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SWIARY PAGE

rav measure. of sensorineural performance are required which can be

appliod to the initial selection of naval aviation personnel and the medical
~�z.•nt of fleet personnel during the course of their active careers

(STMI?; 11-D-6, Fitness Standards and Screen$ns, July 19771 OlAVt9eo
09821123-78, 23 October 197B; Subj: Aviation Biomedical Research Program
Input to tCha Naval Aviation Plan).

A biomedical Instrumentation capability has been developed and explora-

tory rerAarch has been initiated to investigate the potential contributions
of bainste auditory evoked response technology to aviation medicine.
brBi:tem data based upon siuultaneous ipsilateral asd contralateral record-
innS have been collected and analysed for a selected population (age 20 to

24 years) of naval aviation students. An extensive set of statistical

tablce is provided for both the ipsilateral and contralateral data which

establishes the normative range of brainstm responses for the study popu-

lation.eThese tables include latency, transmission tise, half-period, and

peak-to'L'Nak mplitude wasurseents for bratnatem Waves I through Vt.

Tiuami and amplitude differences observed between the ipailateral and con-

tralateral brainstem recordings for certain of the waves are described in

detail. A set of correlation matrices is included to describe the relation-

shipo tb..c exist among both the brainsteam waves and the brainstem messure-

ment variables.
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IMThODUCTION

In the military flight environment, personnel are exposed to a variet/
of ctrestors (e.g., noise, vibration, turbulence, etc.) which can produce
phyciological reactions that degrade mission performance. Stressors com-
binzd with a heavy workload place a considerable burden on the physiological
ptocasses. Although the duration of the physiological effects caused by
strcocors generally i brief, long-term cumulative exposure occasionally
can produce debilitating reactions that require some form of medical manage-
m . Since the medical threat to career personnel with long histories of
exposure to such stressore is insidious in nature, aviation medicine has
empl'nsized the need to monitor the physical health of personnel on a con-
tinuing basis.

Ths development of rausal relationships between onvircumantal strecsors
and degraded physical health or performance is limited by the aging process
of career personnel. In effect, the aging process can be expected to pro-
duca physiological changes which might be ascribed incorrectly to the envi-
ronzantal stressore to which theme same personnel were exposed. Physiologi-
cal changes, whether due to aging or to the cumulative effects of environ-
neantal stresoora, occur gradually and are difficult to detect with current
seandardized medlcal tests and techniques. In this context, exploratory
rosctrch has been initiated to Investigate the potential of brainstem
auditory evoked response technology to serve both as a medical screening
and management tool and as a sensitive means for the early detection of
seneorineural changes that can occur as a result of either natural or pro-
mature agin$.

The, technology associated with measurement of the brainstem auditory
evoked response was derived primarily from the electrocochleographic work
of Sohmer and Fainnesser (27) and the vertex potential explorations of
Jewctt, Romanoand Williston (12). The usthod incorporates the detection
of nanovolt-level electrophysiological signals at the vertex of the cal-
variuw during the first 10 milliseconds or so following arrival of an audi-
tory stimulus at the ear. Five to seven distinct cyclic waves in the signal
provide a summated description of volume-conducted action potentials extend-
ing from the cochlea through the Vilith nerve to the brainetes auditory
centars (3,11,13.14). Relatively noise-free records are obtained by using
sithar time- or frequency-domain signal-averaging techniques based on the
sequential presentation of 1000 to 8000 transient auditory stimuli. In
contradistinction to the frequency spectra of conventional EM recordings
vhich generally cover, at most, the 1-1000 HS range, the brainstem record-
ingt cover a frequency range extending from at least 100 Hs to over 2000 Hz.

Ca•mlbos and llacox (9) and Davis (6) have outlined the notevorthy
proezss chat has been made toward applying the brainstem auditory evoked
response (BAER) ueasureaent technique to a variety of clinical situations
involving audiological disorders. Since the BAER can be recorded without
any apecific overt action or task required from the subject, it is of par-
ticular advantage when measures of auditory function are required of indivi-
dualc incapable of making (or unwilling to make) conventional nudionetric
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recoaes as a result of such factors as age, meutal disability, trauma,
diesaco, or malingering. Sohler at al. (28) have also shown that the SA

can clao find diagnostic applications in novorganic hearing loss, while
Coatc (4) has investigated its potential to Identify retrocochlar auditory
lesions. As represented by the wor of SoBeher, Faeaie•sr, and Bifabe (29),
Starr and Achor (30), and of Starr and lamilton (31), the UAM has also beon
of bcief it in the diagnosis of a variety of neurological disorders, includ-
inS dc•-myeliuation and los1 of circulation. In addition, the MAW and its

varTitions are beginning to serve an Important function in psychological and
physiological acoustics as typified by the work of Rauer, Ilmtision, and
Galcbos (1), lReCox, Squires, and Galambos (10), Picton and Rillyard (17),
and Pratt and 8.-imor (22).

It BAfR teoting techniques are to find application in the Initial screen-
inZ ol new personnel and the sustained nmedical managemmant of career person-
nel, data whtich will define the range of responses to be expected from a
bro& aso-range population are required. As pointed out by Rows (23), comr-
paricans of UMU data available in the literature is made difficult by the
many variations in stimulus techniques currently in use. Numerous dissimi-
larktie- exist in the exact method selected to reord, tine-average, identify,
and vt.sure the evoked potentials. Differences exist in the site selected
for th active and ground electrodes, the recording Uanvidth, the use of
sinSla or alternate polarity condensation and rarefaction acoustic stimlit,
the rte of stinulation, 'nd the number of responses usd to construct the
tima-averaged BAIR. Since each laboratory stet select the •tmrement com-
bination that best mees its research or clinical objectives, the direct
quantitative comparison of brainstem data derive under different stimulus/
resnpse conditions necessarily will be limited. in effect, at this stage

of LKEM development, each measurement situation will require the collection
of data to establish the normative ranges of responses produced by the Last
for a selected population.

This report is directed toward providl: normative lDAI data for a
selected population of young (Cae 20-24 years) naval aviation students at
the time of their initial entry into flight tralnius. The mesurement tech-
niquz used for this preliminary evaluation is aseod on the monaural presen-
tation of acoustic click stimuli and the simultaneous measurement of brain-

stem responses derived from the vertex and ipailateral mastoid and from the

vertox and contralateral mastoid. A relatively high stimulus rate wes
"selected as a compromise between the number of individual brainstem waves

that could be repeatedly measured and the overall duration of the test.

Sinca career personnel routinely are exposed to a variety of clinical audio-

ustric tests vhich can readily establish hearitg thresholds, the current

BAIR test protocol does not utiline low-level or near threshold stimuli,

Instcad, attention is given to relatively high timulub presentation levels
vhici gonerally produce recordings where the majority of the Individual

brainstem vavee can be quantitatively identified and their response charac-

teriatics analyrued with reference to the stimulus levels and with ech
other.
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PROCEDURE

SUBJECTS

Thirty-f ive aviation students,, both naval aviator and navial flight
off icc.T candidates, served as volizteer subjects for the study, Studentta
wore tcattd at the time of their initial entry into the flight training
progrann and following a comprtebeive flight physical exeetination that
inel.!%A651 sudinm~tric testing. All subjects were between 20- to 24-years
of ago and exhibited hearing threshold levels within normal limits. Older
studeivtu were not Included since a long-term objective of the. study Is to
utilluo the DLfl data derived from this relatively young population as a
coearative re~ference for data to be collected from much older career pec-
sotwial. The soon age of the group was 22.1 years. At least five subjects
were iunluded In each yearly age bracket.

MESURT11MT INSTRINIUTATICO

A cimplified block diagram of the instrumentation syeste used to irocord
t~ho only ccuponants of the brainstem, potentials ev~oked by 'repetitive acous-
tic cl~ict stiguli is shown in Figure 1. A digital clock, set to 21 Ha in

Tor S mooS AM1~iS
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hockd~nrai otinurur~titoe yutw u~iud toAt~J~tflO~ISY rcord1pR1~1~ra aMc/9
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orda not to be a direct subharmonic of the 60-Hs power line frequency,
drovc a balanced click generator which provided alternate polarity, 100
macraezcond pulsoe. The clicks wort routed through two caseada-w•jrd •00-
ohm attenuators (Hevwatt-Packard Hodel 350-D). The input attenuator vas
used to establish the threshold for a given subject, and the otSput attenu-
stor t used to set the click stimuli a given dB increme.at above threshold.
The output attenuator drove a line amplifler (Spectra Sonic.s odel 110)
that •n•rgized a single, 10-ohe TDR-39 earphone mounted in a )X-41AR ear
cushion. Ilectromagnetic shielding of the earphone wa not necessary sines
tIa-averasing of tho response. to the alternate polarity clicks effectively
canceled the electromagnetic artifacts produced by pulse-energising the ear-
phons drive coil. The resulting alternate condensation and rarefaction
acoustic clicks had a suimlar canceling effect on the cochlear Wderophonic
potentLals which follow, in general, the polarity end shape of the click
WAv fc0M.

TL. brainstea evoked response potentials were derived from surface
tlectrodes located at the vertex of the skull, the mastoid prominence behind
each ear, and the forehead of esch subject. The ipsilateral signal, defined
as the potential difference between the vertex electrode and the mastoid
electrode behind the click-stioulated ear, was amplified by a differential-
input preamplifier (NWratt-Packard Model 80llA Bioelectric Preamplifier)
with a frequency response extending from 1.5 Ha to 10 kft and a pin of
20,000. A similar preaMplIfier ws used to raise the level of the contra-
latercl response derived from the me vertex lead and the opposite mastoid
lead. The forehead electrode Served as a Co0on $round reference for the
two prcampliflers. A four-channel cassette magnetic tape instrumentation
recorder (Phillips Minilog 4; vith PH record/reproduce electronics) was
used to store the output from the two proamplifier channels. The frequency
rospor.ne of tht tape recorder extended from dc through 2.5 klz-. The remain-
ing tv channels of the tape system were used to record a synchronizing
pulse from the gtimulus clock and voice annotation data describing the test
conditions.

A 16-bit digital computer (mewlett-Psckard Model 54518 Fast Fourier
Transform Analyzser) was used to construct time-averages of the ipailAterally
and contralat~rally recorded evoked response signal•, Bofore digitizing
the tW signals, the output of the tape recorder vas passed through a low-
pass &assel filter (Rockland Sy.ate" Model 816; Dessel Card 06) with a cut-
off fraquency of 4 kls and an attenuation rate of 48 dB/octave. This filter,
which Introduces a constant tin* delay of approximately 0.25 millisecond,
was selected to minimize frequency-dependent phase or timing errors for the
differcat brainstem waves. Since the frequency response of much a constant
phase filter begins to fall off considerably before the 4-kis cutoff fre-
quency as compared to the response of a constant amplitude filter, the
advantases of a fixed time-delay for this application are accomplished at
the sacrifice of avalitude constancy over the response spectrum. The output
of thic filter was routed through A s$tple, single-section, high-pass IC
notwork vith a 100-li cutoff frequency to the input of the 12-bit analog-
to-digital converter. A time period of 10 milliseconds was salected as
the tire-base for the averaging operations. Sample and hold circuitry simul-
tnneouely digitized the two brainstem recordings at a 25.5-ktfz rate and
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otcrerd the resulting 10-millisecond sample for each channel in a 256 block

rc.2ord. Specialized software allowed tha conversion and time-averatins

processes to occur at the 21-MU click stimulation rate. The soitware con-

atiucted three seosrate time averages for the 4000-click stimuli presented

in each experimental run. One time-averase was constructed for the firct
(1 20M-0 clizko, a second average for the following 2000 clicks, and a third for

tto total 4000 clicks. Each of the time averages was stored on disk for
lator recall and analysis.

STY7i1N CALIBRATION

The 8ein of each brainstem preamplifier was set to 20,000, using a 50-

f mlcrovo!t calibration signal applied to the differential input and an oscil-

f I loccope to monitor the resulting output. To document system calibration, the

premaplificr outywt produced by the 50-microvolt calibration signal was
alvays recorded on the lead section of the magnetic tape used to store the

brcAnatem data associated with a liven experimental run.

Calibration of the ecoi stic output of the TDH-39 earphone was accom-

pliahed by means of a 6-c.. coupler (Bruel and Kjaar Type 4152) which

*' co-pled the earphone to & one-inch condenser microphone (Druel and Kjaer

"Tyr,.• 4144). The ensitivity of the microphone was calibrated by both a

pictonphono (Bruel and Kjaet Type 4220) which produced a 124-dB rms, 250-Us

tona and a sound level calibrator (Gmeeral Radio Model CR-1562) which pro-

duccd 114-dB ras tones at 125, 250, 500, 1000, and 2000 Hs.

Verification of attenuator calibration at a given stimulus level was

acc=~lishad by time-averaging 100 unidirectional acoustic clicks derived

frcn the output cf the coupler. The resulting improvement in signal-to-

noloo ratio alloied system linearity to be checked throughout the stimulus

an4 threshold mejurement ranges. The time-asplitude rrofile of a typical

click signal produced by a TDR-39 earphone is shown at the left in Figure 2.

Th. response of the ade earphone in :he frequency domain is shown at the

ritht in ligure 2 in the form of an energy spectral density plot. The click

eniz•y distributio vwas relatively flat over the 100-6000 H8 spectrum with
thz exception of resonance peaks at approximately 3000 and 3400 Rx.

zach testing session involved the sequential presentation of three

different click levels adjusted to be 40, 60, and 80 dB above the threshold

at which each individual subject was able to detect the 21-HR train of

pulses. The overall noise background aes such that the mean sensory thresh-

old for the group was approximately 0fl dS peopk Lp relative to 2QA Pa. Thue

tho 40, 60, and 80 db sensation level (8L) stimuli reported in thi'. study

correspond to approximately 80, 100, and 120 dD peak Lp. 7%8 time-domain

siCAl slxow at the left in Figure 2 represents a 120 dD peak Lp click

where the peaK amplitude we measured between the first peak and the pro-

cedIng biseline. Thu peak-equivalent Lp was approxisately 3 d1 greater.
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rLlure 2

The arglitWdo-tta profilo of the •esoustlc click ntioulus ar produced hy on tmuhlolded 10-oIiM
TI¶1-39 hcdadet sad Oessured V*tl all ,rctficlal eaw mlcroptimKe/halnd ..t coup~ler t, nlo i at thQ

left. Via frwquency-do"In cha•actoristics of thu uumse *nuatte ellck attwSuSar 8ir h si t
the right in the form of an emrly spectral dennity plot. Vor this study, 40. (to, nond WI do
sensation level (SL) stimuli level# were usedl.vhhh coresponde'd ipprxrismately Lo 80. 100,
and 120 eD peak PL.

KXERMIR~~TIL 161110

in appying the surface electrodes, tim vertex, left and tight mastoid
prortincsies. and the forehead regions vwre lightly scrubbed with a mild
detergcnt solution and with alcohol. A conductive electrode paste (grees
rastrurnt Type SC-2 Electrode Cream) was applied to conventional 5-m
diastatei silver EEG electrodes backed by 2-cu square gause pads which were
pressed aga!.nst the skull in the appropriate position and held in place for
10 to 15 seconds to allow adhesion. Interelectrode Impedance was cheicked
by meano of a 30-Ha impedance meter (Grass Instruments Model EZMO) and main-
tained at 10,000 ohms or less.

Toln!oving electrode application, the subject reclined in a supine posi-
tion on a small bed inotalled inside a dimly lighted, acoustic testing booth
(Industrial Acoustics Model SFP00). The subject shaped a plastic ear plug
(Flint Products Silaflex Anti-Noise Ear Protector) and isserted it into his
right enr. He positioned a headset such that the left earphone served as
the stirnslus source and right earphone as a dumry ear-covering. A measure
wes made of the left-ear sensory threshold levetl, bracketed by ascending
and descending level stimuli, at which the subject could just detect the
presanco of the 21-H. click train. The subject wes then instructed to close
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his OYzo, keep him teeth separated, and try not to cough or swallow during
the co'-'re of each stimulus presentation. Three 200-second sequences of
clicks (each sequence Lnvolved approximately 4200 clicks and wMs separated
by at least a one-minute rest interval) were presented at stimulus levels
40, 60,, and 80 dB above the volitional left-ear threshold. Upon cooWletlor.
of theca three sequences, the ear plug was transferred to the left ear, the
headst riversed, and a threshold determination made for the right ear. The
sequacial presentations for right-ear stimuli adjusted to 40, 60,and 80 dB
aboveo•th right-ear threshold then followed.

DRAINS••2H[ DATA ANALYSIS AND RELATED 1?40KNCILTURR

Trh magnetic tape records containing the ipeilateral and costralateral
brainatem evoked responses were played into the digital cowmpter to construct
the deuired time-averages. The results were stored on a disk for post-run
analysei. Thirty-six disk records (each record consisted of 256 sequential
words defining the amplitude/tim profile of each averaged response) were
required for each subject and contained the simultaneous analysis of the
1psilateral and contralateral responses of each ear to the 40, 60, anW 60 dB
SL stir:uli. lach analysis involved a separate time-averaged record for the
first 2000 clicks, the second 2000 clicks, and the total 4000 clicks.

Thc- 36 disk records asso.tated vith a given subject were displayed simul-
taneounly on a CiT terninal (Tektronix MIodel 4012) and a hard copy, s.4!gle
page plot was made of the results for insp.c.tion. "1n additiou, the tae•v,
4000-cple, time-averaged responses were individually recalled and displayed
on the @ terminal. The Individual wave components were identified visu-
ally vd, by means of an sdjustab a cursor, measuremnts made of the time
incidence and absolute amplitude f each identified negative And positive
maveform peak. The nomenclature used to identify the individual wanes is
shown In Figure 3, which presento the ipuilateral braiaistem recordings
obtairmd from six different subjects in response to stim•li presented at
80 dB 61. As indicated by the symbols positions4 adjacent to each maJor
peak in the top record, the wave identification notation follows the Romn
tumeral I through VII convention of Jewett and Williston (13), with the
additicnal condition that each individual wave number it followed by an N
(negative polarity) or P(positive polarity) suffix to separately identify
each of the two peaks generally found to be present in A given rave. It
should be noted that the choice has been mode to display the brainsten
responcse such that a positive potential at the aastoLd relative to the
vertex produces an upward or positive deflection on the record. (It is often
convention to display the brainstem responses such that vertex positivAty
relative to the sastoide produces an upward deflection.) This arbitrary
deciusicn was 1de to facilitate the comparison of Wave I-N, the first com-
ponent of the brainstem response, to the first component, generally identi-
fied co! NI, of the electrocochleosraphy response (8,20,24,41) using the
same polarity convention.

Using the tim and &wplitude measures derived from the cursor analysioj
of the individual records ai reference, statistical calculations were per-
formed on four derived measurements-lIteficy, transmission time, half-
period, and peak-to-peak amplitude--for each Individual brainstem wave
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copc~:z.These maamureuento are Identified in Figure 4 hih iplays
t he iPoilateraI brainsteau evoked response of a single subject in reapomio
to 4000 clicks presented at 80 dB SL. In this figure and ia all figures

* which follow, the times oit which the first peak of the click stiamulus reaches
tho oaT r*1ativc to time t-0 on the display time axis in deftned as To.
This da1~cy, usin& the fast rime-tim, pulse produced b;j the 21-Hg clock used
to prodzice the clicks as a 24TO re1ference, wasn estimated to be 0.468 mdlii-
second Lrnd included components due to the finite rime-times of the Sync Pulse
recorde.2 on tops which triggered the analog-to-digital converter during
the tir.:tz-averaging operations: tle acoustic delay of the click in reaching
the car (set equal to the delay measured with the artificial ear); and the

MAINSTM AUOITOMY ZVOKED AMSPON DATA
r4VTATION FOR ICENT3FICATION (W IN03IVDUAL WAVE COMP094ENTS

v-P V1

0. 0-No

-0. 4-

-0. 0.

JPIM ICOWNOIS. Is Do IL

0- [0 to 300 400 tgUoo too 700 m logo03

risevc 3

lptLMol~ata horainsts" evoked responses produced by S0 dfl SL cliek dtiswl i (:te-avorsagod
r.5ponsao to 4000 clicks) for six different suijetetu 7b. notation fo~llowsi the xlona "nerral
'dave i throtull VAve V11 larinsntca coliventiontidth the additt~ora condition that each t"4lvi-
dual %mv nuntur 10 fbllowtd by an N (n.Cative) o-r P (pumit.r) "(fix toQ mas r"aCly idea "fY
ogc)q of thz, two posits associated wite a Riven wave. A positive atipal at tow wastotit r~isativi
to tile vertex produce$ an upwArd dorlipution.
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FIure 4

Slected 1pallaleral hrainstem recording based upon a 4000 click timh-averaRe and an 80 d" SL
stinalui level ahowena the conventtons %seed to asure the latency, transmtssion time, ha@f-

pertod, =W tak-to-poak amplitude characteristics or the Individual brainstom wave eomponteto.

0. 25-.ALlisecl.ond time delay of the 4 k.s Dessel filter introduced betwoen
the w•natic tape recorder output and the ixput to the analog-to-digital
convorter. With To serving Is a zero time reference, the latency of a
given avefom peak is measured as the time Incidence of the peak measured
in the absolute units shown on the time axi. less 0.468 millisecond. The

trenesiloion time of a &'&ven wave component is defined as the tims interval
betwe•n this pak and the initial negativc directed peak of Wayv I identified
as I-V which is cosuidered to corraspond to V1Ith nerve activation. The

half-poriod of a given vave is identified es the time interval betveen the

nagativo and positive peaks of the given wave. The reciprocal of the total

period (twice the half-period) gives a rough approximation of the fundamental

frequc:cy content of the wave. The peck-to-pek amplitude Is measured as
the dieferenco between the absolute amplitude of the positive peak qf the

wave and the absolute amplitude of the related negative peak.
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ZZSAlTS AND DISCUSSION

To facilitate the interpretation of the brainstan data derived from the

yoWxv3 naval aviation student population, the results are presented and dis-
cueesz under saven different subheadings. The first sevction describes the
fptlinral form and basic charact% Istics of the individual subject brainutte
records. The second section pertain. to the relative frequency of occur-
ronec of ths individual brainaten waves that wera observed as a function of

atin.,lus lvel. The third section describes the results of a statistical
analv-ois of the brainsteo m.,surms recorded for the study group with the
ear-.Q o( the normative ips- 4ateral and coutralateral data tabulated in
Appe-nicao A and B, respectively. In the fourth section, the results of

a stat.istical test of the normality of the brainstem measureuet variables
for r ch of the individual brainctem wves are presented. The next two
sectiona involve the investigation of differences betwvie left- and right-Mar
brai•,•tem responses and differenci•s betwen 1peilateral and contralaternl
reapcnses. The last section provides A coarelation matrix analysis of role-
tionchips within and across the br~Anstem measureaent variables for ea:h of
the individual bralnstem waroe.

IND'VILDUAL SUBJECT ZRAINSTYA RECOMIS

A consolidated diiplay of the results of a complete testing session for

a 31V,3le subject who had a relatively high-ýamplitude brainstea auditory
evokcd response is sho•i in Figure 5. The two scaled rlots at tLJ left
rvprouwnt Lhe ipsilateras (top) and contralateral (bottom) responses to

left-ear stim~lation. The two corresponding plots ast the right describe

the f;= responses to right-ear stimulation. As denoted by the labils shown

at tha ce ncer in the figure, each plot contains the brainsten records

mecured in response to the 40. 60, and 80 dl SL click stimuli arranSed in

ancending order. The horisontal amplitude axis corresponding to sero volts

Js in proper relationship with the 60 dB SL response (the 40 and 80 dD nL
recicaes are plotted to the soe scale as the 60 dB 8L response but have

been offset below and above, respectively, the zero amplitude baseline for

dijplay convenience). Each of the televe brainstm, responses shom in the

figuro is composed of three superimposed recorder the solid line record

reprceents the time-averaged response to 4000 clicks; &nd the two dotted

records to either side represent the tims-averaged responses to the first

and vocond set of 2000 clicks used to construct the 4000-sample average.

Although the two 21O00-click time averaes are plotted separately, the 4000

clicks vere presented continuously to the subject without Interruption.

For this subject, Waves 1. 1I, II. V, and VI are clearly present in the

ipnilateral rewponses to 80 dt [L stimulation of either ear. Each of these

vavec is marked by identifiable negative a&d positive peaks. In addition,

thu nagative component of Wave VIIP i.e., Wave VIZ-N, can be identified as

occurring at approxi"acely 9.0 muilliaeconde on the 10--millisecond time axis,

In tho case of Wave IV, neither o&' the two ipeilateral responses to the

00 dD SL clicks produces an identifiable resyonsesl at most, the ipwilateral

responee of the left ear shows a &all nott-h on the downward negative slope

of Wciv V-N. However, in the simultaneously-rcorded contralaterdl responses
to tilt aam stimuli, Wavn IV, though small in amplitude, can be readily

10
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identifie4 as Occurring at Approximately 35. milliseconds on the time axis.
[no reader io reminded that the true latency of a givesn wave component
dleplayed In Figure 3 Is approximately 0.47 millisecond lesus than the latency
obeerved on the time axis (see Procedure) as a result of the overall time
delay Inherent In the instrumentation system.]

'iia records of two additional subjects using the tame display format
are c~ovn in Figure 6. The amplitude of the brainstem responses depicted
in th-i subject record at the top Is %or* rapreseatative of the subject group
than the high-amplitude record shw In Figure S. For the 80 dB SL ipsi-
lateral recordings of this subject, it is more diffirnult to identify the
vave Coulxmente following W4ave V-N, particularly for right-tar stimulation.
The racord ink general, however, does illustrate the classic characteristics
of tho brainstem response; i.e., increasing latency and decreasing 4uplitude
with decreasing stimuli levels. The subject record at the bottom In Figure 6
depicts a low-amplitude response and probably representu the poorest brain-
sten. ~reapcmie recorded in the present series. At the 40 dl 8L level, It is
difficult to Identify even Wdave V in the iputilateral recordings. Only the
contralateral response to lift-aar stimulation allow a confident identifi-.
caeicn of Wave V-Il at this 40 dB level. The wide amplitude separation and
eom~tiaes uncor-related relt.tionship between the two 2000-sample (dotted)
tiiae-avorages and the centrally located 4000-sample wean (solid) Illustrate
the ralatively poor repeatability of the response produced by this subject.

71th high-f requency noise content displayed in Figure* :ý and 6 is rela-~
tiveliy low compared to most bratnsteM records prepsuted. in the literature.
This is accounted for, In part, by the use of the contitant time-delay Demsel
filtcr Introduced between the output of the uag'oietic tape recorder used to
storo the brain~stusu data and the input to the computer analog-to-digital
conv-zrter. Since this type of filter preserves the time-relationships that
exiat beto-'en the individual brainstem waves at the @*"euse of lain con-
stance at the higher frequencies, it would be expected that the auAPlitud"
of so-in of the waves displayed in Figures 5 and 6 would be slightl~y less
than the true amplitude. wit), the 4-kilt cutoff frequency used in this study%
the. Emsel filter transfer function is such that the gain is don 3 dB at
half the cutoff frequency and 13.6 d5 at the cutoff frequency. it would
aPppea that the constant time-delay feature combined with the improved high
frequency signal-to-noise ratio of this type filter in the brainatea appli-
Cation well compensates for the small decrement in amPlitude accuracy that
occure above 2 k~lz.

rRAjIUSTE WAVE INCIDINCE

A primAry objective Of the study wall to utilixe stimulus levels a~nd
&ýsaaurement techniques which would result in a relatively high incidenct Of
waveo I through V1 in the resulting brainstem recordings. With a high inci-
dence of readily identifiable individual brainstem waves# It becomes Poen-
sibla to build & data bae& to explore intra- and inter-wave relationships
&nd tiwtj extend brainstem tec~nology beyond its most comon Wdave V applics-
tiona. The capability of the brainsteim instrumentation system Of this study
to accomplish this is depicted in Figure 7. These bar-graphs display the
relative incidence of the negative and positive components of Waves I through

12
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I

VI as a function of the 40, 60, and I0 dB 8L stimuli used in the study.
Each atum denotes the percentage of the total number of brainstefm records
analyzod (70 ears) tAere a given wave cotqponent wan identified ae being
prezent to the extent that cursor aeasurements could be made of its latency
and &rplf.tude. The data used to cvnsttuct these ipsllateral and contra-
latarcl plots werft extracted from the rightmost column of Tables Al 4nd BI,
reapactivel7, of the appendices.

Inaction of Figure 7 showe that, as would be expected, only the major
brair.ttn wave, i.e., Wave V-N, had an incidence level of 90 percent or more
in both the ipsilaLerol and contralateaval recordings and for all thbw oitm-
ulu3 levels. At only the 80 dB SL level was it possible to achieve a role-
tival:, high identification level for the remaining waves, For the ipsilat-
oral racordings made at thie stinulus level, Waves I-N and I-P were identified
in 9 and 99 percent, respectively, of the total number of records analyzed;
Wavw l-M and II-P, 74 and 84 percent, respentivelyl Waves Il1-N and III-P,
99 a•d• 94 percent, respectivelyl Waves IV-* and IV-?, 31 and 30 percent,
respectively; Waves V-N and V-F, 100 and 71 percent, respectively, and
Wvea Vt-N and Vt-?, 53 and 69 percent, respectively. In effect, at the
80 dB RL stimulus level, all vave components were present in the ipeilateral
recordings at an incidence level of 70 percent or greater, vith the exception
of IV-N, IV-P, and VI-N. At the stimulus levels below S0 dB SL, the probe-
bility of identifying a given wave, with the exception of Wave V-1, fell
significantly. For the contralateral recordings made at 80 dl SL, only wave
compc-mts I-P, Il-N, IUl-P, and V.-M had an incidence level near or above
70 pc'cznt.

Slter,. and Brackman (25), uning 83 dB IL (121 d3 .etk equivalent Lp)
click-) praented at a 20-Ez rate, reported incidences of 51, 77, 93, 73, and
100 pz:rc*nt for Waves P1 throuah P5 (Waves I-N through V-1 of the present
study) for their 100 control ears. These data are ia essential aaseement
with z1be ipailateral data of Figure 7, with the exception of the high Ici-
dence of Wave V4 (IV-"). This difference sy arise from the fact that in
theio study, the contralateral mastoid served as prond whi).e in the present
study, the forelhad served as ground. The vertex and Ipsilateral nastoid
electrcde sites served as the active differential inputs in both studies.

ci-A noticeable difference between the ipsilateral and contralateral data
of Figure 7 involves the incidence of the two Wave I components. At 80 dB
SL, th, first component, Wave I-N, had a relatively high incidencei (96 er-
cent) in the ipsilateral recordings and e low incidence (19 percent) in the
contralateral recordings. The followint, component, I-P, has a relatively
high incidence in both recording modes. The lack of a Wave I-N in the con-
tralateral recordings is deistrated by the 80 dB SL zecordings shown in
Figtur 5. Both ears of thig subject shoy a clear 'Wave 1-N in the ipuilateral

recordings and no corresponding response in the contralateral recordings.
The occasional presence of a snall I-N response in the contralateral record-
ingse is desonstrated by the 80 dB SL, left-ear stimulus record at the top-
left in Figure 6. I

This absence of Wave 1-N in the contralateral recordings (13,33,36)
would be expected from tha conclusion of Jewett and Villiston (13) that

She~7 excte
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Uav I-4'9 corrooponde to tha N1 potential of alectrocochlsography (41) which
reflectc VI11th nerve activity of the stimulated ear. The ,'latively high
incLdeca of Wavo I-P in both the ipsilateral and the contralateral rscord-
ingo lords f'irthar support t:i the general belief that Wave I-N is mastoid
originatcd while the subsequent wave@ are more vertex oriented (32).

Thio vortex-orientation interpretation of all waves following I-N is
complicated, however, by the Wave IV incidence data of figure 7. Although
all otbr waves showed the greatest incidence in the ipsilaterel recordings,
the con.;arac was true for Wave IV, In the concralateral recnTding, N ave IV
was idcntified as being present in approximately 57 percent of the recordsa
in the ipatlateral recordings, the identification rate Wes only 30 percent.
This rulltionship is illustrated by the left-ear, 80 dD SL brainstem record
sbown in 21gure 5. ?or this subject, a mll but distiact Wave IV ,a visible
in tha contralataral r,-'.rdin on the downward negative slope of Wave V-3.
In the c;-.-etpondirtp .IUataral record, the presence of Wave IV is indicated
only by a slight b-roak in the Wave V-M slope. Typically, if Wave IV could
be idan~tfied in the ipsilateral rorordinge, then it was generally possible
to readily identify a Wave IV of grester vagnitude in the contralateral
recordings. The converse was not true. This observation will be later dis-
cusatd In relation to other differences observed between the ipsilateral and
contraliteral responses.

L'a this point, no mention has been made of Wave VII. At the begtnnins of
the stuly, an attempt was rade to identify and mesure both the negative and
poaidva cosponente of the wave. Tor many of the subjects it was readily
ponsiblo to identify a relatively slow negative component occurring about 9
ailliceconds or so after the click stimulus. The 80 dB 8L ipsilateral
reccTdni•s in Figure 5 indicate this type of response. But in other dubjects,
gave VIX-N was not so readily identified and was sometimes complicated by a
relativcly fast and small wave that occurred imediately after Wave VI-P.

Durirg a pilot statistical analyais of the small mount of Wave VII data
that htd been collected, it was found that the mean latency of Wave VTI-N
was grelter than the latency of 'ave VII-P which, by definition, sent follow

its nagativn counterpart. This incongruous result indicated that the cri-

teria used by the investigators to identify Wave VII were not consistent
&crone the subject group. If Wave VII is of post auricular muscle origin

as tho-ght probably by Picton et aL (reference 18-Figure 10), then this

would cecount for its inconsistent presence or miaidentification in the
recordz of this study. For these reasons, statistical data pertaining to
Wave V11 are not included in the present analysis.

A Icat observation relative t, the 80 dB SL ipeilateral records of this

study involves the occasional occurrence of a mall positive peak inmedi-

ately preceding Wave I-N. This toy be observed in the figure 3 records for

subjec~s 825-2286, 825-2118, 825-3366, and 825-1256. Mouney et al. (16)

have idantified such a positive wave as Po while Yoshte (reference 40-

Figure 1) has presented a record with a corresponding peak Ohich he relates

to the sumating potential (7). It is not known at this point if these

snall positive inflections are due to stimulus artifacts or electrophyeio-

logical activity.

16



ES)M-IS2 M-AMUDIENT STATISTICS

'in vacults of the statistical analyses made of the brainutem data
darived f tha cursor measurement of the latsncy and avplitide of each
idontificble wave peak for each individual subject are tabulated in Appendix
A for tt• ipailateral recorcingse and in Appendix 3 for the contralateral
racordirn,. Each of these appendices contains separate tables describing
tha four basit response measurements of concern to this study) via# latency,
transntelon tin*, half-perlod, and peak-to-peak amplitude. Tor each o•f
these =zzurment paramestere, for each of the three stimulus levels, and for
each of the brainetem wave components, a listing is presented of the mean,
rudian, uAnimau value, maxiux value, range of values, standard deviation,
standard error of the mean, the number of measurements (*are) comprising
the sz--.Po, and the number of measurements expressed as the percentage of
the tota•€a rubor of ears-70--available for analysis. All data used in
the calculation of these group statistics vere derived from cursor measure-
rnts nmlo on the 4000-staple time-averaged brainstm recordingw.

The tman and standard deviation data associated with the latency of the
individu-nl brainstem wave coements have been extracted fron Table At and
plotted Zor reader convenience in FiSure 8. Corresponding ipsilateral data
have been extracted from Tables All, ATII, and AIV for the tranemission
time, half-period, and peak-to-peak amplitude messurements, respectively.
and plotted in Figures 9, 10, and 11, respectively. In each of these figures,
the thrc3 data points plotted above a given wove identification symbol corrm-
pond to the mean, plus and minus one standard deviationof the responses
producoL at the 10, 60, and 80 dB SL stinuiue levels (readinS from left to
right). These three data points are equally sp"ced along the horisontal a&sis
end thum represent an abbrawvated etioulus input/response output curve for
each individual brainstem wave component. Those mean data points plotted
without ftandnrd deviation limits denote response samplie with an P, lees
than fiva for which, as an arbitrary decision, statistical calculations were
not parOformad.

The pattern of the ipsilateral latency data plotted in Figure 8 is as
would bc expected in that all twelve wave conponents show a decreaso in
latency with an increase in stimulus level. Tor the majority of the wvesv,
the stan•ard deviation of the latency measurements decreases as the stimulus

level LO raisedoreflecting the inproved signal-to-noise ratio conditions.
The standard deviations of both corponents of Wave VI vers relatively large
and morc, Or Laos independent of stimulus leve. This observation may be
related to the occasional difficulties encountered in identifying the exact

pecks of this particular wave.

As Nas been emphasizsd previously, across the board comparisons of
/ latency and amplitude data produced by different laboratories are complicated

by the r2any differences that exist between measurement equipment and techni-
ques. Ve best comparative reference for the data of the present study it

probabl- afforded by thu bilateral work of Thornton (34-37) who also recorded
sinil~ar guiultaneous ipsilateral and contralateral responses and measured
the responas characteristics of both the negative and positive components

of each individual brninsten wave. In &eneral, the latency data of Table Al
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and 7Tire 8 follov those reported In the literature. For example, thVi

60 dB VL ipeilateral data for the negative wave components of this study

closely m.Atch (within 0.1 uillisecond for all waves but Wave I) the 60 d)

data reported by Picton at &.L (18)1 ate slightly shorter than the 60 dB

tion; o•o slightly longer than the 90 dB Lp-10 Ma click rate latencies

roportcz. by Zollner, Karnahl, and Stauge (43); are considerably longer than
the 60 dB BL-10 Ut click rate latencies reported by Barry (2)1 and are fairly

eill -',lated (both negative and positive wave components) to the 60 dP AL

data rcrorted by Thornton (35). For the 80 dB 8L data of this study, the

latacL, of Waves 11-U through VT.-N are, in general, slightly longer than

those r;:iported Sy LAv and 8u4htr (14) and by Lieberman, Solaer, and Isabo
(15) %,=in8 75 dD HL click stimuli presented at a 10-U. rate. The latencias
of Wav,; I-N and V-N at the 40, 60, and 80 dB SL et~laus levels of the

present study all fall within the plus and sinus one-standard deviation
boundar; limits of the composite laboratory data plotted by Picton et leL

Ow observation of interest in F•iure 8 (derived from Table AZ) involves

the potciztia1 existence of a latency nonlinearity with the three stimulus

levels used in tCe study. With the exception of both components of Wave Il,

and tho positive coumpent of Wave V1, the decrease in latency that occurs

betweeia 40 and 60 dl 83L Is considerably greater than the decrease that occurs

betwen 60 and 80 dB 8L. For example, the latency of Wave Z-V at 40 and

60 dB SL is approximately 2.36 and 1.65 m&llisoconds, respectively, repre-

seantinZ a decrease of apprximstely 0.7 milliseccud. At 80 dB 8L, the Wava

I-N latcncy is 1.33 milliseconds, thus representing a decrease of only

0.32 millisecond from the latency at 60 dB 1L. This nonlinearity is also

reflectcd by the Wave V-N latency data; i.e., 6.38, 5.75, and 5.47 milli-

seconds at the 40, 60, and 80 dB L stimulus levels, respectively. As

discuseid earlier, these three stimulus levels wre referenced to a 40 dB

sPL ftan sensory threshold for the group. In this respect, it is possible

that the observed latency nonlinearity may be due to the relatively high

sound pressure level (120 dB peak) associated with the 80 do n stimulus.
The Wava I-N nonlisserity corresponds roughly to the break in the M l

data plotted by Yoshie (reference 39-F-gure 2) which occurs around 60 d4 SL

which in turn is fairly close to the transition level which separates his

"H" and "V ampUtude input-output curves. The data of Callon at 4l. (5)

also indicate a nonlinearity in the N1 (Wave I-N) latency response over the

60-110 dB Lp stimulus range. This nonlinearity, hoevere, was of eAponential

rather than of diwcontinuous or break form. The latency data plotted by

Zoliner, Karrahl, and Scenge (43) also indicate the potential for momline-

arity with c.imu!-. in the 80 to 100 dD LP reane. in this case, the trend

is noticeable for not only Wave 1, but also their Waves Ill, XV, and V.

Correupondins mean and stardard deviation data, extracted from Table AlX,

are ploted for the ipsilateral transmission times of the individual brain-

stem vavo coimponats in Figuro 9. As detailed earlier, the traosmission time

of a gfr•an wave component was defined as the time interval between the Ini-

tial wavo I-W peak representing VITIth nerve activity and the peal of the

given wnvo component. Since the maurte-ont of this parmeter depends on

the prescnee of an idenLLZIable Wave 1-N, and since the incidence of this
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wavo decreases at the lover stimulus levels, the number of individual trans-

aissi*n tima data availabie for statistical analysis is considerably lower

than cho number available for anrlys'j of the latency data. As indicated in

PitUTO 9, th*rG ASs a general trend for the man ttrlieiselon times of the

inadiVdudl ra.e cMVonnMts to increSse as stiMulus lev9L Was raisd. Exc-p-

tioto to this trend Included QYves Ill-?, V-P, &ad both cou"oents of VI.

A.othýr general trend Involved a gradnal increase In the standard deviation

of tho masure with wave number. The trend for the standard deviation of

tho Fig.ure 8 latency data to decrease with an increase iW stimulus level via

noc co ,ronounced for the transmission tim data.

&ein, the transmission time data of this study follow, in general,
thbc reported in the literature. Good comparison is afforded by the inter-

pea conduction time data of Rowe (23) who collacteo considerable brainstem

infozactiou on two "opulstion groups widely separated in age. He also made

direct comparisons of his measurements with those collected in other labora-

toric. ?or the younger population, Rowe reported transmission times of
1.09, 2.08, and 4.05 milliseconds for Waves I1, 111, and V, respectively,

cusin clicks 60 dD above click threshold that occurred at a 30-RKi repetition

rato In the present study, the ipsilateral transmission times produced by

60 d1, SL clicks occurring at a 21-la rate were 1.17, 2.24, and 4.14 milli-

secozrs for the .das three waves. Allowing for the differences in recording

Mth-1.3 and click repetition rate that exist between the two studies, it

apptc•a that the two sets of LrnUmluion time data are reasonably wall

matclcd. Since the variations in trnsmission time that occurred as a func-

tion of stimulus level vere relatively ma.ll, the contention of Rowe tha,

this measure is independent of stimulus level may be true for all practical

pur;j3As. Visual inspection of the latency data plotted by Lav and Sobeer

(refcrcnce 14-ligure 2a), Pratt and lotmer (reference 21-7igure 3), and

kltore and tracknann (reference 25-Figure 1) shovw little change in trans-

uia•oon time as a function of stimulu3 level. flovever, visual inspection of

the latency data plotted by Thornton (reference 37-figure 9) also indicates

a .nll incresse in transmission tipe with increasing stimulus level for At

least Wave V-%_ (his Wave "4). Coats (4) also reported a moll increase in

the trenumission time of Wave V and noted that the lateacy data of Starr

and tmhor (30) are compatible with this observation.

%,s ipsllateral half-period data, extracted from Table A1IU and plotted

In Figure 10, represenr the time Interval between the first negative peak

of a givan wave end the igmmdiately followinS positive coponent of the sawe

wave. As with the transmission time date, the mnber of half-period measure-

Urt. avbilable for analysis is seller then the number available for analy-

sis of the latency data since both the negative and the positive componet

of a given wave must be present to define its hslf-period. This half-periOd

paramater, not generally reported in the litdrature, is presented to give

so-o insight into the fundamentalo frequency of each indivtdUal brainsten

wave. Treating the half-period of a given brainstss2 wave at half the actual

period of a continuous sinusoid•l OtillatLOn', the fu...a.-ntal frequency of

the •ave can be calculated as the reciprocal of the period. In this context,

it ¢.n be seen froe Figure 10 that wave IV has the shortest half-period

sod thus the highest fundamental frequency. In effect, the 0.24-milliseCond

half-period observed for the ipgflaterally recorded Wave IV at 80 dB S1.
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Otimuloj leval can bo visumlized ao describing a wave with a fundamntal
frcqu=2y of approxic~tely 2000 Hs. Bquivalently, Figure 10 indicates thet
UcQvQ V 1d tho longest half-period and thus represents the lowest frequency
bralnotz wnva; o.g., the 0. 8 7-millisecond half-peri-od observed at 80 dS SL
signlfl. a fundd~tai frequency of approxiuately 575 1Us. Because of the
high-fzqucncy rolloff characteriutics of the Bessel filter usad in this
study, it would be expmcted that gain attenuation would bt greatest for
Uava IV. Aamin, it Is emphasized that the half-period data provide only
a vary rou~h approximation cf the fur.datental :requency of a given wMe.

T¶1 half-pariod data, a@ reflected by the standard deviation bars in
Figuro 70, exhibited considerable more variation than either the latency or
trannntiion tim muaaureats. There Is no acroms-the-board trend for tho
half-poiod to either increase or decrease as a function of atiimluo level.
Uave I -houd a jump increano at 80 dB SL, Wave IUI displayed minimal vari-
ation, Lnd Vzve V reflected a decrease in half-period with increasing stizu-
lus lov.Ae. It chould be noted that if a trend was present for the half-
pariod of the early waves to increase or decrease as a function of the
stimuluo levyl, then the transmission times of the later waves would incremas
or dacronso correpondingly. In this respect, the jump in the half-period
of Wavo I at 80 dB SL may account in part for the incyease in transrsLseion
tiU th.t acconpenied an increase in stimulue level for sone of the subse-
quent uvoo. A related point involves the definition of the tranemisaion
tiva m uroment. If one wished to represent transmission time as the latemy
differo:ca betvwen the very onset of peripheral activation and a distinguish-
able vai; peak occurring further along the brainstem route, then the onset,
rather Uhmn firt peak, of Wave I-N would serve as the best measurement
reforoIz-. Thuo if the half-period of Wove I increased as a function of
atimule, leval, and if the actual onset of Wave I occurred approximately
a qur-rt•r-pariod before its first negative peak (Wave I-N), then this
corrcztion wculd have the tendency to make the transmission time o:' )!ollow-
tug w leas daps'ndent upon stimulus level.

Th_- u•asurad peak-to-peak amplitudes .)f the indLritdual brainatem waves
hava bc:?, extracted fron Table AIV and plotted in Figure 11. Those data also
oshibit considerable variability across stimulus levols. &a has been reported
by otho:i (15,21,33). the standard deviations of the amplitud* data are ouch
greator on a proportional basis than those of the latency data. On an
indivIdL~ subject basis, a rise in stimulus level is generally accompanied
by a riý in breinutem wave amplitude. On a group basis, however, this
relationhip 5.. not readily established for all of the waves analysed. For
exarple, Waves I, •t•, and V show an increase in amplitude when comparing
the reconves at 40• and 80 dB SL while Wave VI shows the converse. The
Wave IV data of Fisarm 11 chow the extremely low level (7 to 71 nancvolts
range) cf t;hI rTlatt1e'v Jow incidence brainstem wave.

In Ocrieral, the statist-ieal properties of contralateral brainsten measur-
nent data, stmnarized in Tables 81 through BIV, follow those of the Ipsi-
lateral data. There are, however, differences between the mean latmiciess
of certcin of the individual wave cociponents. These differences will be
discuscd In the section whiclh addresses the tv,. recording *odes. With
ThorntoTn's (35.36) bilaterally recorded latency data (based on 6 subjects),
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thc •'•oltcd standard d~viationo of the contralateral responses veto greater

than thooo of the ipsilateral responses, The cost noticeable differencoo

invol:vc hie t4aves N3 and P5 (our 111-N and VI-P). The data of the present

otuc2, itdicate that tha standard deviations of the latency measures vwre

cpdAf at:i.taly the easm for both recording modes for all coWponents except
VI-17 =.d VI-P, Thornton also found the ipsilateral amplitude data to bo

more ordered as a function of stimulus level then the contralateral amplituda

dat•,a This vao not found to be the case in the present study in that the
=pz!Aude of the contralateral response prtduced by a given stimulus level

follcuzd, in general, that of the related ipsilaterel response for all waa
"€icccp VI. He also found that the ipsilateral amplitude was greater than tCh

contvnlatoral amplitude for all waves except It. T-he same trend was observed

in t;a preaent study with the exception that only Wave IV had a greater
cont•olateral amplitude. Thornton also indicated that the standard deviatican
of ttn contralateral amplitude measures were less than those of the ipsi-
lateal measures with the differences being most noticeable in Waves II and
Vt. In the present study, the standard deviations of the contralateral
e-pl!.ude data were loes than those of the ipsilatetal data for Wuves I
thrcnh I11, and greater than the ipsilateral responses for Waves IV and Vt.

STATESTICAL DISTRIBUTION OF THE MUAINSTEH MEAJJRmsINT DATA

Yn the discussion of the brainstem data presented in Appendices A and B
no uzntion was made of the statistical distribution of the individual obsor-
vationa uWd to construct the group statistics for the latency, transmission

timo, half-period, and peak-to-peak uplituda measurements of the study.

To týat the normality of the distributions associated with all four seasure-
ment variables and all tuelve brainutem wave components, a Kolmogorov-Sairnov
ona-io~ple test of goodness-of-fit (26) of the cumulative frequency distribu-

tion of thi observed date to an equivalent Gaussian distribution was applied

to Cia study data. Such an analysis, performed by Thornton (36) on the

latcncy and amplitude measurements derived from six subjects, is of value

when wei.hing the decision to use parametric or nonparametTi, statistics to

analyze selected response differences and correlations.

To impleam•nt the Kolmogorov-Siiirnov test, a normalized cumulative fre-

quancy distribution for a Gaussian population was constructed with the same

menn and standird deviation as those of the observed data. The maximum

davition on a point-to-point basis between this theoretical distribution

and t)he normalized cumulative frequency distribution of the observed data

vau calculated. Thu results of the test for each of the brainstetm waveb are

lintad in Table I for the ipsilateral responses to the 80 dB SL stimulus

con•d!tion for all four measurement vAriables (70 ears). The absolute value

of the maximum deviation found between the two distributions, and the numbýer

of rvauuremats used in the calculation of the observed data distributtkn

arc ohown below each of the identified wave compcments. Only the latency

and tranmnission time seasures involve both the negative and positive vava

components since the r-aaining two brainstem measures are based on differ-

encao batwewn the two components associated with a given wave. For the

latcncy mcasu:ements, the null hypothesis that there was no difference

hectý:aon tha observed and theoretical Gaussian distributions could not te

disproved at a stinificance level of .05 or greater for any ,ave compon•et



ieble I

Kot1icrov-Smb nov one-" Ipls test of goodne. of fil of the cumulative frequency dltrIbutlons of the

obsarved Io~cncy, tocnimtstlon time, balf-porlod, end peak-to-peok ampltuie meoeuremnts ofthe Individual

brolnitit •wivei relative to equlvolent Gouwlon dhitrIbutioni. Calcukitlons balsd on Ipellatrel r•tponap to

CO d3 SL t!.ni•. invovluno 70 coar.

IND1VIDUAL aRAINSTEM WAVES

JIAI ISTICAL

VARl•AVt: I-N I-P I1-N II-P III-N I1l-P IV-N IV-P V-N V-P VI-N VI-P

Latency (0) .10 .10 .09 .12 .09 .11 .11 .13 .06 .07 .07 .22'
(n) 67 69 52 59 69 66 22 21 70 50 37 48

fronsinissicrn (D) .10 .16 .10 .12 .13 .12 .13 .10 .07 .07 .08 .27"

SIme (rn) 67 66 51 so 06 63 22 21 67 48 36 45

:!olf-Parlod (D) .16 .10 .05 .06 .12 .10
tn) 66 51 66 21 •028

P-P AntpliRud (D) .05 .14 .09 .24 .12 .17
66) 66 51 21 50 20

(D) L- A•ottýt value of raoImunm deviatlon of the nonmalizld cumulative frepuency dlstlbutlon of the

obovad data heom the noimolized cumulative frequency dIrIbtl ion of Ommwien da.
(n) u' Nu _' of individual nuakw.entO.
* SgnIf•ic1 b•yond the .05 level.

Sgn•lflcctit beyont the .01 level.

other t1zn Wave VI-P. The eArn. applied to the transmission time data, Ath

the exction that the deviation observed for Wave VI-P van significant

at the .01 lovel. For the half-period and peak-to-peek amplitude data,

there wigo no evidence that the dietributions of either of these measures

di~fercd significantly from equivalent Gausuian distributions for any of

the six brainstan waves. In affect, for only wave coopment VI-?, and

for only the latency and transmission tiw* meavurements associated with this

componerst, is there any statistical evidence to imply a uon-CauselaU distri-

bution of the usasurement data. Thornton (36) also reported finding no

evidence for significant departure from normality for 'both his atency and

armlitud dat&..

Baccuse of the lower n associated with these measurements at stisilus

level* t;•ow 80 dS SL, the same Kolwogorov-Sairnov one-sample test
of goodit.,oz-of-fit was applied to only the predominant 4aeal i.*,, gave

III and V, at tha 40 and 60 dB SL stioulus levels. Again, no evidence could

be found for any of the four measurements made on the negative and positive

componerto of these two waves that would indicate a non-Osussian distribution

at tho•, lowar stimulus levels.

Thc rsam goodness-of-fit test was also applied to the 80 dD IL contra-

lateral =asuresont data listed in Tables DI through lyV. In this cove,
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no evid:o oa wan found to indicate that tho distributions of any of the four
zzzurzýýt aswciated with any of the twelve wave conponents differed
aignificzntly fron equivalent Gaussian distributions. 1It should be noted,
ho-,'r. •that becauso of the relatively low incidence of Wave I-N in the
contralrtzýral recordings (identified in only 13 of the 70 ears at this
ctimulun leval), the Kolmogorov-Smirnov test for the transmission time
cosaure•.to vao based on a relatively low n.]

LEFTIRIC":,',l MR DIFTEEES

To dormina if any differences existed in the Ipsllateral responses
of thQ Inft and right eara of this young population, a matched-pair Student
t-tett w: applied to each of the four mnsaureant variables for each of
ihe indv1idual wave cmoponente at the 80 dB SL stIvlus level. The results
of thin :ct, based on a cocparison of the difoerencae between the left- and
right-ez! responses of sach of the 35 subjecte are pTroented in Table 11.
The tab!Q lists the left--ear mean, the right-ear seen, the linear correla-
tion cat2ficient between the two measurements, the watched-pair Student r-
atatitic-, and the number of data pairs involved in the calculation for each
of thi Azdivldual brainatem wave components. A probability level of .01 or
less vac calected to establish the aitiimm statistical significance required
to defri a difference. This relatively stringent criterion was selected in
the intcrest of identifying real differences at the epense of overlooking
true, but borderline differences between the ears.

Exa~iration of the t-statiatic, identified as "j-uaana," in Table II
for each brainatea wave component and for each measurement variable indicat~o
that thc.e ware no significant differences between the neans for the left-
and rig;z-oar responses for this vubject group. Salters and brackman (23)
have invatigated the potential of using Wave V latency differences between
the tuo cars to detect acoustic tumors. The majority of their normal sub-
jects hz Wave V interaural latency differences between 0 and 0.1 tlli-
second in reaponse to 120 dB peak equivalent Lp click stimuli (83 d NOL)
preaentel at a 20-Us repetition rate. Interaural latency differ-uces
greater than 0.2 millisecond were considered to be suapect with the sies of
the turzr related to the magnitude of the differmnce. As indicated in

Table 11, the differences in our study between the man latencies for the

tuo earitmre extremely small for all twelve wave components. lor Uave V-N,

the latcncy difference between the means was less than 0.02 mIlliseconde
for thic celect normal population; the maximm left/right difference observed

within thu population was 0.24 millisecond. ?or the aIv and ositive
compone of Waves I through Vl, the standard deviations of the left/right

latency differences vere 0.11, 0.11; 0.08, 0.15; 0.10, 0.121 0.04, 0.12;

0.12, 0.26; and 0.28, 0.58 millisecond respectively. For this population,

g Wave V-N interaural latency difference of 0.23 millisecond (mean difference

pluv and minus 2 standard deviations) would incorporate the rosponses of

all 35 cabjects. The standard deviation of the Wave V-N interaural differ-

ence fo•" the 80 dB SL contralateral recordings was approximately the same

(0.11 .alllsecond) au that of the ipsilateral differences.
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Th matched-pair Student 1-test was also utilised to compare tha indi-
vfWual brainstom wave m*asure-ents of the simultaneously recorded ipnilAt4or
4:7- contralateral responses. The results of this comparison are precanted
in Tablo II1, which utilizee a format identical to that of Table 11. Each
='zchad-pair data set Involves the comparison of the ipsilateril mean
rc~onc to the contralateral mean response of the same ear for a given
v:•Jact. no loft aud right ear responses of the 35 subjects to 80 dE SL
stimulation were treated as separate responsem, resulting in a total of
70 ezrs. In Table I11, negative values for the t statistic indicate that
ti_. c, anitude of the ipailateral response mean is lose than the magnitude
of the related contralateral response mean. Referring first to the latency
dzto of Table III, it may be seen that statistically ts.gnificant differenceo
ci:lat btotsesn the ipailateral and contralateral latencies. In theo ipsi-
1.torsl recordings, Wavo Coeponents I-P, I1-1, Il-P, and V- i significantly
prqttda the corresponding components in the contralateral recordings. Con-
vzc=--y, both components of the ipsilateral Wave III An the eorresponding
cz:zonento of the contralateral recordings. Those dfferences are signi-
ft.-it to the .001 level or bette7. The latency correlation coefficients
cL.-m in Table III indicate that there was no significant relationship
bc:z.en tha ipailateral and contralateral responses for Wave cowponent
1-11 and Wavo VI. All other wave components were correlated to the .001 or
tbcter significance level, with the exemption of Ware I-P vhich had a
eifMficance level of .01 or better.

The latency differences between the ipsilateral and contralateral
rcoponsns just mentioned are obWiously of small magnitude. for example,

2:a mean latency data for Wave V-N indicate that the ipsilateral response
f,, this subject group preceded the correspondiog contralateral response
by only 0.12 millisecond. Although of sall magnitude, the difference was
found to be present in over 82 percent of the subject records. That is,
of the 70 ears examined, the ipsilaterally recorded Wave V-il preceded it.
ccntralateral counterpart in 58 cases, equaled it in 7 caOss, and logged
bchind it in only 5 cases. llxamination of the basic latency data for
Wzv:e III-? on an individual subject basis showed an even more pronouncsd
pattern. Of the 64 ears which produced an Identifiable Wave 1lU-P, the
ccntralateral response preceded the ipsilateral response in 59 tases,
sc~ualed the ipailateral response in 3 cases, and preceded the response in
only 2 cases.

Figure 12 is presented to further illustrate the real nature of these
ipailateral and contralateral latency differences. At the left in the
figure, brainstem responses produced by 80 dB SL click stimulation of the
1cit ear are plotted for five different subjects. For each subject the
ccntralateral response is superimposed in a dotted patters on the solid-
line ipsilateral response. The records at the rtight pertain to the corres-

ponding responses of the eame subjects produced under right-ear atimulue
ccnditions. For thd subject record shown at the top, identified as Subject

8-21. both couponents of the contralateral Wave III clearly precede the
ip•i1ateral Wave II! for both left-tnd right-ear stimulation. The contra-

Icteral Vnvo V-N only slightly lags its ipailastral coonterpart. The right-
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cr c1"mua record for this subject best illu•trateo the SenuraX trend
fo: thn Ipsilateral'.y recordcd l•ave 11 to precede the s5w contralateral
v=. Tbc r=nAiin•3 subject records illustrate variations on tho sam-0
cn-:,,1 points, including the virtual absence of' Wave 1-W in the contra-

l-tz*,3l record.nas.

differences in the ipsilateral and contralatlral reecho for
di± C.-nt brainatem waves quantitatively reflect the latency ulfferancei

. y ?ictor at al. (18) vWn comparing vortex-ipsilateral msetoid
reco:ina to various other electrode configurations, ThM findings alco

aoi')rt in pnrt the work of Zerlin mad Naunton (12) who described the
dola7 of Vav. iL1 in the ipuilateral recordings and considered that this
f.• wc eported the findings of Duchwald and MHums (3) in cat that

1,w- III is gSaerated at the superior olivary complex. Their finding that
•Wa:.-o IV and V occurred simultaneously in the ipallateral and contralateral
reco-Uins vas validated for only Wave IV in the present study. The delay
of .: r V-11 fod in the contralateral recordings, though small, was found
to t, otatistically significant for the population of our study.

2't this point, it is difficult to develop an argument that com of
thnz,ý wave latency differencas in our study aroma from the configuration
of C:a bzainaten messurent system. That is, when the left ear was being
otiz-.ilated, one recording chaonl measured the potential difference between
thb1 iartex imd left ear sastoid (identified as the ipsilateral response)

d '.ht othar charnel manured the potential difference between the vertex
and :titht car mastoid (identf.&ied as the coutraleteral response). To
etiz=ilata tha right er, the same headset w" moved to the right ear and
tho 2atordifl chanls left umchanged, Air-conducted acoustic click cross-
ov." vas muinimized by the ear plug and dummy headset used on the contra-
Ist ,1 ear. lone-conducted acoustic crossover vould be present but at a
mininIgl level. 7hus the ipsilateral charmel for left-ear stimulation became
the contralateral channel for right-ear stimulation. A related point in-
vol%-ŽiA the rymmtry of the surface electrodes relative to the two recording
ch•z:• .. If a nonsy metrical (automical or electrical) placement of the
eleszrodos u.ere utilized, then it might be possible to attribute the ifpai-
latce'al/contralataral differences to this factor. Moeve•r, this to difficult
to rzConclle in that the two simultaneously recorded brainstem responses
varo rccorded between ech mastoid and the vertex with a forehead electrode
eerv2ng as the ground- Although the forehead electrode cannot at all be

con-idareod as an indifferent reference, it is difficult to postulate that
thie factor could account for both the 2M4 of Waves I-P, UI-N, 11-P, and

V-p nM the ln of Wave III in the ipsilateral recordings as compared to

tho contralateral recordings regardless of the ear stimulated. At thOL

poL r, it is considered sufficient to present these findings for further

v•ljction with the hope that a neurolo Wcal explanation can be postulated

in ti-4 future. The findings certainly raime questions relative to the
conclugions of Van Olphen, Rodenburg, and Vervey (38) that no electrode
positions can be found to identify differences in response to ipsilateral
and contraiatoral stimulation.

Lurthar Insight into the nature of these differences is afforded by th

tranz-tission time data presented in Table I1. AgaIn, the contralateral



V 1:'; III r"ponza is shorter than the trana•g3gion time of the ipulleteral
r~ ~ )twavavr, 0Ae only bartaqet., 1"O In tht islt tot rcrdig,

'c•i h:ý , a significantly shorter tron•mesion tiame thon its contralateral
r- -tipnrt is IOavv III-ff. It should be noted that #Luce the memanue~nt, ofS:!- c-oic n tiza depa-d on the existence of Wave I-N, and since Havw 1-0

-a lov incidence in the contraelteral record Lp, the t-test Itstittico
fzs: thdo uzzro are derived from relatively few data points. The half-

•e:i• data of Table III Indicate that the durations of Waves It and III arc
C-4_tetr in the ip•llataral recordings. The converse is trie for Wave TV.
Fo2 tha p -to-peak aa*lituda cc"risocs, .he ipsilateral responese were
c1,4i_1ccntly gr•eater for Waves I, Il Ill, ad V. As with the half-period
c:;h he-vzr, the Wave IV amplitude was greatest in the contralateral

ri•. IReferring to Figure 7, it In apparent that the incidence of
•"; IV vwa also greatest in the contralateral recordinge. It wae a penarl

L-zrrvativ that if a slight notch or dip was detected in the cegative slops
crotinG Wave V-N in the ipsiJLteral recordings for a given subject, thb'n

CtaD me subject would generally hae" a roponiaable Move IV tn the contra-
laziral rteordin.. This olservatcin is typified by the We IV re ne
of Subject 8-7 in ?Lure 12. Whenever Wave IV weo clearly present in the
itz•lateral recordinla, it was g8srally present and of larger manittude
in the contralateral rGCordin .

WXIY3To4 WAVE C=W"71T14 HATRIC198

To pin come possible insight into relationships existing among the
Ini.vidual brainaten wavae, both within and across the four brainstam
vý:zurarnt peraaetere, an extensive series of correlation matrices vws
ca•tructed and tabulated in Appmedices C through F. Theme matrices, based
upc, the Pearsom product-wtowt coefficient of conrrlation, are intened to
prciAde normative baseline relationships for this young population which
can be co:pared to corresponding data to be collected in the future for
oldlr populatina. TZi data used in the calculations are based on the
raz;,ces of the entire subject group to the 80 dU SL stinalus level. Each
eclc:t of the correlation matrix lists both the coefficient of correlation
wd the number of data pair. utilised to calculate the coefficient. When-
evc-: the number of data pairs ws leas then five, the correlation coefficient
% not calculated. The unity-value principal diagonal coefficient 1s listed,
wbsn appropriate, to indicate the number of data values available for each
vwz-ýforz Usasnurarmet.

Tho correlation matrices presented In Tables C I t'irough C IV describe
t1• intracorrelatione between the ipsilaterally recoried taainsteft waves
for the latency, trastmission time, half-period, anJ peak-to-peak amplitude

z.ur ents, respectively. The matrices in App3adix D are also based on
tvto ipuilatersl brainsten data but provide intercorrolations between the
difierent mcaurmaents for each of the Individual Wves; for axaple, Table
D I dascribee the correlations between the Latency and transmis~ion time
nx-suraento, Tablu D 1I pertains to the correlations between the latency
arid h,2lf-pariod measuremnmts, at cetera. Appendix I, also based upon the
ipa.lateral data, contalne matrices that describe the correlations between
at!'irevent data derived from left-ear stimulation and correspondinS data
derived from riaht-ear stimilation for all four oC the braitntem wasuroment
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P4T tcO. In Appandix F, matrices are presented that describe the corrQ-
latl.a., ht•.an tho ipailateral and contralateral resaonses for each of the

~ztpanraatars.

cuth ors reeonI.t that the extensive analysis or Interpretation of
tl:: eor•eltion netrices at this phase of the project it far beyond the
irt::.•2 acop of the promet papor. inces little is known at tht present
ti- bviut correlations that may or mhculd exist between and across the
brzai:'lz wravoa md thair different measurement parameters, it is felt that
thn, .--trix data will be of value primarily as reference material for future
boL,-tr icietitationo. In this light, only a few cursory coments will
be rc:A relative to the correlation data presented in the appendices, with

-- n:s placcd primarily on the trend or direction rather than the actual
/.tde of LbM coefficients.

Vi•rat reference illi be made to Table C I which tabulates the covre-
latis:m botvcn the twolve brainsten wave latency measures derived from the
ipa.itaral recordings made at 80 dB SL. It is emphasised that for a given
brnaintem wvv component, the minum wmber of latency maawroments avtlableb
for correlation with another wave ccuponane Is signified by the number be-
rwatl the unity-valus Correlation coefficient listed for the given component.
Az d-:=oted by the asterisk alabols in Table C 11, there wor thirteen corre-
laticrA bttween the brainatem wave latencies that vere significant to the
.001 level or "reater, and sevn that were significant to only the .01 level.
A 1i*.•t observation is that for all six brainatme waves, the latency of the
pomitiva terminating peak of a tve was always significantly correlated with
its 1raceding negativc - l' component; i.e., significant correlations existed
betu-cn thA latency of .- P and the latency of I-H, between It-P and 11-N,
etc., through VI-? and VI-N. Furthermore, the early waves were linked such
that ths latency of the initial negative peak of a given wave was 0)rrelated
(significmntly) with the latency of the positive peak of the immedtately
prer-ding wave; i.e., Wave 11- was correlated with Wave I-? and Wave llI-N
with We" II-P. In the case of Wave Ill, the positive component was corre-
latc•d with all precedint wave components, amd the negative componset with all
but thb activating Vl1lth uerve potential represented by Wave I-N. The
princiipl brainstra wave Camponet, Wave V-I, was found to bp eorrelated
with the latency of both components of VWe III and the poreitive Coomotet
of Wive II. A point significant to the uMe of the latency of WIavo V 8s a
weaar.e of audionstric threshold is that this wave was not correlated with
the latency of Wave I-N (the equivalent of the P1 potential of electrococh-
ao•:aphy). ThornMou (reference 36-Table I11) also found no correlation

betvcn the latencies of these two wavrs (his NI and PA) based upon 80 dB SL
stiz-il and six subjects. However, he did find significant correlations
prarxc-t under his 60, 70, and 90 dB SL stiaulus conditions. 4o significant
lateczy correlations were found for Waves IV or VI other than botween their
nmeative and positiva peak latencies. The actual magnitude of the correla-
t'on: •er•nd to be significant was greatest, in general, for the correlations
thazt axzited between the positive and negative components of a given wave.

i.ioc correlation matrix for the brainstem transmdssion tiiw variable is
prczntad in Table C It. In this matrix, there were fourteen correlations
oign.ficant to the .001 level and ive significant to only the .01 level.



coz: c:•o.&ica ralAticnhrips tollosmd, in seneral, those present with tha

latency enta. It should be noted that since the transmission time of a given

vn cor.n' t usas the latency of gave I-l as the zero me•sure snt reference,
04a colc-:a laboled as I-N in this table corresponds to the corralation be-
CVMCn tVCL i of Ave 1-1 and the transmiusion time of the Individual
b ra zsz) wayes listed in row order below. A &eoral conclusion to be pinad

frc tL column is that although the latency of Wave I-N is significantly
correlav.-A vith the tra-undsioc tim of only Wave components I-, 11-P,

r zn-u, the orrTation coefficient is In the nagative snser for all

clevz folLovin components. That is, an increase ,f the latency of Waev I-I4

tend• to datreasm the transmission time of the follovLnS waves. In the caso
c the t•z-z ion time of Uave V-f, significant correlatiou existed with

Vaoa aI- n d both coa•onents of Wave III.

For 11,%s Table C IlI half-period correlation matrix, the only correlation
foud al.rAficant was between the measurements for Waves I and II. This

corrolztlon, in tto ue~ati'v direction, ,ould indicate that an increase In

th di-rs 1 of Wave I is reflected by a decrease in the period or duration

of Wava Zi!. The correlations be~tsn Wave I ad the remaining wa•es, though
r~ot statz3tically significant, reflect the same negative trend. For the

Table C IV peak-to-peak amplitude matrix, no significant correlations ware

datected oxcpt betwmen Waves III and V1 i.e., a large w1e" III is generally
followad by a large Wav V. Thornton (reference 36-Table IV) also found
ralativu~y few significant correlations across the response amplitudes for

the indIidual ways .

To azzist in the interpretation of the correlations that Vext across
the fou? bra5 cten response masuremsnt permeters and between the individual

bralnst.2 waves, the data present in the principal diagocals of the six inter-
correl•tion matrices presented in Appendix D hae" been extracted and tabulated

in Table IV. Theso extracted data describe, for each individual wave or wave

cospoent•, the correlations that exist between all possible pairs of the four

brainatem measur0ent parameters. As before, these data are base upon ipsi-

lateral recordings made at the 80 dB IL stinulus level, The latency versus

tra•emisnion tine data of lable IV indicate that these assurwAnts were

OiSnificzntly correlaced to a relatively high degree in the positive dIrec-

tion for all of the brainatem wave cOmpoNects. That is, am increase in
late=y waz generally accompanied by an increase in transmission time for

each wava. The nagnitude of the correlatios coefficients was Uteatast for
the suboequent waves; i.e., Waves IV through VI. As shown by the comlete

amtrix in Table D 1, the significant correletions that are presont between

these twv mesurenent parameters fall near the principal disaonal with only

few e&=cpions. Generally, the two measurem ts were significantly corTr-

lated for both components of a given wave. The transmission time of Uove V-N

was eig.ufiantly correlated with the latency of Wave III as wall as its owm

latency. This table also reflects the negative anse of the correlations
b.tween c:2o latency of Wave I-M and the transuission time of the folloving

TbO latency versus half-period data of Table IV indicate that significant

correlat's-.s between these two measures were present for the negative and

povitiva components of agve 1, the negative component of Wave 1I, and the
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P30itivc coMPan~nte of Wavae 11I, V, and VT. The correlations for Wave I-N
ci•d II-N ware in the negative direction, indicating a decrease in the dura-
eConi of the waves with an Increase in wave latency. The positive mense if
t:. correlations observed for the other wave components implies an increaga
o* wravv period or duration with an increase in latency. Ufxuinstion of tho
cx=plete =trix in Table D I1 indicates that no significant correlations
:ziet outaide of those along the principal diagonal.

In tho case of the latency versus peak-to-peak amplitude date of Tab1l IV,
c:-1nificant correlations were achieved only for the conponents of Wave V.
"7,ý negative twig* of these two correlations indicates that a decrease in
L::'plitudo is generally accompanied by an increase in latency for Vave V.

Tiornton (refrerce 33-Table IV) showed significant negative correlations
for Wave N4 (our V-N) as well as Uave N5 (our VI-N) using 80 dl SL stimuli.
L•zaver, at 70 and 90 dB SL, only Wave III was found to be significantly
cc-rolated in the "ame negative direction. The complete matrix in Table D-I11C.!'-,z-:z that thQ: , ly other significant correlations present involved the

ncy of Wave V and the peak-to-pak amplitude of gave 111. These corro-
!=-,ion coefficeints too were astgative, implying that an increase of the
LL.ve ITT ampliltude results In the shortening of the Wave V latency.

Thu tranuidasion time verus half-period data of Table IV show sainift-
c.t correlations for only the positive components of Waves Il, V, and VI.Foz thbea component., the coefficients signify an increase of transmission
t!= with an increase of wave duration. As Indicated by the complete matrix
ir; Table D IV, few significant correlations existed across the brainsetm
%,,:vv for tiese two measurements. Most predoninant were the correlations
bctoen Lhe period of Wave I and the early braitntem wave components. Thetm'insmission times of both components of Wave It and the negative component
of Wave Ill were significantly correlated in the positive dire.:tLon with thz
hzlf-period or duration of Wave I. That is, an increase in tho duration of• I tends to Increase the transmission time of these following waves.
Hcrtaver, significant correlations between the half-period of Wae I and the
lter waves did not result. It should be noted that the unity-valued corre-
lcIron coefficient associated with the half-period of Wave I and the trans-umIsion time of Wave I-P is not significant in the true saese because thetransmission time of Wave I-P is, by definition, the half-period of Wave I.

Few significant correlations existed between the transmission time sad
pcak-to-peak amplitude data of Table IV. For only Wave V was there any
rclta.onship, and this occurred in the negative direction as did the latency
veo'ua peak-to-peak amplitude correlations fo" this wave. The complete
zterix tabulated in Table D V also indicates a negative correlation between
tho transmission time of Wave V and the peak-to-peak amplitude of Wave IIl
which, again, was reflected in tho latency versus peak-to-peak amplitude
co:roletlions.

As may be gained from an examination of Table D VI, the only sitiftcant
covProlations pretmnt botween the half-perlod and peak-to-peak mplituds data
vaze those present along the principal diagonal ts listed in Table IV. That
ito significant correlations between these two measuremnts occurred for
Waova II, IV and VI. These correlations, in the positive direction, Imply



thc• an increaeo in duratlon of theme waves In generally accowpanied by an
ia,cranea in amplitude.

eablo V is idantictl to Table IV, vith the exception that tUA inter-

corzclationo listed pertain to the contralateral responces produced by tho

00 dD SL stimulus level. (The complete correlation matricas from which

tz principal diagonal coMpouents were extracted .nr tnt incorporated into

tho roport.) Since the transmission tim mnasurement requires the smasure-

=nt of tho latency of Wave 1-9, and since the incidence of this wave was

rolctively low in the contralataral recordings, the number of data values

avol.lable for correlation of thia measurement parameter with th2 other parn-

ztczo is relatively low. The vast majority of tho correlations found to
ba zettistically significant center en the latency versus transmission time

an6 latency versus half-period measurement pairs. ?or the latency versus

tron:;mission tinc data, the waves that were found to ba significaut.y corse-

ltc] in the corresponding Table IV ipsilateral data, with tho exception of

Wzvc 11 and the negative component of Wave III, were found to be signifi-

cantly correlated in the contralateral data. Vith the exception of Wave 11,
to u= relationahip existed for the latency versus half-period correlationo.

ThL, only oth.,r correlation found to be statistically significant in the

rQ .itnh ineaoureuent-peire of Table V involved the positive correlation

bctcaan tho half-period and peak-to-peak amplitude of Wave IV. The lack of

significant coarelations between the contraluteral latency and amplitude

datc of our study for any of the brainstem waves is contrary to the findings

of Thiornten (reference 35-Table IV) who identified sevaral waves with uigni-
fient correlations in the negative direction.

Xn the previous section, differences between the means of the ipsilateral

braelactom rnwure. derived from left and right sat stimulation were prosented

Anld dicusned. In Appondix 9, correlation matrices are presented that describe

thio rolationchips that existed between and m•ong tho different ipsilateral

brainc•nc wavve separately produced by left-and right-ear stimulation for

ealch of the four brainstem rwaeurhfleft parameters. The principal diagonals

from rtheso Appendix I matrices have been extracted and listed in Table VI.

Tho lateticy correlation rAtrix presented in Table I I indicates that the

majoeity of the significant correlations occurred slona the principal diag-

one! As indicated in Table VI, tiese correlations were all in the positive

sanci8 i.e., when the latency of a given ipsilateral wave produced by left-

ear atimulation was relatively long, the latency of the corresposding weve

produced by right-our stimulation would also be relatively long. 7ho laten-

ciec of the negative components of all following waves, with the exception of

Iiw vi, vero all significantly correlated. For the positive compenants,

uigrlficant correlations between the ears were observed for only Waves I and

Tit. it should be noted that the latency of Wave I-N was not correlated

acroos cars. Although this special subject group probably had a much batter

"th tchod-oet" of ears than a group drawn from an unselected population of

the oetm age ranse, this lack of correlation for Wave I-W probably rtflects

tho independence of the sensitivities of the tvo ears for a givten subject.

tin the case of the transnmision time neasurements, it would be expacted

that correlations should exist between those left- alki right-ear brainstom
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wavCj that evolve from sme common neural pathway or transmisuion route.

Mth is, the correlation* should increase for the breinstea waves mest

re~zo from their Wave I-N peripheral orTiin. As indicated by the Table E VI

tran'zaiesion time correlation matrix, significant correlations did not arise

until Wave III. The principal diagonal of Table B II, listed in Table VI,

sha sh that the transmission times of only Waves 111-N, IlI-P, and V-N vere

inte-rcorrolated across ears. Table I II also indicates the presence of an

uzccted unidirectional correlation between the tranhmission times of

UWavc3 III end V-N. That is, the traurniesion time of Wave V-N as produced

by right-tar stimulation was significantly correlated with the transmission

ti=o of Waves i11-9 and III-P as produced by left-ear stimulation. The eon-

verca, however, was not true even though the number of data paire used in

the two sets of calculations wea approximately the same. If this differenco

is riot due to random statistical error, then no explanation can be offered

for the observation at this time.

In the case of the Table Z III half-perio4 correlation matrix, no signi-

ficzt left/right ear correlations ware observed between or among the six

brainstsn waves. For the peak-to-peak amplitude data presented in Table K IV,

sigificant correlations between the left and right ears along the principal

diagmal were found for Waves I, III end V. Unidirectional correlations

were also present between the Amplitude of the left-tar Vave III and the

r-igh-ear Wave 1; and the left-ear Wave V and the right-ear Wave 1l1.

In a previous section of this report, data were presented that identified

statiatically significant differences between the means of the ipsilateral

*nd contralateral brainstou measuremnts for certain of the wave components.

The correlation matrices presented in Appendix I are intended to identify

statistically significant relationships that may have existed between the

sam. ipailateral and contralatorall brainstes measurements. As before, the

principal diagonal of each matrix in Appendix I has been extracted and

sepc8atsiy listed in Table VII. The ipsilataral data set derives from com-

bining the ipsilateral reeponsa produced by both left and right ear stimu-

lation. The "me applied to the contralateral data set.

A cursory examination of the Appendix V correlation matrices will show

that the najority of the significent correlations observed between the ipsi-

latcral and contralatoral responses occurred within the Table I I latency

matrix. As indicated in Table VII, the ipnilataral and contralateral latency

meacurementa were signific.fntly correlated for all braiuatm wdVes, vith the

exceptions of I-N and both omponents of Wave VI. The level of the signifi-

cant correlations present in the latency matrix was, in general, greatest

along the principal diagonal. inspection of the ips.laterai wave components

listed in row order in Table I I shows that the latenciss of both comPonents

of Waves II and III were significantly correlated with the latencies of

asmwt all of the contralateral waves covering the Wave I-P thfough V-N

range. The converse sttemeant, via,. that both componentl of the contra-

latoral Waves 11 and III were significantly correlated with the ipoilaterel

wavea ranging from Wave I-P through V-N, is not truet In effect, unidirec-

ciolml correlations are present. usxination of the ,ymemtry of the signifi-

cant c.orrolations within the matrix indicated that for Waves II and III,

the correlations are bidirectional and extend btween the two waves. Tor
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eO:cz:lo, thO lateucy of the ipailateral Wave 111-M is significantly corre-
latA with the latency of the contralaterel Wave I-N, and the contreleteral

v 1• X!-H to sis •nificantly correlated with tb. ipa1ilateral WUve 11-N. Mhie
sy- try is not at all obmerved for Wave IV. The latency of the aelgtiva
c,=moeat of the contralatexal Wave IV is significantly correlated with the
latency of all ipailateral wave components ranging from I-1 through IV-?.
The name relationship exists for the contralateral Wave IV-? which is s8Mi-
ftc :ntly correlated with a11 ipsLlateral wave components ranging from I-?
throuah V-P. The converse is not true for the Latency of the ipellateral
Vaý IV components. For Wave V, the majority of the significant correlations
hxiý: the bidirectional c'aracteT of thonu identified with Waves 11 and 171.

•t cr, the contralateral Wave V-M is significantly correlated with both
co:zyrnants of ipailateral Waves U1 and 1II, while the Ipuilateral Wave V-M
is correlated with the contralateral. Wave HU, but not the contralaterel

It is poasible that the unidirectional nature of the Nave IV latency
cor-lations is due to statistical errors arising from the small n assmoi-
atc2 vith the contralateral data, particularly for the early waves. !f this
to not the case, one is confronted with the following obeervationst Wave IV
is premnt in both ipsilateral and contralateral recordinga, but its inci-
denca Is greater In the letter. The amplitude of Wave IV, when present, is
gSnirally greatest in the contralateral recordings. The latency of the
Initial negative coiponont of Wave IV observed in the ipsilateral recordinge
is highly correlated with the am component in the contralateral recoTdinge
as indicated in Table VII. Tho same applies to the pouitive component,
waev IV-P, with the degree of correlation even greater than that found 2or
IV-1. Lastly, the latency of the contralateral Wave IV was significantly
cor.-alated with almost all of the preceding ipsilateral wove components.
The latency of the maller magnitude ipsilateral Wave IV was only correlated
with its contralateral counterpart. in this respect, It memo that the con-
tralstaral 'Wave IV is more closely allied with the brainste events occurring
in the ipcilateral channel. The bidirectional correlations observed between
tha ipailateral and contralaterel recordings for Waves Kl 11I, and V would
itmpy that these waves are one and the same in both forsm of records. The
unidirectional nature of the correlations between the ipsilaterel and contre-
lateral Wove IV recordings would possibly imply that the observed waves are
not of the same origin.

The transmission tim correlation matrix presented in Table P 11 indi-
catc3 few significant correlations between the 1poslataral and contralateral
brainatem wave measurements. Again, because the transadesion time variable
req,,,Ares the presence of wave I-N, and because Wave I-N has low incidence
i, 4he contralateral recordinge, this matrix is based on relativtly mall n
vawlh. The rame form of unidirectional correlation response just described
for Wave IV is present for Wave V-N. In this case, the transmission time of
the ipsilateral Wave V-11 is significantly correlated with the transmission
ti=c• of contralateral Waves 11 and inI-P. As indicated in Table VII,
wave V-N is the only brainstem wave for which a significant transmission
tim correlation was obtained between the ipailateral and contralateral
racordings.
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6L--Itlarly. few significant correlations were obterved in the Table F IU
W/I-Priod correlation matrix. Agains, Wve V is the only brainstom wve" for

whieh a otmniftcant half-1eriod correlation was obtained between the ipei-
latez,1 and contralateral recordings. The only othot significant correlation
prcoz:.t in the half-period matrix involved the contralaterral Wave II and the
ipaiinteral Wave I. The negative men of this correlation implies that an
incresn, in the latency of the Ipsilateral Wave I generally results in a
sbort=in8 of the Interval between the peaks of the coutralateral Wave II.

In the case of the peak-to-peak wplitut• correlation matrix presented
In T*Is F IV, the only sixatficauit correlation that occurred along the
principal diagonal involved Wave 111. This correlation implies that Wave IIU
in tti only brainstem wave tkat consistently displays the same amplitude
roez;cna in both the ipsilateral and contralataral recordings. The amplitude
of t1• contvalateral Wave III was also correlated in the positive sense with
thz chlitudas of Waves I and V in the ipailateral recordings. In addition,
the cz1pituda of the ipilhateral Wave V was negatively correlated with the
acplitdo of the contralateral Wave 11.
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APPENDIX A

Statibotica wrmwy of Ipdldwcl rupsqwe amowrmin i mob Ow ea heIdvhl
kxolnwt evWke rwceu. way* coeqowfts. The di' we based upon 4OOO-.mnIh
tim~-amvedre~uwww ~of 70 anso 40, 60, =W 80OASL aoul cic~kutmulI
pnsonted d a21 Ha roetW rtlore.

A1. WdeoryMerwnt
A II . Trawmils" Time Mevuemnt
A Ill. Half-Period Mauee~
A IV.* IPeSCA-tom-Psd AM Awpytiude Me~rasurmreme



Table A I

S=Ac Wip11dt Letency Sqltillcs ftv the bnoWv1duol Srna tcm Wove Coipansvits as

Fvadlan of SkwIws Level

LATENC\ STATISTICS FOR IPSILATERAL RECORDINGS (M3Ilh*ocen)

WAVE 4>'-SL MEAN MEDIAN MIN MAX RANGE STD-DEV STD-ERI N-Nueawrl N-PwCt

I-N £0 1.33 1.33 1.05 1.56 .51 .09m .011 67 95.7

. 1.65 1.64 1.33 2.19 .86 .169 .026 44 62.9
40 2.36 2.42 1.34 2.01 .9A .309 .009 12 17.1

I-P £0 .1.97 1.95 1.60 2.30 .70 .132 .016 69 9".6
•0 2.13 2.13 1.87 2.50 .62 .166 .06 40 57.1
40 2.02 3.01 2.19 3.32 1.13 .391 .130 9 12.9

I1-N 20 2.30 2.50 2.23 2.31 .60 .142 .020 52 74.3

w 2.70 2.69 2.38 3.09 .70 .196 .034 34 40.6

40 2.93 NC NC NC NC NC NC 4 5.7

I1-P m 2.93 2.97 2.6Q 3.20 .s9 .133 .017 9 64.3
40 3.44 3.16 2.85 3.44 .59 .141 .A01 45 64.3
40 3.64 3.63 2.69 4.14 1.25 .415 .130 9 12.9

I1-N -:0 3.54 3.55 3.24 3.V7 .62 .133 .016 69 9".6

L0 3.71 3.79 3.36 4.18 .82 .179 .A34 57 61.4

40 4.54 4..7 3.71 5.12 1.41 .262 .0A0 27 31.6

Il-P e0 4.17 4.18 3.75 4.45 .70 .145 .018 66 94.3

W0 4.40 4.38 3.91 4.96 1.06 .1"7 .A7 53 75.7

40 5.17 5.19 4.02 5.90 1.67 .347 .063 30 42.9

IV-N 00 4.91 4.91 4.65 5.19 .55 .157 .033 22 31.4

60 5.02 5.06 4.57 5.35 .73 .244 ,08 13 16.6

40 5.79 NC NC NC NC NC NC 3 4.3

IV-P so 5.14 5.16 4.38 5.47 .59 .170 .037 21 30.0

60 5.25 5.27 5.00 5.55 .55 .179 .042 i1 25.7

40 5.99 NC NC NC NC NC NC 3 4.3

V-N •0 5.47 5.47 5.06 5.90 .X .170 .020 70 100.0

60 5.75 5.74 5.16 6.21 1.05 .216 .026 41 97.1

40 6.38 6.41 5.54 7.03 1.48 .234 .0-5 67 95.7

V-P 00 6.31 6.33 5.90 6.9 1.06 .241 .034 30 71.4

40 6.67 6.60 6.05 7.42 .37 .351 .056 39 58.7

40 7.49 7.54 6.17 6.06 1.21 .309 .075 27 36.6

VI-N 00 7.00 7.03 6.44 7.58 1.13 .325 .0 37 52.9

60 7.36 7.38 6.91 7.85 .94 .234 .044 29 40.0

40 8.19 8.16 7.62 1.9" 1.37 .343 .089 15 21.4

Vi-P 60 7.76 7.09 6.64 8.32 .68 .405 .059 48 41.6

60 6.21 8.28 7.30 9.10 1.72 .3"1 .061 36 51.4

40 8.46 8.59 7.62 6.91 1.29 .367 .102 13 18.6

NC - Nl:) Colcu kad, N < 5



rl'bo A II

1,c tlkildal Tr wml1oln Tim. Stealatlsc for the IndvIAoal kolstem Wave Cwoporwsl as a
Fvrw~t•t. of Sl•muu Lev"

TILANSMISSION TIME STATISTICS FOR IPSILATEIAL RECORDINOS (MIlhsewonA)

WAVZ d3-SL MEANAJ MEDIAN MIN MAX RANGE STD-DEV SID-ER N-Numerlc N-Pseomnt

I-P so .64 .63 .35 1.05 .70 .130 .016 66 9.
60 .55 .39 .27 .74 .47 .130 .023 33 41.1
40 .54 .55 .35 .66 .31 .112 .046 6 8.6
sl-N o0 1.17 1.17 .94 1.60 .66 .129 .010 5 72.9

60 1.07 1.05 .74 1.56 .82 .178 .034 28 40.0
40 .96 rIJ NC NC NC NC NC 2 2.9

11-P 80 1.60 1.60 1.25 1.84 .69 .:;)9 .016 59 W.9

60 1.51 1.62 1.25 1.04 . .. .326 32 45.7

40 1.34 1.33 1.05 1.60 .55 .212 .u% 5 7.1

III-N 80 2.24 2.27 1.87 2.50 .63 .140 .017 66 94.3

60 2.13 2.15 1.76 2.3 .63 .153 .024 39 55.7

40 2.10 2.11 1.84 2.50 .66 .213 .071 9 12.9

Ii;-p so 2.63 2.85 2.46 3.09 .63 .139 .018 63 90.0

60 2.73 2.69 2.31 3.01 .63 .144 .014 36 51.4

40 2.78 2.75 2.19 3.09 .90 .281 .009 10 14.3

IV-N t0 3.56 3.53 3.28 3.83 .55 .161 .034 22 31.4

60 3.27 3.23 2.97 3.51 .53 .210 .074 a 11.4

40 --- NC NC NC NC NC NC 0 0.0

IV-P 90 3.79 3.02 3.52 4.10 .59 .174 u0s8 21 30.0

60 3.56 3.59 3.20 3.83 .55 .2m .0an 12 17.1

40 --- NC NC NC NC NC NC 0 0.0

V-N s0 4.14 4.14 3.67 4.57 .90 .172 .021 67 95.7

60 4.05 4.02 3.55 4.65 1.09 .205 .031 44 62.9

40 3.60 3.71 3.44 4.30 .96 .293 .0W8 II 15.7

V-P 80 4.97 4.96 4.53 5.47 .94 .233 04 48 64.6

60 4.94 4.88 4.41 5.06 1.45 .328 .063 27 36.6

40 5.04 NC NC NC NC NC NC 4 5.7

V- N 80 5.67 5.68 5.06 6.17 1.09 .327 .054 36 $1.4

60 5.71 5.74 5.19 6.13 .94 .279 .064 19 27.1

40 5.52 5.58 5.35 5.59 .23 .10 .046 5 7.1

Vt-P 80 6.40 6.52 5.31 6.99 1 .68 .413 .061 45 64.3

60 6.53 6.62 5.59 7.15 1.56 .412 .014 24 34.3
40 6.34 NC NC NC NIC NC Hc 4 5,7

NC - NOI Colculoted, N - s

A-2



Tak A III

&-,ac lptilat.al Half-Pirod Statliic for tho Indiv rodu nalmstan Wove C.on~mponnts a a
function of Stiolmusu Laval

HALF-PERIOD srATISTlCS FOR IPSILAEAL RECORDINGS (MIII•econck)

WAVE di-SL MEAN MEDIAN MIN MAX RANGE STD-DEV ST D-ERR N-NmwIc N-Percma

w .64 .63 ,3 1-0.5 .70 .130 .016 66 94.3
60 .55 .59 .27 .74 .47 .130 .023 33 47.1
40 .54 .55 .35 .66 .31 .112 .046 6 8.6

1 dO .4,2 .39 .19 .63 .43 .095 .013 51 72.9
60 .43 .43 .23 .66 .43 .113 .020 32 45.7
,0 53 NC NC NC NC NC NC 4 5.7

III 80 .59 .59 .43 .A .39 .064 .010 66 94.3
60 .58 .57 .39 .82 .43 .101 .015 48 60.6
40 .59 .59 .31 .90 .59 .158 .035 20 2.6

IV 80 .24 .23 .16 .35 .20 .052 .011 21 30.0
60 .30 .27 .16 .70 .55 .149 .045 11 15.7
40 .29 NC NC NC NC NC NC 2 2.9

V eO .87 .82 .59 1.52 .94 .200 .029 50 71.4
60 .94 .90 .62 1.68 1.05 .235 .038 38 54.3
40 1.13 1.17 .66 1.49 .32 .217 .042 2? 38.6

VI so .64 .62 .19 1.21 1.01 .291 .055 28 40.0
60 .86 .94 .23 1.41 1.17 .318 .077 17 24.3
40 .81 NC NC NC NC NC NC 3 4.29

NC - Not Calculted, N < 5

A-3
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APPENDIX B

StatisticalsmI wnmy of contrataterol rapons measremnts for each of the Individual
brainstetn evoked response vwve compo ns. The d*a are based upon 4OO0-mn~Ie
t~me- verqed responmw of 70 eaua to 40, 60, and 80 cB SL acouticl click AImuI
prwaented at a 21 Hz repetitin rate.

B01. Latency Meawourmsts
* 11. Trumlualson Time Measureents
BlIll. Half-Period Meammmemnts
8 IV. Peak-to-Peak Amplitude Meaurm entsi 0-



table 0 1

Sot.c Conholoterol Latency Statilics for the Individual Irainstem Wave Components 06 o Function

of Stimulus Level

LATENCY STATISTICS FOR CONT/ '.ATERAL RECORDINGS 041I1WA.A)

WAVE 4-SL MEAN MEDIAN MIN MAX RANGE STD-DEV STD-WR N-NumorIc N-Porcent

(-N s0 1.41 1.41 1.25 1.56 .31 .101 .028 13 18.6
60 1.68 NC NC NC NC NC NC 3 4.3

40 2.24 2.13 1.91 2.85 .94 .367 .150 6 8.6
I-P 80 2.06 2.07 1.72 2.30 .59 .131 .017 57 81.4

60 2.25 2.25 1.91 2.69 .78 .182 .036 26 37.1

40 2.86 2.85 2.27 3.36 1.09 .347 .105 11 15.7
fl-N 60 2.66 2.66 2.42 2.89 .47 .119 .021 33 47.1

60 2.81 2.79 2.50 3.09 .59 .176 .044 16 22.9
40 3.41 NC NC NC NC NC NC 3 4.3

Il-P 80 3.05 3.05 2.81 3.40 .58 .131 .023 34 48.6

60 3.17 3.16 2.85 3.59 .74 .169 .036 22 31.4

40 3.70 3.81 3.12 4.14 1.02 .416 .170 6 8.6
I11-N 80 3.47 3.48 3.16 3.67 .70 .146 .021 47 67.1

60 3.70 3.71 3.32 4.53 1.21 .223 .036 38 54.3
40 4.53 4.59 4.29 4.73 .43 .179 .063 8 11.4

IlI-P s0 3.40 3.96 3,71 4.45 .74 .141 .017 67 95.7

60 4.23 4.22 3.79 4.84 1.05 .207 .028 55 78.6

40 5.04 5.04 4.61 5.55 .94 .200 .037 32 45.7

IV-N 60 4.83 4.84 4.53 5.19 .66 .159 .025 40 57.1

60 5.01 5.02 4.73 5.43 .70 .163 .033 24 34.3

40 5.92 5.88 5.59 6.48 .90 .264 .063 10 14.3

IV-P 80 5.12 5.12 4.73 5.47 .74 .175 .020 40 57.1

60 5.33 5.35 4.92 5.70 .78 .206 .038 30 42.9

40 6.05 6.03 5.12 6.72 1.60 .400 .116 12 17.1

V-N 00 5.58 5.59 5.19 5.90 .70 .172 .021 69 96.6

60 5.83 5.86 5.39 6.29 .90 .205 .025 69 96.6

40 6.40 6.44 5.74 7.38 1.64 .303 .009 62 W6.6

V-P 80 t.33 6.33 5.94 7.58 1.64 .291 .045 42 60.0
60 6.79 6.72 6.21 8.00 1.79 .351 .056 39 55.7
40 7.58 7.60 6.76 8.28 1.52 .368 .069 23 40.0

Vt-N 80 7.06 7.07 6.33 0.40 2.15 .436 .000 30 42.8

60 7.30 7.30 6.44 0.48 2.03 .374 .073 26 37.1

40 6.01 8.03 7.11 8.51 1.41 .347 .093 14 20.0

Vt-P 60 7.71 7.77 6.72 9.02 2.30 .528 ,091 34 48.6

60 8.16 0.22 6.99 9.14 2.15 .596 .106 32 45,7

40 8.52 8.67 7.07 9.14 2.07 .559 .161 1 17A1

NC o Not Calculated, N < 5

*1,-



Tables II

£ijc Conmraltoerl Trrwnlfulan Time Sltalistic for the InivIdual kelnstem Wave
Compa oes *ae Function of Stiawulut Level

TLA NSMISSION TIME STATISTICS FOR CONTRAIATERAL RECORDINGS (MUIIIs•.o*.)

WAVE cC-SL MEAN MEDIAN MIN MAX RAINGE STD-DEV 5TD-DEV N-Numeric N-Percent

I-P £0 .58 .59 .39 .70 .31 .068 .024 13 10.6

60 .63 NC NC NC NC NC NC I 1.4

40 .49 NC NC NC NC NC NC 4 5.7

Il-N CLO 1.27 1.25 1.13 1.41 .27 .101 .032 10 14.3

t0 1.05 NC NC NC NC NC NC 3 4.3

40 NC NC NC NC NC NC NC 0 0

I 0-P to 1.374 .31 NC .0N9 11 15.7
6 1.37 NC NC NC NC NC NC 2 2.9

40 1.50 NC NC NC NC NC NC 3 4.3

I1l-N EO 2.04 2.03 I1.8 2.23 .35 .100 .034 10 14.3

t0 1.87 NC NC NC NC NC NC I 1.4

40 2.03 NC NC NC NC NC NC 2 2.9

Ill-P CO 2.55 2.50 2.38 2.77 .39 .128 .035 13 18.6

60 2.40 NC NC NC NC NC NC 2 2.9

<0 2.66 NC NC NC NC NC NC 4 5.7

IV-N E0 3.44 3.44 3.28 3.63 .35 .131 .044 9 12.9

C0 3.22 NC NC NC NC NC NC 2 2.9

40 3.63 NC NC NC NC NC NC 2 2.9

IV-P C,0 3.66 3.63 3.44 4.02 .59 .177 .059 9 12.9

do 3.46 tNC NC NC NC NC NC 2 2.9
40 3.09 NC NC NC NC NC NC 2 2.9

V-*N CO 4.10 4.10 3.75 4.37 .63 .167 .046 13 13.6

60 3.89 NC NC NC NC NC NC 3 4.3

40 4.19 4.*,. 3.75 4.61 .96 .343 .153 5 7.1

V-P to 4.84 4.84 4.41 5.19 .78 .227 .069 11 15.7
to 4.61 I'lK_ NC NC NC NC NC 1 1.4

40 5.39 NC NC NC NC NC NC 1 1.4

VI-N CO 5.23 5.12 4.08 5.70 .62 .32 .120 7 10.0

60 4.38 NC NC NC NC NC NC 2 2.9

40 5.65 NC NC NC NC NC NC 3 4.3

VI-P O ,5.89 5.02 s.39 6.n2 1.33 .51 .209 6 1.6

60 5.27 NC NC NC NC NC NC 2 2.9

40 6.12 NC NC NC NC NC NC 4 5.7

NC t No' Calculoted, N 5-

1-2



Table I III

Sesic Controlotera l Hotlf-Perld StatIutics for the IndlviA,.? kol~twro Wese
ae a Fnclon of Stlmuka Level

HALF-PERIOD STATISTICS FOR CONTP.ALATEIRAL R[CCtDiNG$ (Mlfllseconds)
WAVE d£-SL MEAN MEDIAN MIN MAX RANOE STD-DIV STD-Ekk N-Ntmaric N-Pe.cent

1 00 .5. .59 .39 .70 .31 .088 .024 13 18.6
60 .63 NC NC NC NC NC NC 1 1.4
40 .49 NC NC NC NC NC NC 4 5.7

II 80 .37 .39 .23 .51 .27 .070 .014 25 35.7
60 .34 .35 .16 .55 .39 .106 .030 13 18.6
40 .. 9 NC NC NC. NC NC NC 1 1.4

I11 80 .54 .55 .31 .78 .47 .096 .014 47 67.1
60 .51 .51 .31 .74 .43 .115 .020 34 46.6
40 .50 .49 .31 .74 .43 .163 .066 6 8.6

(V 60 .2e .27 .16 .43 .27 .067 .011 36 51.4
60 .30 .27 .19 .70 .51 .112 .024 22 31.4
40 .25 .23 .16 .35 .20 .059 .020 9 12.9

V 80 .78 .70 .51 2.03 1.52 .249 .038 42 60.0
60 .95 .86 .31 2.11 1.80 .200 .045 39 55.7
40 1,15 1.19 .59 1.68 1.09 .230 .044 23 40.0

VI 80 .74 .78 .23 1.29 1.05 .293 .071 17 24.3
60 .75 .74 .23 1.29 1.05 .300 .075 16 22.9
40 .84 NC NC NC NC NC NC 4 5.7

NC - Nd ColIleived, N < 5

P -1



rTwo a iv

k,=•: Contr~1e�tuigIP�'l•?l F• , A• Ap•IIude tistica fwr the Indivfhul Ikellmni
Weva Cmmpcntis 1 a Function of Slmuln Le"I

PJ-TO.PfAK AMPLITUOE SrATISTICS FOR CONTRALATERAL RICCRDlNG, jNanovolh)

WAV2 W --SL AWAEN MIWIAN MIN MA X RANGE STD-DwV STD-ERM N-Numwr(c N-Pwrcwi

s0 133 142 79 197 117 32.1 9.1 13 18.6
60 93 NC NC NC NC NC NC I 1.4
40 96 NC NC NC NC NC NC 4 5.7

so 59 65 10 110 100 21.8 5.6 25 35.7
40 43 43 14 76 63 16.0 4.4 13 18.6
40 70 NC NC NC NC NC NC I 1.4

so3 80 183 163 42 571 V16 ".8 14.4 47 67.1

60 117 114 37 269 231 44.9 8.4 34 48.6

40 74 77 46 93 48 19.2 7.9 6 8.6

P/ 80 47 37 6 129 123 34.7 5.6 36 51.4

60 30 19 3 V7 93 24.5 5.2 22 31.4

40 22 22 5 41 36 12.5 4.2 9 12.9

v so I57 349 71 00 509 109.9 17.0 42 60.0

60 303 315 103 479 376 96.3 15.4 39 55.7

40 311 303 147 525 378 103.5 19.6 20 40.0

vi 80 185 177 35 633 598 139.7 33.9 17 24.3

60 179 171 29 344 314 $4.3 22.1 16 22.9

40 145 NC INC NC N(. NC NC 4 5.7

,uC - Nl Ciaii*td, N <5



APPENDIX C

Ii;: ý rvcor-c~g behwn the Indvl&,uI bhra~nsm evoked rupon.. wwov copnmo
kdJHVrvtV Ips0twal rsqons. m- rmt. The dria are based upon 4000-smple

f3`.,-wa~f4 eqrmof 70 anto 80 dSL aouc cio ck Imull promfed cia

C a. L4.ncy vs. Latimy
C 11. TrmIguion Time vs. Traramjukon Tim.
C Ill. Hatf-Parlod vs. Holf-Parlod
C IV. Poak-to-Pedc Amplitude vs. Peakfo-?eak Amplitude
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AMMt~IX D

1'*w~rrm -'AWra between ciffww* 101alaIusl oma vow t! foram esdt oft
ký"dm blu Un reqwn vwr o~ompa i. The deft we based upon

Fm .*wit i~lu 21-tim rempEHionft q..

o 1. Lateny vs. Tmnowislo Time
o011. Latency vs. hasIfarlod
o111. Looteny vs. P.sk--Pook Amptuiohd.
D IV. Tswegmimhn Tim. v. Half-Pwhd
o V. TnmmvAfuan Tim, vs. Peak-toi-FokPdcamvMItu
o VI. H.IIfPUIrd vs. Peak-o-Faak Axpl"td
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APPENDIX E

in?. lorktions between the left ear ad rlg* ew Indyv9l" brainston evoWe
mr-:;rs wvG cCVIpOWIs for dlFfarwOk Wpdktel rsxv meauremw*v. The dlat
we bwed upon 4000-son~I. tkm.-aywWqd resivnas of 35 palm of ten to 80 dB SI
ocvcý'Jk click stitwil prusantod at a 21 Haz repetitIon rate.

E 1. Left Ear Lotency vs. RIigt Ecr Latency
E 11. Left bw Trunrra Do vs. No#~ Ear Transmison rime
E III. Loft Ear Half-Perlod vs. Rigt E&r HaIf-Pedlod
E IV. Left Ear P-P Amplitude vs. R1ght Em P-P AMphtud.
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APPE1DIX F

tmuc--!mitfon betwee the WIpslturl ea and contrltaleet eiat Ind~vidual brain-
An e,- **M raspcnn wow CaronWon ta r doffewwt response m wnet.The dota
*ixc-A upon 4000-sonviotimoau.vuered empons of 70 *onsto 60O& SL acoustic
Ick e~~1=1 pumeted at a 21 Ha repetkin r~e..

F 1. Wu EarLatency vs. Corftr Ea Latency
F iI. ipas Ear Trara~inks~n Tim. vs. Cantra Ear Trw*Wsdaon Time
F Ill. Wu Ear Ha!F-Paviod vs. Cantr Ear H*lF-Period
F IV. hxI Ear P-P ,Amplitude vs. Contra Ew P-P Amplitude,
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