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ABSTRACT

A Microprocessor based audiometer has been de-
signed to <carry out brain stem evoked response
(BSER) tests mainly in children. A CMOS Micropro-
cessor has been used to minimize Ehe power consump-

tion to enable the device to be run on batteries if

.required.

The Audiometer generates auditory stimuli, col-
lects E.E.G. signal response, averages either 1024,
2048 or 4096 responses and displays or prints the
result automatically. The stimuli can be generated
with a variety of polarities and with accurately

controlled amplitude and frequency.

Initial tests have been carried out on prema-
ture babies at the New Addenbrooke s

Hospital-Pediatric Dept. (Cambridge).

A statistical analysis has been made of the
correlation between averages of 32 responses against
either the high level 1024 point aQerage as the
reference pattern or using the average altered ac-
cording to stimulus level as the reference. The
purpose of this study was to tést for changes in
sensitivity between the two techniques wused as an
objective measure of detected response in the BSER

potentials.
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CHAPTER 1

BACKGROUND

1.1 Anatomy of the brainl

The central nervous system consists of the spi-
nal cord lying within the bony vertebral column and
its continuation, the brain, lying within the skull.
Within the CNS there exist nerve tracks that act
like communication links between the brain and spi-
nal cord allowing higher <centers in the brain to
control or modify the behavior of the elemental spi-
nal reflex arc at a given spinal level. Some tracks
are ascending (sensory) nerve, others descending
(motor). By means of such two way communication
links the brain is not only informed of a peripheral
event, but can modify the response of the spinal re-
flex to that environmental stimulus. Information is
transmitted to the brain by means of a frequency mo-
dulated train of nerve impulses that upon reaching
specific areas of the brain stimulate the activity
of other neurons there. Similarly, the decision to
implement a motor action in response to the initial
stimulus is manifested in the activity of cortical
neurons from various areas of the brain, depending

on the particular motor actionm to be taken. Such
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cortical activity is reflected in changes in the vo-
lume conductor field potentials recorded from the

brain as EEG.

Usually the brain is divided into three main

parts: cerebellum, brainstem and cerebrum. (See

figure 1.1)

Diencephalon

Medula Oblongata

Fig.11 Anatomical Divisions of the Brain
The cerebellum is a coordinator in the volunta-
ry (somatic) muscle system and acts in conjunction
with the brainstem and cerebral cortex to mantain

balance and provide harmonious muscle movements.

The cerebrum is a paired structure with right
and left cerebral hemispheres, each relating to the
opposite side of the body. The surface layer of the
hemisphere 1s called the cortex; it receives sensory
information from skin, eyes, ears andr other recep-

tors located generally on the opposite side of the
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body. This information is <compared with previous
experience and produces movements in response to the

stimuli.

The brain stem 1s composed of four regions,
each of which has distinet functions: the medulla
oblongata, the pons, the midbrain and the diencepha-
lon. Each contains groupings of cell bodies (nu-
clei) and bundles of nerve axons (tracts) that are
intermingled. At the upper border of the medulla is
a distintive bulge, the pons. The medulla contains
fibre tracts =—-as does the spinal cord- as well as
motor and sensory nuclei for receiving sensory in-
formation from and controlling muscles in the mouth,
neck and throat. It also hosts centers for the re-
flex control of the respiratory and cardiovascular

systems.

The nerves that connect directly to the brain
are called cranial nerves. There are 12 pairs of
cranial nerves, 11 of which enter the brainstem (the

olfactory nerve from the nose enters the cerebrum).

The pons contain cranial nerve nuclei associat-

ed with sensory input and motor output to the face.
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The midbrain contains the major nuclei control-
ling eye movement-blinking and startle reflexes and
the pupillary light reflex. It also contains rather
large tracts carrying signals down from cerebral
hemispheres as well as sensory tracts arising from
various sources (the spinal cord, auditory
system,etc.) and continuing through the midbrain to

higher centers.

The diencephalon is the most superior portion
of the ©brainstem; its chief component and largest
structure is the thalamus which serves as a major
relay station and integration center for all the
general and special sensory systems sending informa-

tion to their respective cortical reception areas.

The cerebral cortex is the functional part of
the cerebrum; it is a relétively thin layer of gray
matter (1.5-4.0 mm in thickness) that covers the

outer surface of the cerebrumn.

There are many types of cortical neurons and
they are not randomly distributed along the axis
normal to the cortical surface. They show an order-
liness, in fact, that affects both the distribution

of cell types and their packing density. Relative
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segregation by depth produces a stratification; each
stratum 1s called a cortical layer. The <cortex 1is
generally arranged in six layers consisting mainly
of pyramidal cells and granule cells. The pyrami-
dal cells have a triangular shaped body , with the
base down and the apex directed toward the <cortical
surface. Their dendrites either cross the overlay-
ing cellular layers and branches terminally within
the outermost layer of the cortex or ramify in the
immediate vicinity of the cell body, largely hori-

zontally.

1.2 Activity recorded in the EEG.

The background electrical activity of the brain
in unanesthetized animals was described qualitative-
ly in the 19th century but it was first analysed 1in
a systematic manner by the German psychiatrist Hans
Berger, who introduced the term electroencephalogram
(EEG) to denote the potential fluctuations recorded
from the human brain. These recorded fluctuating
potentials represent a superposition of the
volume ~conductor fields produced by a variety of ac-
tive neuronal current generators. Unlike the rela-
tively simple biocelectric source of a nerve trunk,
the source generating the field potentials recorded

here are aggregates of neuronal elements with com-
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plex interconections.

It has been suggested that the rhythmic activi-
ty normally recorded from the scalp has a cortical
origin being derived from the ©postsynaptic poten-
tials of cortical neurons. In particular, it is the
pyramidal neurons that are important imn this res-
pect, while potentials arising from neuronal activi-
ty 1n subcortical structures or from horizontal ori-
ented <cells contribute little, if anything, to the

normal scalp recorded EEG.

1.3 The auditory pathway.

The auditory pathway is wusually divided into
2
three zones: ear canal, middle ear and inner ear.

(See figure 1.2)

~

Eardrum  Middie-ear Cavity
Fig.1.2 Human Ear Anatomy

The first step of hearing takes place at the

ear canal. The sound waves reverberate from side to
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side and produce on the tympanic membrane or eardrum
a bow inward during a compression wave, and then, it
returns to its original position during the rarefac-
tion wave. The tympanic membrane separates the ear
canal from the middle ear cavity. The second step
of hearing comprises the transmission of sound ener-
gy from the tympanic membrane through the cavity of
the middle ear and then to the receptor cells in the
inner ear. The tympanic membrane is coupled by a
chain of three small middle ear bones to a
membrane~covered opening (the oval window) which

separates the middle ear and the inner ear.

The inner ear or cochlea 1s a coiled passage in
the temporal bone. It is almost completely divided
lengthwise by the basilar membrane where the sensi-
tive receptors that transform sound energy into ac-
tion potentlials are situated. The receptors are
known as hailr cells and their number and arrangement
vary from species to species. The auditory nerve
takes origin from the hair cells in various ways.
The central ends of the auditory fibres divide in
regular manner to send each a branch to the cochlear
nucleus. The fibres which leave the <cochlear nu-
cleus all terminate in cell groups somewhere between
the pontomedullary junction and the midbrain. These

cell groups comprise the superior ollivary complex
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together with the nuclel of the lateral lemniscus
whiech <can be regarded as forming its rostal exten-—
sion. The bulk of fibres in the 1lemniscal pathway
terminate in the inferior colliculus, but a few
by-pass it to reach the medial geniculate body di-
rectly. The inferior colliculi themselves give rise
to fibres the majority of which pass to the medial
geniculate body. The neurons of the medial genicu-
late body in turn send their axons to the specific

3
area of the neocortex called the auditory cortex.

1.4 Brainstem auditory evoked responses.
1.4.1 Description.

If one could record directly from several dif-
ferent levels of the subcortical auditory pathway in
man, one would see in the first 10 ms. following an
appropiate acoustic stimulus a series of éotentials
corresponding to the sequential activation of peri-
pheral, pontomedullary, pontine and midbrain por-
tions of the pathwayf As shown diagramatically 1in
figure 1.3, when these acoustic nerve and brainstem
potentials aré volume conducted to surface recording
electrodes at the vertex and earlobe, they form a
composite series of vertex—positive and

vertex-negative waves known as auditory brainstem
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] |

(o] 6ms
Acoustic Nerve
Cochlear Nucleus S
Superior Ollivary
Lateratl Lemniscus
Inferior Colliculi

Diencephaion

Midbrain Brainstem

Fig 1.3. Diagramatic Description of Auditory BSER
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evoked responses (BSER). The peak to peak ampli-
tudes of the auditory BSERs recorded from the scalp
are, at most, only about one one~hundredth the am-
plitude of the on-going EEG activity and therefore
must be extracted from this and other noise by the
use of computer averaging techniques. The
vertex—positive (earlobe-negative) representations
of the eighth nerve action potential and the four
successive auditory BSERs are usually designated as
waves I through V, respectively, and plotted

vertex—-positive-up (earlobe-negative- up).

Experimental and clinical evidence suggests
that these potentials arise in or near the following
structures: I, acoustic nerve; I1I, cochlear nucleus;
I11, superior ollivary complex; IV, tract and nu-
cleus of the lateral lemniscus; V, inferior collicu-
114. It appears that waves I, III and V represent
volume conducted electrical activity from the acous-
tic nerve, pons and midbrain respectively, and that
the latencies between these three potentials dindi-
rectly reflect neural conduction in the correspond-

ing segments of the central auditory pathway.

Jewett and Willistons(l971) were the first to

fully describe the human BSERs and interpret them as
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such, although Sohmer and Feinmesser6(1967) actually
recorded them earlier and recognised the possibility
of their brainstem origin. Sohmer, Feinmesser and
Szabo7 (1974) were the first to report selective al-
terations of different BSERs by various types and
loci of posterior fossa pathology. These clinicopa-
thologic correlations with specific BSERs abnormali-
ties were extended over the next three years by oth-
ers (Starr and Achore 1975; Stockard et al% 1976;

10 .
Starr and Hamilton, 1976; Stockard and Rossiteﬂt

1977; Gilroy et al? 1977).

Some non neurologic factors influence the
inter-peak latencies and relative amplitudes of

BSERs. It could be worth mentioning some of them:

—Age: Below the age of about 2 years, inter—peak
latencies are prolonged relatively to adult values
and vary 1inversely with age (Hecof} 1975; Salamy ,
McKean and Budav 1975; Starr et af? 1977). This
change is not linear with age and reaches its maxi-
mum in the 32-34 week conceptional age as shown by

Starr et afs(l977).

-Sex: Females have significantly shorter III-IV

and I-V interpeak latencies than males (Stockard et

16
al, 1978). This difference might be related to
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shorter anatomical distances 1in the corresponding
segments of the auditory pathway, 1in view of the
smaller average brain size of females as compared to

males.

-Stimuius phase: The initial phase of the «c¢lick,
either rarefaction or condensation seems to be an
important determinant of BSERs. Rarefaction <clicks
are produced by 1initial movement of the headphone
transducer away from the tympanic membrang, and con-
densation clicks result from initial displacement
toward it. The common practice in many electrodiag-
nostic laboratories 1s to alternate the polarity of
stimuli to minimize electrical and stimulus arti-

facts.

=Stimulus rate: Increasing stimulus rate increases
the poststimulus latencies and also increases the
interpeak latencies (Rowéz l9i8; Stockard et aff
1978). However Chiappa et ai8(1979) mention that

increasing click rate from 10 per second to only 30

per second produces no significant differences.

1.4.2 Applications.

As a particular pattern of auditory BSER can be

recognised in patients with normal hearing , non ex-
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istence of some peaks or uncommon inter—-peak laten-
cies can be characterized as a sign for detection of
some neurological disorders. But the physiological
and technical ~wvariables ghat influence the BSERs
must be controlled before applying any criteria for

abnormality.

The most 1important c¢linical applications of
BSER in adult neurology are‘:i) evaluation Qf the
cause and reversibility of coma, {i) the early diag-
nosis of multiple sclerosis and i1ii) detection of
posterior fossa tumors. In children, particularly
in neonates BSER tests have been used as a useful

tool for early detection of auditory abnormalities.

1.5 Coherent Average Technique.

Since the recording of EEG signals is done with
electrodes applied to the surface of the skin, many
problems emerge. The main problems arise Dbecause
the electrodes pick up not only the small amplitude
of the response itself but also thé large amplitudes
of other biological and electrical activity, this is
in f#ct a problem of small signal to noise ratio.
To increase the signal to noise ratio an ensemble

average technique is used; this consists, generally
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in adding coherently (i.e. in a time synchronised
way) an ensemble of post-stimulus signals, as many
times as a stimulus mark is generated indicating the
beginning of each addition cycle. This technique
relies on the assumption that the response pattern
would be virtually identical each time an effective
stimulus 1s presented while the background activity
should be uncorrelated, so the coherent portions of
the responses reinforce each other when added and
the non coherent response or noise adds randomly and

therefore tends to cancel out.

Assume that the ith. post stimulus EEG record
is f{(t) and comprises the sum of a response compo-
nent si{(t) and random unstimulated background activ-
ity ny(t). Assume further that the coherent a?erage
of N post-stimulus record is z,(t) and that the res-

ponse 1is identical each time,

£.(t) = s, (t) + n (t) = s(t) + n(t)

N

z,(t) = 7&— :E £, (t)

tal

The average value of z,(t) assuming infinitely

many repetitions of the measurement, is
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N
< zy(t) > =< ;—Ef“t) >

(XY

=<T1-{ zs(t) + Znt(t) } >
= g(t) + —;— < zn-‘_(t) >

=s(t)

1f the noise has zero mean'®

If the variance is considered, it can be shown
that the variance UT: (t) of the coherent average
z(t) is HU:(t)/N, that means that in terms of vari-
ance the result of averaging N responses leads to an
improvement of N times on the signal to noise ratio,
therefore, in rms terms.an improvement ofW[E‘on the

S/N ratio is achieved.

1.6 Patient safety.

When a person is comnnected to electrical appar-
atus, he -has to Dbe guarded against the risk of
electrical shock. The main risk is leakage of mains
currents 1into the person, either by capacitive éon-
nections through the mains transformer or by direct

contact such as might occur if the live lead becomes
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disconnected and touches a vulnerable point 1in the
circuic. The electrical paths are provided in this

case by the electrodes connected to the patient.

The effects of currents flowing through a human
being when the <contacts are made externally from

limb to limb are described below?0

The threshold of electrical perception in hu-
mans is situated around 2 to 10 mA. For higher lev-
els nerves and muscles are vigorously stimulated
eventually resulting in pain and fatigue. A "let go
current” has been defined as the maximun current for
wich the subject can withdraw voluntarily. Still
higuer currents cause involuntarily contraction of
respiratory muscles severe enough to cause asphyxia-
tion if the current is not interrupted. Currents
between 75 to 400 mA can produce a life-threatening
physiological phenomenon, known as ventricular fi-
brillation, this consists of a lack of coordinated
action among the muscle fibres of the heart which
defeats its ability to pump blood. Unfortunately it
does not stop when the current that triggered it is
removed. Normal rhythmic activity will return only
if a brief high-current pulse from a defibrillator is

applied to simultaneously depolarize all the cells



27

of the heart muscle. After all the cells relax to-
gether, a normal rhythm usually returns. When the
current is in the 1 to 6 A range the entire heart
muscle contracts,.but the normal rhythm ensues when
the current is interrupted, just as in defibrilla-
tion. Higher currents usually cause burmns, the
brain and other nervous tissues lose all funtional

N

exitability.

The minimum current that could cause any threat
to a human 1life is relatively high (75 mA for fi-
brillation), however it has to be pointed out that
this is when the electrical contacts are made exter-
nally and this value decreases considerably when the
contacts are made internally in the body. For in-
stance, it has been found that 20 PA flowing between
the right and left ventricles in hearts of dogs can
cause ventricular fibrillation. Since a similar
value is expected to be found on humans, some saféty
standards for medical instruments have been set up
with the aim of reducing the risks of high currents

flowing through the patient.

One technique recommended to safely carry out
bio-electrical ‘measurements from a human being 1is to

make floating all the parts of apparatus connected
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to the patient. In this way the patient is complet-
ly isolated from the mains. So, if a 1live mains
lead touches the patient, he is protected because
there is no pathway for the current to flow through
him to earth via any of the apparatus to which he is

connected.

The scheme on figure 1.4 shows a typical float-
ing amplifier that has been used iIn the design of

the BSER Audiometer.

+ +
Rectifier 0C Power |
and Osdllator Mains
| Smoother Supply 'V
Optical
: Pream ] m rg
Subject.’ C oupler P

)

Fig. 14 Patient Isolation

The DC power supply of a conventional type fed
from a mains transformer is used to power the oscil-
lator, the secondary of the toroid is then rectified
and filtered. The two windings are kept physically
separated from each other. The preamplifier is
powered by the isolated DC values. The signal com-—
ing out from this preamplifier is transferred to the

main amplifier Optically@
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CHAPTER 2

INSTRUMENT DESCRIPTION

2.1 Introduction.

The process of obtaining the auditory BSER can
be summarized as the generation of a stimulus and
the recording of the EEG signal response. The meas-
urements are usually domne in the following way: The
first thing to be done with some care is the placing
of the EEG electrodes on the scalp and earlobes of
the patient. Generally the silver-silver <chloride
type are used; they are stuck to the skin, which has
to be previously cleaned with an antiseptic solution
and then the space remaining between electrodes and
skin is filled with electrode gel to establish good
contact between skin and electrode. The three elec—
trodes are placed as shown in figure 2.1; one on the
vertex, borresponding to the active line; the two
others are located each on one earlobe, with the one
corresponding to thé reference line on the side

where the earphones are to be applied.
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o Active

oReference

> Common
Fig'. 21 Subject Wiring and Electrode Detail.

Then the impedances between electrodes are
measured and their values expected to fall below 5
KL, The EEG signal is normally about 10 pv  ampli-
tude, this means that a large amount of amplifica-
tion has to be performed before actually working
with that signal. It is advisable to have the pos-
sibility of a variable gain, as some variability on
the EEG between patients is likely. A choice re-
garding the different parameters involved in BSER
recordings has to be made. This relates to the set-—
tings of the filters and the amplification of the
EEG signal; polarity, repetition rate and sound
pressure level of the stimulus. After the genera-
tion of a fixed number of clicks, usually about
1000, and their corresponding EEG responses have

been added, the average is performed and displayed.

It was suggested that an instrument able to
perform the operations just described could be de-
signed and developed with the purpose of using it as

a clinical tool for BSER measurements and applica-
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tions. The general features of the instrument which
has been designed are shown in the block diagram in

figure 2.2, and described below:

-It is a portable instrument able to be rum on
batteries if needed. The advantage is that patients
do not have to be necessarily moved when a recording

is to be taken.

-The minimum EEG amplification is 2*105; an exter-
naly controlled multiplier factor is provided allow-
ing amplifications up to 70*105. The recordings are
made taking into account the electrical safety regu-
lations. The EEG signal is band filtered at a high
cut-off frequency of 2.5 KHz, and a low cut-off fre-

quency of either 30 or 250 Hz.

-It generates stimuli of three different shapes:
positive, negative or alternately positive and nega-

tive.

-The stimulus generation rate is either 10, 20 or

30 per second.

-The stimulus sound pressure level can be set from
100 to -10 dB in steps of 10 dB, where O dB corres-

ponds to the threshold of hearing.
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-1t samples the EEG signal at a rate of 10 KHz
over a length of 16 ms immediatly after the stim-
ulus. This is adequate for the 2.5 KHz upper fre-
quency limit of the signal, but is not so high as to

require an excessive amount of storage.

-It adds either 1024, 2048 or 4096 responses and

gives the average.

-There 1is a facility for printing the resulting
average. A thermal writing strip chart DC recorder
1s used. Also, the response is made available for
repetitive display on an extermnal oscilloscope. TFor

that purpose, a synchronizing signal is provided.

It was decided to use a microprocessor to con-
trol all the processes. The one chosen is the RCA
1802. This is because it 1is a CMOS component,
thereby the §OWer consumption 1s relatively low.
This applies to the other support components too, as
it was in mind to have a device able to be run on
batteries. Though a complete information about the
RCA 1802 is available from the catalogues, an intro-
duction to the features used in the present design
has been 1included in this thesis. The main diffi-
culty while developing the software was the lack of

suitable cross assembler facilities at that time at
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the college.

The EEG amplifier has been built in two parts,
one 1s electrically isolated from the mains and is
kept in a separated screened box. This is optically
coupled to the other half which 1s powered from the
main system supply. The leakage currents are well
below the maximun permitted by the electrical safety
standards. A suitable A-D converter had to be cho-
sen on the grounds of 1low power consumption and
conversion time being less than 100 ps- A device
manufactured by National Semiconductors, the ADC
0802, fulfills these requirements, and it is used in

the present application.

To be able to perform the coherent average, any
defined sampled point after the first stimulus
should be synchronized with its equivalent points
after each of the other subsequent stimuli. The ac-
quisition of EEG data has been designed to avoid the
possibility of de-synchronization because the click
generation and the conversions that take place

afterwards are PP controlled.

As 1024 values are added, more space than a

single 8 bit memory location is assigned to hold the
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result. In general, when 2n8-bit words are added
the result can be up to n bits longer than the oper-
and length. In the case of 1024=f°, a location up
to 18 bits long could be required to store the addi-
tion result, this is accomplished assigning 3 8-bit
memory locations to each sampled point. Since 16 ms
of record are stored, a total amount of 160*%3 8-bit

memory locations are needed.

The BSER Audiometer is designed to work as fol-
lows: First, after the electrodes have been properly
placed, the choice of the stimulus frequency, shape
and sound pressure level, EEG amplification and
filter have to be made. The earphones used‘are Te -
lephonics TDH-39. When the process 1is started, the
generation of 1024 clicks and the acquisition of
their EEG responses are carried out, when that is
over, the instrument responds by switching om a LED
labelled "Times *1". At this moment a repetitive
scan of the averaged response is available for os-
cilloscope display, no extermal control is required
for this. A printing of the averaged response may
be requested by pressing the push button labelled
"PRINT"”, which activates the software control for
the pen recorder; this includes first a signal to
switch on the stylus heater, then the motor 1is

started and after about .7 s delay, the response is
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printed. The 16 ms of record {is printed over a
length of 12 cm, where the origin corresponds to the
trailing edge of the click. The printing takes
about 4 s., when it is over, if the motor is inmedi-
atly stopped part of the response will remain inside
the pen recorder making necesary to pull it out by
hand. To avoid 1it, the motor 1is allow to run for a
few seconds, to allow the piece of chart containing
the response to emerge completly. No limitation re-=

garding the number of printings exists.

After the generation of 1024 clicks, the opera-
tor may decide to generate another 1024 clicks and
add their respective responses to the ones already
stored, with the purpose of improving the S/N ratio;
again at the end, a LED advises the termination and
the dinstrument is at a similar status to the one
described before. Further repetition 1is possible,
in this «case 2048 further clicks can be genefated.
The LEDs tell the number of times 1024 responses
have been added, either 1, 2 or 4; these numbers are
powers of 2 (10, 11 and 12), which means that a divi-
sion by 2 1s equivalent to shifting the data one bit
to the right, making faster this kind of operation.
A "RESET" push button 1s provided to allow a stop of
any operation currently carried outy; when the device

is started again, all the memory locations are
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cleared.

The request for a printing, as well the omne for
further click generation is aknowledged by the yP by
the changing status of two flags. The click signal
and the averaged response are both yP generated bdut
they are Iintended to go to differemt circuits; to
avoid the existence of an operator controlled
switch, a 4066 Quad switch is used, which automati-
.cally routes the signals to the appropriate circu-
its. Also this device controls the signal being
monitored by the oscilloscope, first the EEG signal

and then the averaged response.

The PP comunicates with the =external «circuits
by means of I/0 ports. One 1s used as input port,
allowing the~yP to read the digital values of the
EEG signal and also those corresponding to the click
frequency and shape. The dinformationm about the
specific click frequency and shape required is fed
to the PP in digital form. Two 2-way 3 position
switches perform this task, the 4 bits are then sep-
arated and stored in memory. Two output ports are
required as two different signals, taking place at
the same time are provided by the PP‘ One is either

the c¢lick signal or the averaged response, and the
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other the different controls for the pen recorder,

LEDs and quad switch.

2.2 Microprocessor description?
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Fig. 2.3 RCA 1802 Architecture.

The RCA 1802 microprocessor architecture is
showﬁ in fig. 2.3. Its main feature is a register
array (R) consisting of 16 bit scratchpad registers.
They are 1individually selected by one of the four

bit registers labelled N, P or X.

The 1802 PP instructions <consist of two or

three machine cycles. The first is called the fetch
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cycle and the second and third, the execute cycles,
A machine cycle is 8 clock pulses long. In the pre-
sent application a 3.2 MHz. «c¢rystal is wused as a
clock, making each instruction cycle either 5 Js or

7.5 ps long.

The function of the P register is to act as a
program counter. During the fetch cycle its 4 bits
select one of the 16 scratchpad registers (R(P)) as
the program counter. The selected register contains
the address of the memory location from where the

instruction is to be fetched.

The register X selects one of the 16 scratchpad
registers to point to a memory location for an oper-

and or data in certain ALU or I/0 operations.

The register N can perform different functions
depending on the instruction fetched. 1Its function
is to control the X and P registers, designate one
of the 16 scratchpad registers during register oper-
ations, control the selection of a specific I/O dev=
ice and also, work as a pointer for certain instruc-

tions.
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Another function of the R scratchpad register
other than being selected either as a data pointer
or as a program counter, is to act as a data regis-—
ter, in which two bytes of data can be held. For
that purpose 4 instructions are available allowing
the accumulator D to receive from or write into ei-
ther the high order or the low order byte poftions
of the register designated by N. By using increment
or decrement instructions, such registers may Dbe
used as a loop counters. The registers used in the

_BSER Audiometer software are:

R (2): Shift counter

R (3): Data register 80 AO

R (4): Program counter

R (5): Data register 00 03

R (6): Counter

R (7): Control locations pointer
R (8): Counter

R (9): Data pointer

R (A): Counter

R (B): Counter

1802 FP signal description (See fig. 2.4):

-Bus 1lines : 8-bit bidirectional data Dbus
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lines, used for transfering data between the memory,

the PP and the I/0 devices.

~TPA and TPB: Positive pulses that occur once

in each machine cycle, TPA being first.

-Memory address lines : 8 multiplexed address
lines. The higher order byte of a 16-bit memory ad-
dress appears on the memory lines first at each ma-
chine cycle. The low order byte of the 1l6-bit ad-
dress appears on the address 1lines afterwards, at

the trailing edge of the pulse TPA.

-CLEAR and WAIT : These 2 control lines provide
4 control modes as listed in the following truth

table.

CLEAR WAIT Mode
L L Load
L H Reset
H L Pause
H H Run

As only two modes, reset and run, are wused 1in.

the present application, there is need to provide a
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control only to the CLEAR line, the WAIT line being
in a high state. The circuit used for this opera-
tion is shown in fig. 2.5. (The circuits shown din

this chapter are also shown in Appendix B.)

_VU
22k % 2
RUN 3 322K
CLEAR
RESET
o——
1=
23uF
10K

Fig.2.5 PP Power on Reset-Run Circuit

-N lines : These lines are activated by 1/0 in-
structions. Those instructions are all of the 6N
type, whith N = 1—9 for input and N = A—>F for out-
put. The 3 lines labelled NO, N1l and N2 correspond
to the 3 LSB of N. In this application, because
only '3 I/0 ports are used, there is no need to de-

code these lines.

-Flags : These flags (EFl, EF2, EF3 and EEZ)
are inputs that transfer status information to the
PP' Their levels can be tested by conditional
branch i{instructions. Two flags, EF3 and EF4 are
used in Fhis case, EF3 for the printing controls and

EF4 for further click generation.
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-Q : Single bit O0/P from the CPU that can be
set or reset under program control and its status

can be tested by conditional branch instructions.

~MWR : A negative pulse appearing in a memory

write cycle after the address lines have stabilized.

~MRD : Its level indicates the direction of
data transfer during an I/0 instruction. A low

level designates a memory read cycle.

2.3 Memory selection.

The total amount of memory used is 1K byte, of
which 1/2K corresponds to an EPROM and another 1/2 K

to RAMs.

-The IM 6654. This 1is  an Intersil 4096-bit
CMOS UV erasable PROM. The decision to use this
device was taken because it was the only CMOS EPROM
available with a 1/2 K capacity. RCA manufactures
an EPROM of 1/4 K, therefore two of them would have
been mneeded, increasing the cost of the final pro-
duct. A problem arose while testing the program, it

appeared as if the Intersil EPROM was not compatible



L5

with the RCA pP. Looking at the IM 6654 timing di-
agram 1n fig. 2.6, it can be seen that the strobe
pﬁlse Eyshould appear when the 9 address lines have
stabilized and the pP does not naturally provide any

signal at that time.

& /\

no-a9 /X o X077
DN Lol
s |

Fig.2.6 IM6654 Timing Diagram

Of the two available pulses, TPA appears too
soon, when the memory address lines are still carry-
ing the high order address byte and TPB appears too
late , at the end of the cycle. 1In order to provide
a suitable pulse, TPA was delayed by means of two

Schmitt trigger inverter gates.

-The CDP 1822, This is a 256*4 bit static ran-
dom access memory, Wwhich interfaces directly with

the 1802 )1P .

The memory mapping has ©been designed as

follows:
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03EF
160*3 locatlions assigned to store

0210 data.

020C 00 or FF. Positive or negative click values
020B Frequency mode

0204A Number of 1024 times mode.

0209 00

0208 Control data for O/P port N2 2

0207 EEG data

0206 7F. Click baseline

0205 Click shape mode.

0204 00.

0203 4096 times control.

OlFF

Program

0000

As the memory address lines are multiplexed it
is necessary to latch the 8 higher order address
bits which appear first. This is achieved by means
of a CDP 1852, which is an 8-bit I/0 port and can be
used as a latch device, controlled by TPA. When the
memory address lines are at the 8 lower address bits
status, the 8 higher address bits are available at

the output lines of the latching device. (fig.
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2 . 7 )
CLK TPA
1852 }MAO—7
Fig.2.7 M.A. Latch Diagram.
Those 16 values should be decoded to achieve
the memory selection. The addresses corresponding

to each memory device are:

0000

EPROM
OLFF
0200

RAM Pair 1
02FF
0300

RAM Pair 2
O3FF

What determines that a specific memory is se-
lected is the 8 higher order address bits. From
those the 4 MSB are always low. The 4 LSB are taken
to a CD 4028 binary—-dec decoder, whose truth table

is:
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Memory o/p N2

Address | 0 1 2 3

0000|1000
000110100

0010|0010

00110001

As the IM6654 EPROM is selected by g-going low
and because the addresses for which that device
should be selected are equivalent to lines 1 and 2
from the binary decoder being high, a NOR operation
1s performed to fulfil this condition. As this 1is
a 512*%8 bit device, a 9th memory address line should
be provided. This line is taken from the LSB of the
0/P of the latch device. As far the RAMs are con-
cerned, each pair 1is selected by either linme 3 or 4
from the 4013 binary decoder. No further logic is

necessary as the RAMs are selected by CS1 going

-~

high. The functional diagram of the memory system

is shown in fig. 2.8.
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2.4 1/0 Ports.

2.4.1 The CDP 1852.

The RCA CDP 1852 is a parallel, 8-bit, mode
programable CMOS input/output port. It is compati-
ble and interfaces directly with the CDP 1802 .PP
without additional components. The mode control is
used to program the device as an I/P port (mode O0)
or O/P port (mode 1). Three I/0 ports are used ih
this application, one is programmed as an I/P port
and the two others as O/P ports. Because of the I/0
instructions used, N1 has been assigned to select

the I/P port, N2 the O/P port N21 and NO the 0O/P

port N22,
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PP Ins—- |N Lines

truction|N2 N1 NO

0/P Port 2 61 O 0 1
I/P Port 6A 0 1 0
0/P Port 1 64 1 0 O

2.4.2 The I/P port.

Two different signals are supplied to the yP
through the I/P port. One is the 8-bit signal from
the AD converter and the second, a 4-bit signal from
the external frequency and click shape switches. A
4019 quad AND-OR select gate is used to select the 4
LSB going into the input lines of the I/P port, as

shown in fig. 2.9.

Q
9

F1 15 2

F2e 21 4019 42

Fa -~ 4 1}

F4 - [- 10

1NL

Lsg 3 o=t
A-D 1o 4 /P Rt
ADCO80L] g

12 20

MSBL 22

Fig.2.9. InputSignalsSelection.

The 4019 has 4 blocks of AND-OR select gate
configuration. Selection is accomplished by apply-
ing Q and a.to the selection pins KA and KB as shown

in fig. 2.10.
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Fig.2.10. Individual 4019 Block.

The ADC 0802 is a CMOS 8-bit successive approx-
imation A/D <converter. Though it can be self
clocked at a frequency set by means of an external
RC, 1its «clock 1is in fact derived from the 3.2 MHz
crystal oscillator frequency by dividing it by a
factor of 4, to give a clock of 800 KHz. 1In this
way, the timing Is more accurately established, this
is ecritical as the converter 1s working at its maxi-
mun conversion rate. The converter is controlled by
the WR pulse (fig. 2.11). When this signal makes a
high to 1low transition, the conversion starts.
Then, when the <conversion 1s over, the INTR line
makes a high to low transition.

STARY
CONVEASION

T /7

R

/]

f—r

—] WERRIL [— “Busy™

DATA 1S VALIDIN
ACTUAL INTERNAL .
STATUS OF THE NOT BUSY ;nu"ur LATCHES
CONVERTER
. L— 1708 x Hig x INTERNAL Tp —————1

(LAST DATA WAS READ)

A 4 5[
[_l:sul'_kﬁ'l_sﬂﬂ RED)_ - --" INT ASSERTED
Fig.2.11 ADCO0802 Timing Diagram - e 12 To

The inverted Nl signal, the particular N 1line

activated by the I/P instruction used, is connected
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to WR. The INTR line goes to the cl&ck of the 1I/P
port (fig. 2.12). So, when the conversion is over,
the execution of an I/P instruction will latch into
the bus 1lines fhe data which is at the 1nput lines

of the I/P port and a new conversion will start.

1 I
J

il
INTECLK) U
SR | |

| )
-] waps

Fig. 2,12 A-D Converter Control Signals

2.4.3 Output port N21.

This O0/P port is connected to the D/A convert-
er, and 'is used to output first the clicks value and
then the average response. The D/A converter is the
ZN 425, 8-bit resolution, 1/2 LSB total error. The
analog 0/P , whose full scale value is 2.5 Volts, is
buffered with a 741 operational amplifier in the con-

figuration shown in fig. 2.13.

[ chc
&8 Ki

1
DA, 2?.'1 I W

v

ZN425 741 ,,OP

J
10Ki

Fig.2.13. D-A Buffer.
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2.4.4 Output port N22.

This O/P port 1s used as a control device. It
controls the 4066 quad switch, the pen recorder cir-
cuits, the three LEDs and provides the trigger sig-

nal for the oscilloscope.

Not Trigg | Quad | Heateg Motor| Ll
Used osc. | sw.
21 19 17 15 10 8 Pin Number
0 0 0 0 0 0 Reset
0 0 0 0 0 0 Run
0 o(1) 1 0 0- 1 Display
0] 0 1 1 0 1 Heater ON
0 0 1 1 1 1 Print
0 0 1 0 1 1 Motor ON
0] 0(1) 1 0 0 1 Display

This is the truth table of the O/P at the mo-
ment when 1024 c¢clicks are generated. 1In the two
other cases, 2048 and 4096 clicks, the only change
will be the LED control, instead of being L1 the LED

controlled will be L2 first and finally L3.

The 4066 quad bilateral switch has 4 individual

bilateral blocks. (fig. 2.14). A pair is used to
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gate to different circuits the signal coming from
the D/A converter, one 1s the c¢lick signal, that
goes to the click attenuator circuit; the other 1is
the averaged response, which goes to the pen record-
er circuits. The second palr is used to provide the
two different signals being monitored by the oscil-
loscope, first, the EEG signal and 1later on, the
averaged response. The two pairs are controlled by

pins 15 and 17 from the 0/P port N22.

r==-= " y
T {
D-A Buffen i i Earphone
o b SW A ._l._.____o atten.

!

L |

: 1 '

| Pen
: SWB- l_l‘—‘—‘——° Recorder

. ! i

) ' [
Average \

o 1 SW C t —0 OSC

off FEG o | '

Port 2 |2 J ] i
7 |

} Sw D .

l l

- ‘——4:>”‘ ) L___—__ |

4066

Fig. 2.4 4066 Quad Switch Diagram

2.5 Click generator.

The click generation is performed by the yP.
Three different types of 100 ps width click se-
quences can be generated: positive, negative and al-
ternate. Their correspondent digital values are

shown in fig. 2.15.
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Fig.2.15 Clicks Generated.

The actual generation of each click shape can
be roﬁghly described as the process of outputing the
contents of two memory locations, M1 and M2. The
value stored in M1 is 7F,a value which corresponds to
the baseline, and the value initially stored in M2
is FF, a value <corresponding to the positive click.
On the other hand, another memory location, M3,
which contains one out of three values 1identifying a
particular click shape is tested twice by the PP to
keep or to change the value stored in M2. The first
test 1s carried oﬁt before the generation of the
first click. This test 1is done to inform the PP
whether the value stored in M3 1s C3 or not. If it
is €3, the wvalue in M2 ié changed to 00, meaning
that a negative click has been requested; if {1t 1s
not C3, the valqe in M2 remains unchanged. Then ,
the first click 1s generated, data is read and aver-
aged and just before the second click, and before
any subsequent click, a new test is performed. This
second test tells the pP whether the value stored in
M3 1is Cl or not. If not, the value in M2 remains
unchanged and the following click is generated. 1If

the value stored in M3 1s Cl, it means that the al-
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Fig.2.16 Click Generator Flow Diagram
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ternate click has been requested and therefore, the
value in M2 1is changed either from 00 to FF or from
FF to 00. The click generator flow diagram is shown

in fig. 2.16.

Two further stages follow, one of attenuation
and a second of power amplification. Steps of 20 dB
on the click sound pressure level are equivalent to
a division or multiplication by a factor of 10. on
the click amplitude. This is achieved with the cir-

cuit shown in fig. 2.17.

———m e P - -
10000/ 100 Db,
I/P | G 10K
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10K$ 3249 420
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b [ p
1KE l K , 1K
$ ' K ok 1§ 820K
t 2 |100p 19.3 150
1og 1K % 008} bo
« T :
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Fig.21? Click Attenuator

Switch S1 allows reductions of 10 dB to the
fixed wvalues of 100, 80, 60, 40, 20 and O 4gB.
Potentiometer Pl has external access, and its func-
tion 1s to provide the possibility of individual
calibration of the click level. The design of the
attenuator required special care to avoid the poséi—
bility of signal leakage since voltage reductions by

a factor of 1058 are needed. The circuit has been

3
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built in a separated screened box, and the two at-

tenuation stages are kept separated from each other.

The last stage of power amplification has been
designed to provide at the 100 4B attenuator posi-
tion, clicks of 5 Volts amplitude into the 10 Ohms
load presented by the earphones. Fig. 2.18 shows

the click amplifier circuit.

4 ' ' ‘ —ye+ 12V
ic-TLO84 220 220
/P
/ 2';4'0!3 TleZéar 121 47 K
1004 450K 4x7 100K 56 il i 56
10K S & ; I
4 . Bc4a! Bc46! o
K
T 1 .ov

Fig.2.18 Click Power Amplifier

4

Three different frequencies <c¢can be selected.
On the prototype model, the frequencies were 20, 25
and 30 clicks per second, but for the second model
this was changed to 10, 20 and 30 cps. The proce-
dure to adjust the time between each click 1is a

matter of three different delays, as shown in fig.

2.19.
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Fig.2.19 . Original Click Frequency Flow Diagram.

This method, though successfull has the incon-
venience of wusing a 1lot of memory locations, but
this was not important when the first model was de-
signed, as the length of the software could be fit-
ted into the 1/2 K EPROM. But in the the second
model the software was extended and its length ex-
ceeded the 1/2 K limit, so the program had to be op-
timized. By changing the delay routines some memory
locations were saved. The new flow diagram is shown

in fig. 2.20.
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D1=04 —>F1=30c¢ps
D2=06 —F2=20cps
D3=0C —F3=10cps

Shift Right

DF = 237
3 v
Fig.2.20 FinalClick Frequency Flow Diagram,

In this way, instead of using a different delay
for each frequency value, the same delay is used for
the three, and depending on the value of F chosen
this delay 1is <crossed 1, 2 or 3 times, and its
length consequently adjusted. The values for the

three different periods are:

Tl=33.325 ms

T2=49.990 ms

T3=99.990 ms

2.6 The DC-DC converter.
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As was mentioned before, the EEG measurements
have to be taken with a circuit electrically isolat-
ed from the mains. To power the preamplifier stage,
an 1solated power supply 1is necessary. The prineci-
ple used 1s to power a high frequency oscillator
from the normal supply and apply these oscillations
to the primary of a toroidal transformer, the secon-
dary signal 1is then rectified and filtered to pro-
vide the ©positive, negative and ground lines.
Because - the frequency 1is high, the primary and sec-
ondary have relatively few turns, and can be wound
on opposite sides of the toroid. This physical sep-
aration provide extremely good isolation and small

capacitance between the two windings.

At the beginning, the circuit used was a self
oscillator configuration, at a frequency of nearly 9
KHz, but this frequency proved to be too 1low since
it created interference problems that could not be
avolded even after screening the circuit; also, its
sound could be heard as 9 KHz lies in the audible
frequency range. It was decided then to increase
the oscillation frequency well beyond 10KHz and to
use another oscillator to fower the amplifier. This
has been done with a CD 4047, 1low power
monostable/astable multivibrator. It 1is connected

in the astable mode, and with the values of R and C
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used , its output is at 48.8 KHz. This component
has the advantage of providing two complementary O/P
waves,which fulfi1ills the needs of the circuit to
provide positive and negative suPplie332 The diagram

i1s shown in fig. 2.21.
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Fig.2,21 DC-DC Converter

2.7 The EEG amplifier.

The EEG amplifier comprises two stages, one
electrically 1isolated £from the mains providing a

gain of = 2%10° and a second non~isolated with a var-

iable gain from 1 to 35.

The preamplifier consists first of a differen-
tial amplifier configuration; an instrumentation am-
plifier with a high CMRR 1is being- used%3 Then the
signal 1s band filtered and amplified further in a
second stage using an Operational amplifier mounted

in a non inverting configuration. The amplified EEG
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signal is then transferred to the non isolated «cir-
cuits by optical <couplers. Due to the non linear
transfer characteristic of the opto coupler, some
distortion 1s 4{introduced by this signal transmis-—
sion. To correct for the non linearity of the sig-
nal transfer a feedback should be supplied through a
similarly non linear opto coupling path. For this
reason two opto couplers are used as shown in the

EEG amplifier diagram in fig. 2.22.
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Fig.2.22 EEG Amplifier

Finally, the EEG signal is filtered and ampli-

fied by an externally controlled factor. Two first

order filters are employed for the low cut-off fre-

quency that can be set either at 30 Hz or at 250 Hz.
An active 2nd order filter provides the high cut-off
frequency at 2KHz. The filters Bode plot is shown

in fig. 2.23.

+12v
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Fig;z. 23 Filter Response

The amplified and filtered EEG signal response
is fed to the AD converter, which samples it at a
rate of 10 KHz; this value was suggested in the de-
sign guidelines and can be justified by means of the
sampling theorem. As the converter handles signals
from 0 to 5V, the EEG wave is AC coupled onto a 2.5V

DC level to bias it in the middle of this range.

As has been explained, the extremely low S/N
ratio of the EEG evoked response can be improved
using the averaging technique. The average opera-
tion starts with the reading of a value digitized by
the converter; the yP performs this by executing an
I/P instruction, after which, the data is loaded
into the accumulator. Let us call the three 1loca-
tions assigned to hold the result M1, M2 and M3.

Using the ADD (add) and ADC (add with carry) in-
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structlions the successive additions are carried out;
those two instructions use the register X as a
pointer. First with X pointing to M1, an ADD in-
struction 1s executed, adding the contents of M1l to
the value previously loaded into the accumulator.
The result appears in the accumulator and if a carry
1s produced , the data flag is set. Then, two ADC
instructions are executed, first with X pointing to
M2, and then to M3. The results are again stored in
M2 and M3 respectively. Before executing each ADC
instruction the accumulator is cleared as that in-
struction adds the contents of the memory location
pointed by X to the carry flag and to whatever value
1s stored in the accumulator. The operation des-

cribed is shown diagramatically in fig 2.24.

ADD I ]  Accum(Data)

[ ] ™
Cr 1|
ADC | _] Acaum(00)
L | m2
01 |
apc [ 1 Accum(00Q)
{ ] M3
L 1

Fig.2,24 Adding Operation Diagram

This operation is repeated 160 times after each
click, giving, at a sampling rate of 10 KHz, 16 ms
of readings starting at the trailing edge of the

click. The average routine was tested using as an
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input signal a click controlled delayed pulse. The
input signal and the averaged response are shown in

fig. 2.25.

2.8 Average response display.

After having added 1024 responses, the next
problem to solve was to decide which 8-bits, out of
24 were the more likely to contain the information

wanted.

At first it was thought that because 1024 va-
lues had been added, if the average of those 1024
values had to be performed, it should had been ne-
cessary to display the 2 LSBs of M3 and the 6 MSBs

of M2, as shown below.

o Az e ]

M3 M1

But the result so obtained was not useful be-
cause 1t had a large DC value and the peaks were too
tiny to allow easy recognision ; therefore, it was
decided to look for a bigger signal by taking into
account the bits of less weight, that is to perform
a shifting of the 8-bit long window towards the
right; this yielded an improvement 1n the signal,

and doing it this way, some tests were carried out
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Input signal

o 4 8 ms

Fig. 2.25 Test of average routine.
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to find out which bits were able to provide a good

response. The result was the 5 LSBs of M2 and the 3

MSBs of M1, so those were usually displayed.

T\ bz T

Disphy

But this method had many limitations regarding
the dinput signal. It assumed the EEG signal to be
in the same range for all subjects, and that the am-
plification settings were constant. Neither of
which 1is truq. Therefore, it was necessary to de-
velop a new approach to place the 8-bit window in
the optimun position to give maximun output inm each
case. Let us call M1(1), M2(1i) and M3(1i) the three
locations where the data corresponding to the ith
poststimulus sampled point 1is stored. M3(i) was
chosen as the locations to be displayed, so all the
tests are done to the values stored in them. As was
said before, after adding 1024 responses, the data
could go as far aé the 2 LSB of M3(i), therefore,
the first thing to be done is to fill the M3(i) 1lo-
cations with data from M2(1i), by shifting towards

the left the appropriate number of bits.

rliiMQIWAW%/l/Il][it%LllPI
7] N | NN

After © Shifts

The real obstacle to get a recognisable aver-
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aged evoked response 1is in fact the existence of a
DC value, which is not significant regarding the
shape of the response.This DC value is originated in
the manner the EEG 1is fed to the A-D converter. As
was saild, the EEG signal has an added 2.5 V, which
is digitized and added 1024 times, and is equivalent
to either O or 1 at the MSB of all the M3(1i) loca-
tions, so a search foutine was designed to compare
the MSB of M3(l) with the other 159. 1If all are the
same, indicating either zero or a DC level, a ring
shift 1left is performed on all the M3, M2, M1 loca-
tlons and agalin the new MSBs are tested as before.
When it is found that the MSB of M3(l) differs from
the MSB of any of the other M3 locations, that means
that tbe signal contribution now starts from the MSB
position and the maximum number of shifts have been
done 1in order to allow the 160 M3 locations to hold
the optimal éignal to be displayed. This was called

the "Auto search” procedure.

What is actually done is first to store in mem-
ory the MSB of M3(l), to which the MSB of M3(2) is
added, and the result is tested; if it 1is O, it
means that the MSBs of M3(l) and M3(2) are the same,
independently of it being either 0 or 1; in this
case, the MSBs of the other M3 locations are tested

in a similar manner. When the 160 1locations have
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been tested and it is found that all their MSBs are
the same, a counter 1s incremented and a ring shift
left of the 160 M3-M2-Ml locations is performed.
The reason for having this counter where a record of
the number of shiftings 1is kept, 1is that it exists
the possibility of adding further 1024 responses, so
before this 1s started, the data is put back into
its original place, by performing as many ring shifts

left as shifts right were domne, plus 6.

Afger some tests were carried out wusing the
auto search routine for different stimulus levels a
problem arose when 100 dB SL was applied to the sub-
ject. This high level provokes interferences that
are picked up by the EEG preamplifier. This 1in-
terference has the shape of a transient ocurring in
the first ms after the trailing edge of the <c¢lick.
The consequence of this is that a peak which is not
a BSER component is averaged and when the search for
maximum values in memofy is performed, that peak is
taken as the largest one, without considering the
real BSER components. To solve this it was decided
to apply the search routine only beyond a point
equivalent to 1 ms after the trailing edge of the

click.
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When the searching operation 1is over, the value
stored in the M3(i) locations 1is, by means of an I/P
instruction put into the D—A converter and the aver-
aged signal can be vigsualized, if oscilloscope fa-~-
cilities are avallable; a synchronisation signal 1is
provided for that purpose. Since a display over 16
ms is desired, the time each value remains on the
output 1s adjusted to achieve that. The PP stays
displaying the signal and at the same time, it tests
the status of the EF3 flag, which is normally high;
when the operator requests for a printing of the
averaged response, this flag changes status and the
yP initiates the printing process which involves the
generation of <control signals for the pen recorder
circuits. This has been referred to at the part
concerning the O/P port N22. Two signals are de-
signed to first, switch on the stylus heater, and
then after a delay of = 7 sec, start the motor,
whose spegd is controlled by means of a voltage re-
gulator. It was necesary to low pass filter the
signal to be displayed or printed as part of the re-
constitution process from the samples, to obtain a
recognisable response. At the display time the EF4
flag 1s continuously tested to know whether or not
another 1024 responses (or 2048) have to be added.
This 1s obviously done when the limit of 4096 res-

ponses added (L3 on) has not yet been reached.
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2.9 Results.

Some of the typical results obtained with the
BSER Audiometer are displayed over the next pages,

to give an idea of thelir usual appearance.

Figure 2.26 shows the two possibilities of ob-
taining the response, either visualizing 1it, or
printing it using the pen recorder. The responses
were obtained from a subject with normal hearing,
using alternate clicks at 80 dB SPL at a repetition
rate of 30cps. The lower cut-off frequency used on
the EEG signal was 250 Hz; 1024 responses were added

for the first case and 2048 for the second one.

Figure 2.27 shows a comparative display of the
results obtained when 1024, 2048 and 4096 responses
are added. The settings are similar to the those

described above.

Figure 2.28 shows the extermal appearance of

the BSER Audiometer and the EEG preamplifier.
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.28 BSER Audiometer and preamplifier.
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CHAPTER 3

CORRELATION ANALYSIS OF AUDITORY BSER

3.1 Introduction.

Some subjectivity is unavoidable when the au-
ditory BSER are visually analysed. To reduce 1its
effect other methods have been developed, based on
the pattern of the response, which aim to produce
objective results perhaps with an assigned statist~-
1ical significance. One approach used consists in
detecting the presence of a pattern in members of
an ensemble of poststimulus EEG records by forming
the ensemble correlation coefficient between 1indi-
vidual records and a reference% The reference used
might be the overall average response to a deter-~
mined high level stimulus, but this has the disad-
vantage that the pattern of an adequate Tresponse
does change with stimulus 1level because of the
changing latencies of different components, so the
correlation method may be deteriorated by this ef-

fect.

It was required therefore to carry out a

correlation analysis using as a reference pattern a
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1024 point average corresponding to different stim-
ulus levels, and compare the sensitivities so obta-
ined. EEG records corresponding to different stim-
ulus levels were divided in groups of 32 responses
and their respective coherent averages (subaverages)
calculated. The 1024 ensemble average was also
calculated. Then, ensembles correlation coeffi-
cients of the 32 subaverages against the 1024 point

average corresponding to
a) a higher stimulus level, and
b) the same stimulus level,

were formed per each stimulus level.

3.2 Recording Method.

The EEG data and the stimulus mark were re-
corded simultaneously on different channels of a
magnetic tape. The EEG response was previously
band filtered at a lower cut-off frequency of 250
Hz and high cut-off frequency of 3.2 KHz. The
stimulus rate used was 20 per second, at a levels
of 80, 60, 40 and 20 dB. above the threshold of
hearing (Not all the <cases were analyzed at 20
dB.). These two signals were subsequently digi-

tised with l1l-bit precision using an IBM 1800 com-
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puter. The corresponding digital values were
stored by blocks of 1200 words on a tape, with the
two channels alternating between blocks. The digi-
tisation rate used was 6 KHz, which means that
there were 300 sampling points after each stimulus.
Since most of the important components of the BSER
appear in the first 6 ms, it was decided to trun-
cate the 300 sampling points to 64, which is equi-
valent to =10 ms of record. The first step after
the digitisation is the separation of the two chan-
nels, then the stimulus should be localized rather
accurately‘ to be able to perform the next step

which is the averaging process.

Some difficulties arose in searching for the
click mark. Its digital value was variable and
also, it was not always recognisable at all. This
was due to the fact that the click that had been
recorded was the same signal appearing across the
earphones, which 1s in fact a transient lasting
about 100 ps, too short to guarantee a sampled
point over that interval. Some time was spent de-
veloping software able to 1dentify the point
where the click was supposed to appear, but another
method was tried later that proved more efficient.
The short c¢lick recorded on the analog tape was

used to trigger a monostable circuit designed to



79

provide a longef output pulse to be used in the di-
gltisation instead of the original one with the ad-
vantage of assuring a sampled point easy to detect

by software means. The circuit 1s shown in fig.

3.1.
— +V "
22w
[} A g
1ok o 555 (hq $'8ox v ¢
. 8ci83 ~ N
X 1000p
1 .
L .

20005
Fig. 3.1 Monostable Diagram
Software was developed then to localise the
clicks, read 64 EEG data values starting at the one
corresponding to the click, and perform the aver-
ages; 32 of 32 responses each and the11024 point
average. The 33 resulting averages constitute each a
block, which are stored om a magnetic tape. The

flow diagramis shown in figure 3.2.

3.3 Correlation Coefficient Analysis.

The correlation coefficients were calculated

using the expression:

Oy

P
Ox .0
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Fig, 3.2 Coherent Average Flow Diagram
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where x and y are the two variables studied with X,
.
Y being their respective means. {x 1s called the

variance, defined as,

and E&y the covariance, defined as,

N

O = Z(XL‘E) (y=7)
i N

el

0 is called standard deviation, and @/ N the stan-
dard error. The correlation coefficient is infer-
preted as a measure of association between two
quantitative wvariables. The standard deviation,
also known as a root mean square (rms) is frequent-

ly used as a measure of variability@

Software was developed to carry out the nece-
ssary calculations and bring forth the 32 correla-
tion coefficients per stimulus level and rank order
them according to algebraic magnitude with the aim
of clarifying the effect of changing the stimulus
level, on the grounds that the original order of
correlation coefficients is apparently random. The

software flow diagram is shown in figure 3.3.
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3.4 Results and Conclusions.

Data from 9 subjects were analysed as des-
cribed. The results are displayed on the following

pages, separated into three cases, where,

case a) Correlation coefficients of the 32 subaver-
ages responses to: |

a 80 dB

O 60 dB

A 40 dB

+ 20 dB
stimulus level against the 1024 average response to

80 dB stimulus level.

case b) Correlation coefficients of the 32 subaver-
ages responses to: |

o 80 dB

O 60 dB

& 40 4gB

+ 20 dB
stimulus level against the 1024 average response to

80, 60, 40 and 20 dB stimulus level respectively.

case c¢)

c.l Correlation coefficient of the 32 subaver-
ages response to 60 dB stimulus level against the
1024 average response to:

o 60 dB



84

0O 80 dB stimulus level.

c.2 Correlation coefficients of the 32 su-
baverages response to 40 dB stimulus level against
the 1024 average response to:

=] 40 dB
O 60 dB

A 80 dB stimulus level.

¢.3 Correlation coefficients of the 32 su-
baverages response to 20 dB stimulus level against

the 1024 average response to:

o 20 dB
O 40 dB
A 60 dB

+ 80 dB stimulus level.

The mean correlation coefficient and standard
error values corresponding to each of the cases
studied are summarized on a table at the end of
this chapter. Also the histograms of each ensemble

correlation coefficient have been plotted.

As far the cases a) are concerned it is ob-
served, specially on subjects labelled A, C, D and
H that the curves are displaced towards 1lower

correlation values when the stimulus level of the
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subaverages response studied decreases. This has
been described before (R. McLelland? 1978) , and
is attributed to the increase of peak latencies of
the evoked response when the stimulus level is de-
creased; this 1is equivalent to a decrease on the
mean correlation coefficients as can be observed on
table 3.1. Less consistent variations are reported
when the stimulus level of the reference pattern
used 1is the same as the one corresponding to the
subaverages amnalysed. On the table 3.1 it can be
observed that when the stimulus level of the refer-
ence pattern is increased, starting at the one cor-
responding to the subaverages analysed, up to the
highest stimulus level, a reduction on the mean
correlation coefficient is reported, effect equiva-~-
lent to a shift towards lower values of their res-

pective curves.

The observations described suggest that, in
general, some improvement 1in the sensitivity is
indeed obtained when other stimulus level averages
than the highest available is used as a reference
pattern. The analysis of data from more subjects,
including some hearing abnormalities, would be de-
sirable in order to support the tentative conclu-
sion stated above. Also the analysis of unstimu=~

lated EEG would provide the basis for the determi-
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nation of the non response condition.

The results shown in the following pages have
been separated according to subjects. The rank co-
rrelation coefficients have been plotted using as
abscissa the re-ordered sweep Kl and‘the values of

the coefficients as ordinate.

Regarding the histograms, the abscissa corres-
ponds to intervals, 0.2 width, of the correlation
coefficients from -1.0 to +1.0. The ordinate £ <co-
rresponds to the number of occurrences of the corre

lation coefficients between each interval.
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MEAN CORRELATION COEFFICIENT
(AND STANDARD ERROR) VALUES

Subaver. Reference Pattern SL (dB)

SL (dB) 80 60 40 20
80 1.555 (.04)
60 |.517 (.04) .553 (.04)
40 |.339 (.04) | .337 (.04) .513 (.04)
80 |[.488 (.03)
60 |.080 (.04) | .429 (.04)
40 1.199 (.04) | .265 (.04) | .408 (.05)
80 |.321 (.04)
60 }.242 (.05) .526 (.04)
40 |.227 (.05) | .321 (.04) 423 (.04)
80 [.331 (.04)
60 242 (.04) .595 (.04)
40 |.247 (.05) | .349 (.04) L4554 (.04)
80 }.362 (.05)
60 |.170 (.05) | .241 (.05)
40 1.108 (.05) | -.001(.04) .278 (.04)
20 .132 (.05) .110 (.04) .070 (.04) .202 (.04)
80 1.397 (.03)
60 [-.089(.04) 262 (.04)
40 [.015 (.04) § .061 (.04) .146 (.05)
20 [-.007(.04) 044 (.05) .027 (.05) |.177 (.05)
80 |.469 (.07)
60 1.050 (.06) | .309 (.04)
40 .259 (.06) -.080(.04) .328 (.07)
20 {.469 (.05) | -.074(.04) 490 (.05) { .524 (.04)
80 .242 (.05)
60 |.059 (.06) | .309 (.08)
40 1.027 (.05) | .232 (.08) .271 (.08)
20 |.036 (.04) { .199 (.09) | .161 (.08) | .216 (.08)

Table

3.1
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CHAPTER &

CONCLUSIONS

The design, construction and testing of the
BSER Audiometer has been described. As the proto-
type model has been tested at the New Addenbrooke”s
Hospital (Cambridge) it has been found useful in the
clinical environment and also that it facilitates
research in the BSER field. At the time this thesis
was written three more instruments were 1In test to
be soon delivered. Unfortunately more time than ex-
pected was spent on the construction of those three
more 1instruments, though it was profitable because
it allowed to improve some of the features of the
prototype model. Some suggestions for further im-
provement can be made which could be incorporated in
a later version of the instrument. They can besum-

marized as follows:

~Speed motor control. The speed of the chart re-
corder motor 1s voltage controlled, which gives an
accuracy of %2%. Improvement on this accuracy could
be achieved by a speed control; this would lead to a
more straightforward determination of the peak 1la-

tencies, which could be read off a standard scale.
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-Include a voltage calibration signal.

-Provide a monitor O/P for both the EEG signal res-
ponse and the click mark for use in recording indi-

vidual responses for further analysis.
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