-REN sleep, pnd
Mendel:” found little difference in the 1atenc} or amplitude of the MLR
between light (stagez REM and 2) and deep (stages 3 and 4? sleep. Brown and
Shallop® reported that components Pb and Pc of .the transient MLR decreased
in aamplitude during sleep. The literature on the steady state MLR is more
consistent. Galambos 7 s§ated the 40 Hz response was about h&lf
the anplitude-in sleep conpar;d to the auéke gtate. 3Brown and Shallop®
ané Shallop and Osterhammel== repor}ed that the resp;nse during sleep was
approximately one third that during uakefulnes;; Xlein®** also found that
the ampljtude of the steady state response was smaller during sleep than
during wakefulness.

The auditory MLR has received a great deal of attention as 3 possible
tool for deteraining frequency-specific auditéry thresholds. The thresholds
for recording transient KLRs to clicks and tones correlate ;ell with
behavioral thresholdst®-32:22.33.34_ During sieep the tr;nsient HLRs have
been ¥ec6rded to within 10-20 4B SL*=+:7. Despite these reports
Stapellaln found the transient MLRs too variable to use in assessing

threcholde. Several ilnvestigators have Teported that the steady state MLR

is accurate in determining subjective threshold using both

aver_aging*-'-’-’-"-”.'“‘-‘°'-3=-3= and frequency based analysesi7:108.34
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This study examined the effects of sleep on the auﬂitory'steady state

MLR. Recordings were made throughout a night of natural‘ilqeb.in ten
subjects. We evaluated the responses using F§urior analysis while sweeping
either the intensity or the rate of the stimulus through a rqnée of values
and blotting graphs of the effecth‘of these parameters on the
response=°°='-5"=‘33‘. The threshold of the re;po;se‘in each of the
different.a;eep stages was estimated from the data obtained during the

~

intensity sweeps.

- - Hethods

Subjects

Ten auéjects {4 aales, 6 females) _participated in the study. All
subjects had thresholds below 20dB HL at 500 H:z, no history of audiological
or neurological problens; and no drug oé alcohol dependency. The age of the

subjects ranged from 23 to 35 years (mean 25). The subjects entered the

laboratory approximately one hour before their normal evening bedtime and

LY
-

slept through the night on a bed in a sound-attenuated chamber.
Stiauli ’ . \\

The stimuli used in the astudy were 500 H:z tonebursts (4 ms rise-£fall, 2
ms plateau) presented to the subject thrdﬁgh a specially designed (Starkey
Laboratories) behind-the-ear hearing-aid containing‘a Knowles ED-197 wide
bandpass receiv;r. .A #13 plastic tube (1.9 an inside diameter),
approxin#tely 40 ae in length was enéloyad to conduct the sound from the

—

speaker to the.fip of individually fitted ear molds. The frequency response
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Bf_this gystem was calibrated using a Bruel and Kjaer 2209 sound level meter
and a 2 ¢a> hearing aid coupler. A 0.2 ¥ RMS input signal produced an
approximately flat response (94-104 4B SPL) from 0.1 to 4 kH:. This
response curve is comparable to ;hose reported in the literature*3. To
verify stimulus input, the hearing aid case contained a broadband
sub-ainiature ;noules EA-1934 aicrophone conAected to the ear mold with 2
second #13 tube. This provided a means qf monitoring the wavefora of the
stinulus in the ear canal and allo;od us to verify that stinulu; levels were

constant despite movement of the subject during the night.

Sleep Staging

| Electrophysiological recordings were obtained from gold-plated cup
electrodes attached with saline gel and collodion-impregnated gauze.
Inter-electrode impedances at 10 H: were less than 5 kOhms. Electrodes at C:

and 0z were used to record on-going electroencephalographic (EEG) signals
using as r;ference an electrode on the mastoid ipsilateral to stflulation.

_ Electrodes placed lateral to the outef canthus of edch eye were used to
lonitor-the ?lectrooculogran {E0G). The electrode on the left side was
placed slightly higher than eye level and the electrode on the right side was
placed slightly lower than eye level. Each of the eye electrodes was
referenced to the electyode placed on the mastoid contralateral to the eve.
Electromyographic (EMG) activity was monitored between left and right
sub-mental electrodes. Tﬁe EEG and EQG were~anplifiod with a bandpass of
0.16-30 Hz (6 dB/octave 316#?). The EMG was amplified using a bandpass of

5-100 Hz. These electrop iological signals were written out on paper At a

epeed of 10 na/s. The EEG was “slXaged according to Rechtschaffen and Kales

27 Stages were grouped into the folllowing categories: Awake PN while the

subjects werc awake before they slept: Awake AN in the morning when the

L4
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subjects were woken up; Stage 2 Early while the subjects were in stage 2 in

the first half of the night; Stage 2 Late while the subjects were in stage 2

in the last half of the night; Slow Wave while the,subjects were in either

stage 3 or stage 4; and REM while the subjects were in REM sleep.

Steady State Responses

The EEG recorded from Cz tc the mastcid ipsilateral tc stimuli was also

anﬁlified with a bandpass of 5-1900 Hz {6 dB/octave slope) and fed to a

laboratery-constructed Fourier analyzer3©-34 ghich calculated the phase and

amplitude of the EEG at the frequency of stimulus repetition. A
computer-controlled sine-wave generator triggered the tonebu;ata (at Q-
phase) and served as the reference signal for the Fourier analyzer. A
coaputer controlled the rate and the intensity of the stiaulus, and
calcﬁlated the avérage amplitude and phasze of the EEG activity detected by
the Fourier analyzer. The phase was calculated as the phase of the reference
signal minue the phase of the EEG response. Our experiments used the sweep
technigue of Fourier analysis-to determine the effect of stimulus intensity
and rate on the steady state potentials during sleep®#+=P:37.30.31.34, The
computer swept either the intensity or rate of the stimulus. FTigure 1
illustrates the sweep technique in analyzing the effect of stimulus
intensity. The computer increased Fhe intensity in 3 dB steps every second,
calculated the alpliéude and Bhaae of the response at each intensity,
averaged the data from ten sweeps together, and then plotted out the
resultant amplitude-intensity and phase-intensity functions. Each

subject's behavioral threshold (SL) for the 40/s tones presented through the
hearing-aid deviée were determined prior to szleep, and the intensity of the
stimulus was swept from -21 to 60 &B 'SL at a constant 40/s stirulus-Tate.

The rate sweep differed from the intensity sweep in that the intensity was
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kept constant at.60 dB SL while the stimulus-rate was swept from 10 to 60
tone; per second with 2/s increments every second. The amplitude and phase
of the responses were averaged using vector-averaging over 10 sweeps of
either stimulus rate or intensity. Recorded sweeps were clasaified
accoréing to the stAge of sleep. Recordings ;;curing during transitions from
one stage to another or uhen a definite classification could not be made wers
not analyzed. Each stage had between 10 to 60 sweeps averaged¢ Some
supjects did not have sufficient data to analyze in all stages. Qple Amake
AM data were incomplete because of the time constraints of early morning

eppointments,

-insert figure 1 about here-

Threshold Determination

The thresholde for the steady state responge were estimated fro; the
data obtained during the intengity sweep. The data were modelled as having
a-low amplitude {noise level) and random phase below threshold and a linear
increase in alplifude and & linear decrease in phase with increasing
‘intensity above threshold. A possible threshold wag postulated at each
intensity from -15 dB SL to +51 4B SL and tﬁe data were fit to the model
dsing linear regressions. The actual threshold was estimated as ;he
intensity at which the data were best fit by the mcdel. Thig best fit was
deternined on the basis of the least sum-of-squares deviation between the
data and the model. The éata were analyzed using amplitude alone, phase
alone, or an equally weighted coabination of anplitude and phase. This

analysis of threshold also provided the slopes .of the suprathreshold
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regression lines for both amplitude and phase.

Statistical Analvsis

The data were analyzed using two-way (stage X intensity or stage I rate)
repeated neasures analyses of variance (ANOVA) and linear regressions.
Greenhouse-Geiser!! ‘correctionz were used io compensate for violations of
the repeated-geasures assumptions. Post Hoc analyses were done using Tukey
honestly significant differences (HSD)!:. Results were considered

significant ‘at p<G.01.

Results

(a) Amplitude

Figure 2 illustrates the grand mean vector-averaged data for the
_ Tesponsge anplitude at differept stimulus-rates across the sleep stages. Data
from every stage were not available for all subjects. The number of subjects
represented in the grand mean data are 10 for Awake PN, 10 for Stage 2

Early, 10 for Stage 2 Late, 9 for Slow Wave, 4 for REM sleep and 6 for Awake

AN, _ ' ‘ g

-ingsert Figurevz about here-

In the Awake PM and Awake AM a broad amplitude peak is congistently

rocorded around 40 tones per second with variable subharmonic poaks at
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rates of about 10 and 20 tones pef second. During sleep, the tracings show
3 generally lower amplitude but a similar morphology with a iuxi-gl at rates
of 36-50/é. To examine the significance of these data Qn ANOVA.acroas every-
second stimulus rate (12,16...60 tones/s) and four of the stages (Auake]PH,
Stage 2 Early,'Stage 2 Laie. Slow Wave) was pe}forned for the ®vight subjects
with recordfngs in all of these stages. The resppnse‘anplitude differed
across stimulus-rate (F=10.44; d£=12,84; p<0.01) and stage (F=6.45; 4f=3,21;
p<0.01) with an interaction between rate and stage‘(F=2.20:'df=36,252;
p<0.01}. Post hoc analysis of the main effects showed that the response.was
largest at the 30-50/s rstes. and saaller during sleep than wakefulness with
no significant differences betueen sleep sﬁag;s. The interaction was due to
a greater effect of stage at the peaks than ;t the trougﬁe of the graph.

The average rate at which the maxinun amplitude was recorded across stage is
presented in Table 1. This did not differ significantly as & function of

stage of sleep (F=0.80).

¥

-insert Table 1 about here-

REM sleep was not includqd in the statistical ﬁnalysis b;cause a rate
response recorded during REM was obtained from 4 subjects'only. For the 4
subjects from uhich.REH data were obtained the data were analyzed across
stages REM, Stage 2 Late and Slow Wave sleep. The amplitude of the Iesponse
was significantly different as a fu&ction of stimulus presentation rate

(F=3.17; d£=12,36; p<0.01) for all stages.. There was no significant

difference betweer thHe stages Slow Wave, Stage 2 Late and REK (F=4.35;

ey
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d£=2,6; p>0.01) and no significant interaction between stage and rate

(F=0.68).

(b) Phase

Figure 3 illustrates the grand nean data for stiaulus rate and response
phase -across sleep stage. In all stages there is u‘linear increase in phase
as the stimulus-rate is increased from 20 to 50 tones per second.. To examine
this relationship during sleep an ANOVA across sti-uluﬁ-rata {between 30 and
46 tones/s) and stage {Awake PM, Stage 2 Early, Stage 2 Late, Slow Wave) was
performed for the eight subjects where all four stages Hereﬁrecorded. The
reéponae phase differed significant{y with stimulus rate (F=6.57; df=8,56:
p<0.01), was not significantly different across stage (F=4.88; df=3;21;
0.01<p<0.05)) and showed no significant interaction between rate and stage
{(F=1.00). The phase of the response increased linearly across all stages as
the stimulus-rate was increased. The relationship between phase and
stinulue-rate was used to cslculate the apparent latency of the
response3®, TFor each stage of sleep the apparentllatency was detersined by
calculating the slope of the phase/rate function and dividing the slope by
360. Table 1 presents the average apparent latencies for the different sleep
stages. An ANOYA across sleep stage {Awake PM, Stage 2 Early, Stage 2 Late,
Slow Wave) for the apparent latency Ef the eight subjects with all the stages

showed no significant effect of sleep stage (F=1.51; dF=3,21; p>0.01).

-ingert figure 3 about here-
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Intensity

{a) Amplitude

Figure 4 illustrates the Tesults of the';ntensity series in
wakefulnefs. <The tracings on the left of the figure are the superimposed
responses for 9 subjects. The Ayake A¥ and Awake PN recordings were
combined. £Each tracing is the vector-averaée of 40 zooms in stimulus
intensity. The tracings on the right of the figure represents the grand
mean vector-averaged data from all the subjects. A low level response wWith
randoa phase is recorded until the subject ié able to hear the stimulus;
as the intensity of the stiaulus increases above this‘th:egbold, the

anplitude increases and the phase decreases.

¢

-ingert Figure 4 about here-

The grand mean anplitudé data for the intenpity sweep at each §f ﬁQe
stages is illustrated in Figure 5. Data across every sleep stage were not
available for all subjects. Awake PM, Stage 2 Early, Stage 2 Late and REM
data were obtained from 10 subjects. Slow Wave data were recorded fr;n 7
subjects. Awake AM data were recorded from 9 subjects. The general trends
we{g an increase in response anplitude as the intensity of the stimulus
increased above threshold and a dec:esse in aaplitude during sleep. To

examine these relationships an ANOVA was performed between the response

arplitude values fo:levery second intensity level more than 12 dB SL
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(12,18... 60 dB SL) and five stages (Awake PH, Stage 2 Early, Stage 2 Lat;,
Slow Wave, REN). Yalues‘betueen -21 to 9 dB SL were not included in the
analysis because these intensities were below or near threshold. The
response amplitude differed significantly across intensity (F=8.44: df=8,48;
'p<0.01) and stage (F=15.09; dF=4,24; p<0.01) with no significant
interaction. Across all atnééa the recorded amplitude increased as fhe
intensity of the stiaulus incrg&seg. Post Hoc analysis revealed the
amplitude of the response differed betyeen wakefulﬁeés,and sleep but did not

differ across sleep stage. A specific comparison between Stage 2 Early and

Stage 2 Late showed no significant difference at 60 dB SL (F=0.01).

-insert figure 5 about here- .

The subthreshold reasponse amplitude was statistically analyzed by
comparing the -21, -i5, -9, -6 @B SL amplitude values ac%oss stage (Awake PM,
Stage 2 Early. Stage 2 Late, Slow Wave, REX). These subthreshold
measuresents provided an estimate of the background noise level in the
recordings. As expected, there was no significané difference in the
amplitude across the different subthreshold intensities (F=0.06). The
background noise was significanﬁly different across sleep stage (F=5.59;
df=¢,2¢; p<0.01). Posf Hoc analysis revealed that the background ncige was
significantly lower during sleep than during wakefulness with no significant

differences acrose szleep-stages.

To exarine if gender affected the response, the amplitude of the

response to tke 60 dB SL stinulus was compared in the Awake PM and Slow Wave
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state and analyzed acc¢ording to gender. There was no significant effect of
gender (F=0.25) and no interaction between gender nnd'sleep-étage(F=0.ZB).
(b) Phase ‘ | !

‘The grand mean vector-averaged data for the phase of the response’
during the intensity sweep are i;lustrated in Figure 6. To examine the
effects of intensity and sleep stage on the phase of the response, ANOVAs

Wwere run on the.phase values across intensit? (12,18... 60 dB SL) and stage

(Awake PM, Stage 2 Early, Stage 2 Late, Slow Wave, REM). The response phase ~

showed a significant effect of intensity (F=4.25; df=8,48; p<0.01) and stage
(F=4.62; df=4,24; p(O.DI{ with no interaction(F=1.00). As the intensity of
the stimulus increased, khe phase of the response decreased. Post hoe
analysis revealed that the phase of-the response wa; larger in sleep than in
uakefﬁlness'but that this difference was onlf significant Hhen-conpﬁring

. Slow Wave sleep and Awake PM. The phase of the response at 60 dB did not

differ az a function of éendé} (F=1.14; df=1,5; p>0.01)..

-

-insert Figure 6 about heTe-

(c) Threshold

~

The thresholds were estinated from the data obtained during the

intenszity sweep. A typical sudbject's response for the intensity sweep is._

illustrated in Figure 7.

-2



t . . ’

Auditory{steady state evoked potentials during sleep - 21
Linden et™al.’ '

- insert Eigﬁre 7 about here-

The mean and standard'deviation\sf\the threshold determined on the basis” ™~

of amplitude alone, phase alone and a standardi’zed coebination of amplitude

3 3
and phase are presented in Table 2. Using thé phase alone results in a

threehold estinate.closest to the behavioural threshold. "The threshold

determined with amaplitude alone, (F=1.35; df=4,36; p>0.01), ph&ge alone

8

(F=1.01; df£=4,36; p>0.01) and a standardized cosbination of amplitude and

phase (F=.79) did not, differ significantly across stage of sleep.

-insert Table 2 about here-

»

The effects of stimulus intensity on the siope of the anmplitude and

phase functions at intensities greater than 21 dB SL (i.ef above the range of

(¥

b4 : .
threshold for the steady state responses) are presented in Table 3. The

phase slope did not differ significantly as a function of Qtage (F=0.13).

The amplitude slope approached significance as a fynctien of stage (F=3{23i\\

df=4,32; 0.01<p<0.05) with decreasing-slgpes during sleep.

o

-insert Table 3 about here-
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Discussion

The effects of stimulus rate on the amplitude of the MLR”-®:7-34 jg
similar during wakefulness and sléep. Althpugh the amplitude of the response
'is szaller during sleep, the maximun slplit;de is still'recorded when
stinuli are presented at rates of 30-50 tones/s. The offects of stinulu;
rate on the phase of the response alse did not change during sleep. This
stability a;ross stage of sleep is clearly indicated in'the apparent latency
. . ]
- of the Eesponse which did not change as a function of stage. Because of the
'broad anplitude maxipum recprded in response to stimuli presented at rates of
30-50 tones/s we feel confident\that the initial 40/s stimulus rate proposed
by Galanbos, Makeig and Talpachoff ” is appropriate for studying the
response in all stages of gleep or wakefulness. Inter-subject vari;bility in
the optirmal stimulus presentation rate within the range of 30-50 tones per
‘ second does exist, but, because ;f the broad range of maximun amplitude we
feel small variations in stimulus rates around 40/g will not hat,
significaqt effects on the average rasponses.

The aﬁblitude of the response increases as the intensity of‘the
stigulug increases. A similar stipulus-intensit&/response-anplitude
func;ion—agcurs across all stages of sleep, but the slope of the
suprathreahqld intensity-amplitude relationship is lower during sleep.

The phase oflthe responses: decreases as the suprathreshold intensity of the
stinulus increases.' A similar intensity-phase relationship occurs in all

stages of sleep ané wakefulness.

e
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The results of this stﬁdy have shoun-ibat steady state evoked ﬁotential
audiometry shows promise in objéctive audiometry. First, there is no
difference in‘the response as a functicn of gender or duration of the testing
périod. Second, althouéh the récorded empiitude values are smaller during
sleep, itfis still possible to estimate threagolds during sleep that are
close to ﬁebavioral thresholdés. These findings are probably related
to the decreased level of background EEG noise durlng sleep, and the
consistency of the phase relationshkip despite the decreased anpl;tude.
Because of the variability of the data, it is possible that we may have
zigsed a 10 dB‘Fhange in threshold between-zleep and wakefulness. It is
doubtful, however, that the change would be greater, provided that sufficient
averaging is perfermed to recognise the small resﬁonaeg near thresheold.

One problem with auditory electrophysziological testing is obtaining
reliable frequency-specific information®*+*3*. The steady state MLR can be
used to assess thresholds at frequencies other than 500 Hz3>, It is
pozsible therefore that an electrophysiological audiogram can be obtained
using the intensity-sweep techniqug at the different audiometric
frequencies: The sweep techaigque does not require expensive averaging
equipnent, since a Fourier analyzer can be constructed with a few
integrated circuits3°. Careful consideration nust be given to the
intersubject variability in threshold-estination._ The observed standard
deviation of about 20 @B in threshcld estimation is too high for audiometry.
It ie pesgible that the estinations would be more accurate if they were based
on sweeps that had been averaged over more than the 10 or 20 usually used in,
the precent study.

The generator site of the steady state MLR is still unknown.

Galanbos® has postulated that, because of the interactions with othe=
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modalities, the response may be generated from the rostral reticular
formation or thalamus. Wherever the steady state XLR are generated, this
study has shown that the site is particularly sensitive to changes between

‘sleep and wakefulness but muck legs affected by changes betue;n'sleep stages.
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Table 1. Effects of stimulus rate on the auditory steady state responses

..-_---.-------_--—--—--—-----—--_—_-_-_.-____--—--——---—---..-—--.---—....-_-—--_----

RATE AT MAXINUM AMPLITUDE APPARENT LATENCY

{/sec) (msec) l
AWAXE PX ' 3¢+ 12 36 + 12
STAGE 2 EARLY 35 + 11 32+ 7
STAGE 2 LATE 33+ 7 35+ 8
SLOW WAVE . 28 + 7 31+ 7

NS NS
.
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Table 2. Thresholds for recognizing the auditory steady state responses

during sleep (4B SL)

AWAEE PM
STAGE 2 EARLY
STAGE 2 LATE
SLOW WAVE

REM

AMPLITUDE

22

24

23

37

21

+

21

25

24

17

23

I+ 1+
—
w W0

1+
~
o

BOTH
15 + 25

20 + 26

11 + 23

17 + 23
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A e i R R SR SR R R SR SR SR SR R T AR S e e R R R A R R R R R R NN R R R R A e S R ——— i

e e R S S SR e e SR N R R R R A R R R W S e —

AMPLITUDE SLOPE PHASE SLOPE
(n¥/d3) (=/d8)
AWAKE PH 18 + 15 | -1.7 4 2.4
]
STAGE 2 EARLY 8+ 9 1.6 + 1.5
STAGE 2 ‘LATE 10+ 8 _ -1.8 + 2.7
SLOW WAVE . 6+ 6 -2.1 % 1.6
REM . 13+ 8 -1.5 + 2.4
-
p=0.01 NS
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Figures

-
Fiqure 1. fhe sweep technique to assess the effects of intensity on
the steady state MLR. The Fourieq analyzer measures the EEG energy at the
frequency of:sﬁinulus presentatioﬁ. The stimulus gene?ator {S) is triggered
by an oscillét;r (0) at a constant repetition-rate (f Hz). The subject’'s EEG
is fed into the Fourier analyzer to be multiplied {M) by the sine and the
cosine of tke stimulus repetition frequency. These multiplications cdnvert
the £ H: component into a steady DC output; all othér freguency components
are coaverted to AC output. The AC outputs are removed with a low-pass
_€ilter {F). The remaining DC outputs are used by the computer to calculate
the amplitude and phase of the EEG activity at £ Hz. The computer increases ,
the intensity of the stimulus while calculating the amplitude and phage of

the steady state response at £=40/g. The data are stored on disk to be

averaged and plotted. The phase data axe plotted such that values less than

180 degrees have 360 degrees added to their value.

Fiqure 2. Aasplitude/rate function for the auditory steady state evoked
.potentials using the sweep technique. The responses represent the grand

mean data obtained from the 10 subjects for Awake PM, Stage 2 Early and Stage
2 Late. The responses recorded during Slow Wave sleep were from 9 subjects.
Rezponeeg were recorded from ¢ subjects during REM sleep. Six subjects were
tezted when the subjects were awake in the ;orning. The broad maximuza

anplitude of the regponse occurred when stimuli were presented at rates of
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A

30-50 tones/s. As well, there is a general decrease in amplitude in sleep.

Figqure 3. The phase/rate functions for the same grand mean responses
presented in Figure 2. -The phase -increases with increasing stimulus rtate,

The slope of this response, reflected in the apparent latency, does not

differ significantly as & function of stage of sleep.

Fiqure 4. The amplitude/intensity and phase/intensity functions obtained
‘using the sweep technique while the subjects uege awake. The upper left .
figure shous the superizposed amplitude/intensity responses for the ten
subjects. The uppef:rigﬁt figure shows the grand aean vector-averaged data
for all subjects. Both the superimposed and grand mean data show a low noiB;
level below tﬁreshold and an increase in anpl}tude as the intensity
increases above threshold. The lower left figure shows the superimposed
phase/intensity responses for all subjects. The lower right figure shows
the grhnd mean vecto;-averaged data for all subjects. Both the superimposed
and grandikg?n data illustrate that below threshold the phase is random and
above threﬁﬁﬁld'the phase of the regponse decreases linearly as the intensity

rf . »
" of the stimulus increases.

Figure 5. The grand mean data for the amplitude/intensity function across )

2
sleep stage for the 10 subjects. The number of subjects from which responses

were recorded as a function of stage were: Awake PH=10; Stage 2 Ear1y=%0;
Stage 2 Late=10; REM=10; Slow Wave=7; Awake AM=9. The response amplitude
acroge all etages was‘lou below threshold and as the intensity of the

stimulus was increased above thfeshold the amplitude increased. The

anplitide of the response decreased during a}eep. but was not different
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across stage of sleep.

. S
Fiqure 6. The grand mean data for the phase/intensity furction across sleep:

stages for the 10 subjects. The number of subjécts from which data were
recorded during_each stageﬂuere the same as in Figure 5. At all stages the
phase was random below threshold. A&s the intensity of the stimulus increaseﬁ
above threshold, the phase.decreased regularly. The slope of the

suprathreshold intensity-phase functioﬁ did not 'change significantly with

stage. N

Figure 7. The intensity amplitude and phase functions from a single

-subject.ﬁuging uakeﬁulness.and staqgﬁ# sleep. The background noise of the
'-recording, illustrated. in the dasﬁgé line parallel to the abscissa of the
.amplitude response decreases during sleep. The slope of the

o .

| anplitude/intensity function a?ove threshold was larger during wakelulness.

. The phase of the response phase was randon‘belou threshold and decreased as
the intensity was increaszed above threshoad. The threshold estimated using a ~

standardized combination of amplitude and phase was 6 dB SL during stage 4

sleep and 15 dB SL during wakefulness.
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Auditory av&ked potentials may be classified on the basis of their
latency as early (0-10 as), aiddle (10-50 ms) and late (50-500 I;) responses
{Picton et al. 1974). Selective auditory aftention causes definite changes
in the late auditory evoked potentials {(Hillyard angd Piéton 1979).' There i;
soné controversy about the effects of attention on the middlie latency
Tesponses. - Hillyatd et al. {1973) and Picton and Hillvard (1974} initially
réported that the aiddle latency responses (MLR) were unaffected by N
selective attention. Recently, however, séveral papers (Kadeobayashi et al.
1981; McCallum et al. 1983; Hillyard, in préss) reported changes in the MLR
with attention.’

The auditgory MLRs may be classified according EB their stimulus -
presentation raﬁé as either transient or steady state (Stapells et al. 1984).

ransient™ <responses are obtained when stimuli are presented at a

sufficiently slow rate such that.the response "to one stiaulus has ended

o

rior to the presentation of the next. "Steady state"™ responses are elicited
']

.
when stimull are presented at 2 sufficiently high rate that there is an

("8

overlapping of the responses with those elicited by subsequent stimuli (Regan

1982). Steady state MLREs recorded at stimulus rates of 30-50/s have been

p
! td

stuﬁiéd recently as a poéaible clinical toeol in objectivg audiometTy
{Galambos et al. 1981; Stapells et al. 1984). These steady state XLRa are
attenuaﬁed in amplitude during sleep {Linden et al. 1985). 3Zecause of the
controversy of whether the MLRs are affected by attention, and because it is
izportant cli.icallyﬁto know whether the steady state MLE can changelwith
attention, we examined the effect of attention on the husan auditory steady
state ¥L2.

Because of its periodicity both signal averaging and f£requency-based
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techniques such as éourier analysis may bg used to analyze the steady state -
MLR (Stapells et al. 1984). We therefore used signal averaging to measure
the effects of attention on the late components and both-averaging and
Fourier analysis to e*aline the effect of attention on the steady state MLR
in several experimental paradigms. The methods and results are pres;nted in
four separate sections according to the particular stiamulus protocol or

analysis technique used.

A. Intensitv sueeps

Schwent et al. {1976) reported that the eféect of selective attention on
the auditory evoked potentials nas.gréater when stimuli were less intense.
The first experiment, therefore, evaluated the effects of attention on the
steady state MLR at different intemsities. The intensity of the tones was

swept across a range of intensities and the responses evaluated using Fourier

analysis at each intensity. ) ' o
————
Methods

EZight subjects (2 female, 6 nale) Tanging in age frog 27 to 40 years

participated in this experiment. During the one-hour experiaental session,
» N /__,_

I

the gubject sat on a comfortable chair in a sound-attenuated chagber. In one
subject (RDL) responses were recorded on five separate days.

Tonebursts {4as rige-fall, Zms plateau)} with a frequency of 500 H: were

v
-

presented monaurally through a TDH-49 earphone at a -ate of 40/z. The ZE6
recorded from C:z referenced to the mastoid ipsilateral %o ctimulation was
anplified with a bandpass of 5-1900 H: (6dB/vctave slope) and fed to &

laborgtory Fourier analvzer (Regan 1977; tapells et al. 1984} which
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calculated the amplitude and the phase of the EEG at the'frequency of
stiaulus repetition with an integration time of about 250 =3 (time constant

75 ms). Figufe 1 illustrates the basic principles of this Fourier

//

analysis. A sine-wave generator triggered the tonebursts and served as the
reference signal for the Fourier analyzer. A computer controlled the
intensity of the stimulus and calculated the average aaplitude and phase of

the EEG activity detected by the Fourier analyzer. The phase was calculated

as the phase of the reference signal minus the phase of the EEG response

{"phase delav").
-ingsert Figure 1 about here-

The experiment used a sweep technique to analyze the effects of
stimulus intensity (Regan 1982; Nelson et al. 1984: Linden et al. 1985). The
computer swept the intensity 0f“the stimulus from -20 to 40 db nHL (10-70 4&B

_peS?L). The intensity was increased in 5 @B steps with a time interval
between increneﬂ%s that varied between 500 to 1000 m=s. The computer
calculated the anplituir and phase of$the.responsa-at each intensity,
avergged the data from 40 aweeps, and then plotted out the resultant
anplitude-intensity and phase-intensity functions. Because of the ambiguity
associateé witk the periodicity of the phase (i.e 10° may also be 370°),
and becausge ﬁhe typical near-threszhold phase values were 315°, phase
vaiues less than i35° were increased by 360°.

The data werTe modelled az having a low amplitude and a random phase
helow threshold with a linear increase in amplitude and a linear decrease in
phkase above threshold. A threshold was postulated at each intensity and the

data were £it to the nodel using linear regressions. The accuracy of the fit
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wag calcu}a}ed on the basis of the least sum-of-squares éeviation between the
data and the aodel using an equalfy weighted coabination of anpfitude and
ph&se. The intensity at which the data were best fit b; the model provided
an estimated threshold. -

In the ATTEND conaition, the subjec¢t counted thé nuaber of intepsity
increments above their subject;ve threshold. In the IGNORE condition, gge
shbject read a book and ignorbd.the stimuli. The responses to two ATTEND and
two IGNORE conditions were exa;ined. The order of the conditions was

~ The suprathreshold and subthreshold data were separately analyzed using
a two-way {attention by intensity) repeated measures analysis of yariance\
(ANOVA) (BHD?, 1981). The amplitude and phase of the response to the 20, 25,
36, 35 and 40 d3 nHL tones were used to analyze the suprathreshold data. The
anplitude and the phase of the responses to the -20, -15 and -10 dB nHL‘tones
were used to analyze tse subthreshold (background necise) data. The

thresholds estimated by the linear regression aodel were compared using a

t-teszt.” Results were considered significant at p<0.0l.

‘Results

The nunber of intensity increments counted by the subjects provided an
estinaté of the behavioral threshélé; The mean sensation level calculated in
this fashion was -3.8 d8 nHL (26.2 pe SPL) with a range of -15 dB nHL to +
10 d3 nHL.

Tigure 2 shows the sugarinposed grand mean data for the eight subjects
in tke ATTEND and IGNORE conditibns. Each tracing is the result of 640
sweepe of stinmulus intensity. fhe amplitude of the response to the

- -
suprathreshold tones demonstrated a significant effect of stinulus intensity
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{F=5.90; d£f=4,28; p<0.01), no significant difference betwsen the ATTEND and
IGNORE conditions (F=0.00) and no interaction between intensity and condition
{F=0.55). The phase of the response to the suprat}reshoid tones
éenonstrated-a significht effect of stiaulus intensity (F=6.13: df=4;2é;
p<0.01), no significant difference between the ATTEND and IGNORE condition
(F=0.27) and no significant interaction (F=0.17). The subthreshold Tesponse
amplitude was examined to assess the general noige level. There were no

significant differences between the ATTEND and IGNORE conditions (F=1.44

d£=1,6; p>0.01).

-insert Figure 2 about here-

The nean threshold estimated using the linear regression model was -6.6
dB nHL (5.D.=9.4) for thg ATTEND condition and -4.7 4B nHL (S5.D.=9.5) for the
IGNORE condition (t=-0.41; P>0.01).

Because of the variability of threshold between subjects we did not
inciude the low intenzity suprathreshold reéhltg in the analysis of var;ahce.
A t-test of the responses &t 10 4B nHL, however, revealed no 3ignif§cant
differences between the ATTEND and IGNORE conditions for either the
amplitude (t=-0.59:; p>0.01) or phase (t=-0.003; P>0.01).

These results “denonstrated no gffect of attention upon the auditory
steady state evoked potentials. However, at tﬁe intgnsities near threshold
the variability of threshold between subjects may have obscured any possibie
effect of attention. We therefore egaluated a single subject on five
-different days using averages of-éo sueep? per day per condition. This
subject's sensation iével was -5 @B nHL. The ANOVA was computed using ail_
intensities betueen lO‘and 40 dB nHL. The grand mean data for this subject

. ¥

are illé%%ruted in Figure 3. The anplitude of the response to the

— [ 3
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. experipent the subjecte attended to the tones in one ear in order to detect
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suprathreshold tones showed a significant effect of intensity éF=12.31;
df=5,20; P<0.01), noJsignificant effect of attention (?fO.ZO) and no

interaction (F=1.06; d£=5,20; p>0:01). - The phase showed & .significant effect .
of intensiiy (F=14.45; d£=5,20; p<0.01i, ao significant effect of attention

~

(F=1.30; d£=),4; p>0.01) and no interaction (F=0.34).
. - :

-insert Figure 3 about here- ‘g':\\
- ;\j :_‘ -

The estinatea threshold was -3.0 4B nHL (S5.D.= 12.0) for the ATTEND
N . .
condition and -1.0 @B nHL (5.D.™1.7) for the IGNORE condition (t=-0.24;

p>0.01).

B. Dichotic listening

The dichotic listening technigue allows the study of selective attention

-~

independent of any changes in arousal (Hillyard et al. 1973). In this . -

occasional changes in tonal frequency while ignoring the tones presented to

the contralateral ear. The sipultaneous stimulaticn technique .(Regan and

-

Heron 1969; Regan 1982) was used to assess the responses independently in
each ear. The technique uses two Fourier analycers each tuned to a specific

rate of stimulation (either 37 or 41/s).

\ . ° FEa
Methods \

| T

Five fenale and five nale subjgﬁts ranging in age freom 22 to 38 years

participated in this expetfiment. All subjects reported normal hearing.

Tonebursts of 10 maz duration (4 ms rise-fall, 2 as plateau) and 85 a3 —

peak SPL intensity were presented dichotically through TDH-49 earphones. The

E
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tones were presented at rates of 31@3 in one ear and 41/s8 in the

contralateral ear. The frequency, of th:§standhfd toneg was 500 Hz in oni;iij/ P

and 1000°H:z in the other. Within the 500 Hz channel the fréquency.nas

\

oﬁcasionally changea to 535 Hz for 60 ms; within the 1000 Hz channel the

™~

frequency was occassionally changed to 1050 Hz. These frequencies were

chosen on the basis 6f pilot experiments demonstrating that they could be
detected with an accuracy of about 85%. The target duration was set at 60 rs
80 qﬁ?% three tones would occur when the train of stimuli Yere presented at

either.37/s or at 41/s. For, 4 subjects who could not accurately detect the

535 _Hz targete, the frequency w;a changed to 545 Hz. The spbjects counted
the number of f;gﬁuency changes<c{\"targets" in the attended charnel over a
block of approximately 2 ninute;. The targets were presented to the attended
or'ignoreé-ears with an equal probabi;it?"bf 50 $. Targets were presented
randomly at a mean interval of 1060 ms and & range of 650 ms to 1350 ms. A

total of 100 attended and igneored targets were presented in each block:
- ~ i

.

The electrophye}ological recordings were obtained usidg gold-plated cup
. . “ k-
electrodes attached with saline gel and cqlledion-impregnated gauze.

Inter-electrode impedences at 10 Hz were less_than 5 kOhms. The EOG and EEG
. . - -
were applified with a bandpass of 0.16-30 Hz (6 dB/octave). The late evoked

potentials to the target stimuli were recorded with signal averaging.
: . - L

' 4
These potentials were recorded from Vertical electro-oculograms, Fz, Cz, and

Pz (reférenced to linked'naspg}ds) with a sweep time of 500 as. Résponses/)

- '
. contaminated by - muscle artifact or eye movemen:t were rejected before

averaging. The ERP data was low-pass'filtered using a ‘digital boxcar £ilter

at 10 H:z prior to identifying the peaks. Four peaks were parked: peak 1,

ke

the maxinuz negativity between 50-200 ns; peak 2, the maxinunm negativity

after peak 1 iﬁé;ean‘ISO—ZSO ns;'~peak 3, the nmaxiaum positivity between 250
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.and 400 ms; peak 4, the maximum positivity after peak 3 between 350-500 ns.

The latencies of the late components used to ensure selective

attention were analyzed using a 4-way repested measures ANOVA for eachk of the
4 peaks. Levels of analyses were: attention (attend%vs ignore), vTate (37/s
ve 41/3), tone frequgncy {500 Hz ws 1000 Hz), :ng eir (left vs right).
The amplitude of the ERP data was analyzed using a 5-way repeated measures
ANOVA with the same levels used in the analysis of the peak latencies with
the adéed level of electrode locati®h (Fz, Cz, Pz}. 5 ‘

" The steady state MLR to the 37/s and 41/s stimuli weredsimultaneously
recorded by Fourier analysis. The éEG recorded froa Cz <o inion was also
anplified with a bandpass of 5-1900 Hz {6dB/octave) and ;ed to tu;
laboratory—cen?tructed Fourier analyzers. These Fourié; analyzers calculated

the amplitude and phase of the ZEG at 37/s and 41/s. To ensure that the

Tourier analyzers could discriminate between the two frequencies (37/s and
. ¢

41/3) we nixed 37/s and 41/3 sine waves (at various amplitudes) with 30-50 Hz
noieé and sent thie szignal to both Fourier analy:zers. The resultant
anplitude and phase were within 4% of the actual valués over the range 0.2 to
1 u¥. The integration time of the Fourier apalycers was approxipately 250 ams
{time constant 75ms). Yﬁ

Figure 4 illustrates the sinultaneoué stinulation and dichotic listening
technique in analyzing the effect of attention. ) In one ear the subject
attended to a train of 500 Hz tones presented at a rate of 41 /s and counted
the 535 H:z targets within this train of standazd tones. The subject ignored
the 1000 Hz ané 1050 ﬁ: tones presented to the contralateral ear at 2 cate of

-
37/s.

igure 4-adbout here-
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For 10 of the subjects, the Fourier andly:ers neasured the amplitude and
the phase of the response before each attended and non-attended target
was gresented. In addition, for 5 of the subjects, the Fourier analyzers

aeasured the amplitude and .the phase of the response 500 as after each

-

attended and non-attended target was presented.

The Fourier analysis amplitude and phase data were separately analyzed.
The pre-target Fourier analysis data {amplitude and phase) were

analyzed using & 4-way repeated measures ANOVA. The levels examined were:

~

. ] N

attention, rate, tone £requency and ear. - ) y
For the five subjects with pre-target and post-target data, a 5-way
. N

: I

repeated measure ANOVA was performeé using the same levels.as in the -

pre-target’ with an additional level con;a:ing tﬁe pre—targét Bamples to the
post-target saaples. -

?o: all 10 gubjects data a 5-way repezted measures ANOVA was performed
using the sape levels az'in.the f£irst pre-tacget anaiysis with an added level
of "random sampling”. When the ZEG was sanpied befoze the target in one

chanael, the other Fourier analyzer sinultaneously saapled the EEG randoaly

ith‘respect %o any targel %? that channel.

he grand nean data for the late transient evoked

ey
3
L e
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1
]
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—
=
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potentials collapsed across ears. The responses ase the ATTUEIND and IGNORE
L]

tracings £roa C=.

-ingert Tigure 5 about here-
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The latency of thelfirst negativé"peak demonstrated no Qignificant
effect of attention- (F=1.03; d€=1,9; p>0.01), rate (F=0.00), tone frequency
{F=2.21; df=1.9; 3)0.01)./13?“1F=3.10; df=1,9:_p>0.01)5and “ho.si niéicdnt
, interaction between any oz\the levels of the analysis. -

- . The ampiitude of the £first negative-peak deronstrated 2 sigrificant main

ffect of attention (F=13.91; df=1,9; p<0.01). Thece was no significant

main effect of electrode location (¥F=3.52; d€=2,18; >0.01), rate {F=0.00),

~

=4.17; d%£=1,9; p>0.01), or ear (¥=0.33). There was an

LE) ]

tone freguency |(

inte:actioqrbetueen the electrode location and attention (F=9.38; é&£=2,18;
.. . ’

p<0.01). The collapsed cell amplitudes demonstrated taat the attlention
> -~ ) - . . . .
effect was greatest at Tz and Cz. This %nteraction remained significeat

(p<0.01) when the data were scaled (nermalize technique) to remove attention— * .

effects (McCarthy and Wood, 1985).

The latency of the second negative peak demonstrated no significant main

[+)

effect of attension {F=0.22), cate (F=0.50), tone £reguency (F=¢.35; df=1.69,

p>0.01) or eas (F=1.36; é%£=1,9; »>0.01). Interactions between the zttention

and tone freguency levels of the zaalys:

'
o
—
tay
1]
pot

5.31; d£=1,9; p<0.0l) and
attention and ear levels {F=14.33; d£=1,9; p<0.0]1) were present in the

iatency analveis of the second negative wave, These interactions were not .

- - L . . . .
easily interpretable and may have been caused by the arbitrazy picking oi'z

-
'

oeak when none was present in the igoore condition - ’/;\

v
The amplitude of the cecond negative peak demonstrated & significant
nain effect of attention (F=20.69; &£=1,9; p<C.0!}. TheIe was o

significant effect of electrode location (F=2.14; df=2,1

{F=0.163, <zone %:equency (T=0.83; &é£=1,9; p>0.01), oz ea
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location and attention levels of the analysis {F=8.94; d£=2,18; p<0.01).
After scaling the data (normalize method) to remove the attention effects ‘

thé interaction remained significant (p=0.01) (McCarthy and Wood,

1985).Collapsed cell meane of the electrode location and attention levels

- ]

'denonstrated that when the subjects were attending, the second negative peak

was saximum at F:z ‘and Cz.  While ignoring the incoming targets, there was no

-,

difference in the amplitude recorded as a function of electrode location.

The latency of the first positive geak demonstrated no significant

P

effect 0f attention (F=0.38). r;te (F=0.26), tone frequency (F=7.19; d£f=1,9;
p>0.01), or ear (9;0.19) anéd no interaction between any of the levels of‘the
analyeis. The applitude of the first positive peak was significantly
zffected by electrode location (F=7.66; d£=2,18; p<0.01) dghonstrating a
aaxiaum at Cz, approached significance as a function of attention (F=7.42;
ae=1,9; 0.01{;?0.05J.uith the collapsed cell n;ans for the'ATIEND\SOnQitéon
being larger thar the IGNORE condition at'C: and Pz. There was no .

eignificant effect of rate (F=2.3¢; d£=1,9; p>0.01), tonme frequency (F=0.00),

o

or ear (F=0.48). There were no significant interactions. -

~

- -

The latency of the second positive peak showed a significant effect-of -

attention (F=12.85; d£=1,9; p<0.01l). The latency was longer for the'IGNORE
condition. There was no signifiqant effect of rate (F=2.02; d£=1,9; -

<
p>6.01), tone frequency (F=0.02), ear {F=0.50)r and no significant interaction
between anv of the'levels'of the analyscis. The amplitude” of the second
positive peak showed a significant aaip effect of electrode location

{(T=6.78; &£=2,18:; pK0.0l)a;de attention (F=23.99; d£=1,9; p<0,01}. There

-

[ £]

.wac no tigaificant main effect of rate (F=0.28), tone freguency (£=3.00:

df=1,5; é)0.0l) or ear (F=0.88; d£=1,9; p>0.01). There was a significant

- \—4
in%eracticn botween the olectrode location and attention (F=7.06; df=2,18;
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p<0.01). The interaction was caused By the measureaent showing a
significantly -greater enhancement with attention at Pz than at the ot§er
olectrodes. The interacticon was not significant after gbe data was scaled
to remove attention effects (p=0.02) (HcCarthy a&h Wood, 1985).

The pre-target ;nplitudes-for the steady state XLR demonstrated ne
sigaificant effect of atténtiqn (F=0.35), rate (F=2.09; df=1,9; p>0.01), or
ear (F=3.85, af=1,9; P>0.01). There was & significant effect of tone
frequency (F=33.60; df=1,9; p<0.0l1).. The respcnses to the 1000 Hz tone were
slightly larger than the responses to the 500 H:z tone. There were no‘
significant interactions. The phase data demonstrated no significant effect
of attention.(?=0.33}, or ear (F=0:09). There was a significant effect of
;::E {F=91.91; df=1,9; p<0.0l), the response et 37/s_shouing a shorter phase
delay than at 41/s, tone frequency (F=78.76; df=1,9; p<0.0l), the response
at 1000 Hz showing a shorter phase delay than at 500 Hz. There were no
significent interactions between any of the ievels_of ﬁhe'analysis.

The ‘two other ANOVAs sbougd simllar effects of rate and frequency.
There were no signifiéant nain effects of attention in any of the analyses
and no nttentioﬁ related inﬁeractioA%.' There were no differences between
é}e- and post-taéget Beasurements or betwaed)pre-target and randoa samples.

Figure 6 il}ustratea_the grand.nean results for the Fourier analysis
d;ta. Because there was no significant effect of ear we collapsed the grand

mean data across ears for the figure. Polar plots are used to demonstrate

both the aaplitude and phase measures. VAN

3

-

~ingert Figure 6 about here-
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C. Coaplex Event Related Potentials

Makeig (1985) proposed that chqnges in the amplitude and phase of the
steady state MLR could be evoked by changgs in the stimuli. He referred to
‘these cﬁanges as the Coaplex Event Related Potentials (CERP) the terz
"conplex” relating to the real and imaginary dimensions of the steady state
response. Makeig reported time locked modulations in the CERP in response to
oiitted clicks in a trairn of standard clicks. We therefore extractéd from
our late components the steady state response and assessed whether thore were

any ckanges in this as the subject detected the attended targets.

Methods

&he data from the dichotic listening experiment were used to analyze
the CER?. 3ecause there wasz no effect o0f ear He.collapsed the data across
ears. The data were high-pass filtered at 10 H: {Figure $3. The filtered
data were :heg Fourier anpalyzed at the frequency of the stimulation :Br 500
- ae after the target was presented using a moving 42.5 ms window. There were
no ceonsistent changeg in the response with attention. We measured
the average an?litude and phase of the response separately within gno tipe
uind&us (100-150 ms and 175-225 ms) and analyzed these responées
statistically. These windows were chosen on the basis of visual analysis of
our grand nean data and of the data froa Makeig {1985}. A four uay.repeﬁteé
meagures ANOVA wag performed: latency I att;ntion X tone frequency I

¥
presentation rate.

The CERP analysis was performed post hoc. .The f£ilters for recording the
late conponentg had not been adjusted'appropriately for measuring the steady
state Tesponse. The 30 H:z low-pass filter attenuated the amplitude of the
responses ﬁt 3f and 41 H:z Sy approxizately 50% and iécraased the phase delay

‘-.-_'-
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by approximately 120°,

-insert Figure 7 about here-

Regults

There uaé no significa?t difference betweeen the ;veragé anplituée
neasu;edlin each latency window (F=0.00) nor was th;re significant effects .of
v ) .
attention (F=0.77), tone frequency (F=0.06) or rate (£=0.86). There were no
P
significant interactipnsh
f‘There was no significant difference between the average phase measured
in each latency window (Ff0.13). The average response phase shouaé a
significant effect of tone frequency (F=14.49; d£=1,9; p<0.01) ang
presentation rate (F=33.07; df=1,9; p<0.01)£2 ?he response phase was longer
for the 500 Hz tone and the 41/s presentation rate. There was no significant
gffect of attention (F=0.07) ¥nd no significant interactions. Figure 7
illustrates’ the grand mean results of the analysis gé the steady state NLRs
inbedded in the late transient responses.
A

-insert Figure 8 about here-

. 3

D. Effects of visual attention

There are several reports in'ﬁhe literature that suggest visual
—
attention may decrease the amplitude of the early auditory evoked
potentials in animals (Oatman 1976; Oatman and Anderson 1977) and in

<
human subjects (Lukas 1980, 1981). Picton et al. (1981) reported that in a
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sinilar experiment to the Lukas (1980, 1981) studies that visual attention
did not effect the early auditory evoked potentials. Because of these
econflicting reports, qe_specifically examined the effect of visual attention Y

- upon the auditory steady state evoked potentiﬁls.

Methods
Five subjects participated in this experiaent. All subjects reported
noraal, hearing. The experimental! set up was identical to that used in the

dichotic listening experiment. 3Because we had found no significant effects

of ear, we presented the 1000 H:z tones to the right ear at a presentation

q/-\{"

‘rate of 37/s and presented the 500 H: tones to the left ear at 4l/s. The

experiment consisted of three conditions {a) counting the targets presented

'

to the left ear and ignoring the incomring targets to the right ear (b)

counting the targets presented to the left ear and igndTing the stimuli .

delivered to right ear (c) reading a novel and ignoring all auditory stimuli

in both ears. -

-

The f£irst experiment in the dichotic listening series demonstrated that

during the attend condition the late co;ponents had a negative amplitude
maxiaun at Cz and a éositi#e amplitude aaxiaum at Pé. To ensure’ selective
focussing on one channel we therefore measured the maximum negative peak
recorded at Cz within 50 to 250 as and the maximum positive peak recorded at
P: within 250 to 500 ms. Since the data fro:.the previous experiment did not
clearly distinguish sepafate peaks in these latency ranges, we only neasured
one peak. The'%RP data were analv:zed usigg two-way repeated messures ANOVAQ:
gide (left, zight) by condition (ATTEND, IGNORE, READ). The "side"
manipulation involved rate, frequency and ear. The anplitude and phase of

the Fourier analysis data were analyzed separately with similar two-may
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repeated measures ANOVAs

AN
Results
| Analysis of the late conponeﬁts revealed that the latency of the
neg&tive peak showed no signifiéant effect of side (F=2.67; df=1l,4; pr0.01),
or condition (¥=0.33) and no significant interaction between side-and
cohditioﬁ'(?=0.235. The amplitude ofrsthe negative peak demonstrated no
significant effect of side (¥=0.30), approached significance for condition
(F=4.81; ¢£=2,8; .01<p<.05) and no interaction between side and condition
{F=0.52). Because of this "approach” to significance we examined the data in
the READ and IGNORE conditions and in the IGNORE and ATTEND conditions in
éeparate two-by-two analyses. The RﬁAD and IGNORE cond;tions demonstrated
no significant effect of side (F=0.14j\br gond}tion {F=0.08) and no
significant interaction (F=0.68). The ATTEND and IGNORE analysis
deaonstrated an approach to significance of condition (F=9.74; df=1,4:
.01<{p<.05). There was no signi%icant effect of side (F=0.12) and no
significant‘interaction (F=0:63).

The latency of the positive amplitude maximum recorded at P= showed no
significant effect of side (F=0.01), or condition (F=0.56) and no sigrificant
interaction-(F=0.92); The amplitude of the maximua %ecordéd at Pz
demonstrated no significant effect of side (F=3.17;' =1,4; p>0.01), a
significant effect of condition (F=14.73; df=2,8: <0.01) and no.significant
interaction {F=0.58). .A further analysis of only the READ and IGNORE
conditions revealed no effect of gside (F=4,73; df=1,4: p»0.01), or'§opdition‘
(F=1.60; df=1,4; p>0.01) and no significant interaction (F=0.04). The
separage analysis of the ATTEND and IGNORE conditions demonstrated a

significant effect of condition {F=El.12; éf=1,4; p=0.01). There was no

N
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significant effect of side (F=1.90; df=1,4; p>0.01) and no significant.
interaction {F=0.81). Figure 9 illustrates these results. ?

-insert Figure 9 about here-

The amplitude of the Fourier analysis data showed no significant effect
of side {¥=0.88), or condition (F=b.88) and no significant.interaction
(F=1.77; d£=2,8: p>0.01). This is illustrated in figure 9 where the length

/‘-"‘-\/
of the steady state evoked potential (SSEP) vectors do not differ between
“conditions. The phase of the Fouriet analysis data showed a significant
effect of side (F=400.06; df=1,4; p<0.01), no significant effect of

condition (F=2.44; d£=2,8; p>0.01) and no significant interaction (£=0.34).

Figure 9 shows that the 500 Hz, 41/s right ear tones have a longer

phase delay than the 1000 Hz, 37/s left ear,&csgi;\\jfere are no differences
3 i
between the ATTEND, READ, and IGNORE conditions.

t~

. Simultaneous signal averaqing and Fourier analysis.

In all of the previous studies in this paper we analyzed the steady
state évoked'potantials.using Fourier analysis. Stapells et al. (1984) -
have reported that the auditory steady state MLR analyzed with signal
averaging and Fourier anaiy;is.give approximately equivalent results.
Because evoked potential studieé-of attention have, however., used

signal averaging, we decided to study the effects of attention on the

steady state evoked potentials recorded by averaging.

3
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Methods

-
—

. Seven subjects participated in this experiment. The paradigm was
-

E ]
B ;

“"identical to that used in the secog

—

in this series. As well as -

being analyzed on the Fou ;G at C:z was averaged on a
Tracor Northern (TH3000) signal averager triggered at the onset oflthe
tonebursts. The duration of the aver;ging sweep wag 100 ma. These evoked
petentials could only be recorded from one side at a time. Averaged late
evoked potentials were obtained fo; ATTEND and IGNORE conditions for both -
sides. The late transient evo%éd éotentials were scored with the same nethod'
used in the visual attention ex;erinent. The- anplitude of

the late transient evoked potentizls was analyzed using a three-way
repeated neasures ANOVA: averager -if the signal averager was used for the
recording or not; side -right (1000 Hz, 37/8) vs left (500 Hz, 41/3);
atfe;tion -attend vs ignore. The amplitude and phase of the Fourier

analysis data were separately analyzed in a similar fashion. The amplitude

" of the steady state response obtained by averaging was measured as the mean

- &

peak-to-peak amplitude of the first three negative-positive deflections.

These anplitudes were analyzed using a two-way repeated measures ANOVA
{attention by gide).

Results : ~ *

The anplitude of the negative peak denmonstrated an approach to
significance of attention (F=7.13; df=1,6; 0.01<§<0;05). There was no
significant effect of averager (F=0.49) or side {F=0.00).There were no
interactions. The anplitudé of the posifive peak demonstrated a sigﬂificant

offect of attention (F=27.98; df=1,6; p<0.01). There was no significant
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effort of averager*{EﬁO.SS);or side (F=0.11) and no significant interactiens.

— 4
The amplitude of the Fouridr analysis data deronstrated no significant

effect of attention (5;7.43: df=1,6; p>0.01), side (F=3.20; df=1,6; p>0.01),
or averager. (F=2.87; df=1,6; p>0.01) and no significant interaction between
any of the levels of the analysis. The phaée of the Fourier analysis data
delonstraéeé no spgnificant main effects of attention (F=10.01; df=1,6;
.p>0.01) or averager (F=0.02)}. There wasz a Qignificant main effect of 3iée
(F=I73:43: df=1,6; p»0.01) éhd a significant_inter;ction was present bétueen
the attention and averager levels of the analysié (F=19.70; df=i.6; p<0.015.
Collapsed cell means demonstrated that while az&gggifgi~ﬁfhe phase was
inexplicably shorter when the signal averager was analy:iﬂg the 5ata. There
Jire no other significant interactions. Th; effect of side was due to the
41/s, 500 Hz side has a longer phase delay than thé 37/s, 1000 H:z side.

The peak-to-peak amplitude o} the signal averaging data showed no effect
of side (F=1.79; df=1,6; p>0.0l), or attention (F=0.99) and no significant
interaction (F=0.17). Table 1 presents aaplitude values for the fourier\
analysis and signal averaging data while the subjects were attending or

. -

ignoring the targets.

- -insert Table 1 about here-

-

N :
For both recording measures there was no difference between the ATTEND

and IGNORE conditions. The signal averaging data were alightiy larger than

the Fourier analysis data. This may be explained by noise superinposed omn

the signal averaging data which would enhance the amplitude of the

peak-to-peak measurements {Stapells et al., 1984).
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Figure 10 illustrates the grand mean results of this experiment. The
late transient evoked potentiuis data show that selective focusing of
attention was achieved during the experiment since the amplitudes of the
negative and positive peaks were greater when tye subjects were attending ?o
the targets. The Fourier analysis data illustratgs that the resultant
vectors ﬁére not different between the ATTEND and IG§0RE ;onditions.

¢However, as in the previous experiments, an effect of éide was present with
the phase being longer for the 500 H:z tones presented at 41/5. The

averaged steady state responses for the ATTEND and.IGNORE conditions were

supgyﬁnposable,-indicating no effect of attention.

-insert Figure 10 about here-

PR S

- ; :
Discussion

The result; of the intensity sweep experinents demornstrate that. the .
.anplitude, phase and threshold of the hupan audito;y steady state MLR,
recorded using Fourier analysis, are unaffected by attention to the auditory
stipuli. The amplitude, phuée and estinated threshold of the respénse do
not change between atfending or ignoring. Spydell et a£. (1985) reported
that they exazmined in one subject the effects of attention on the steady
state MLR using Fourier analysis. They found that the phage qnd power of
the responses were unaffectea by changes in attention. Their preliminary

report supports our findings. -

. 3
R )
Naatanen (1961{hfsgprféd geveral pr&§¥a§p~with experinments .such as the
" - ‘:_‘.‘c:, - ‘

sweep experiments. Changes in general arousal between "attend” and "ignore™

-

by . .
conditions or prior to predictable stimuli may confound the effects of
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selective attention. The solution to these problems is to .present

.,

_unpredictible sequences of stimuli to attended and ignored channels (Hillyard

-~

and Picton 1979). Our dichotic listeﬂing experiments showed no effects of

attention on the auditeory steady state evoked potentials. These results

could not be confounded by changes in general arousal. -
Attention caused highly significant changes in the late traznsient .

Tesponses to the detected targets. An anpiitude enhanced negativity was
followed by an amplitude enhanced positivity. The negative waves recorded at
100 and 200 ms had similar scalp distributions. Furthernore; there was no
clear neéativity in th; i;jﬁ?e conditions in some subjects. Therefore the

negatiVe wave may represent a combination of a processing negativity

1 , .

{Naadqnen 1982) and the N2 occurriné with target detection.//&he

early.gositive wave was cften difficult to recognize and because of its

central aepplitude maximum it may repfesent P3a (Squires et al. 1975). The

late positive wave h";s a if‘alp distribution of a P3005VB (Picton and %
Hillyar& 1974; Ritter et al. 1916§i Fur;hernore, this wave had a similar t
latency to the button press response time which we th measured in piloet

studies as 400 ms {R;iier et al. 1079; Fitzgerald and Picton 1983).

-
We apalyzed the effects of attention on the "complex event related

potential” repefted by Makeig (1985). OQur analysis of the steady state
response enbedded in the late event related potential data revealed no effect

of attention. MNakeig {1985} found changes in the amplitude and phase of the
e
ek

steadyastate response during the percepticn of an omitted stinulus by one
S oy
subject. Our targg&}detection.was Wssociated with a negative-pgsitive late

evoked potential similar to the potentiff¥ recorded during the detection of

an onitted stinulus. Nevertheless, we were not able to 2easure any

[}

consigtent changes in the sinultaneously recorded steady state responses.

»

.q .



Effects of attentioh on audxtory evoked potentials . 65
Linden et al.,

However, we had feuer triale in the average, a less defined target and
individual differences were recorded. If there 2 peassible attentlon effect
was present it would be very small.

Our visual attention eépe‘inent demonstrates that visual attention does
not effec{'the hupan auditory =teady gtate MLE. The aaplitude and phase of
the Fourier analysis data are pot affected by auditory or visual attention.
Because Lukas (1980, 1981) and Picton et al. (1981} found conflicting
results on the effect of visual attention on the early brainstem coaponents
more work is required to properly intefpret the :elatiopsbip'betueen the
efferent auditgry pathway ané attention.

Becagig of the iarger amplitude of the steady state MLR compared to the
early auditory brainsten response (ABR), the stead{\ztate MLR show gre;t
promise as a uéeful clinical tool in objective audiometry (Galambos et al.
1981; Stapélls et al. 1984; Linden‘et al. 1985; ﬁileny and Shea 1985}.
Fﬁrthernore, these potentials may be analyéed using_freéuency based
techniques such as Fourier analysis. ‘Fouries analysis provides a rapid,
;nexpensive asgessaent and is amenable to such techniques as sweeping
stimulus -paranreters aﬂq simnultaneous stinulation. This paper introduces the
sinultaneous stimulation techﬁique of.steady state systems analysis to the
auditory system. By using non-hafaonically related repetition freguencies,
audiometric analysis of several tone frequencies may by analyzed
sigultaneoualy. The_interactions between different freq;enclés will have to
be examined before 39ch'situ1taneous stinulation can be_uséd clinically.

Central to tﬁe issues of electric response audiocmetry-is the important
taekx of being aSIe to use theese toole on children and sedated subjects.
Davzs et al. (1983).;:}orted that in young sedated chlldrbn the ~auditory

steady state MLR are not recognizable at 30 dB nHL stinulus leépls. Rowever,
~
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Suzuki and Eobavashi (198i) reported, that in wyoung child:en, the aaplitude
naximum. for the gteady state MLR occurs when s;ilu}i are at 20/ i.e a
subhazmonic of 40/s. If this technique is to be used in children tﬁe
threshold should be-determined using the coptimum stimulus presentq%ion rate.
Algso, a frequency based analysis providing amplitude and phase of the data
would give us some insight into the use of the steady state MLR as 2 clinical
tocl bevause of-fhe superior performance of the phase in calcula;ing
threshoid (Kakeig aad Galambos, 19B84). Age normative optinéi stilulu?
presentation rate data is required. This may be gquickly and efficiently

~
obtaiped using the sweep techhique'YLinden et al. 1983).

The origins of the auditory steady state eﬁoked potentials are unknown.
Galambos (1982) suggested that because of an interaction between responses to
sonatosegsory and_auditory éti;zli. the gteady state responses may be
generated from a region uhére‘sensory;nodalities converge, such as the
Tostral reticular formation or pelymedal thalarus. The sensitivity of the
response to gleep and because of the inptricate relationship between the
reticular forsation and sleep, this gave further evidence to the reticular
formation as 2 possible generater site. Spydell et aY}. E1985) reported
tﬁaﬁ patients wish nidbrain/thalanic‘leéions had steis; state MLRs with
abnorpally delayed ph;ses ana that pa;ients uifh temporal iobe lesions had
normal steady state MLR. They therefore proposed a non-cortical origin fer
the steady state MLR. Therefore the steady state MLR pay in fact provide a
valuable electrophysiological tool to measure the polysensory area of the
neural axis, and as Galambos (1982) suggested, may open a new window to )
view the nervous system. Wherever the resé&hse is generated it is relatively 2
resistant to change. "Although its amplitude decreases during gleep its phase

. *
and apparent latency remain unchanged (Linden et al. 1985; Jerger et al.

.
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1985). Furthermore, attention to the stimuli does not affect.the response.

.."
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Table 1 . - o
Y
‘ Rate=37/s ’ Rate=41/3
b . .
Attend Ignore ) Attend Ignore

:
Signal . .74 .73 .67 .64
Averdging
Fourier .65 .63 . .60 T.60
Analysis ' ~ ' ‘ PR

. : , R

Amplitude values in microvelts
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H \ - -
Sumpmary . ‘ T -

The human auditory steady state qvoked p&teﬁtials were examined during
sev;ral different tasks requiriag'aztention. Both Fourier analysis and
signal averaging wére used to measure the responses at stinulﬁs_rutes between
37 and 41l/s. There was no effect 5% attention on the amplitude and phase of

"the sfeadf q;ate evoked potéﬁtials whe; subjects either counted successive

s
incgenents in stimulus intensjty or read a book. In a dichotic listening

.f Y .
task, there were clear changes in the late transient evoked potentials with
selectiveattention bet no changes in the steady state responses.
yrthermore, the steady state potentials during reading were not different
from those obtained while the subjects were selectively attending to the
auditory stimuli in one ear. There is therefore no evidence that the
. auditory steady s%ate responses are affected by attention.
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Fiqure 1 f&inciples of the Fourier analysis. The ,subject receives an
auditory stimulus (S5) presented at £ Hs. Tﬁe subject's EEG is amplified (A)
and then fed into‘a Fourier analyzer where it is multiplied (M) by the cosine
and sine of the stimulus repetition frequency.- This multiplication results
.in a lixtuQe of DC and AC ocutputs. The £ Hz component of the EEG’%&
converted by the multiplication to the‘DC-output. Hoi;e of the EEG is
convefted by the aultiplication to the AC cutput which is renovgﬁ with a
low-pass filter. Two DC output values are obtained, an I and Y component.
These two values are used to determine the amplitude [anpi(x=+Y=)"=]
agd phase [pbaseétan‘tY/X] &?‘ghe response at the stimulus ropef&tion
frequency. The ;lplitude is represented by the length of the vector and the

phase delay is represented by the vector orientation relative to the X and Y

-~

axis.

Fiqure 2 Grand mean data showing- the anplituﬁé{intensity and phase/intensity
functions using the intensity sweep technique. The subjects were either
_attending (ATTEND) or ignoring (IGNORE) incoming, monaurally pres{ﬂted
anditeory stiauli. These équally weighted grand mean data are from 8
subjects. The dgta are vector-averaged and each tracing represents 640
sweeps of stimulus intensity..Below threshold, the amplitude iz low and the
phase is ran@on. As the intensity of the stimulus increases above threshold,
the anplitdd; increases linearly and the phase decreases. 3Below threshold,
becauge of the randomnese of the.data, the phase tracings for the ATTEND and
IGNORE conditions are dissimilar. Above threshold, the ATTEND and IGNORE

conditions have similar responses.
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Fiqure 3 The grand mean data from a single subject tested on 5 different
o;;asions using the intensity-sweep technique. Each amplitude/intensity and
phase/zntensity function is the response froa 400 sweeps of stimulus
intensity. DBelow threshold, the amplitude and phase for both the ATTEND and

IGNORE conditions are randoam. Above threshold, the amplitude and phase are

cimilar for the IGNORE and™ATTEND conditon.

¢

Fiqure 4 Simultaneous stimulation and dichotic listening technique used to
evaluate the effect/of attention on gpe human auditory steady state HLR.‘ Two
stimulue generatorp (STIM) presenting tones of 500 and 1000 H? are triggered
by oscillators (04C) at repetition rates of_37/s and 41/s respectivel;. The
subject’'s EEG is amplified (AMP) and fed into separate Fourier anal&:ers

to be multiplied by the sine and the cosine of the stimulus :apgtition
frequenciga. These aultiplications result in two indepen&ént vectors giving
theé” amplitude and the phase of the regponse at each stimulus repetition

. .

-

frequency.

Tiqure 5 The grand mean late event related potentials (ER?) recorded using
signal averaging to demonstrate selective attention to one chaqnel. The
figure represents the responses during the ATTEND and IGNORE

conditions for the 500 Hz and 1000 H:z tones presented at the 37/s and 4%/5
presentation rates. The tracings are the grand mean responses recorded from
Cz in ten subjects. Negativity ag Cz is represented by an upward

deflection. The evoked potentials to the ATTENDed targets are larger than

the evoked potentials to the IGNOREG targets. The data are collapsed across

i
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ears because there was no significant'differdnce betueen ear of delivery.

-

FPiqure 6 The grand méan Fourier analysis data for the dichotic listening
egpérinent collapsed across ears. The phase delay is longer for the 41/s
presentation rate and for the 500 Hz tone frequency. The response is larger

for the 1000 Hz tore frequency. There is no difference betueen responses

.

" obtained while aubjects were attending and thoae obtained uhlla sub]ecta ware

'lgnorzng the stimuli. AR
- i Lt
Figure 7 The grand mean gteady state MLR auperxnposed on the late ERP .

colponenta. .The ERP data recordad ‘ron the vertex were high-pass letered at

10.35 H..E This filtering removed the transient responses and left the .
superimposed steady state response at the periodicity of the sﬁinulus rate.

- The responses from the ATTEND and IGHORE conditions are similar.

1gure 8 Steady state Tesponses imzbedded in the Iate event related

petentials analy ed with Fourier analysis. The upper tracings show the late
event related potentials to the ATTENDed and IGNOREd targets, Iabedded in

the responses are the snalle; steady state responses at the periodicity of.

.

the stimulis rate. The lower t*aczngs represent the results of a Four;er

an]alysxs of these embedded data after the -larger transient rosgonses kad

been resoved by filtering (of figure 7).

Figure 9 The effect of visual attention upon tbe steady state evoke
potentials (SSEP) for 5 aubjects. On the left are the vectors Tepresenting -
the Fourier analysis steady state evoked potentials {SSEP). The reponso

phase is longer for the 500 H:z tone presented at 41/s. The anplitude and
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“

phase of the response is not different hptuegn re;ponsea.obtained when
-8ubjects are attending-to incoming stimuli (ATTEND), ignoring incoming
stimuli (IGNORE) or reading a beook (READ). Qn the_:ight are the ;ranaiént,‘
late event related potentials (ERiL; The ERP are larger during the ATTEND
condition than in the IGNORE-and READ condition therefo;e illustrating that
selective attentjion was achi;ved during the—experiment. Note the similarity

between the ERP data during the IGNORE and READ conditions.

Fiqure .10 The grand mean data for the steady state evoked potentials (SSEP)
ngasured using simultaneous signal averaging and Fourier analysias. The

tracings represent the data féon 7 subjects. The ;ubjects attended {ATITEND)
R ) ~
to targets in one ear and ignored (IGNORE) targets presented to the
contralateral ear. The tracings'on the left are the responses measured using
signal aver;éing. Therer§s no difference betueen.tﬁe responses obtained
while the subjects were attending or ignoring incoxing stimuli, In the
aiddle are the Fourier analysiszs data. \The re;ponse phase for the.SSEP isg
longeé for the 41/= presentation rate‘and 50C Hz tone condition. There is no
difference between the ATTEND and IGNORE codition in the Iesponses measured
with Fourier analysis. The late event related potentials (ERP) are on the

right. They are larger for the ATTEND condtion than the IGNORE conditon

therefore demonstrating selective attention.
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SJnlarx: Auditory evoked potentials are useful clinical toels.- They are
clasgified on the basislof the latency of their coaponents as early (0-10
as), middle (10-50 ms) and iate (50—50q ns) responses. On the basis of the
stiaulus p;esentation rate, the aiddle latggty responses (MLR) aay be
ti;ssified further as transient and steady state ragpons;s._Bo;h transient
and steady state NLR may be recorde§ using q}gna] averaging. Steady stdte
HLR may also be recorded using Fourier analysis.. As the intensity of %the
auditory stimulus is increased the amplitude of the MLR increases and the
phase of the steady state MLR decreases. Thgrefore, these responses may be
used to estimate response threshold. The steady state rgsbonse nay estimate
threshold to within 10 43 of those deteriined behaviourally-provided the
subject is awake. The transient MLR may be too noisy to estimate threshold
in aua#e subjects. Threshold estimates may be improved using the transient
NLR while the subjects are sleeping. The trangsient MLR are affected by sleep
and may be affected by attention. Tbé gteady state MLR are not affected by
at;ention and the‘response amplitude decreases during sleep but the phase of
the ;enponse is not affected by sleep. Both transient and steady state MLR
are affected by the age of the subject. Once the generator sites of the MLR

is/}noun the responses may become helpful in assessing central auditory

dysfunction.

~

Key words: Evoked potentials . .
: Hiddle latency

Transient

Steady <tate



Auditory middle latency responses ° 93
Lindern and Picten.

On the, basis of their latency, the human auditory'evoked potentials can
can be di;ided into early (0-10ms), middle (10-50 ms) and late (50-500-15)
co;ponents (Picton et al., 1974; Davis, 1976).l This paper reviews the
auditory middle latency responses (MLR). Ac¥$rding to the rate of atiluius
prs;entation, Regan é1982) bas distinguished "transient"” and "steady state”

evoked potentials. ransient responses are recorded when stimuli occur at a

sufficiem%ii_i}ou rate that the reapbnsé to one stimulus is complete before
i .

another stigulus 1s applied. Steady state responses are recorded when
stinul; occur at a sufficiently high raté that the response to one stiaulus
overlaps the responses to.subsequent stimuli. In a linear sysﬁen trangsient
and steady staie evoked potentials are equivalent. If the system is
non-linear, béuever. the steady state potentiald are not predictable froa the
transient reeponses. This papervrevieHS'botb the transient and the steady

state auditory MLR. Figure 1 compares the transient MLR (recorded at 10/3)

to the steady state MLR (recordeéd at 40/s).
-insert Figure 1 about here-

Historv

Geiszler and his coileaguesv(1958, 1960) were the first to
Teport the transient MLR recorded from the human scalp. They pbserved a
vertex-positive peak recorded at approximately 30 as in response to a
click stimulus. The threshold of these responses uasfsinilar to the

threshold determined behaviourally. Early acceptance of these responses as a
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clinical tocl in electric responsé’audionetry wag blocked by a report by
Bi?kford et al., (1964} that these responses were ayogenic. Althougg these
responses 5;re later shown to be sensitive to myogenic reflex potentials
because they may be recorded during complete muscle paralysis they ;re
partially neurogenic in natﬁre. Goldstein and Rodman (1967) reperted a
vertex negative peak recorded between 20-24 ms, 2 vertex positive peak
recorded batween 31-35 ms and a vertex nagative peak recorded between 46-50
ms. The amplitude of these responses varies from 0.5 to 3.0 uV.

Geisler (1960) and Chatrian et al., (1960) were the first to report
the steady state MLR, noting an amplitude enhanced plateau when stimuli were
presented at rates of 30/s to 50/s. Schimael et al., (1974, 1975) reported #
periodic steady state MLR to clicks presented at rates of 1°f200/5' Cﬁnpbell
et al., (1977) using clicks and 90-100% amplitude-modulated tones describ;d
steady state NLR at.stinuluh rates of 6-32/8. Sine-wave modulated tones
showed an amplitude enhanceament at rates of 24/s. Square-wave modulated
tonee and clickg had an amplitude maximum at stimulus rates between 12-16 /s.
Cohen (1977) found an amplitude plateau maximum when stimuli wWere presented
at 35/8 to 45/s8 and suggested that wave V of the.early brainstem components
caused this amplitude enhancement. Because of éhe periodiéity of.the
responses, Coh;n suggested that teaplates may be used to score the responseé.

' In 1981, Galanbos et al. sparked renewed interest in the steady state
MLR. They found that when stimuli were presented at rates.between 10-60/8 an
amnplitude enhanceament occufred when stimuli were presented at rates of
approximately 40/s. This amplitude enhancement of the MLR may bo explained
by the fact 'that the n;jor negative-positive deflections of the transi;nt KLR
are geparated by 25-=s. Stimulating every 25 ms {40/s8) would cause the later

peaks and troughs of one renponéa tc align with the earlier peaks and troughs

2
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of the response to the next stiaulus resulting in-Qn enhancesent of the
coabined response. Thisz response has been termed the 40 Hz event related
potential {Galambos et al., 1981), the "high rates response” (Makeig, 198%5)
or the steady state MLR {Stapells et al., 1984).

RECORDING PARAMETERS

(i) Signal averaging
=~ The transient MLR is recorded using signal averaging. A sweep of 50-100
B3 is used and averaging is carried out over 500 to 2000 trials. There are
three main peaks: Na (20-24 ms), Pa (31-35 ns8) and Nb (46-50 ma) (Goldstein
and Rodman, 1967}. Mendel and Goldstein (1969) reported two earlier peaks
and called them No (8-10 ms) and 20 (10-13 ms). These earlier peaks are
difficult tc isolate because they may represent a filtered distortion of wave
¥V and the aftergoing negative wave in the earlier aﬁditory brainster response
(ABR) (Picton and Fitzgerala, 1985). McFarland et al., (1§77) reported later
peake Pb (47-56 ms), Nc (58-68 as) and Pc (72-80 as) when nurf&w fﬂlter
aetting; (25-175 Hz) are used. . These may represent filter-distortions of

the late components of the aduditery evoked potentials.

The steady state MLR have also been recorded using signaf'averaging
(Galambos et al., 1981: Stapells et al., 1984). The steady state MLR
Tegemables a sinewave. Separate peaks are not identified and the response is

L%

aeasured in terms of the amplitude and phase of the average waveforn.

»

(1i) Filtering effects
The transient MLR are particularly sensitive to filter settings (Scherg,

1982: Suzuki et al., 1984). Scherg (1982) fourd that analog filters may
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affect the transient MLR by altering the waveform anﬁ even creating new
peaks. Decreasing the low pass filter settings results in the rg,ovnl of the
early peaks and an increase in the latency of the remaining peaks.

Increasing the high pass filter settings causes a decrease in the latonc; of
the peaks. Because of the phase-shifts caused by analog filters, increasing
the filter slope distorts the recorded wavefora ﬁnd nay cause the creation

of new peaks. One answer to tﬁeae probleas is to use fero-phase shift
digital filters. If digital filtering is unavailable, transient KLR should
be recorded using a wide bandpass (such as lo-fOOOHz) and a low .filtar slope
{6 dB/octave) (Scherg, 1982; Suzuki et al., 1984). Such a wtde band
recording gllows the silultaneods recording of the early auditory brains;ol.'
response (ABR) and the MLR (Scherg, 1982 a,b; Scherg and Volk, 1983; Ozdamar
and Kraus, 1983). -

Kileny (1983) examined the effects of high and low pass filtering on the
steady state KLR. When low pass cutoff frequencies are extended from 100 to
1500 Hz the ABR iz included in the response. When high pass cutoff
frequencies are changed from 30 to 5 H: the peaks of the response are
sharper and the phase of the response shifts. DBandpass filters are

reéonnended to be set at 10-100 Hz (Galambos et al., 1981).

{iii} Fourier analysis

Because ?f the periodicity of the steady state responﬁe, frequency based
techniques such as Fourier analysis may be used to measure the responses
{Regan, 1977; Stapellﬁ et al:; 1984). Fourier analysis is diagramatically
represented in Figure 2. The stimuli are presented at a presentation rate of
£ Hz. To extract from the EEG a particular frequency,-the EEG is aultiplied

by the osine and cosine of that frequency. é;;se aultiplications cause the
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components of the EEG at that frequency to be converted to a steady DC
output; ail other frequencies Qre converted to an AC output. The AC output
is removed by low pass filtering. The DC offset vnluea.nre used to compute
the amplitude and the phase of the response. These calculations arTe ba?ed on
the following formulae: amplitude=(X*+Y2)*/2; phase=tan~® Y/X. This
proceedure is-effacﬁively narrow-band filtering at one frequency. Phase-
locked nnplifier; work on the same priﬁ;iple, however, =many of the
commercially available phase locked amplifiers us; square waves in their
lultipli;ationa instead of sige and cosine waves. The product of the ﬁquaré

wave multiplication consists of the activity at the stimulus rate plus other

frequencies used in making up the square wave signal.
-ingsert Figure 2 about here-

If frequenciea other than the stimulus rate aré regquired, a
nore detailéd analysis of thg response may be obtained by running algorithms
such as the Fast Fourier Transfora (FFT) on the wavefora. The Fourier
transfora effectively calculates the smplitude and éhase of the signal at a
range 3§.§;equer iles r&ther than at one garticular frequency. The Fourier

transfora provides a frequency spectrus of the wavefora. Although it

provides mqre Jdetail on the frequency composition of the response the Fourier

transfora is “»oaputationally more coaplex than simple Fourier anslysis.

Furthermore the FFT analysis iz closely determined by the digitization rate;

the stimulus must be locked to the digitization or the onergy at this
frequency maay not be properly measured (Picton et al., 1984). The analyzer
can be used in the sweep techniques and the simultaneous stimulation

~

tochniéues, both of which decreass the time required to obtain response -
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inforaation.

The sweep technique of Fourier analysis allows a rapid analysis of the
Teszponse across & range of values for one stimulusg para-et;r (Regan, 1972;
Nelson et al., 1384). - Stapells st al., (1984) introduced the use of
the auéep technique in thé analysis of the auditory steady state MLR. Figure
3 illustrates this technique t¢ evaluate the effects of varying the stimulus
preszentation -Tate. fhe cﬁnpute: controls the stimulus rate. The stimulus is
p%esented, the -EEG is :a;pled by the Fourier analy:e} and the computer
calculates and stores the amplitude and the phase of the response for that
particular rate. The computer then increases (or decre#ses) the presentation
rate, aaiplen the responses,stores etc. At the end- of the suqeéJthere is o
series of amplitude and ﬁhaae values for each stimulus pregsentation rate.
Another sweep is thenﬁiﬂitiated, conpietgd, stored and finally the values
for each rate are vector averaged. The resultant anplitudé/fate and
phase/rate functions can then be plotted. Other parameters may also be
swept. One obvious parameter to be swept in an audiological test iz stimulus
intencity therefore providing amplitude/intensity andvphusa7intensity
functions uﬁich ray be ugsed to estimate the subjects response threshold

(Linden et al., 1985; Rodriguez et al., 1985).
-insert Figure 3 about here-

Regan and Heron (1969) introduced the simultaneous stimulation techniquel
of steady state systems analysis to the visual systea. .Linden et al., {1985)
,appiied thisz technique to the auditory steady state MLR in an attention task.
Tones werc presented to each ear at difforent presentation rates. These
rates should be non-ha:nonicclly zelated. A Fouriér analyzer waz set to
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each presentation rate. The technique can be uged to assess the auditory
analysis going on simultaneously in different senasory channels. Thus the
Tesponses to different ears or to stimuli of different tonal frequencies can
be sinultaneousfy asgessed. More than two channels can be assesed
simultaneously although one must be careful to rule oyt physiological

interactions between different channels.

* ORIGINS
The attempted localization of the auditory evoked potentials generator
sites have included many approaches. Scalp distribution studies, exazrining
the scalp auscle reflexes, animal studies, human intracranial recordings,
human lesion studies and magnetoencephalographic recordings have all been

used to try and localize the generator sources of the MLR.

(i) Scalp distribution

The auditory XLR are usually recorded between an electrode at the vertex
and one on the aastoid or .earlobe. The choice ;;_refarence site for
recording the scalp distribution oé transient MLR is important. Several
reports exist wherein a nose reference wasz used (Yeugban and Ritter, 1970;
Cohen, 1982).' However a non-cephalic reference has been advocated because
activity recorded at the noge may alter the response {Xooi et al., 1971;
Wolpaw and Wood, 1982).

The transient HLR have a uides;read séalp distribution recorded
naximally at the vertex (Picton et al., 1974; Goff et al., 1977; Streletz et
al., 1977). Several reports indicate a phase reversal across the Sylvian
fissure. Vaughan and Ritter (1970) repérted that when the components of the

transient MLR were identifiable theré was a reversal of the components
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Tecorded with electrodes placed above and below the sylvian fissure
referenced to an electrode placed on the. nose. Streletz et al., {1977)
exanined the topography of the transient MLR using a ﬁon*cephalic reforence.
Electrodes were élaced on the mastoid, ear, nose, and along the sagittal ané
coronal planes. They reported a phase rejeral of the transient MXLR recorded
with a coronal array and a latency shift recorded. in an anterior to posterior
series of leads. Furthermore they found activity at the nose, ear and‘
mastoid.. Wood and Wolpaw (1982) used an extensive 20 electrode array over
one b;nisphe:e and mapped the responses to contralateral stiauli. A
non-cephalic reference was used. Tuo frontocentral positive peaks u;:e
Tecorded at 30 and 50 m»s. These peazks were inverted in temporal regions.
Cohen (i982) napped the transient MLR in & coronal array using‘E;
nose-reference. Seven eguidistant elecrodes were plaéed in a row starting at
the 'nidline, 25 % antecior to C: and exéending to the mastoid. Betwean‘the
fou}th and £ifth electrode the Pa {28.1 mg) coaponent was inverted for all
the subjecte. Na and Nb were obeerved to Linvert occasionally along the
electode array. 3Because the t:#nsient MLR phase reversal has been observed
- using 2 nose reference and a non-cephalic reference it is no* piobable that
the ceverszal is caused by activity at the nose. The tracings on the left of
Figure 4 show the scalp topogiaphy of the trS;sient MLR. OQur data from 10
subjects does not.;ndicate aiphase_reveréal along a go:ongl array. The Na
peak does decrease in amplitude and the latencies of the peaks decrease from
Tesponses recorded at the vertex to responses recorded below the sylvian
fiscure. A possible explanation for this difference nay be the séate of the
N
subjecte. We made =ure that our subjects were awake. Cohen (1982) reported

that some of his subjects were asleep. Wood and Wolpaw (1982) dié not

coznent on the state of arousal of their subjects. Sleep ddsc affect the
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transient MLR. The response is different along a vertex to mastoid coronal
array however amplitude decrements and latency shifts aay be migsinterpreted

as phase reversals.

~insert Figure 4 about here-

<
There are several cgnflicts in the literature on the gffect of

ipsilateral versus contralateral recordings. Peters and Mendel (1974)
recorded the trahsient MLR recorded between Cz-Al, Cz-A2, C3-Al and C4-A2.
They réported ro diffe:gnce between the ear of delivery and the response
aaplitude and latency measured at the vertex (Cz~Al, Cz-A2) or at the lateral
placed:electrodes (C3-A1, C4-A2). Kevanishvili et al., (1979) exarined the
tranzient MLR recorded from the ipsilaterai and contralateral side of the

head to the ear stimulated. The responses were recorded between an elecj7ode

placed on the central region of the skull and both earliobes. They found

/
/

differences between the transient MLR recorded froa stiaulation to the /

/

ipsilateral ear and contralateral ear. The responses were larger if :éco:ded
froa thé side of the head contralateral’to the ear stimulated. Celqéia
(1976} recordedlthe transient MNLR froa the laterai surface‘of the csrtex
referenced to a gold-plated alligator clip attached to the exp;seé bone and
found that the Tesponses to stimuli to the ear contralateral to the Tecording
site'were larger than responses elicited fron sti;ulatiqg the ear ipsilateral
to the recording site. Lee et al. (1984) reported similar results ;eco:ded
from subdural electrodes referenced to an elocrode attached to the skin over
the £ifth Eervical vertebrae. Ozdanmar ané Eraus (1983) found that the
amplitude of Nd_bas sysaetrical, but qppear;%?larger when recorded over the

contralateral temporal lobe. Woods and Clayworth (1985) recorded the
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transient MLR froa the vertex, -ipsilateral mastoid to the ear stimulated and
from electrodes placed nidu&y between C3 to T3 and between C4 to T4
referenced t9 a balanced non-cephalic reference at the base of the neck.
fhey reported that the Na component recorded fro; eleétrodes pl;ced
contralateral to the ear stimulated had a shorter latency and a larger .
anplitude: The Pa and Nb components demonstrated no effects of ear of
delivery. A naxfnal response recorded from stimuli presented to the
contralateral ear may be explainéd anatomically by enhanced projection to the
contralateral auditory cortex (ﬁavi::a and Belnére, 1978). Different effects
of ear of delivery upon dJifferent components of the transient MLR suggests
different §enerator sites for these components (Woods and Clayworth, 1985).
The topography-of-tbe steady state MLR hag not been studied in as much
detail ag the transient MLR. A widespread frontocentral maximum topography
haz been reported (Hakeig; 1985). Flgure 4 shows the topography of the
steady state MLR. Cohen et al., (1973) reported a polarity reversal between
C4 and T¢. We have found that the perlodicity of the steady state MLR has a
Wwidespread scalp distribution. Although not, readily discernible in the
individual tracings the grand mean data demonstrates that along a ceronal

line the phase of the response shifts (Figure 4).

-insert Figqure 4 about here- -

{ii) Scalp nuscle reflexes

Tarly acceptance of the MLR as a clinical tool was clouded because they

- weTe thought to be myogenic (Bickford et al., 1964; Mast, 1965). Bickford
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(1972) reported oé a number of scalp muscle reflexes in response to auditory
stimuli of sufficient magnitude. There are four main scalp muscle reflexes:
frontalis, inion,, postauricular and temporalis. Picton et al., {1974):
.reviewed the charactefisticg of thege reflexés. The frontalis, inion and
tenpofalis reflexes are alllaffected by changeé‘in ruscle tension. The inion
refiex is initiated through Qestibular rather than auditory connections
(Toﬁnsend and Cody, 1971). N
The postauricular reflex iz recorded at a latency of approximately 12 ms

{Bochenek and Bochenek, 1976). There are'two‘peaks,a rastoid negative peak
(12~15 ms) and a positive wave (12-18 ms). These responses will not |
contaninate the MLR if the referenc; nastoid electrode is placed on a low

mastoid position (Yoshie and Okudaira, 1969). Figure 5 illlustrates the

postauricular muscle reflex recorded at different mastoid locations.
-ingert Figure 5 about here-

By using an electrode placed on 2 lew mastoid position and ensuring that

the subject is relaxed, the myogenic contribution to the HLR =may be

. minimized.

(ii} Animal wortk

“ Kiang et al., (1961) first recorded the transient MLR in animals using
an implanted electrode in the cat auditory cortex. A positive peak followed
by a negative peak was recorded within 50 ms after the auditor; stinulus was
pregented. Are:;o et al., (1975) studied the transient MLR recorded

intracranially in the Rhesus monkey and suggested the recorded peaks weore

generated in the primary auditory cortex. Kaga et al., (1980) found that the
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. ) o
transieyt MLR in cats are similar to those of humans except that the

y . . ,
latenfies of the peaks are shurter. They demonstrated that during laminar

-

analyais a dipdle was observed in the cat area Al (auditory cortex).
Lesioning exPe;inents of Al and the adjacent cortax demonstrated that a small
anterior Al lesion abolished Pa without affecting earlier components.
Lesions adjacent to this seall area had no efféct upon the traﬁsient MLR.
Buchwald et al., (1981) examined the effect of click rate, pentobarbital
anesthesia and lesions on thartrsnsient MLR recorded in cats from the scalp
and from depth_;epﬁrdings. The scalp recordings ierg between the vertex and
referenced to the neck, pipna or paw. The dep{h recprdinga were made between
the barrel to wire or the barrel referenced to the pinna. The&

reported three positive-waves: wave A (17-25-53), wave B (35-45 as)

and wave C (50-75 me). The wayes are sensitive to presentation rate;
disappearing-as presentation rates are increased te 10/s. Furthermore, all
the wavee disappear when pentobarbital is administered. Wave A remained

after hemispherectoay, therfore suggestipg its origin is not in the auditory

cortex or auditory association cortex. Ablation of the suprasylvian ‘gryrus,

-
-

ectosylvian gyrus and frontal lobes did not affect wave C. Hemispherectomy

abolished wave C. TheW proposed ﬁhat their data supports~the hypothesis that

conponents before 25 ms are recordinég of a diffuse nedia}f} ﬁlaced ascending
audiéory systen. Kﬁhip secondary system is iq addition to the standard
lemniscal pathway ;nd nay consisfﬁoﬁ a reticular-midthalanus-association
cortex loop. Hinman and Buchwald (1983) examined the cat uave.A of the
transient MLR 66nparing‘depth evoked potentials'and scalp recorded evoked
regponses fromn the brainstem and thalamus. Potentials were recorded fron the

midbrain {cuneiform nucleus) to the level of the intralaminar thalamic nuclei

(centralis laterﬁlis and center median). Scalp and depth recorded responses

“
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uére dinlnlshed 1n \hplitude during sodiun pentobarbital anesthesia.

_B;laterul asplratzon of the 1nferzor colliculus did not affect wave A

‘therefore suggesting that it is mediated by nen-lemniscal connections.

Responses froam the 1ntralan1nar thalaric nuclex, centralis lateralis and
center median. were enhanced after bilateral removal of_the inferior
colliculus. Thess'observations led Hinman and Buchwald to propose that wave
A represents a secondaty ascending auditory pathuay pro:ecting froa the
aidbrain réticular forlatzon to the thalanus. -
Farley and Starr (1983) reported that the cat transient MLR
polarities and latencies corresponded well sith humar data. They poatu;ated
that cawpeaks (P10-N13-P17-N22-P31-N41) assigned to human peaks
(P12-N22-P25-N28-P30-N45). ’Thrthernore, as the intensity of the stisﬁlus was
increased, the alplitsde of the response increased.and the latensy decreased.
ngee et al., (1983) End Kraus et al., (1585) Teported a triphasic MLR
in guinea gigs recorded optimally from the contralateral cortex. Peak A at

11 mg, B at 18 me and ¢ at 29 me. The unanesthetized guinea pigs had

diminished responses recorded from the ipsilateral hemisphere and vertex.

. Wave A and C were recorded laxinslly at different locations over the temporal

lobes, suggesting they have different generator sites. Wave C w;s pore
sensitive to anesthesia than wave. A.

Kraus et al., (1985) exanined the transient MLR in anesthetized
nhon-human primates. They reported a negativity similar to the Na recorded in
hunans except having a slightly earlier latency. Later conponents were
variable but the authors postulated they may be homologous to the human Pa
{30n2) and Pb (65zs) components.

Yoshida et al., (1985) examined the steady state MLR recorded fron the

scalp of guinea pigs. They reported on the scalp distribution, effaects of

J
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pentobarbital and ablation‘experinents. Screw electrodes were placed in the
skull and ref;renced to an implanted silver wire. Responses were recorded
naximally from the vertex and from the temporal area contralateral ;o the
area stimulated. Pentobarbitol administration reduced the amplitude of the
temporal response but did not affect the vertex Tesponse. Removal of the
cortex contralateral to the ear stimulated eliminated the temporal resbonse
but did not affect the vertex response. Bilateral removal of the cerebral
cortex did not affect the midline Tesponse. The vertex component remained
after the removal of the inferior colliculus and after decerebration.
Decerebration altered the response, yet a steady state response was gtill
present. Ihese‘data sugy@sts a number of genérator'aites ray contribute to
e !

the steady state response. ~

: Several reports indicate the amplitude of the MLR decrease as the
presentation rate increases_in_cats (Buchwald et al., 1981; Hinman and
Buchuf&é; 1983). Although presentation rates of 20/s (harmonic of 40)3)
cause a decrease in the.response amplitude recorded at the vertex, the
figures suggest that recording from the'“ectosylvian cortex” and "medial
geniculate body".are anplitude enhanced (Buéhwald et al.,'1981).

Galambos boatulated that, because of a scalp recorded interaction
between tactile and ‘auditory sfinuli, the syeady state MLR are generated in
the rostrai reticular formation or thalamic region described by Buchu;Id ot
al., (1981). This hypothesis wag based on the fact that midbrain
reticular neurones receive converging sensory inputs (Steriade

and Deschenes, 1984).

(iii) Human intracranial recordings
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Several early reports on auditory evoked responses recorded from the

[

human cortex exist {Heath and Galbraith, 1966; Celesia et al.,. 1968; Puletti

and Celesia, 1970). These responses were within the same latency range as
the scalp recorded MLR. Celesia and Pulett: (1971) recordgé the transient
MLR froa the exposed auditory cortex in conscious, drowsy patients and in
anesthetized patients. The components they called the primary components are
conmensurate with the scalp recofded MLR. The responses froa the ~
anesthetized patients were similar in nofphology,-but smaller "in al?litdde
and longer in latency than potentials recoided fros the scalp. Hashimoto
{1982) examined the transient MLR recorded directly f%o, the human midbrain
and proposed that No, Po and Na are generated in the inferid;‘colliculua.

Lee et al., (1984) studied the transient HﬁR in man using a rectangular array
of (16-32 electrodes{ subdural electrodes placed over the‘nid and poster;or
perisylvian regien. The; reported that éhese potentials may be reccrded

from the banks pf the Sylvian gzssuée. The observed uavefpr:h had a
morphology similar to those rep;rted by Celesia and quetti’(1?71) with the
-larges component being the érinary P2 (28 as). This ;o;;opeﬁt was
hypotS:si:ed to be the scalp recorded Pa component. The maximum amplitude
was at 1 or 2 electrodes'in the Q:ray with szteep potential gradients at
adjacent electrodes. This drop in potential may inéicate Iocali:at?on of the
generator site of these signals. Binaural stiamulation produced larger
rTegsponses than monaural stimulation. Stinuiating the ear ipsilateral to the
recording site produced smaller responses than contralaterai stinulation.

The aiplitude of all coaponents increased as the intensity of the stimulus

increazed. Barbiturate anesthesia cauced a decrease in amplitude and an

increase in latency but the general norphology of the components remained

hnchanged.
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A detailed analysis of the steady state MLR in vivo hags yet to be
perforaed. Lee et al,, (1984) performed a rate series on two of their
subjecta; in contrast to the results rocord;d at the scalp, the
steady state MLR recorded subdurally were greatlf dilinishdd‘in a;élitude

compared to responses obtained from stimuli presented at lower rates.

(iv} Human lesions

Anpther neéﬁgd used to try and localize generator sites of auditory
evoked potentials iq to examine the responses in patients with confirmed
brain lesions. Parving et‘Al.. (1980) reported that a patient suffering froa
auditory agnoﬁia due gg‘Piiifi:Al tenpo;al lobe lesions had a ﬂorlal
transient MLR peak Pa latency and éonfigu:ation. Graham et 3l1..(1980),
however, found éhat a patient who had cortical deafness from bitemporal
emboli, did not have transient MLR. O:zdamar et al., (1982) examined the
transient MLR in a subject with bii&kernl‘tenpora{ lobe Iesi;is involving
dreas 41 and 42. The patient ghowed nc behavicral r;sponae to sound. ABR and
transient H%R were recorded while the subject was sleepéﬂg or restin&
quietly, sedated with chloral hydrate. Normal early ABRs wore recorded. Pa
(30 ms) was absent to either left-ofiright ear stiaulation.- Because éleep
affects the t;énsiept HLR it is d{fficult to determine uhepher the
lack of response was“a function of sleep in this case.

Kraus et al., (1982) examined the transzient MLR froa 22 patients

(sedated with chloral hydrate) who had cortical lesions of the left or right

beaisphere and in two patients with lesions in both henispheres. Na and Pa

.conponents to 60 and 70 4B nHL click were measured. They found that the Na,

Pa responses recorded from the vertex were within noramal range regardless of

the location of the lesions. In general, they reported that Pa anplitude was

~
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smaller in patients. Two patients had abnormal responses. One patient with
bilateral temporal lobe‘lesions did not bhave any MHLR. A second patient who
bad a left temporal lobe lesion that extended to the thalamic r;diation had a
delayed Pa in recordings from the vertex. They also measured the coronal
potentials with an electrode placed halfway between the vertex and the
ipsilateral mastoid. They found a decre;se in the response amplitude over
the injured hemisphere. Because of this data froa patients with temporal
lobe lesion; affecting the auditory cortex demonstrating abnoramal Pa
responses they postulated that the transient MLR are generated from two
vertical oriented dipoles located in the vicinity of the auditory cortex.
Eileny and Berry (1983) examined the transient MLR recorded from two children
(7 months, 33 months) with bilateral teanral lobe lesioﬁs. Both patients
had noraal éarly components and recognigpble MLR. The 33 maonth old child was
tested at 1] months and was found not to have HLB initially, but at 33
months transient MLR were recognized. The observation at 1] months could be
explained by a maturation effect. )

Eileny et al.., (1985) compared transient.HLR obtained from normal
subjects, patients with temporal lobe legions and patients with cortical
lesions in areas otbgi than the tenporalEZObe. Temporal lobe lesions
affected the Na-Pa complex particularly if the response was elicited by
ipsijateral stinulation to the damaged heaisphere. Patients Wwith
teaporal lobe lesions in both heaispheres had abnoramal Pa coaponents measured
at all ascalp locations. .§atients with lesions in areas not involving the
teaporal lobes had normal transient MLR. These data indicate that the
tranzient HMLR are at least in-part generated in the primary auditory cortex.

One problem with this hypothesis is that, when these responses are recorded

from the scalp they are maximal at C:. However, two vertically oriented
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dipole sources in the temporal lobes may sum at the vertex and create an

enhanced sum (Vaughan and Ritter, 1970; Ozdamar and Kraus, 1983).

,

L

Spydell et al., (1985) examined the steady state MLR in patients with
lidbrain.lesions and in patients with teaporal lobe lesions using Fourier
analysis. There were no abnormalities in the response alélitude; They
reported that the reuponsé phaaé did not differ between normal! subjects and
subjects who had cortical lesions. Hoyever, subjects who had

aidbrain lesions had shorter phase values than those obtained from noraal

-

subjects.

These studies have shown that the transiept MLR is partially generated
from the prilarf auditory cortex. At least one of the generator sites of the
s?eady.state ELR is situated in the lidbrain-thalhiic{Area.

{(v) Hagnetoeﬁcephalography

Auditory evoked potentials are extracellular volume
conducted potentials. Con;ersely, neur&iagnetic recoTdings are thought to be
generzted from intracellular currents (Romani et al., 1982). The human
auditory evoked magnetic¢ field has a 50 as component postulated to be
equivalent to the transient MLR at 50 =s, possibly Nb (Farrel et al., 1980).

/. ’
The generator source for this poéential was reported to lie 3 cm deep in the
region of the sylvian fissldre. Ziamerman et al., (1981) hypothesized the
"orientation of an equivalent dipole source tipped away from the vertical by
an amount consistent withk the dipole being oriented perpendicular to the
lateral fisgure”. These reports support thevhypothesia that the later waves
of the transient MLR are generated in the primary auditory cortex,

Romani et al., (1982) examined the magnetic evoked fields to stimuli at

different presentation rates. They observed an enhanced anplitude maxigua at
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high presentation }atea (28~40 Hz). The response phase increased linearly as
the stimulus preuentatioﬂ rate wag increased above 20/z. The apparent
latency calculated from the magnetic phase data was 19 as, slightly shortgrr
than the 36 as reported by Linden et al., (1985). This may be explained by
. the different intensities and stiauli used in the two studies. Romani et al.,‘
{1982) reported that the steady state evoked current dipole for auditory,
;isual and somatosensory modulation lies perpendicular to the fissﬁre

prdjection. . ) -

. Froa these data.one nay suggest several generator sources‘contribute to
the tr;nsient MLR. "~ The primary auditory cortex from both heligpheres
contributes to the later waves (Pa) and beyond. The earlier peaks are
probably generated from the midbrain-thalamus areas and may have myogenic
contributions. The steady state NLR appear to have multiple generaﬁors.
The reticular formation, thalamus and auditory cortex are-possible .

candidates.

(1) Stimulus presentatiocn rate

STIMULUS PARAMETERS !

¥

When stimuli are presented between rates of 1 to 10/e the
amplitude of the MLR does not change (Goldstein et al., 1972; HcFarland
et al., 1977). Kodera et al., (1978) reported that the peak-to-peak
anplitude between wave V and the Na wave remained constant as stimulus rates
wore increased froe 10 to 31/s. However, the Na-Pa and Pa-Nb amplitude

docreased as the stimulus rate was increased over this range. Galamboz ot
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al. (1981) .reported an enkancement of the MLR amplitude at stimulus rates of
35-45/s. Figure 6 illustrates the MLR anplitudo-rqte and phase-rate
fpncfions. There is an amplitude enhanced plateau at stiamulus

rates of 30-50/s. The response phase increases linearly as rate increases

above 30/s.

-~ ' ' -insert Figure 6 xbout here-

Regan {1972) introduced the "appﬁrent latency™ measurement forAsteadg
state responses recorded using Fourier analysis. The apparent latency is the
latency of the dominant coaponent making up the response. It can be
calculated if the steady state response is recorded over a range of stimulus
rates. The apparent latency is the slope of the pha;e/rate function divided
by 360°. The apparent latency of the data presented in Figure 6 is 36 as.
Thiz value was calculated using the Tesponse phase between 30-55/s.

Thepapparent latency of: the eteady state MLR may also be estimated from
the responses recorded using signal averaging. Diamond (1977) proposed that
as the interstimulus interval (ISI) decreases, the time between equivalent
peaks should also decrease. Therefore, drawing a line through the related
peaks at different ISIs to the abscissa gives a latency value for the steady
state response. Stapells et al., (1984) applied this technique to the steady
state MLR and found that both calculations provide approximately equivalent

results

(11} Stimulus intensaity
The amplitude of the transient MLR increases and the latency decreases

as the intqnsit§ of the stinmulus increases {Madell and Goldstein, 1972);
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Thornton et al., 1977; Picton et al., 1977). However, Ozdamar and EKraus
(19&3) report that the n@jor peaks of the transient MLR, elicit;d with &
click stimulus, have the same latency reg&rdless of the stimulus inteﬁgity
and that the amplitude. of Pa reaches a maximum at 50-60 dB HL. The response
arplitude reaches a plateau at approximately 60 4B SL and therefore testing
delivering greater stimulus intensities may not provide more useful . .
information.

The aaplitude of the steady state MLR incre;ses as the . intensity of the

stimulus increases (Galambos et al., 1981; Stapells et al., 1984). Figure 7

illustrates this relationship for 500 Hz and 2000 H:z tones.
-wnsert Figure 7 about here-

The latency of the steady state responses can be calculated from the
~
intensity data’ obtained from both signal averaging and Fourier analysis

{Galambos et al., 1981; Stapells et al., 1984}. For the 500 H:= tonés the
latency to the £irst positive peak decreases and the phase of the Fourier ~

analysis data becomes shorter with increasing stimulus intensities. For

high-frequency tones (2000 Hz and 4000 Hz) there is much less change in phasge

with intensity.

{iii) Tone frequency

- Thornton et al., (1977) reported that the transient MLR elicited wusing
tonebursts of varying frequencies (250, 1000, 4000 Hz) had increased
.peak—laten;ies and larger amplitudes f&é.tﬁe lower frequencies.

The larger amplitude for the lower frequency tonebursts is more evident for

ey
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the earlier peaks of the transient ﬁLR. McFarland et al., (1977) found
similar iesuits using tone pips. Hheﬁ clicks are fhe eliciting stimulus ;he
transient MLR have shorter latencies and larger amplitudes (Zerlin et al.,
1975; Maurizi et al., 1984). The latency change with ftequency.lay Tepresent
travel time along ‘the basilh; meabrane. The larger amplitude to low |
frequency tone; probably represents more neuronal activity because both
high-frequency and lou-f&equency_ﬁarts of the basilar membrane Faylbe
nctivaéed. |

The steady state MLR have a similar stimulus-frequency/response-
aapliitude relationship-(G;lalbos et al., 1981; Stapells et al., 1984).  As
the frequency of the tone is incr;ased the aaplitude and latency of the
steadg state responses decreases. Furtheraore, the apparent latency,
calculated from data obtained using low and high frequency different tones
is lonéer for low frequency tones (Stapells et al., 1984). Therefore,
possiblg.:epresenting travel time along the bﬁsilar menbrane from the basal

high-frequency area to the épical lou-frequency area.

{iv) Tone duration

Early reports in the literature were vague as to the exact effects.tone
duration had on the transient MLR. The latency of the trans;entAHLR is
pg;éfected by the tone stimulus duration (Lane et al., 1971; Skinner and
Antinoro, 19715. Lane et al. (1971) used 1000 Hz tones with plateaun
durations of 20 and 40 ma. Skinner and Antinoro (1971) used 1000 Hz tones
with durations varying ffon 1 to 50 ms. The amplitude may be affeétad by the
duration of the st%nulus. Lane et al., (1971) reported that the Nb-Pb

applitude is larger with longer gstimulus duration. Skinner and Antinecro

(1971) reported nc effects of durstion on the response amplitude for any of



Auditory aiddle latency responses ' ' 115
Linden and Picton . . -

the transient MLR peaks. Vivion et al., (1980) reported that increasing the
stimulus duration from 10 to 30 as resulted in an increase of l-3ms in the
laté;cy of all the transient MLR components an caused a reduction in ;he
response amplitude.

Kileny (1983) demonstrated that as the tone plateau
duration was increased froma 4 to 8 a3, the latency of the steady state MLR

remained unchanged but the response amplitude increased. The duration may

only be increased so far or you can exceed the 50% duty cycle.

{v) Rise-fall time

[N

Stimulus rise-fall times is important in electric response audiometry.
Although shorter rise-fall tines cause a greater spréad-of acoustic enetgy in
_the stimulus they also result in Greater synchronization of the response.
Early studies of the effect of changes in the stimulus rise-fall times (10
us-25 as) on the transient MLR demonstrated no effect.on-the laténcy pf the
regponses and the lelitude increaséd with decreasing rise-tin; {Lane et al.,
1971; Skinner and Antinoro, 1971). 3Beiter and Hogan (1973) proposed using 5
s rise-féll tineg rather than a 10 as rise-fall time. Kodera et al..
(1979) reﬁorted that as ;belsti;ulus fise—fall time increaces, the Na and Pa
latencies increase and the anplitud;s decresse. Latqr'atudies repoftad -
that increasing the stimulus rise-fall times caused an increase in the
latency and an attesﬁation of the anpliéude of Ege transient MLR (Kodera et
al., 1979; Vivion et al., 1980). Beattie et al., (1984) examined the effect
of varying the rise-fall time on the tranczient MLR recorded within the first

25 ms after the stimulus. They found that increasing the rise-fall time from

1 to 4 s caused an increase in the latency and no change in the
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detectability of the responses. Kileny (1983) reported that the latency of
the steady state MLR increases as the rise-fall time of the stimuluz is
increased from 4-8 as. Therefore, a satisfactory coambination ff

detectability and frequency specificity may be obtained using a 5 as

rise-fall tiae.
{vi) 3Binaural Interaction

The transient MLR are larger when recorded in fesponse to binaural
stiauli than in response to monaural stimuli. The difference between the

binaural response and the sum of the monaural responses is a measure of the

L

binaural interaction. Dobie and Berlin (1979) recorded tﬁe responses to
mohaural stisuli £roam both ears, recorded the response frdQ ‘binaural stimuli,
summed the monaural responses and subtracteé the ?u;ned r;sponse fronrthe
binaural response. The resultant oﬁ;;giy*qubtraction is called the

binaural interaction (BIl) component {figgrekﬁ). The binaural responsa'is

snaller than summed response. The binaural interaction components of- the

J@:ansient LR start at the latency of Pa and consists of two negative peaks
T .

(Dobie and Norton, 1980; Berlin et al., 1984; Woods and Clayworth, 1985;

Picton et al., 19B84).
*~insert Figure 8 about here-

The steady state MLR recorded from binaural stimuli are larger than
those recorded from monaural stimuli but smaller than the sum of the monaural
responses.' The binaural interaction component of the éteady
state MLR is periodic resembling two cycle?‘o@ 2 sine wave. We have found

N
these calculated responses have substantial intersubject variability. The BX

. = ~

-
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component iz smaller than the transient HMLR BI and the latency of the waves

_is shorter.

SUBJECT PARAMETERS

(i) Maturation

Newborns have .smaller transient MLR (Mendel et al., 1977; Mendelson and
Salamy, 1981) and may have shorter peak latencies (Nendel gt al., 1977).
than adults. The later components Pb-Nc are not present and the
early Pa component increases in amplitude in the first vear of development.

Shallop and Osterhan;el (1983) found that the amplitude of the brainstem

-

response and steady state MLR near threshold were equal in newboras.
In contrast to the adult transient MLR, Ehe ipsilstéfal recordings éron
newborns have more easily identifiable peaks than the contralateral peaks
(Wolf and Goldstein, 1980). However this ipsilateral advantage has been
contested by Hgndel {1980). Therefore, transient HNLR from newborns must be
interpreted cautiously.

Kraus et al., (1965) perfqrned an extensive study of the transient
MLR in children bepween the ages of & days to 20 years. Conponents Na and
Pa were visibly detected progressively easier with increasing -age to 10
years. At 10 years of age the Na and Pa components were equivalent to the
responses obt;inea fron adults.

Suzuki et‘al., {1983) and Kileny (1985) report that the transient MLR in
neonatesz and young children are particularly sensitive to filter settings.
Suzuki et al. (1983) found that the main freguency component of the transient

MLR was at 20 ‘Hz for children and at 30-50 Hz for adults. The transient
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MLRe of cEildfen recorded with_a high pass filter setting of 30-40 Hz had
attenuated Pa components. Thgylzlso néted éb was rarely obsérved in young
"children independent of éilter settings. This obsarvption'uas also reported
by Okitzu (1984). When high-pass ‘fq'\lt;r settings wers below 20 Hz the
responses were too variable: Digital filtéring at 20 Hz "markedly reduces”
the variablility. The use of hiﬁh-pas; analog filters set at 20 Kz using

roll-off slopes of 24-48 H:z would therfore explain the variable reports on.
the transient MLR in the literature (Suzukilet al., 1983). TEileny (1983)
reported that the distortion of the transient MLR when high-pass filter

settings are changed from 5-30 Hz-also, occurs in neonates.

Thgre are several reports in the literature sdgges;ing that ther
transient HLR‘obtai;ed'frbn young adults are different from those obtained
fron-elderly subjects (Pfefferbaum et al., 1979; Keily-Ballweber and Dobie,
1984; Woods and“Clayuorth,'l985). The Pa Eanonent appga;s to be the only
peak affected. It is larger in amplitude and longer in latency in elderly
eubjects. Woode and Clayworth {1985} proposed that age-related changes in Pa
ray be cau;éd by neurochenicyl or~structural alteratiéns in the central
nervous system. Aging causes a decrease in the pro&uctiﬁn of GABA. Because
the reficular.thalanic nucleus has a high concentration of GABA projections
and exerts an inhibitory influence pﬁ the thalénic,relay nuclei therefore,
décreased-§nhi§itory input to the medial genicula;p body "may cause an
enhanced anplit;de of Pa. . | : ‘\kﬁf\\

Shallop and Osterhannelh(1983) exanined the 40 Hz steady state HLﬁ from-
36, non-nedicated newbbrns using clicks and 500 H:z tonebursts usihg filter
settingsdgf 30-&0 Hz (24 db/octave). They found reliable steady state MLR
in newbérns‘down to '20-30 4B (nHL). Davis et al., (1983) exapined -

the steady state MLR from 19 sedated children recorded using filter



.
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settings of 30-80 Hz. The respoﬁsea were rarely detectable at 30

db nHL. Suzuki et al., (1984) examined the effect of stimuluz rate on the

HMLR recorded from-10 sleeping or sedated children. They found that the

Tesponee n;plitude decreased as stimulus rates were increased above 30/s. An
amplitude enhancement foé children was observed at presentation rates of
20/s. Fife; et al., (1984) reported similar results. Hence, if responses
are recorded in children using presentation rates of 40/s and analog
high-pass filters are set too low (0-20 H:z) or too hzgh {greater than 20 Hz)
these reaponses will be difficult to obtain. Klein

(1984) compared the estimate of threshold using the steady state MLR to’ 500
Hz tonepipa in 14 normal hearlng adults and 40 noraal infants (.5-4 months of
age}. The steady state MLR to 500 Hz tone pips were not significantly
different between newborns and adults.

Stapells et al., (1985) examined the effects of stimulus rate and scalp

‘distribution on the steady state Tegponses from infants. Thef reported

emaller amplitudes at all rates than respongses to similar stiauli from
adults. There was no amplitude enhanced response at 4% a5 there is in
responses from adu}ts. Phase coherence was better at higher rates (54-59/5).
Ihterestingly, the responses were recorded maximally at Oz which is in direct

contrast’ to similar-responses from adults.

'(ii) Sleep

The transient MLRs have been studied extensively during sleep, but the
literature ig vague ac to the exact effect of sleep upon these potentials.
Mendel and Goldstein (1969b) reported that these potentials are "consistent”

during sleep. In 1971, however, _ Mendel and Goldstein reported that the
—

— \
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latencies of the transient MLR were élightl;'shorter during wakefulness

than during sleep and remained constant across sleep stages. They

repofted that the al;Iitude was smaller during sleep and became smaller with
deeper stages of sleep. Mendel and Kuppernanv(1974)lreported no aiplitude
differences between responses obtained during REM (R;pid Eye Movement) aﬁd
nonREN sleep. Pa and Nb were reported to have aiorter latencies during REM
sleep compared to r;sponses obtained during nonREK sleep. Mendel (1974)
coapared the transient MLR obtained during light sleep (stage REM and 2) to
responses obtained durihg de;p sleep (stage 3 and 4). He reporteé little

difference in response amplitude and latency between the two groups. MNendel

et al., {1975) reported that in secobarbital induced sleep, thresholds for

light sleep had a mean of 15 dB SL, for deep sleep had a mean of 21.5 4B SL

and for wakefulnesszs had a mean of 18.5 dB SL. They reported that during deep
sleep thresholds were often indeterminate. The latency of Pa increased from
wakefulness to light sleep ;nd from light sleep to deep sleep. Brown and
Shallop (1982) ieported that during sleep Pb and Pe Bf the transient MLR are
absent or very small. Osterhammel e;‘al., (1985) found that the latency of
the transient MLR, Nb'conpoﬁegt increased during sleep.

There is a conflict in the literature on the effect of sleep on ih?
transient MLR recorded in young children. Engel (1971) reported that the
transient MLR recorded froa 24 sleeping neonates were absent or unstable.
Hendel et al., {1977) examined the respenses in 18 children whe were iens
than 1 year old. The responses were reportedly easily elicited and zimilar
to sleeping adults, transient MLR. The latency was rTeported to be not
affected by agel:;d the aaplitude of oﬁe conponent (Pa) was affec£e§ by age.
C;nflicting'repo:ts have p:gposed that the transient HLR are easily elicited

in sleeping neoftates and babies less than | year of age {McRandle et al.,
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1974; Mendel et al., 1977; Frye-Osier et al., 1977). Howeber; Okitasu (1984)
reported that the transient MLR recorded froa young children during sleep
wore variable and not reproducible. The Na peak was less affected by sleep
than the Pa peak. Therefore, in adults, the ‘transient MLR may be recorded
during sleep although they may be smaller in anplitude. Children, however,
are difficult to obtain reliable responses from. An absence of a fesponse
3ay represzent a hearing deficit or a maturation affect.

Galambos (1981) uﬁs the first to report on the effect of sleep on the
steady state HLR;, He found that the resbonses during sleep were half ﬁhe
size of the responses monitored during wakefulness. Brown and ShallgP‘{IQBZ)
reported that the steady state MLR during sleep were one-thifd of the awake
aaplitude. _:hey found the amplitude steadily decroased through étaga 1
Treached a ninin;n in stage 2 with no further decrements in stages 3 and 4.
Their estinated thresholds were within 20-25 dB of the behavioural thresholds
during sleép and within 10-15 dB during wakefulness. Klein (1§£3) reported
that a decreasge in th% responge aaplitude and an %ncrease of 5-20 &3 in
responge thresholé could occur during sleep. Shallop and Osterhaamel {1%83)

reported the steady state MLR are smaller duﬁiyq'ETgap\. Linden et al.,
{1985) reportea that when measuring the responses at different rates, the
maxiaum responses were obtained at stimulus presentation rates of 30-56/5
during both wakefulness ‘and sléep. They fouﬁd the amplitude of the reponse
;as sealler during sleep than wakefulness but that the phase of the Tesponse
was constant. Estismated thresholds on the basis of amplitude, phase and a
standardized coabination of anélitude and phase were not different between
sleep and wakefulnees (Figure 9). Jerger-.et al., (L?ﬁSj examined the ;ffects

of sedated and natural sleep on the steady state MLR measured using a Fast

Fourier Transform to neasure the Tesponse. They proposed the use of phase
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incoherence to measure uﬁetber a response uWas pr;sent or not. This .
measurement did not differ between aleep.and'?akefulnesa. Szyfter ét al.,
(1984).reported that the threshold of the steady state responses incf@ég:d by
15 dB during sleep when measured using signal averaging. nakeis (1985)
reported that the‘responae auplitude.dacrgased during sleep but ;hut the
respoﬁée phaga appeared to be unaffected. Inter;stinély, the steady state
re?ponses ahring sleep have been ne;;ured using magnetoencephalography
{(Romani et al., 1982). They reported that response amplitude d;crogsed and

[

:éaponse phase remained constant during"sleep.

—

-

-ingert Figures9 about here- . -

(iii) Attention :

The effect of attention on the transient MLR is unci;ar. Picton and
Hillyard (1974) found that trangient MLR recorded when subjects attended to
incoming stisuli did not differ significantly from the responses obtained
' when subjects ignored the stimuli. KcCallum et al., -
(1983) examined the transient MLR recorded in a target localization task and
perforaed a principallconponent analysis (PCA) of the data. Examining the
difference waveforas revealed that during targek localization, attentional
processing occurs as early as 15 ms. At 26 as they found a component
observable without subtraction technigues ;ha:ndifferentiated between

ttended tazgets and irrevelant stisuli during & localizatioen
task. Kadobayashi et al., (1982) recorded transient MLR while subjects were
viewing numbers presented tc a screen. adding guch numbers or aultiplying

them. They found the responses aamplitude was larger during the amore
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difficult task. Hillyard et al. (1985) recently reported an amplitude
enhancement of the Na-Pa peak-to-peak amplitude to attended tones recorded at

-

anterior and central scalp sites. >

The steady state MLR examined in a monaural stimuli attention task and
in a dichotic iistening task recorded using both gignal averaging and Fourier
analysis were not affected by attention (Linden et al., 1985). Figure 10

illustqates this finding.
~insert Figure 10 about here-

The léte reséonses (ERP) recorded in this dichotic listening task have
an enhanch anplitude to attended targets which were slight increases in the
frequency of the tone. High;pﬁss filtering tha iate event related potentials
at 10 Hz isolates the steady state response embedded in the late event
related potentials. This eabedded rss;onse has been termed the complex event

related potential {(CERP). <The CERP is not affected by directed aﬁtention

(Linden et al., 1985).

- -

(iv) Adaptation and Habituation ' ]
Hende& and Goldstein {196%9a) reported that the transient MLR latency and

amplitude did not change over a 24 hr waking testing period:' Goldstein et

al., (1972), however, reported that the transient MLR decroased in size over

the first few secondes of stimulation. Aaplitude reduction was found to be

coaplete within 1024 stimuli. Vivien et al., (1977) reported that there

u;re no changees of the peak-to-peak amplitude or latency as stimulation

.

pProgressed. Ozdamar and EKraus (1983) Teport that the transient MLR change
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over time. The Pb and Nb coiponents sometimes disappeared. This mayf be
explained by the fact that some of their subjects were sleeping during the '!
recording.

Hakeig (1985) reported that the-sgéady state MLR do not habituate. Over
a pericd of 30 miriutes he founé the mean response amplitude did net change.
_Interestingly, he reported that the responsé amplitude continualbdy changes in
.amplitude and phage changing with periods of 20 to 120 seconds ("minute
rhythas"). Linden et al., (1985f found that the stealdy state responses uege
stable during wakefulness. .Responses obtained before bedtime were not
significantly different froa those compared %o responses cbtained immediately

after the subjects were woken up after a night of stimuli. This supports

Makeig's (1985) proposal that steady state responses do not habituate.

(v) Pharmacology

Secob;rbital has been reported to have little effec£ upon the transient
MLR (Hendel, 1974; Mendel et al., 1975). Ozdamar and Kraus (1983) reéorted
that transient MLR are not affected by mild sedation (chioral hydrate and
diazepan). However, sore of the subjects that partibipated-in the O:dana{
and Kraus study were sleeping while others were resting quietly. Therfore, -
because sleep affects the transient MLR the exact effect Iemains uncertain. .

Bickford et al. (1964) reported that the transiqné MLR were myogenic.
Harker et al., (1977) examined the transient MLR tJ-IDOO Hz tone pips while a
subject was resting, lightly sedated uikh diazepas and during complete
geuccinylcholine induce@ auscle paralysis.. They reported that the transient

I g

HLR appeared unchanged during the paralyzed state. Kileny (1983) recorded

the transient MLR to 60 dB HL clicks from 12 patiénts during gEncuroniun -
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{nondepolarized) induced auscle relaxation and fentanyl (narcotic anafgesic)
induced anesthesia. Response latencies were unchanged aﬁd peak datectqﬁility,
sometimes improved. Celesia and Puletti (197{) recorded the tra;sient MLR
fron the transverse temporal gyri. They reported that with Anesthesia
(halothane and nitrous oxide) the latencies of the transient MLR increased
and the response aaplitude decreased. Goff e; al., (1977 recorded the
transient ﬁLR to 60-70 @B SL cli;ks during }6diul thiopental induced
anesthesia. They reported_that éhe components were suppressed by
‘anesthesia.' ﬁileny et al., (1984) suggested that the Goff et al., (1977)
observations'uere ¢ifferent from their findings because of differences
between  levels of baqbiturate dosage or recording parameterz. Lee et al.,
(1984) recorded the transient NLR {subdurally) froa the pobterior banks of
the sylvian fissure. They found that during barbiturate anegthesia the
response amplitude décreased, the response latency shifted but tge general
morphology was consistent. Prosser and Arslan {1985) recorded the transient
HLR froms 9 children (l-éyrs) while uader general aneathesia-(flupthane).
They reporggd component morphological instability and abnoraal latency

cha?ges.‘ -

*

Davis et al., (1983) reported that the steady state MHLR recorded from
sedated children (secobarbital or chloral hydrate) is severely‘dininished.
Suzuki and Kobayash; (1984) found that child£en, some 0f whox were sedated
with triclofos, ;aé longer peak latencies.

In summary, the transient MLR are not effected by nuécle felaxants and
decroased by sedative ;edicatign particularly :f sleep is induced. _The

Tesponses are ceverely reduced by anesthetic medication. The aaocunt of

-
-

sedative and anesthetic medication effects the Tespongse. Therefore you =must

" be careful when you record these responses and take into consideration the
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pharmacological effects.

Clinical Uses
{i) Audiological
Goldstein and Rodman {1967) reported that in 20 normal

hearing subjects, transient MLR to clicks were detectable in half their-
subjects as low as -5 dB SL. However caution was advocated because some
subjects thresholds were not dupliicated te within 5 4B of thresholds
determined behaviorally. Several reports indicate that the

transient MLR usually giQe an accurate estimation of threshold to within 10
d3 of threshold (Picton et al., 1977: Mendel et al., 1984).

One of the objectives of electric response audiometry is to obtain

_‘f:equency specific information. The ABR are reported to 5; only valid in
testing the iid to high frequenéy ranges (Davis, 1976). The MLR have been
suggested az a possible tool to analyze the lom frequeﬂcy range (Picton et
al., 1977). Furthermore, there are known cases uh?rein audiological noraal
patients had no ABR (ﬁorthinéton and Peters, 19680). The transient MLR can be
elicited - using tonebursts (Thornton et ai., 1977) and tone pips (McFarland et
lal., (1977). Musiek and Geurkink (1981) compared thresholds elicited with
ABR to those elicited uith'HiR. They reported that for eliciting near
threshold reaponses, the HiR ;ay be beFter than the‘AER. However, Stapel}s
(1984) demonstrated that the tzransient MLR are too variaslq ;nd thresholds
are too difficult to Jetermine for threshold estina?ion. The transient MLR
were only able to estinmate th?eshold within 21 43 conmpared to 4-6 3B for the
- tone-ASR technigque.

Galaabos et al., (1981) first reported, that, because of the enhanced
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aaplitude of the steadf state MLR threshold estimation with these potentials
may be superior. They reported responses to clicks and tones provided an
estimete of threshold cleose to behavioral thresholds using these respones.
This uﬁrk stimulated research to examine this phenoneha. Martin and
Hayes {1982) performed an FFT on the steady state MLR to 500 Hz tone-pips and’
repofted that the responses were able to estiiate;threahold to within 5 dB of
the threshold detérnined behaviorally. Stapells et al., (1984) reported that
the stéady state NLR may be elicited with stimuli of magnitude similar to
those stimuli. required to obtain a behavioral response. In a compariscn of
several evoked potential technigues used to eﬁtin;te threshold, Stapells
(1984) reported that when using~signal averaging., the steady state MLR is a
better tool! than the transient MLR but is'not as good as the ABR technique to
elicit threshold. |

Stapells et al., (1984) demonstrated that the steady state KELR
could be recorded with Fourier analysis and signal averaging and that these
responses could be reco:ded close to behavioral threshold. Thisz allowed
th:eshold,estinatiog tecﬁniqués based on the amplitude and the phase'of the
response {(Martin and Hayes, 1982; Stapells et al., 1984; Hakeig'ﬁnd Galanbos,
1983). Several statistical techniques have been éeveloped such as
linear regressions {iinden et al., 1985; Ro@rigue: et al.,
1985), phase cohe:eﬁce {(Makeig, 1985) and the Hotelling T® test (Rodrigue:z
et al. 1985). Stapells et all, {1985) found Fhat\;e;;onse threshold
estiaations £for the steady State MLR to 500 Hz and 1000 H:z tones using phase
cocherence were within 6 dB of thresholds de{é:nined behaviorally. Kileny
and Shea {1985) compared the cequential ABR dnd transient MLR to the gteadyv
state MLR asz audiological tools. The difference between the behavio:a{

threshold and threshold estimated with the steady state MLR were less than

.“
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the differences beéueen the behavioral threshgld and estimated threshold from
the transient MLR. The amplitude of the transient and steady state MLR at
threshold were "virtually identical™, yet the scorers found the steady state
MLR ea;ier to score.

The transient MLR havg been examined in patients with hearing
impairment. McFarland et al., (19773 f:ported
.that subjects with conductive, gpnsorineural and mixed hearing losses had
transient MLR ”essentiélly indistinguishiable” from normal subjects. Vivion
et al., (1979) reported limited success when using the tranasient MLR to
identify thresbﬁlds in a hearing impaired subject. Mendel (11980) published
that the transient MLR are accurate in deteraining threshold conpﬁred to
within 10-20 @3 og behavioral date.

Lynn et al., (1984) reported that adult gearing impaired subjects

had steady state MLR obtainabie at levels close to behavioral thresheld but
nay understinate thresholds for patients with low-frequency kearing loss.
Dauman et al., (1984) found that steady state KLR are a good indicator of
threshold in patients with bigh-frequéncy hearing loss. However, in
one-thi:d of their patients there were 20-30 dB discrgpéncies betuee£
thresholds determined behaviorally and electrophysiologically. ‘Stur:ebeche:
et al., (1985) obtained MLR at four different presen?ation rates in patients
with sensorineural hearing loss. Response anp}itude was greater at the 40/5-
presentatio? zate than at the 10/s, 20/5 or 30/s rates. Rodriguez et al.,
{1985) reported that the steady state MLR are a good éool to esﬁinate
threshold in hearing iapaired pa:}onts if there is sufficient time for
recording-and there is proper evaluation of the signal-to-noise ratio..

Threshold estimation using the transient MLR may have better results if

the %test is performed while the patient is sleeping. However, the tester
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Rust remember that the responses are different during sleep. The steady
state MLR is a superior technique than the transient MLR to estimate

threshdld. Caution must be used when measuring these responses from

children.

{ii} Neurological

Braingtem: The transient MLR have beenﬂghggested as a tool in the analysis
of acoustic neuromas (Harker and Backoff; 1981} and in the éiagnosis of
aultiple sclerosis (M5) and\in the differentiation between dormant -and active
states of M5 (Robinson and Rudge, 1977, 1978). The steady state MLR have
been shown to be sensitive to lesions of the aidbrain (Spydell et al., 1985).
Caution aust be used when aeasuring "these resﬁonses in children. Age related
nomograms Bust be constructed if these responses are to be used in children
in an audiological o::neu:ological setting (EKraus et al., 1985}.

-~

Cortical: Kileny et al., {1985)‘reported that the transient MLR mav be a
- )

helpful tool to maonitor recovery to injury to the temporal lobes. The
transient MLR have been proposed as.a valuable intraoperative monitoring
tool. ﬁileny et al., (1983) recorded the transient MLR during open heart
s;rgery with hypotheraia. The responses were sensitive to changes in
temperature and at a constant te;pe:ature were related to changes in blood
pressure. Lee et al., {1984) proposed using the t:ansiént MLR to locali:z
the primary auditory cortex.

Musiek and Donnelly (1983) found that children with ;ortical deafness
had normal ASR and abnoraal t:ansié;t KLR and therefore suggested the MLR as

2 tool to measure central auditory dvzfunction. Mason and Mellor (1984)
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compared the transient MLR in children with language or motor sﬁeech
disorders and to responses obtained from normal children. A significantly
lar;er applitude of the early part of the waveform was recorded teaporally
and at the nastpids in the not;r speech disordered children. Their working
hypothesis was that the myogenic component of the MLR were abecifically
affected in the motor speech disordered children. However, Kraus et al.,
{1965} reported that there was no relationship between abnormal LR and

-

comaunicative discorders.
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Conclugions

Audiometrically, you can expect to assess threshold to within 5-10 4B

using the steady state MLR provided thé subject is awake. However, this

.‘ . .

techniqué‘should not be uszed in children for the response characteristics
not vet known. The transient MLR may be too noisy to estimate threshold.
It may be better to estimate the responses while the pﬁtients are

sleeping. Neurologically, there is no present-use because we do not know

source of these potentials. They may become heibful in the future in the

assessing of central auditory dysfunction.

are

the
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. FIGURE LEGENDS

/E&ggre l1: Transient and steady state Middle Latency Responses (MLR) recorded

Q\frdi a single subject. The stimuli used to elicit the responses were 70 a3
nHL, 500 Hz tones (4 as rise-fall, 2 as plateau duration) presented to the
left ear {filled line) and right ear (dotted line). The tracings on the left
were obtained using a presentation rate'of 10/s. Wave ¥V of the auditory

brainster response and the Na, Pa, and Nb components of the MLR are

‘

identified. The tracings on the right were obtained using a presentation

? rate of 40/s. The responses were recorded between the vertex and a balanced

= -

non-cephalic sterno-vertebral reference (ggepbenson and Gibbs, 3951). e

- -

"Negativity at the vertex is represented as an upward deflection. - Each -
wavefora represents 4000 averaged responses. The steady“state MLR is lazger

-

and reseables a 40 H:z sine wave. "

Figure 2: Fourier analysis. This diagram shows the steps invalved in
evaluating the steady state evoked potentials using a Fourier analyser
(Regan, 1977). Sine and cosine reference signals are generated and the
stiaulus is time-locked to the freguency of these :eferenc;\signals. The EEG
Tecorded Irom the scalp contains (top line) a RESPONSE to the stimuius whick
has the same frequency as the rate of stimulation an§ a constant-pbase
Telationghip to the stimulus. This is.usually inte:nixéd with EEG-NOISE
(bottona line). When the recorded activity is aultiplied by the reference

. ~ - I3 . Rt ot !
sine and cos;:e signalg, thetactivity in the EEG at the game frequency as the
»

Tate ol stinulation generates a DC -offset signal whereas the EEG activity at

other frequencies generates 2 mixture of high and low frequency AC

-
"

components. iltering out *He-ﬁ*gh-"equencv AC coaponents :akes the SC
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offzet easier to measure and the sine {X) and cosine (Y) offget values can be
-

used to caiculate the amplitude (A) and ‘Phase (0) of the steady state evoked
potential using the formula shown in the right-most section of the figure. -
' < . ‘

The factor X is a calibration factor that depends upon the amplification of

the EEG. From Picton et al., (1984).

Figure 3: The sweep technique. The computer swWeeps oI zooms a stimulus

. % .
parameter--in this case, rate--anfd calculates Zhe applitude and phase of the
EG activity at the fundaaental freqguency (the cepetiiion ratel as it sweeps
. Following this, the. data'is stored on disk to de averaged and

4]

the stianiuv

[4]

plotzed. ?he phase data are plotted such that values are ceset %o zeso
L ° .
everv 360° Yeg. 540° is plosted asz 180°). This technigue khas the

computer caIIying out most of the recording analvsis functions, with little

M

intervention Ceguired. TFrom Stapeiis et al., (1984). -

.o

Figure 4: Scalp distridbution of transient and steady state KLA. The

waveforas are the grand zeans froa 10 subiects, each Tepresenting 440,000

-

Teponses (4000 per subject) to 7C &3 aEL 500 H:z %tones {4 ac sigse-fall. 2 ma
piateau duration) presented Lo the lef: par. The responses were recorded

using a non-cephalic chest reference (Stephenson and Gidhs, 1951)
L4 a

Negativity at the vertex was Tepresented 25 an upward deflection. ZIlectredes
were placed according to the Intermational 10-20 system at Cz, C3, Tz,

Cé, T4, M2 and M1. Negativity at the vertex iz :e::esenﬁed by an upuc:d.
deflection. The t-ucizgs on the lef: represont tle average Tesponses when

gtiauii were precented at 10/s. The tracings on 43 T¥ght represent the

aveIige Tecponse wWiel stizwll were presented 2t : rate o40/s
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Figure 5: The postauricular muscle reflex. These égcordings were

tﬁ#én between tbé vertex and the left mastoid area using a frequency -bandpass
of 25-3000H:z. Each tracing represents.the ﬁverage of 2000 individual
responses with relative negativity at the vertex (;r relative positivity at
the mastoid) représented by an upward deflection. The-stimulus was a 2 EH:
80 dB nHL‘toﬁepip with a total dyration of B ms and rise and fall times of 4
ms. On-the left is shown the habituation of the nﬁscle reflex over four
sequential averages when the stimulus ;as presented at a rate of 1l/g2.. On
the right are rep?esented,tbree simultaneous recordings taken using reference
electrodes located at three different postitions onrthe magtoid process. The
postauricular amuscle fgflex consisting of a mastoid-negative wave at 15 ms
followed by a positive wave &t 22 ms is Qery focal in distribution. From

>

Picton and FTitzgerald (1983).

Figure 6: Grand mean (N=10) 500 H:z amplitude/rate and phase/rate functions.
These functions were recorded using the sweep technique of Fourier analysis.

A larger amplitude maxima is recorded-at presentation rates of 30‘50/3. The

.

‘
4

response phase increases as the stimulus presentation rate is increased. As

the stimulus rate is increased above 30/s the phase/rate function becomes

aore linear.

r'd
Figure 7: Effects of the. intensity sweeps on the amplitude and phase of the

40 Bz steady state potentials in response to 500 and 2000 Hz toneburste. The

resuits ére grand ‘seans !;Ln 20 normal subjects {40 sweeps each). Mean
by v

poychoacoustic thresgholds are indicated with arrows: for 500 Hz tones at 31

¢3 and for 2000 Hz at 24 d3 peSPL. The aaplitude increases efd the phase

decrezses at higher intensities. The nean xpplitude and phase slopes were 17

—
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u¥/dB and -1.3 /4B at 500 Hz, and 14u¥/dB and -0.03/dB at 2000 Hz tones.

From Rodriguez et al., (1985).

Figure 8: Binaural interaction of the transient and steady state MLR. The

gsubject, stimulus and recording parameters are identical to those described

—

in Pigure 4. Tracings are from C:z. The top tracings are recorded from
stimuli presented at iO/s. The lower tracings are recorded from stimuli
presented at 40/s. The tracings on ;helleft are recoEded from stiauli
presented binaurally. The middle tracings are the algebraically sumrmed
monaural responses (L+R). The tracings on the right illustrate the
dif€erence bétween the tracings in the middle subtracted froa the iracings on
the left, Four peaks (A,B,C,D) are identified in the difference waveiorm.
The response wavefore is samaller in gpe steady state MLR difference aavefo:n.‘
Figure 9: Thé amplitude and phase intensity functionsﬁf:on a single subject
during Wakefulness, Stage 2 and Slow-Wave sleep. Eack tracing_%s the

vector-averaged sua of 20 sweeps of stimulus intensity. The aaplitude data

_are plotted in the upper tracings and the p%yse data in the lower tracings.

The subthreshold amplitude (background EEG noise), indicated by the line
parallel to the ;b;cissa in the upper traciﬁgs, is lower during sleep. The
slope-éf the 3dprathreshold Aiplitude-intensity function is larger during
wakefulnegs than during slepp. Thé.pbase of the response, random below.
threshold and decreasing Iinearsy as the intensity ié increased above
threshold, does not change betwéen wakefuiness and sieep. The threshold,
indicated by thé vertlcgl dashes,-is ;6 ¢B SL during Wakefulness, 3 d&B SL

r
during Stage 2, -9 dB SL during Slow Wave sleep. Froa Linden et al,, (1985).

-
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-, .

Fiqure 10: The grand mean data forlthe steady state evoked poq;uﬁiala {SSEP)
neasg:ed using simultaneous signal averaging and Fourier analysis. The

" tracings represent the data from 7 supjects. The subjects attended (ATTEND)
to targets in one ear and ignored (IGNCORE)} targets presented to the
contralateral ear. The tracings on the left are the respénses measured using
signal averaging. There is no difference between the responses cobtained
while' the subjects were attending or ignoring incoaing stinéli. In the
aiddle are the Fourier analysié data. 7The response phase for thke S5S5EP 1is
longer for‘the 4l/5 presentation rate and 500 Hz tone cendition. There is no
difference between the ATfEND and IGNORE codition in-the reséohsea neasured.
with Fourier analysis. fhe late eve;t reiated potentials (ERP) are on the
right. They are larger for theﬂATTEND condtion :han the "IGNORE conditen
therefore demonstrating selective attention. From Linden et al., .(1985).

-
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. Introduction

Human auditory evoked potenti&ls'can provide ar objective evaluation of

hearing in patients who are unable to respond to conventional testing
R J
techniques. Steady state evoked potentials are recorded when stinuli are

presented at a sufficiently high rate such that the responses to the stlnuli

overlap !*2, One of the benefits of steady state evoked potentials is that

the effects of stimulus intensity on the response amplitude and phase may be

quickly and objectively assessed using Fourier analysis*.

Because clinical patienés are often tested Hhil;:asleep, it iscimportant

to know the gfféct of sleep on the thresholds for thege potentials. The

-

main effect of sleep on the auditory steady state fesponses is a decrease in

-~

the response aﬁplithde 2, The phase of the response appears to be -little
affected by sleep 2. This study compared thresholds fofgiﬁé auditory

steady state fbsponse between wakefulness and the predominant stages of

sleep: Stage 2 and-Slow ﬁave.

=~

-
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Methods

Eight subjects (4 male, t;felale) were tested dufing a full night of
natural sleep. The-stinuli were 500 Hz tonebursts (4 ms rise-fall, 2 as
plateau duration) presented monaurally at 40/s at intensities that increased
fros -21 to 60 dB SL over 27 sec. The responses to the stimuli were recorded
froa vertex to mastoid and evaluated using a Fourier analyzer. The resultant
amplitude and pﬁdse values ﬁere recorded during the sweeps of intensity and
avefaged over 20 sweeps.

Stage of gleep was monitored using a polygraphic recording of the Cz and
0z EEG, ;he E0G and subibsggl EMG. St&ge'classificatioh was done accprding
fo Rechtschaffen and Kales®>. Stages were grouped into Awake, Stage 2 and
Slow H;ve sleep. The results were got analyzed if stage transitions were
observed during the recording. REM stage recordings were not analy:zed since
pany of the subjects did not ﬁave 20 sweeps during REM. Although more sWeeps
were often obtained the analysis was lini§ea to 20 Bg;eps from each-stage. -

lThe data were lodelied as haQing a randon phase and a low amplitude
{noise level) below threshold and a lineafAdgcrease in phase and a linear
increase in anplit&&e with increasing inteasi;y above threshold. This nodel
was used to perfornﬂcurve f£itting and threigolds were poqtglateﬂ at all

E

intensities from =15 4B SL to 51 4B SL. (Ehe intensity at which the ‘data

.
~ o~

showed the least sum-of-squares deviation from the model was used to estimate

the threshold.

The fellowing measureaents were compared statistically across stage:
average tfg;Ztude below -9 4B SL; amplitude at 60 dB SL; slope of tha

anplitude~intensity regression above 21 dB SL; phase at '60 dB SL; siope of

A

the phase-intensity regression” above 21 4B SL. These peasurements wers

analyzed using a repeated measures ANGVA.k Post hoc analysis were based on

~

. . .. .
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the Tukey honestly gignificant differences (HSD). This analysis is different
from an earlier interpretation of the data® in that only three stages were

analyzed and a constant number of sweeps per subject and stage were analyzed.

Results
The figure represégfs the results from a typical subject and the table
sunmarizes the results. The amplitude of the recording below threshold .
(reflecting EEG noise) was lower than ache threshold. This subthreshold
anplitude was sibnificantly different across stage (¥F=10.59; df=é,14; '%
p<0.01). Post hoc &nalysis revealed that the anpfitude wag lower dur%gg both
sleep stages than during wakefulness. There Has.no significant difference
between both-sleep'stages.
| -inszert Tigure about here-
The amplitude of the response at 60 4B SL H;; significantly different .
across sleep stage (F=18.4; df=2,14; p<0.001}. Post hoc analysis revealed

the reeponee amplitude at 60 dB SL waz significantly larger during sleep with

no significant difference between stage of sleep. Furthermore, the zlope of

" the amplitude-intensity function (at intensities clearly above the steady

state responses threshold) was statistically different across stage of sleepf
(F=6.0; df=2,14; p<0.05). Post hoc analysis revealéd that the slope of the

intensity-amplitude function was significantly lower during Slow Wave sleep

. thar during-wakefulness with no significant differences across sleep stages.

The phase of the response at 60 dB SL was not significantly different
- _ . o ~

across sleep stage_(F=3.47; df=2,14; p>0.05). The adope of the phase
intensity function at-valuesz greater than 21 4B SL also did not differ

significanfly across stage of sleep (F=0.19).

The thrgshold,‘ determined using an equally weighted combigation of the
!

i
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¢ . .

aaplitude and pﬁase data, did not &iffer significantly during sleep

(F=0.60).

-insert Table about here-

- ) Discussion
The ‘amplitude of auditory steady state responses decrease during
sleep. However, responsé thresholds do not change from wakefulness to sleep.
This may be explained'by:
{1) the lower subthreshold amplitude during sleep (which makes the
suprathreshold response easier to detect despite its lower amplitude).
{2} the con#istency of the response phase between wakefulness and sleep.

The lack of any significant change in threshold means that the

audiometric usefulness of the responses will be unaffected by whether the

subject is asleep or awake. The standard deviation of the threshold

estinates vary between 11 and 20 dB. This mav be too broad a range for .
audionmetry. The precision of the technique may, however, be improved by

increaging the number of Ehifp recorded and/or by improving the model used
-
to estimate thresholds.
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BT o Figure

. The amplitude and phase intensity functions from a single subjecf during
Wekefulness, Stage 2 andlsiou Wave sleep. Each tra&ing i3 the
vector-averaged suma of 20 sweeps of sﬁinulus intens¥W. The amplitude data
- are plotted in‘the upper tracings and the phase data in the louerltracings:
The subthreshold amplitude (background EEG noise), indicated by the 1line
“
parallel to the abscissa in the upper tracings, is lower during ;leep. The
slope of the suprathreshold anplitude—intensiéy fun;tion is larger during
wakefulness than during sleep. The phase of the response, randoa below
threshold and decr;asing linearly as the intensity was increased above
-thresh;rd, did not change between wakefulness and sleep. The threshold,

indicated by the vertical dashes, iz -6 4B SL during Wakefulness, 3 4B SIL

during Stage 2, -% dB SL during Slow Wave sleep.
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Effects of stimulus intensity and thresholds for recognizing the auditor&

steady state.responses during sleep.

ANPLITUDE BELOW 41 + .06 .21 + .04 - .19 + .07  * p<0.01
-94B SL
AMPLITUDE AT .98 + .40 45 + .21 .39 & .19 p<0.01
60 dB SL (u¥) o .
AMPLITUDE SLOPE 17415 148 5+5 p<0.05
(n¥/4d3)
PH/S.;‘DAT ‘ 228 + 47 295 + 55 279 + 78 Y- -

A .
60 dB SL (°) '
PHASE SLOPE = -1.5 + 2.4 2.0 + 2.6 -2.1 + 1.4 ns L
(°/dB) )

. &

THRESHOLD 11 % 16 S5 +11 | 6 %20 ns )
(a8 SL) . a
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