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ABSTRACT

Clinical neurophysiological studies of the human visual system rely on the use

of visual stimuti that produc e a response. The evoked responses are greatly

influenced by the nature and characteristics of the stimuli. For the studies

carried out for clinical diagnostic purposes of the visual system, it is paramount

that certain criteria be met. Firstly, the conditions of the study must be carefully
controlled. This means accurate control and calibration of the stimuli used, and

control of other experimental physical parameters (i.e. distance from stimulator,

control of amplification, filtration and analysis of responses, and so on).

Secondly, the Jtate of the patient must be either within certain preset limits, or

be at least under constant monitoring. This means for instance, that during

intraoperative registrations, analysis of the responses must take into
consideration the particular state of the patient being monitored.

The purpose of this thesis is to improve the accuracy and reproducibility of
clinical neurophysiological studies of the visual system by introducing methods

for the control ind monitoring of the two factors involved in the studies: the

stimuli, and the patient. The publications included in this thesis show how the

spread of responses can be decreased by proper calibration-and choice of visual

siimuli. The lnfluence of gross changes in "internal" conditions of the patient

being monitored are also studied. In particular it is shown that changes in_the

EEG-characteristics of the patient should be take into account in visual evoked

potential testing during anaesthesia.
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LIST of SYMBOLS and ABBREVIATIONS

a-wave
b-wave
EEG
ERG
ERP
FVEP
LED
N75

N145

P100

VEP

frst large negativity in ERG recording
first large positivity in ERG recording
electroencephalogram
electroretinogram
early receptor potential
flash VEP
light emitting diode
negative wave form in VEP recording occurring
approximately 75 ms after stimulus onset
nbgative wave form in VEP recording occurring
aooroximatelv 145 ms after stimulus onset
pb'sitiu" *aue fot* in VEP recording occurring
approximately 100 ms after stimulus onset
visually evoked potential

candela
illuminance [ux]
luminous flux [lumen]
light intensity [candela]
luminance [candela/m2]
lumen
lux
time [seconds]
wavelength [meter]

cd
E
F(1)
I
L
lm
1x
t
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Mesopic

Scotopic

UNiTS AND DEFINITIONS

The properties of the human eye are relatively stable and show the smallest inter subject
variability under very bright ("photopic") and very dim ("scotopic") viewing conditions. The
international CIE (Commision Internationale de I'Eclairage) photopic system of light
measurement specifies the "photopic" and "scotopic" ranges as:

Photopic = luminance greater than 3 cdlm2, the field should be
viewed centrally and restricted to 20 - 30.
i.e. light adapted eye

= luminance in the range 3 - 0.003 cdtm2 (properties of
the human eye are not stable in this range)

= luminance less than 0.003 cd/m2
i.e. dark adapted eye

radiantfh.u, P = radiant power of light source [watts]

A distinction should be made between physical measurements of power or energy (radiometry)
and measurements that relate to the human vision (photometry). The terms and units used in
visual sciences can at times be misleading, as radiometric and photometric units are often seen
to be interchangeable. The following tables list the most common units and definitions of
photometry and radiometry; some conversion factors to non- SI units are also included.

Terms and definition used in photometry and radiometry.

The radiant flrzx is the radiant power produced by a light source, given in watts.

Luminous Jlzx is the amount of visible light produced by a radiant flux, measured in lumens.
Luminous-flux is that part of electromagnetiC radiation which is converted to a visual signal,
and is thus a measure of how large a visual stimulus is produced. The sensitivity of the eye

depends on the wavelength l" of the light, hence luminous flux is also wavelength-dependent:

luminous flux,

or

where F(I) = luminous flux

P(L) = radiant flux

K(f,) = the number of lumens given by one watt of
power at any given wavelength I nm .

A graph of K0,) vrs.2is called the V(L) cume ("photopic spectral luminous efficiency",
"relative visibility".) The visual sensitivity for the dark-adapted eye (scotopic eye) is called the

V'()'.) cune. The scotopic K'(lv) curve is defined such that at 555 mnk'()') andk(i,) have
exactly the same value, ie. the lumen has the same definition for scotopic and photopic vision.

F(1,) = K(X,) P(I)

K(L) = dF(I)/dP(X)

fiumen, lm]

llm/wl



The new definition (1979) is that one watt power of monochromatic radiation of 555 nm
provides 683lumens.

Light intensify is measured in candelas (cd) and is defined as:

light intensity

where

[cd=lm/sr]

Illuminance is the amount of illumination received by a surface, it is measured in lux (1x) and is
defined as:

illuminance , E =dF/dA [1x=lm/mz]

Luminance is the perceived brightness of a surface. It is measured in candelas per square meter

@d/m?1and is defined as:

luminance, L

where I
Ap

Tatrle 1. SIIMMARY OF PHOTOMETRIC AND RADIOMETRIC TERMS..

I - dF/dro

o =Nr
dro = dA./r

= dvdAp

= light intensity
= projection of surface area in

direction of inspection.

[cdtm2]

Quantity

flux

flux
density

intensity

emittance

sterance

Photometric

Terrn

luminous flux

illuminance

luminous intensity

luminous
emittance

luminance
"brightness"

Radiometric

Term

radiant flux watt

irradiance watt/m

radiantintensity watt/sr

lumen

lumens/m2
(lux)

lumen/sr
(candela)

lumen/m2

lumen/m2lsr

radiant
emittance

radiance

watilm2

watttrfrlsr

1

.



The retinal illuminancd (and hence the retinal stimulus) is determined by the amount of light
falling per unit area on the retina. The SI unit of retinal illuminance is the dimensions

lcdlrf,m2lthe older unit used was the troland lcUrf,tnw?l, defined as the retinal illuminance
of 1 [cd/m2] through a pupil of area I [mm21.

Table 2. SI I-INTTS OFPHOTOMETRY.

Symbol

lumen

lux

candela

candela/mZ

0.00146 watts of
monochromatic 555
nm light

lumen/m2

lumen/steradian

lumen/m2lsr

illuminance

luminous
flux
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Table 3. OTHER NON-SI UNTTS AND TIIEIR COI'IERSION FACTORS'

Unit

lambert

millilambert

foot-lambert

international
apostilb

phot

milliphot

ft-candle

troland

candeLa/ftZ

candela/in2

1/rc (candela/cm2)

lambert x 10-3

l/n (candelalftz)

0.l millilambert

lumen/cm2

phot x 10-3

lumen/ft2

retinal illumination by
surface of luminance

L cilril viewed
through pupil of 1

mm2.

3.38 millilambert

487 millilambert

3.l4xl0-4 cNrQ

3.l4xlO-7 cdtr&

3.39 x 10-3 cdtrf,

3.14 x 10-8 cd/m2

104lux

10lux

10.75lux

10-6lumens/sr

1.06 x 10-6 cd/m2

1.53 xlO-4 c!m2

luminance

luminance

luminance

luminance

illuminance

illuminance

illuminance

retinal
illuminance

luminance

luminance

Definition or conversion SI units
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1. NEUROPHYSIOLOGICAL STUDIES OF THE VISUAL SYSTEM

1.1 INTRODUCTION

Neurophysiological studies of the human visual system rely on the measurement

of electric potential changes on the visual cortex (VEP, Visually Evoked

Potentials) or the retina (ERG, Electroretinogram). These potential changes are

elicited by light stimuli. The most common type of stimulus used in ERG studies

is the flash stimulus. VEP studies require the use of pattern stimuli, but in some

specific cases flash-type stimuli are also used in VEP studies (FVEP, Flash-VEP).

The light stimuli can be produced by LED-devices or projectors, the most

common stimulator type, however is the discharge-tube flash stimulator /Celesia,

19841. This type of stimulator delivers a short intense light flash when a suitably

high voltage charge is discharged through the tube. The responses obtained in

ERG and FVEP studies closely reflect the type of stimulus used, in particular the

average and peak intensities of the stimuli are critical lKdll, 1970; Tsuchida et a1.,

1970; Ikeda,19821.

I.2TTfr ERG EXAMINATION

The ERG measures the electrical activity of the retina induced by light

stimulation. The retina is the photosensitive part of the eye that converts light

into nerve impulses. It is a less than 0.4 mm thick tissue covering the inside

wall of the globe (Figure 1.1). The retina is composed of various cell types

which can be roughly divided into two categories: photosensitive cells and

information processing cells. The photosensitive cells absorb light quanta and

convert them into electrical signals. There are two main classes of

photosensitive cells in the retina, rods and cones (named after their shape).

10
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Figure 1.1 Simplified schematic horizontal diagram of the human- eye(right) a1t^d^ryc_tj9n.of

thJretina /Celesia, 1985; Davson, 1980; Dowling and Boycott, 1966; Moore, 1985; Weale,
1,982 /.
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The rods are the more sensitive of the two photoreceptor classes, they are

usually viewed as taking part in monochromatic vision under low lighting

conditions, and do not participate in colour visionl. A rod is about 500 times

more sensitive to light than a cone. There are three subgroups of cone cells that

react differently to differing energy range photons, and are thus capable of

producing signals that ultimately are interpreted as colour. According to their

spectral sensitivities these can be divided into b1ue, red and green sensitive cells

/Carpenter,7990; Celesia, 1985; Cornsweet, 1970; Davson 1980/.

Electric signals generated by the photosensitive cells are transmitted to the

bipolar cells and further to ganglion cells whose axons coalesce at the papilla

and form the optic nerve. In addition to these three cell layers there are two

horizontally connected layers: the horizontal cells and the amacrine cells. The

Miiller cells (glial cells) occupy the extracellular space and extend through the

retina from the photoreceptors to the vitreous border of the retina (Figure 1.1) .

The spatial density of the photoreceptor cells is not homogeneous, but varies

sharply across the retina. A circular central 1o of the visual field called the

fovea has the highest photoreceptor density of the retina. This specialised region

contains, however, only cones and no rods. In addition to a very high density of

receptors, photoreceptors in the fovea receive light that shines directly to the

cones and not through the other ceIl layers as elsewhere in the retina. This

means that the fovea is thus the region of maximum acuity.

The photoreceptor density is a function of the distance from the fovea. At the

foveathe density is as high as 120 000 cells lmmZ. The spatial density of the

cones decreases progressively toward the anterior limit of the retina (orra

lThere is evidence that rods do in fact contribute to colour vision at low lighting levels /Land, 79771,in fact the
rods are electrically coupled to the cones /Davson, 1980/. It is usually considered though, that under normal
daylight conditions the contribution ofthe rods to colour vision is minimal.

T2



serrata), being less than 10 000 ce11s/mm2 about 20o away from the fovea

/Osterberg, 19351.

The density of rods peaks at about 20o from the fovea, the density being over

150 000 cells/mm2, over 60 000 rodsimm2 are still present in the far periphery.

In total the human eye has approximately 6 million cones and 100 million rods

/Osterberg , t935t. Collectively the rods have a threshold four orders of

magnitude lower than the cones.

T.3 T}GELECTRORETINOGRAM

The retinal processes induced by the absorption of light-quanta have been

extensively studied on both extra- and intracellular levels by recording the

electric potentials generated at various locations of the retinal ceIl layers. Studies

on non-humans involve intraretinal micro-electrode recordings, whilst human

studies almost invariably have concentrated on recording the electrical activity

of the retina by external electrodes.

The ERG is the most common neurophysiological test of the functioning of the

retina. The ERG is recorded with the aid of an elecffode placed on the cornea

(corneal electrode), in some cases the recording electrode can be located near

the cornea, e.g. on the lower eyelid, or just below the eye (Figure 1.2) /Hiikkinen

et a1., L9921. Corneal electrodes have a circular aperture that lets the stimulus

light through, and provides an artificial pupil that will reduce the variations

regarding the amount of light reaching the retina. In addition to the aperture

size, variations in the optical density of the media in the eye will affect the

amount of light absorbed by the retina.

t3



There are two different types of stimuli that can be used during an ERG

examination: flash and pattern /van der Tweel, l98ll. Flash stimuli are used

most commonly, these stimuli are usually produced by discharge-type lamps

that can emit very intense short duration light pulses. Pattern stimuli consisting

of geometric figures can be conveniently displayed on video monitors. Pattem-

ERG (PERG) studies are not yet performed routinely in neurophysiological

laboratories.

Figure 1.2 Method of recording the ERG: an electrode situated on the cornea, or as close to
the cornea as possible (e.g. the lower eyelid), is used to measure the electric potential changes
of the retina caused by a light flash.

1.3.1, The ERG-response

The electrical activity recorded during an ERG examination is the sum or total

electrical activity of all retinal cell groups. The ERG is not the signal conveyed

to the cortical areas by the optic nerye, it is merely a measure of the activity of

the individual retinal cell groups. Depending on the light adaptation stage of the

Transparent

Light
stimulator
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retina, and on the intensity of the stimulus used, it is possible to stimulate

primarily either cone or rod cells. A dim stimulus falling on a dark adapted

retina will stimulate mostly rods, whereas a bright stimulus falling on a light

adapted retina will stimulate predominantly cone cells. Figure 1.3 depicts in a

schematised form the aspects that can be seen on an ERG-recording. Clinically

most valuable are the latencies (time from stimulus onset) and amplitudes of

individual parts of the response. As the response is a sum of different ceIl group

responses, so is the ERG-signal a sum of individual wave forms: Granit

identified and isolated three distinct wave forms /Granit, 19451.

The early receptor potential (ERP) is thought to originate in the outer segments

of the receptor cells. The a-wave is also photoreceptor generated, while both

Miiller cells and bipolar ceils conffibute to the b-wave. The c-wave is thought to

arise from activity within the pigment epithelium.

Early receptor
potential (ERP)

I

Oscillating.lf
notentiats 

| |

+

Resting
potential

500 pV

A
lZO4060SOms

Stimulus

Figure 1.3. A schematised ERG-response. All wave fgryt $3 components shown can not be

rec-orded in a single ERG simultaneously due to technical difficulties. To be able to record all
components, diffErent filters and gain seiting must be used during the measurement procedure
for each wave form type /Hiikkinen et a1.,1994/.

b-wave
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The nature of an ERG response in a normal healthy subject is dependent on two

factors:

1) the specific nature of the visual stimulus used, and

2) the stage of adaptation of the eye.

1.3.2 Effect of stimulus intensity on ERG

Figure 1.4 shows how the amplitude of the ERG a- and b-waves vary as a

function of the stimulus intensity. For dim stimuli, only the b-wave will be seen,

its amplitude gradually increasing with increasing stimulus intensity with a

gradual emergence of the a-wave. For very intense stimuli, the b-wave

amplitude will again start to decrease. There can be considerable variances in

the amplitudes of the ERG-response within normal subjects, the latencies of the

responses, however, typically exhibit a smaller inter-population variance

lBrown, 1968; Brunette, 1982; Celesia,1993; Ryan, 1988/.

54321
Stimulus intensity, -log scale. O=2x 1O 

6 
cd/m.2

Figure L.4 The effect of stimulus intensity on the amplitudes of the ERG-response /Ikeda,
t987t.
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The colour of the stimulus will also affect the response. Latest ERG testing

standards, however, specify that the stimulus should be white (colour

temperature of 700 Kelvin) due to the practical difficulties involved in the

calibration of near monochromatic stimuli /Celesia et aL., 7993; Marmor et

aI., 1989; Hiikkinen et a1., 19921.

7.3.3 Effect of adaptation on ERG

The state of adaptation of the eye will also markedly affect retinal responses

during an ERG-examination. These adaptation-influenced variances can in fact

be used in clinical practice to distinguish between the rod and cone responses.

As can be seen from Figure 1.5, the adaptation curve of the eye shows a distinct

dove-tail shape arising from the different adaptation behaviour of the rod and

cone cells lBrunette, 1982; Ikeda, t9871.

010203040
Minutes in dark

Figure 1.5 The light-adaptation curve for a normal human eye lWeale,19821.

After a relatively fast initial adaptation during the first minutes in dark, a

levelling off in the adaptation will take place until after approximately 10

minutes, when a second adaptation stage begins. After approximately 30

6
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minutes the eye will be completely dark adapted and at its maximal sensitivity to

light /Celesia, 1985; Davson, 1980, Weale,l982l.

1.3.4 Bloch's law

The response of the retina to stimuli of various intensities can be quantified to

some extent with the help of Bloch's law /Tsuchida et a1., l97ll. This law

(Equation 1.1) states in effect that the retinal response to a flash-stimulus willbe

a constant for the function of the stimulus intensity multiplied by the duration of

the stimulus:

Response =/(I *t)

where = stimulus intensity

= stimulus duration

According to Kulikowsky this law holds for t= 0 ... 50 ms /Kulikowsky, L9771.

Tsuchida et al. have found that the critical time, tr, for which this law holds

depends on the energy of the stimulus /Tsuchida et al., t97ll. For energies in the

range 3.1 - 3.1 x 102 mL ms, /- 100 ms. For greater energies in the range 3.1 x

toz - 3.1 x 104 mL ms, /c= 1000 ms.

A repetitive light stimulus (pulse) will merge into a seemingly continuous steady

unflickering light when the repetition frequency of the light flash is great

enough. The frequency at which the light appea.rs as a continuous illumination is

termed the fusion frequency /Carpenter, 1990; Weale, 19821. For a dark-adapted

eye and intense stimuli, the fusion frequency is of the order of 50H2, the fusion

1.1
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frequency depends on the adaptation state of the eye, and on the intensity of the

stimulus AVicke, 1964; Ripps,l976l. This effect is retina-based, in that the ERG

response to a flickering stimulus decreases steadily as the frequency is

increased.
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2. CALIBRATION OF PHOTIC STIMULI

2.I INTRoDUCTION

The need for calibration of the stimuli has been recognised very early on in the

history of ERG and F-VEP studies /Brunette and Molotchnikoff, 1970; Norden

and Leach, 19761. Previousiy introduced calibration methods have been mostly

inaccurate and difficult to perform /Leach, L970; Mlikelii and Hrilttii, t996;

Rimmer, 19891. In clinical practice it is not uncoilrmon for ERG testing to be

carried out under situations where minimal or no calibration of the stimuli have

been performed. This situation naturally influences the reliability and specificity

of clinical tests, and makes comparison of clinical test data between different

testing sites impossible.

2.2 CALIBRATION METHODS

In the past calibration methods have been based on the use of simple light-

sensitive transistor or diode circuits connected to a display device to determine

the shape of the pulse, and on the use of inexpensive integrating lux-meters to

measure the average intensity of a repetitive series of light pulses lBrunette and

Molotchnikoff 1970; Norden and Leach, 19761. These measurements have

assumed that the stimulus itself is stable and repetitive, thus the parameters of a

single light flash could be deduced form measurements performed on a

continuous series of light flashes. Simplifying assumptions as to the shape (i.e.

time-intensity profile) of single light pulses are usually also made. We have

shown that these assumptions are not correct /IV/. The first important

disclaimer pertaining to previous results concerns the distinction between

20



measuring and calibrating a series of light pulses and the clinical practice of

using individual, single, light flashes. It is important to realise that the clinical

setting where single light stimuli are used may greatly differ from the situation

where the stimulator is used to deliver a continuous train of light pulses.

Secondly, calibration measurements performed under a given set of operating

parameters may not be valid for the same instrument operating under different

conditions.

2.3 CALIBRATION RESULTS AND DISCUSSION

The results of calibration measurements performed on discharge tube flash

simulators disclosed several significant findings /IV/. Single stimuli showed a

variance in peak intensity of 10 to 207o from one stimulus to another. This

variance was greatest at smallest stimulus intensities. This means that stimulus

parameters for a single stimulus cannot be accurately deduced by previously

used methods relying on measurements of a series of stimuli. The variance of

stimulus parameters was found to be strongly influenced by the choice of

operating conditions of the stimulator (i.e. repetition rate and intensity of

stimulus). Thus a proper choice of stimulus parameters can markedly improve

stimulus stability and reproducibility. Previous assumptions as to the behaviour

of stimulus intensity as a function of distance from the stimulator were also

shown to be inaccurate: the geometric shape of the light field is very different

for different stimulators. Since the light source is not a true point source, the

inverse-square law usually appiied to calculate intensities at different patient-to-

stimulator distances is not directly applicable /IV/.

The results from the measurements reported in /IV/ ted to the development of

an improved method for the calibration of flash stimuli iV. This method includes

2t



a protocol for accurately determining the shape of the light flashes for individual

stimulators. This allows the calculation of the total energy density per stimulus

for any photo stimulator, as well as the peak intensities of the stimuli. Although

a clear improvement compared to previous methods, the method has its

limitations, as it requires the graphical integration of the area of individual light

pulses. The errors in these measurement can be compounded by the slow

response times of most typical inexpensive lux-meters, which, furthermore

usually saturate at the peak intensities delivered by discharge-tube stimulators.

22



3. DESIGN OF A DEDICATED PHOTOMETER

3.l INTRODUCTION

The calibration methods developed in [N,ll, although more accurate than

previous methods, are labour-intensive and require technical skills that may not

be available in all neurophysiological iaboratories. Furthermore, the technical

limitations imposed by the use of commercially available lux-meters add a

potential error Source to the measurements. To alleviate these problems, a

completely new type of photometer was constructed.

3.2 MATERIALS : DESIGN OF A NEW PHOTOMETER

The typical resources and requirements of a neurophysiology clinic were the

starting point in the design of the new instrument, which was constructed at the

Ragnar Granit Institute2, Tampere University of Technology /Miikel2i and

H61ft4, 19961. The main features of the insffument are:

Functions

. Peak intensity measurement of single and sequential light flashes.

. Integrated intensity measurement of single and sequential light flashes.

. Digital displays for peak- and integrated intensity values.

. Analogue output of detected light pulse for display of pulse shape on an external

device.

2Formely the Institute of Biomedical Engineering.
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Detector

. Silicon photo diode.

Spectral sensitivity

. 380 nm - 720 nm, maximum sensitivity 560 nm, corrected with Vfu filter to

cover visible light spectrum with a spectral sensitivity closely matching the

human eye (C.I.E. photopic spectral sensitivity curve).

Response time

. Detector 2 ps, peak detector 5 ps.

Range

. Peak intensity 1 000 to 1 500 000lx, integrated intensity up to 85 lxs.

Accuracy

.*5Va.

Power requirement

.9V baueries.

The new instrument differs from commercially available photometers in several

respects. Most important is the ability to measure the peak arrd integrated

intensities of a single light pulse and of a series of light flashes. The instrument

is capable of effectively integrating the intensity of a single light pulse (i.e.

determining the integrated intensity value of a single light flash). Both the peak

and integrated intensities can be displayed simultaneously and the values held

on display until the instrument is reset. The response time of the photometer is

also sufficiently fast to enable it to respond to single light flashes produced by

discharge-tube photo stimulators.
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3.3 METHOD: CALIBRATION OF STANDARD STIMULATORS

The practical problems involved in the standardisation of stimuli has often been

seen to be overcome if identical protocols are followed, and if the type and

setting of the stimulator are known. Thus even if the stimulus used does not

fully comply with international standards, then at least hospitals using the same

stimulator could use the same reference material. This assumption has not

been previously rigorousiy validated; and for this purpose three identical

Nicolet Ganzfeld ERG stimulators were tested with the new photometer. This is

the only stimulator type commercially available that complies with the new

international and national ERG-test protocol standards, and as such is

considered to be a de facto "standard" stimulator. The stimulators in question are

in use in three major University hospitals in Finland, namely Tampere

University Hospital, Turku University Hospital, and Kuopio University

Hospital. We tested how closely the ou@ut of the stimulators matched the

standard stimulus as defined by the international and national recommendations

for ERG testing /Celesia et al., 1993; Marmor et a1., 1989; Hiikkinen et al.,

t992t.

The main parameters of interest were the stimulus intensities (per stimulus) at

the nominal standard setting, and variation in output at nominal standard

intensity. The linearity of the intensity control settings was also tested. The

testing protocol was designed to follow the standard ERG procedures as closely

as possible; the stimulators were run through a "standard" ERG test sequence.
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3.4 RESI]LTS

The calibration measurements performed on the "standard" Ganzfeld stimulators

indicated a surprisingly wide divergence in stimulus intensities at nominally

identical stimulator settings between the three stimulators. The "standard"

setting that should have produced a flash intensity of 2 cd was found to produce

stimuli that varied in intensity from 2.73 cd (+6.13 cd) to 1.63 cd (+0.30 cd)

NA.

The variance in peak intensity from flash to flash (i.e. stability of the stimulus)

also varied between stimulators. The greatest variance was measured for the

stimulator in Kuopio at 43Vo; next came Turku at 26Vo, and the smallest

variances were measured for the stimulator in Tampere at 187o Nll. The

intensity settings were also found to be inaccurate in that the controls modified

the stimulus intensities in a non-linear manner. Thus in addition to the basic

differences in output intensity, the modulation of the intensities by use of output

control resulted in an additional variance of 35 Vo for all three stimulators /YU.

3.5 CONCLUSIONS AND DISCUSSION

The new photometer used in these measurements proved to be simple and easy

to use in comparison to previous testing methods /Brunette and Molotchnikoff,

1970; Norden and Leach, 19761, tIV;4.

The results obtained with the new photometer show the perils involved in

comparing results obtained according to seemingly identical protocols: clear
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differences were observed in the normative ERG data between Tampere and

Turku. Normative data was obtained for two groups of 30 healthy volunteers in

Tampere and Turku. The responses between these grouPs (a- and b-wave

latencies) to the nominally standard flash (mixed cone and rod maximal scotopic

response) differed by 257o /VI/. This data was obtained by strict adherence to

the national recofltmendations, great care was taken to assure that the methods

were as identical as possible. It can be inferred from the calibration

measurements that the differences in stimulator output can account for the

observed differences in the normative values.

The measurements also revealed practical methods for stabilising the output of

the stimulators. Firstly, stimulus intensity (i.e. change from photopic to scotopic

intensity) should be varied by the use of neutral filters sdy, due to inaccurate

intensity settings control. Secondly, the use of smaller intensity stimuli result in

greater spread in flash output, therefore only high- to medium-high intensity

settings should be used and appropriate neutral density filters should be used to

adjust the intensity to match the required standards IIY,W.
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4. CONSTRUCTION OF A MORE STABLE PHOTOSTIMULATOR

4.l INTRODUCTION

The inherent instability of standard ERG-stimulators can be somewhat reduced

by a judicious choice of operating conditions, as has been shown. Further

reductions in instabilities of the stimulus require, however, alterations to the

stimulator itself. One possible solution is to forgo the traditional discharge-tube

stimulator in favour of a more stable technique. One such method is to use

LEDs as the light source, as they are very stable and their ouQut can be easily

controlled /Andersson and Sid6n, 1994; Skuse et a1., 1984; Skuse and Burke,

19851. The disadvantage of such a technique is the low light output of a single

LED, therefore a large number is required before a practicable stimulator can be

constructed.

4.2 MATERIALS: T}IELED STIMULATOR

To overcome some of the inadequacies of the traditional stimulators, it was

decided to design and consffuct a LED-based stimulator. Construction and final

design of the stimulator took place at the Ragnar Granit Institute, Tampere

University of Technology NW. The device produced a stimulus of 650 nm with

a very narow spectral width of only 20 nm at 50 Vo maximum. This was

achieved by using an array of 1024 super-bright LEDs covering a total area of

32 x 32 cm. The geometric shape of the stimulator light-unit was designed to

produce a slight focusing effect at a distance of about 70 cm /IVliikelii, 19861.
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Young children introduce an added difficulty to ERG testing: the inability to

cooperate during the test /Iliikkinen et al., 19871. It is not unusual fot the gaze

direction to shift significantly during an ERG test. Thus it was hoped that the

large dimensions and shape of the light field of the LED stimulator might aid in

producing a more homogeneous stimulus at varying gaze angles.

4.3 RESULTS: PEMORMANCE OF THE LED SIMI-ILATOR

The LED stimulator was tested by comparing the responses obtained with the

new stimulator with responses to a traditional discharge-tube stimulator.

4.3.1Patients

Two patient groups were tested, the frst consisted of 2l young children aged 3

to 17 months (mean age 7.8 months, standard deviation 3.4 months) and the

second group consisted of 25 young adults ( aged 18 to 24, mean age 22.3,

standard deviation 1,6 years).

4.3.2 Method of testing

Two sets of stimuli were used: a standard stimulus produced by a "SIEMENS"

discharge-tube stimulator, and a stimulus produced by the LED-device. The

flash stimulator was positioned 20 cm from the eyes, flashes of 400 klx average

intensity and7} ps duration were used. The repetition rate was I per 5 seconds.

The LED stimulator was positioned at a distance of 60 cm, where the light

intensity was 170 lx. A squale light pulse of 75 ms duration was used at a

repetition rate of I per 2 seconds. The ERG was measured by using non-comeal

electrodes fixed on the lower eyelid. The signals were amplified by using a
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Siemens Mingograph 2I- type EEG amplifier, whose output was fed to a

Hewlett Packard 200 series microprocessor. New software was developed for

the microcomputer by the author to allow the use of two types of stimulator, and

to allow collection of single ERG-responses from a cascaded series of several

responses. This allowed manual rejection of responses affected by movement

artefacts, thus reducing the need for summation techniques. This assured a good

quality ERG response without resorting to summation techniques, and the

consequent possible deterioration of response detail. The equipment and

experimental set-up were tested by recording ERG responses from adults, and

comparing these to responses obtained previously by the standard ERG-testing

equipment used routinely in the laboratory. Trials confirmed that the new test

equipment worked satisfactorily, and gave identical responses to those obtained

with the standard ERG-measurement equipment.

By performing the test on young children, it was assured that the spectral

characteristics of the stimuli used were not affected by any possible changes in

the ocular media or changes in absorbance of the ocular media, as can often be

the case with adults. Very young infants do not yet have a fully developed

visual system, however there are a number of reports that indicate that it is

sufficiently developed to be able to respond to colour stimuli such as produced

by the LED stimulator /Bornstein, 1976; Dobson, 1976; Peeples and Teller,

1975; Teller,1982l.

The experiments were carried out in light adapted conditions, thus assuring a

maximal effect on the discrimination of red-sensitive cone cells versus all cone

groups. Great care was taken to assure uniform stimuli were used for all

subjects, simitarly attention was given to electrode placement to assure good

quality responses. The responses obtained were each inspected individually

30



(before summation of responses for any particular subject was carried out), poor

quality responses were rejected.

4.3.3 Results

The results of ERG tests for the LED-stimulus and standard flash stimulus

respectively are shown in Tables 4.1 and 4.2 NI"A.

Table 4.1 LATENCIES OF A- AND B- WAVES FOR STANDARD AND LED STIMULI, AVERAGE OF

ENTIRE SI.IBJECT GROUP, PHOTOPIC RESPONSES (ADULTS AND CHILDREN).

Stimulus

LED

Standard

LED

Standard

a-wave

a-wave

b-wave

b-wave

Latencies s.d. as Vo

33.6+ 4.1 ms

16.1 + 5.8 ms

62.0 + 4.7 ms

46.6 + 5.3 ms.

(x 12.2 Vo)

(t 36.0 7o)

(!7.6 Vo)

(*11.4 7o)

n

s.d.
+

=46
= standard deviation

=1sd

TABLE 4.2 AMPLITUDES OF ERG RESPONSES FOR STANDARD AND LED STIMT.JLI FOR ADULTS

AND CHILDREN.

Stimulus Subjects Amplitude (a-wave
throush to b-wave

LED
Standard

LED
Standard

adult (n=25)

adult (n=2s)

child tn=zil
child tn=zrl

15.0 + 5.6 pV
35.4 + 10.2 pV

8.1 t 2.1 pV
25.1 t 1.2 pV

t=1sd
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As expected the responses to the LED stimuli showed as smaller spread. The

increased latencies of the ERG a- and b-waves for the LED stimuli can be partly

attributed to the smaller light intensity of the LED stimulus in accordance with

Equation 1.1. In this case the intensity x duration product for the stimuli were:

LED stimulus 170lx

Standard stimulus 400 klx

L2.75lx s (t 1.5 lx s)

28.00Ix s (+ 2.1 lx s)

x 75ms

x 70ps

4.1

4.2

The stimulus powers differ by a factor of approximately 2, or in logg units, by

0.78. However, the differences in the responses were greater than expected

from the differences in stimulus intensity alone.

4.4 CoNcr-usroNs

In addition to the difference in stimulus intensity, the stimuli also differed in

their colour. Experiments with stimuli of the same wavelength as that of the

LED stimulator, but with wider spectral widths have been performed routinely

throughout the world, indeed they have been performed in the same laboratory

as these experiments /Anonymous, 1989; Adams and Harden, 1989; Choi, 1978;

Evans et a1., 7974; Harding, 1987; Heath and Honan 1989; Humphrey and

We1ler, 1988; Hiik&inen et a1., 7987; Mushin et a1., 1984; Oppel, L967; Potts,

1968; Sieving, 1986; Wea1e, 19661. These show that the discrepancies in the

responses observed in these experiments were not due to the spectrum of the

stimulus per se, but to the spectral width of the stimuli. The extremely narrow

specffal width of the light produced by the LED stimulator can be considered to

be almost monochromatic, this raises the possibility of using such stimuli to

selectively stimulate different retinal ceil groups. This type of stimulus could



become a very useful addition to the standard test protocol. It is however

technically very difficult to produce a stimulator with a selectable stimulus

colour of such a narrow spectral width as can be obtained for the particular type

of light emitting diodes used in the LED stimulator. This type of stimulus

unfortunately does not conform to the newest ERG standards thus limiting the

usefulness of the new stimulator. A further limitation is the intensity of the

stimulus, which is too small for photopic responses.

Although the LED stimulus is more stable and appears to produce responses that

show a smaller spread than those obtained with a traditional stimulator, the

stimulator's shortcomings are such that the LED-stimulator was not a

practicable instrument for routine clinical examinations.
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5. VISUALLY EVOKED POTENTIAL (VEP)

5.l INTRODUCTION

Whereas the functioning of the eye (viz. the retina) can be recorded by the ERG,

the overall cortical activity arising from the initial processes partially recorded

by the ERG can be measured by monitoring electrical activity near the visual

cortex. These processes can be studied in the VEP examination .

5.2 VISUAL NERVE PATHWAYS AND CORTICAL VISUAL AREAS

Visual information is conducted to cortical areas of the brain by the optic

nerves, which are composed of the axons of the retinal ganglion cells. The right

and left optic nerves merge at the base of the scull in the optic chiasma (Figure

4.1), where a part of the nerve fibres of the visual nerves cross over. The nerve

fibres from the optic chiasma continue on as the optic tract. The optic tract leads

to the first central areas of the visual pathway, the lateral geniculate nuclei, the

superior colliculi, and to the nuclei controlling eye movements. The axons of the

geniculate nucleus continue on through the optic radiations to the primary visual

cortex (sometimes referred to as the striate area, or arca 17 of the occipital

cerebral cortex). The primary cortex is closely connected to the secondary (area

18) and tertiary (area 19) visual cortex, and to the superior colliculi. The visual

cortex areas on the left and right halves of the brain are fuither connected with

one another by axons running through the corpus callossum /Lindsay and

Norman, t977 ;Bruce and Green, t992;Plantand Perry, 19g0l.
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5.3 TIIE VISUALLY EVOKED POTENTIAL (VEP)

The visual pathways and the visual cortex can be studied by measuring potential

changes occurring near the occipital cortex during visual stimulation. These

potential changes are termed the Visually Evoked Potential (VEP). The visual

stimulus can be in the form of brief light flashes (as in the ERG), or more

commonly, alternating patterns during which the overall stimulus intensity

(illumination) is held constant /Ossenblok and Spekreijse, 1991 Onofri et a1-,

1991; Kurita-Tashima et al., L99ll.

Figure 4.1 The optic nerve runs directly from the back of the eye into the. optic chiasma in
the"centraVlower iegions of the brain. fhe nerve is taken overby-the optic--tract.an{ optic
radiations, which aie signal pathways in the brain itself, rather than a well defined optic
nerve. Redrawn after /Lindsay and Norman, 1977l'
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Figure 4.2 An example of a pattern-VEP response obtained from a healthy subject. 20
responses were sufitmed to make the VEP wave form visible. The potential wasmeasured by
elei:trodes placed atT6, 02, Oz, O1, and T5 with the reference at Fz. Electrode placement and
names are indicated in Figure 4.3.

The most common stimulus used in VEP examinations is the checkerboard

pattern, in which dark and bright checkerboard patterns switch positions (the

pattern VEP). The VEP is typically recorded by scalp electrodes placed atT6,

02,Oz, 01, and T5 with the reference atFz (Figure 4.3).

Although the VEP is recorded by electrodes placed near the occipital cortex, the

actual generation sites of the potentials lie partly deep in the visual cortex, with

deeper cortical areas also contributing to the response. The resultant wave form

obtained during a VEP examination is shown in Figure 4.2.
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Figure 4.3 Electrode placement on the scalp according to the international ten-twenty system
/Jasper, 1958/.

Of clinical interest are the latencies (i.e. time from stimulus onset to occurrence

of response peak) of three peaks, sometimes termed the N75, P100, and N145

according to the usual latencies exhibited by the wave forms /Allison et aJ, 1976;

Carpenter, 1990; Bourne et a1., 1971; Ripps and Weale,7976l. Thus N75 is a

strong negative (hence the letter N) deflection in the response wave form that

occurs at approximately 75 ms after stimulus onset, P100 is a positive wave

form (=p; at approximately 100 ms latency, and so on. The potential changes

caused by the visual stimulus are masked by the underlying EEG-activity,

therefore to obtain the VEP-response, summation techniques are used. Typicaliy

10 to 50 reponses are summed and averaged, in this manner the underlying EEG

activity is slowly filtered outs.

3 It is assumed that the normal EEG activity does not become synchronous with the VEP response. This is not

entirely true: especially the later sections of the VEP response can show synchronized EEG alpha-activity /Pietilii
et A., igg}t . thi BBC is usually, however, sufficiently asynchronous to be filtered out during a VEP examination.
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The overall wave form shape and latencies are naturally influenced by the

nature of the visual stimuli used, the attentiveness and psychological state of the

subject can also significantly affect the form of the VEP response /Carpenter,

1990; Wricht et a1., 19791.

5.4 INTRAOPERATryE VEP MONITORING.

Practically all VEP recordings are carried out in neurophysiological laboratories;

however, in addition to the traditional neurophysiological aspects of VEP

monitoring, one field that is showing promise is the intraoperative recording of

VEPs ( i.e. monitoring during surgical procedures or anaesthesia). Early studies

of the visually evoked potential during anaesthesia have focused on attempts to

define which of the elements of the evoked wave form can be assigned to

excitatory post synaptic potentials of cortical neurones and which can be

identified as inhibitory post synaptic potentials lCreatzfeldt et a1., 1966;

Purpura, L9551. A new field of study is the potential offered by evoked

responses to serve as a yardstick of anaesthesia depth. To this end several

investigators have studied the relationship between VEP responses and depth of

anaesthesia for several different anaesthetics. A further use is the monitoring of

visual pathway intactness during surgical procedures /Feinsod et a1., 1976;

Harper and Daube, 1989, Martin et al., 1959; Nagau et a1., t978; Nuwer, 1986;

Raudzens, 19821.

Depending to some extent on the purpose of the intraoperative VEP monitoring,

relatively standard techniques are used in the operating room, with an emphasis

on proper grounding and shielding of patient and equipment lDomino, L967;

Domino et a1., 1963; Harper and Daube, 19891.



In addition to the anaesthetic agent used, there are a host of other factors that

influence the intraoperative VEPs. Among these are: age, hypothermia, anaemia

and hypoxia, and blood pressure /Albright and Scalabassi, 1985; Minowa and

Hayashida, 1983; Nagao et a1., 1978; Reilly et al., 1978; Russ et aI., 1984;

Smith, 19751.
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6. EEG AND VEP - STANDARDISATION OF VEP

6.l INTRODUCTION

The visually evoked response can be described as a cortically measurable

activity superimposed on an underlying EEG activity. Because the amplitude of

the VEP is roughly similar to the EEG activity amplitude, visualisation of the

VEP usually requires summation techniques. These techniques rely on the

assumption that the EEG activity is random in relation to the VEP response, and

therefore consecutive summations of the cortical electrical activity gradually

results in an augmentation of the VEP response. The nature of VEP monitoring

is thus twofold: dedicated instrumentation and techniques are required to

measure the cortical electrical activity (i.e. EEG activity) as well as possible,

and then to reduce the EEG amplitude and augment the underlying VEP

response. Hence VEP monitoring requires high-quality EEG registration, which

in turn dictates the need for common-mode signal rejection methods to diminish

external noise in the recording. The underlying implication is that also coherent

EEG -tike activity may not be recorded under particular circumstances. The

issue of signal monitoring techniques and signal coherence is therefore of

paramount importance if good quality VEP recordings are to be made /Celesia et

al., L993; van der Tweel, 1981; Hartikainen et a1., t9951.
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6.2 METBRIALS ANd METHOD: DIGMAL EEG MONITORING

With the advent of digital EEG recording, it is possible to theoretically choose

any lead configuration after the recording, by re-calculation of the signal. It

should therefore be possible to use digital techniques to obtain recordings with

as much information as possible without fear of losing coherent information

during the recording stage. One way to approach this problem is to use signal

processing tools in determining correlation factors involved in EEG monitoring.

This approach was chosen to study the suitability of digital recording methods

during anaesthesia /III/. Digital EEG monitoring methods during anaesthesia

were studied because the changes in EEG activity seen during anaesthesia serve

as a good EEG "source" as a wide range of EEG phenomena are evident during

the different stages of anaesthesia /III; VIIU. A further development of the

technique was achieved by performing combined EEG and FVEP studies /V/.

6.3 RESULTS and DISCUSSION

Study /IIV confirmed the assumption that EEG coherence increases with

decreasing distance between recording electrodes. Similarly use of a common

reference elecffode increased signal coherence. In general, the study validated the

assumption that digital recording, with consequent re-montaging is both feasible

and theoretically justifiable finl. This allows the simultaneous recording of EEG

with a high degree of common mode signal rejection, and subsequent use of re-

montaging techniques for the summation of VEP responses /III; V[I; V/.

4l



7. PATHOPHYSIOLOGICAL FACTORS INFLUENCING THE VEP

T.l INTRODUCTION

Psycho physical factors play an important role in determining the exact nature of

VEP responses. It has been considered though that the effects of gross changes

in brain functions have been relatively well understood /Celesia, 1984; Celesia,

1985; Desmed, 1989; Kulikowsky, 19771. One such case is the decrease of

available functional cell mass due to trauma /Trojaborg and J6rgensen, 1973i

Grigg et a1., 19871. Under these conditions, the VEP generator volume has been

assumed to be reduced, and hence also VEP responses, when measurable, have

been of a reduced amplitude /Ferbert et al, 1986; Trojaborg and J6rgensen,

1973; Ungher et a1., 19601. We report experimental findings to indicate that this

opinion may be an oversimplification /IV.

7.2 MATERIALS : FVEP in BRAIN DEATH

The relationship between available generator volume and VEP amplitude is not

a straight forward one, for example inhibitory and excitatory pathways to the

generation sites also affect the VEP amplitude. One extreme case where this

effect can be observed is in severe trauma. We examined the effects of severe

trauma in study [IA, in which a patient pronounced clinically brain deada

exhibited FVEP responses of an abnormally high amplitude, but of a simplified

form.

4 The patient was defined clinically brain dead according to the criterion in publication II
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7.3 METHOD and RESULTS

A ten channel EEG was recorded according to usual standards some hours after

the beginning of coma. Ftash-VEPs were recorded within ten hours after the

beginning of coma, these showed marked potentials which were relatively high

in amplitude and simplified in form as compared to our normal material. The

amplitude of the F-VEP recorded some 3 hours after the patient was pronounced

clinically dead showed a response higher than normal (approx. 150 Vo of normal

amplitude); latencies were nornal or slightly shorter than normal tlU. These

observations were particularly significant, in that for the first time abnormally

high VEP responses were measurable from a patient pronounced clinically brain

dead; cases of VEP responses in brain-dead or deep coma patients have been

reported previously, but these have always involved low-amplitude VEPs

/Ferbert et aI, 1986; Ungher et al., 19601.

7.4 DISCUSSION

Previously reported cases of preserved VEP activity in deep coma or brain-dead

patients have involved VEP activity of a reduced amplitude, which has generally

been interpreted as being caused by a smaller generator volume /J6rgensen et at.,

1973; Ferbert et al., 19861.

We speculate that the high amplitude of the VEP may have been due to a loss of

thalamic inhibition, due either to neuronal damage directly in the thalamus, or in

the connections with the thalamic region.
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Flash-VEPs often exhibit an "afterdischarge" that is generally close in frequency

to the predominant alpha activity. It is generally accepted that the two phenomena

are closely associated /Barlow, 1964; Welsh, L9861, however Magnus and Ponsen

11965l have obtained results which show that the afterdischarge was little

affected by the phase of the alpha cycle at which stimulation took place. Peacock

/19701 has suggested that the afterdischarge should be regarded as the averaged

development of alpha regeneration following flash-induced blocking. In this

case, the EEG recorded prior to and after the FVEP examination did indicate the

presence of some alpha-like activity. The FVEP however showed no after-

discharge /IV.

The nature of the alpha activity recorded in comatose patients is unclear. There

are reports that such activity is sub-cortically generated /Grigg et al., 1987;

Gurvich, 19641. After induced global brain ischaemia, activity resembling human

alpha activity has been demonstrated in dogs /Gurvitch, 1964/. The primary

source for this activity appears to be the amygdaloid nuclei, and sub-cortical

structures, in particular the thalamus seem to function as secondary generators

/Gurvitch, 1964/.If this is true for humans, then the presence of alpha-like

activity in this case would seem to imply an intact thalamus, but damaged

connecting pathways from the thalamic region.

7.5 CONCLUSIONS

The increased amplitude of the F-VEP responses indicates a probable lesion in the

thalamic region, the simultaneous presence of alpha-like activity then lends

support to the idea of a probable cortical source for the alpha-like EEG-activity.

Lack of the VEP-after discharge in this case cannot be seen to support a direct
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link between alpha-activity and VEP-responses. The amplitude of the VEP-

response can be affected by the same regulator as autonomic reactions, this must

be taken into account as VEP amplitudes can be influenced by processes other

than those directly concerned with visual processes or image processing lBodis-

Wollner, 19891. This becomes particularly important in VEP studies that measure

changes or absolute amplitudes of VEP responses.

45



8. ANAESTIIESIA AND VEP

S.I INTRoDUCTION

In addition to the purely technical aspects of VEP recording, the nature of the

generation processes of the evoked responses themselves should be considered.

The VEP response is inherently more difficult to "standardise" than for instance

the ERG response /Desmedt, 19891. The new standards for ERG testing specify a

set of external conditions that assure repeatable ERG results, provided the

stimulus is stable /Celesia et a1., 19931. As the response arises from a relatively

limited area of cells, it is feasible to assume that stable conditions are achievable

for the generator sites. For a given stimulus, then, the ERG response is

reproducible /Brown, 1968; Cornsweet, L970; Hughes et al-, 19871. The situation

with the VEP response is more complicated. Although the stimulus naturally

influences the response, the generator of the response is far more complex, and

involves a very large group of cells of different types. It is therefore clear that the

"internal" conditions play a greater role in the VEP response than in the ERG.

Furthermore the generator sites or VEP sources are not as well understood as in

the ERG. One situation where the standardisation of the test protocol is

particularly difficult, is intraoperative VEP monitoring.

The approximate effects of various anaesthetics on the VEP at varying depths of

anaesthesia on humans vary significantly from one anaesthetic to another NIIII.
Some of the effects reported have been slightly contradictory, or concerned

small patient groups /Bimar and Naquet,1966; Domino, 19681.

Of the various anaesthetic agents in use today, isoflurane is one of the most

widely used. For this purpose isoflurane was chosen as the reference agent for
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comparison of VEP responses with the anaesthesia depth in general. Previous

investigations have disclosed a general trend with deepening anaesthesia level and

VEP response for moderately deep anaesthesia depths /Chi and Field, 1986/. At

greater depths there seems to be contradictory findings /Feinsod et a1., 1976;

Allen et a1., 1981; Costa de Silva et a7., I985l.In one of the largest series of

patients published, intraoperative VEPs showed a relatively high rate of positive

and false negative changes due to excess amplitude and latency variability

/Raudzens, 1982/. We tested deep anaesthesia levels in particuiar, to study how

burst-suppressions EEG pattems at these levels affect the VEP responses.

8.2 Merenrars AND METHoD

Eight women aged 20 to 45 that underwent gynaecological operations were

monitored. We recorded the EEG using a Nihon Kohden Neurofax 2l EEG

recording system, the output of which was connected to a BIOPAC SYSTEMS

MP100 data collection system from where the digitised signals were fed to a

Macintosh Portable lap-top computer. A total of 16 channels were recorded

digitally, simultaneous paper- and computer recordings were obtained' VEP

responses were provoked by using a standard stroboscope lamp, FVEPs were

averaged from the EEG recording off-line after the recordings were completed.

Anaesthesia depth was driven to the burst-suppression stage and maintained at

that stage for at least 15 minutes.

sBurst suppression EEG patterns are explained in detail in publication VIII.



8.4 RESULTS AND DISCUSSION

No F-VEP activity could be recorded during suppression. During bursts, on the

other hand, a FVEP response was obtained that appeared very similar to the F-

VEP immediately before the frst suppression /V/.

Evoked potentials have been investigated extensively during anaesthesia in an

attempt at obtaining suitable methods for monitoring anaesthesia depths as a

function of these responses lBrazier, 1970; Chi and Field, t986; Sebel et al.,

19861. One factor ignored in these reports, however, is the effect of burst

suppression. Evoked potential monitoring is usually carried out by summation

techniques, i.e. the raw EEG is not monitored during the study. Hence if the

patient is rendered to a depth of anaesthesia sufficient to invoke burst-

suppression, it is clear that during part of the evoked potential monitoring, EEG

activity, and evoked potentials, will be suppressed. Thus the net effect is to

grossly reduce the overall amplitude of the VEP if summation is carried out

during the suppression stage.

8.5 CONCLUSIONS

Reports on the correlation of VEP amplitudes and latencies include anaesthesia

levels where burst-suppression activity is very likely to occur, and it is at these

levels where the greatest variation in obtained responses also seems to take place.

This is clearly understandable in view of the results of study /V/. If VEP

summation is carried out when the EEG is at the suppression stage, clearly no

VEP response will be obtained. Thus if the VEP is recorded without taking into
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account the effects of burst suppression, the resultant VEP will reflect a random

fluctuation simply as a function of whether the visual stimulus is given during a

suppression stage, or a burst stage. The observations reported in study lY I can

increase the reliability and usefulness of intraoperative VEP monitoring and

should be taken into consideration in future studies of evoked potentials during

anaesthesia.
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9. CONCLUDING REMARKS

This work is an approach to the problem of standardisation of clinical
neurophysiological studies of the human visual system. Several different
strategies were used to achieve this goal.

Calibration methods were first developed to allow measurement of ERG

stimulators /IY/. These measurements showed a great instability in the output of
these stimulators, and suggested ways of minimising variances in stimulator
output /IV/. Next, graphical methods for calibration measurements were

developed tll. The compiexity of these methods led to the development of a

dedicated ERG calibration photometer. As traditional ERG stimulators were

shown to be inherently unstable fi,lY l, a new type of stimulator was developed

and used for ERG studies NIll. The newest commercially available ERG

stimulators were also calibrated with the new photometer. Measurements

indicated a great variance in output between different units and explained

differences in ERG test results between different hospitals /W.

The calibration of VEP studies concentrated on observing the effects of gross

functional and physiological changes in the patient. Enhanced amplitude VEPs

were observed for the first time in a trauma patient pronounced brain dead tlll.
These observations challenge traditional views on the role of generator volume on

VEP amplitude. New methods were developed to study VEPs during anaesthesia

llll,Yl, and also the effects of different anaesthetics were studied /VIfI/. The

new VEP monitoring techniques enabled accurate VEP monitoring during deep

anaesthesia, and showed why previous VEP recordings under these circumstances

can give incorrect results /V/.

This work describes some methods that can improve the accuracy of
neurophysiological studies of the visual system. In many cases the clinical
application of these methods remains a compromise between improved accuracy

and practical considerations: available resources, duration of examination, and so

forth. The results reported here may help in reaching that compromise.
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