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ABSTRACT

A new method of investigating vision is described in which
the potential difference (p.d.) evoked by a sinusoidally modulated
light stimulus is correlated with the stimulus. An analogue comput-
ing system has been developed which will detect and measure the phase-
locked p.d. evoked at stimulus fréquency (synchronous response) in
the presence of noise and non-synchronous response of up to 30 times
signal amplitude.

The stimulation system enables the stimﬁlus frequency, peak
retinal illumination and stimulated retinal area to be held constant.
It is found that undér these stimulus conditions the visual system
attains a steady~state mode of response between about 16 and 80 seconds
from onset of stimulation.

| In this steady state, the phase lag of the synchronous response
in the electroencephalogram (E.E.G.) is proportional to stimulus
frequency. This is interpreted as indicating an apparent time latency
of synchronous response which is independent of stimulus frequency.,
The apparent latency for equal brightness stimuli is different for
different colours. The blﬁe-green latency is longer than the red
latency, The nminimum latency is in the\yellow.A The apparent latency
is also a function of stimulus intensity. It is proportional to the
logarithm of retinal illumination for high stimulus intensities in the
blue and green. For yellow there is little variation with intensity.
The apparent latency versus wavelength graph is therefore similar to
the saturation versus wavelength graph and the changes with intensity

are similar, I1f apparent latency correlates with saturation, the
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latency for a whité stimulus should be less than that of a yellow
stimulus of equal brightness. It was found that the white latency
lay between the yellow and blue-green values.

During the initial 16-20 seconds of stimulation, a response
is obtained which is larger thah the final steady-state response.

The amplitude rises linearly and the fall is sudden. It is proposed
that the effect is little dependent on rod activity, and a central
neural mechanism is postulated.

Beating observed in the records is_attfibuted to intrinsic q
activity. It is argued that the observed steady-state synchronous
response is a true evoked response which is independent of a activity,
and that the frquggcy of the ¢ activity is independent of the light
stimulus, and of the synchronous response.

Measurements of the electroretinogram (E.R.G.) reveal a
synchronous evoked résponse. It is shown to be unlikely that the
E.E.G. response is a spread of the E.R.G., and unlikély that the
E.R.G. response plays a part in the transmission of colour information
to cortex, "

The advaﬁtages and disadvantages of the apparatus relative to
suzmation devices is discussed. It is suggested that the steady-stat
response of the visual system, which is attained by using the stim-
ulation technique described here, is a novel and simple mode of
functioning which might reveal basic mechanisms not evident when

other stimulus conditions are employed.



INTRODUCTION

Colour mixture data and the trichromatic theory of vision.

Colour vision has been investigated by colour matching.
In this technique no attempt is made to describe or measure sensations
such as hue or subjective brightness. Instead data is obtained in
terms of the physical stimuli used, and expressed in either power
units or photometric units. In many types of experiment the observer
ad justs two stimuli until the sensations they produce are indistinguish-~
able. Physical measurements of the stimuli then ehable deductions to
be made concerning the physiological processes produced by the stimuli.

Colour matching measurements were carried out separately by
W.D.Wright (refs.1,2) and J.Guild (ref.3), using instruments which
in‘accuracy preéision and freedom from stray light were considerably
jn advance of previous designs, The stimulus was chosen to be
bipartiteb2° foveally viewed field. A test stimulus in one half
of the field was matched in colour and brightness by a mixture of
three stimuli in the other half, It was found possible to use either
three pure spectral matching stimuli or three impure filtered stimuli,
providing that the energy distribution of the impure stimuli were
known and that no one stimulus could be matched by a mixture of the
other two. Fields larger than about 3% often have a non uniform
appearance. This is due to macular pigmentation, and to desaturation
caused by rod vision. A 2° stimulus ficld was chosen in order to
avoid such effects. In W,D.Wright's colorimeter the stimuli were
obtained by forming a spectrum by means of a prism, and positioning
roof prism reflectors at the required wavelengths in the spectrum.

. The bandwidths used were between 2 mp  in the blue and 6 m p in the
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red,

The units of red, green and blue stimulation can be obtained
by matching an internationally agreed white, and defining the
colorimetric amonnts of the three stimuli to be egaal. An
alternative system, introduced by w.D.gright, is to match theo
three stimuli against a spectral 5825 A and a spectral 4940 A,
This system has the alvantage of clearly separating the effects
of macular pigmentation, and variations of receptor properties.
By performing matches through what was effectively an equal energy
spectrum, the amounts of the three matching stimuli through the -
spectrum were obtained. When plotted against the wavelength of
the test stisulus, these Jata constituted the spectral mixture
curves for the thre» particular matching stiruli used.

| It was found that colour matches made by a group of observers,

whose colour vision was not defective, did not show differences
much greater than could be attributed to variations in lens or macular
pigmentation though swall receptor variations were found. For a 2°
foveal stimulus it was never necessary to employ wmore than three
matching stimuli, whose choice was arbitrary, so long as no one of
the stimuli coul” be matched by the other two. Matches d;d not break
down over a wide range of retinal illuminations, were accurately
repeata:le from day to day, anit were little affected by the state of
retinal adaptation. It was found that colour ratching date in terms
of one set of three matching stimuli could be expressed injterms of
another set, by the use of definite algebraic transformatipns. In
addition, if a stimulus C
02 by M2
(C1 +'Cz) would be matched by (M1 M—Mz).

This date applied to the specific experimental conditions
viz. a 2° centrally viewed stimulus field. Other field sizes or

] were matched by a mixture Ml' and

then it was found that the matches were additivé, i.e.
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locations may exhibit different characteristics. For example
a small (20') foveal stimulus exhibits tritanopic-like defects
of colour vision.

Stiles developed a colorimeter which employed‘spectral'
stimuli (ref., 4). Between 4900 g and 6500 X the retinal
illumination was about 500 trolands. Colour matching data were
obtained for 2° and 10° fields. A non-uniform appearance of the
field was observed for the 10° field, attributable to macular
pigmentation. When the gaze was fixed on the centre of the field,
however, little difficulty was experienced in making colour matches.

Only minor differences were found between colour matching
data for the 2% and 10° stimulus fields.

Some rod participation was evident for the 10° stimulus in
the extreme red at the lower illuminations (100 trolands). Apart
from differences between the 2° and 10° data which coulé be attrib-
uted to macular pigmentation, there were differences which appeared
to be due to differences between foveal and parafoveal colour
mechanisms, Stiles suggested that on going from 35700 Z to 6250 X,
the "blue" parafoveal mechanism becomes relatively more sensitive
than the foveal "blue" mechanism, while for the "green" and "red"
mechanism the reverse effect occurs. |

The facts set out above indicate that for a 2% foveal stimulus,
colour information ié restricted to three channels at sowme level
which is probably peripheral. This gives support to the Young ~
Helmholtz theory of colour vision which states that there are three
types of foveal cone, one having its maximum sensitivity in the red,
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one in the green and one in the blue,

Dominators and modulators.

By "retinal element" is meant the single fibre or ganglioﬁ
cell from which a microelectrode recording is made.

For individual retinal elements in the retinae of cats, frogs
and other animals, Granit and Donner measured the threshold sensitiv-
ity in the dark adapted state for different wavelengths throughout
the spectrum (ref.5). Often broad band curves were obtained which
were described as '"dominators". Granit considered these curves to
relate to photopic and scotopic brightness sensitivities, They
exhibited the Parkinje shift, indicating that visual pigments'iﬁ
addition ﬁo visual purple weré involved. Selective adaptation to
coloured lights revealed narrow band sensitivity curves, described as
"modulators". These were suggested to underly wavelength discrim-
ination, The wavelength of the peak sensitivity of a modulator
varied, but in general fell! into one of three distinct spectral
regions. Granit regarded this as support for the Young—Helmhdltz
theory of visidn, suggesting that statistical averages of moduiator

responses would result in trichromatic vision.

Retinal Densitometr&.

Direct evidence for the existence of cone pigments in man
has been obtained by Rushton (refs.6a,6b,6c,7). He passed a
“monochromatic test light into the eyé via the nasal half of the pupil.
After pasgsing twice through the retina, some twenty-tzousandth part
of the light returned through the other half of the pupil. Rushton
measured the reflectivity of the dark adapted fovea at several
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wavelengths for a normal observer. = Ee then répeated the experiment
after bleaching the retina with red light. The change in reflectivity
at each wavelength was plotted against the wavelength. On thé
assumption that the red-absorbing visual pigment was predominantly
affected by the red bleachihg light, tbe graph was interpreted as
indicating the difference in ahsorbtion between the red pigment and
any coloured products of bleaching (difference spectrum).. The
reflectivity measurements were repeated after a bleaching with blue-
green light. The additional changes in reflectivity observed were
attributed to the bleaching of an additional green-absorbing pigment.
It was not found possible to detect a blue-absorbing pigment, but a
Isufficient explanation would be itg very low concentratioﬁ,

Only a single pigment was found in the fovea of a subject
suffering from protanopia. In this deféct of colour vision a loss
of red-green discfimination is accompanied by a reduced sensitivity
to red. The difference spectrum of the pigment detected was similar
to the visual sensitivity curve measured psychophysically in the.
protanope, and the regeneration of pigment after bleaching followed
a similar course to the recovery of visual sensitivity. This strongly
suggested that the pigment detected was the pigment responsible for
vision in the protanope. The green-absorbing pignent in the normal
had a similar difference spectrum. Only one pigment (green-absorbing)
was found in the deuteranopic subject. In this defect of colour
vision red-green discrimination is lost, but red sensitivity does not
appear to be affected. As with the protanope, the pigment detected

appeared to be the pigment involved in deuteranopic vision.
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Rushton's reflectivity measurements thepefore pfovide support
for the Young-Helmholtz theory of colour vision in so far as he has
measured the difference spectra of two foveal pigments simultaneously
present in the normal eye, an? associated them with similar difference
spectra of the single pigments of dichromatic observers. These
dichromat pigmentsAhe showed had difference spectra which paralleled

psychophysically measured visual sensitivities of the subjects.

Processing of the informatisn available at the
photoreceptors.,

The restriction of colour‘channels to three at the level of
the photoreceptors does not preclude the processing of information
at higher levels, as proposed in various zone theories of colour
vigion. A zone theory might postulate for example that colour |
information is restricted to three channels at the level of the‘i
photoreceptors, but that at a higher level (zone) the information
is rearranged into four channels. No a&ditiénal information can
result from the processing of information available at photoreceptor
level, but such a theory would account for the uniguenecss of yellow
sensation, and‘for the subjective red-g;een and yellow-bhlue 0pp§nen£
colourappearances., A

| Electrophysiological evidence that processing of information
takes place progressively at higher levels in the cat is descriﬁed
by Wiesel and Hubel (refs.8,9). The simple retinal '"on'" or "“off"
responses to a light stimulps (ref.10) are. processed, until at the

cortical level an individual cell responds for example to only a light
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strip in a unique position and at a unique =2ngle, or to only a
moving light strip located anywhere in a limited retinal area.

Micropipettes were employed as electrodes by Svaetichin and
MacNichols to measure responses to light in the retinae of teleost
fishes (ref.ll). The trains of impulses which are observed as a
result of light stimuli when the electrode tiﬁ is located in the
layer of ganglion cell bodies or axons were not obtained when the
electrode penetrated more deeply into the retina. Instead there was
a much slower electrical response which was given the name "Spotential".
Svaetichin a;d MacNichols considered that this arose in the bipolar
cell region, In some records the polarity of the rcsponse reversed
midway through the spectrum, exhibiting a maximum of one polarity
in the yellow, and a maximum of the otherlpolarity in the blue.
Other records from the same retina showed a reversal at a different
point in the spectrum, with opposite maxima in the red and greeﬂ.
Another type of recording showed no reversal, and a sensitivity |
maxirmum in the 500 - 600 mpy region. Svaetichin and MacNichols
interpreted their results as showing opponent colour red-green énd
yellow-blue responses suggestive of the Hering opponent colour fheory
of colour vision (ref.12), and a luminosity mechanism separate from
the colour discriminating mechanism. The interpretation is put
forward that these responses are elaborations of the simpler photo-
receptor responsces.

Later work suggested that the S potential might arise not

in the nerve cells, but as a consequence of some metabolic interactica

between glia cells and nerve cells (ref.13).
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A possible anatomical basis for the colour channels was
described by Polyak who observed three types of neural connections
to cones. He considered that these may play a part in trichromatic

vision (ref.l4)

The variation of perceptual latency
with wavelength.

Kleitman and Pieron investigated the build up of apparent
brightness by determining the flash duration necessary in order that
the level of a relatively stable sensation produced by a 1 second
stimilus be passed. (ref.15) Using filtered coloured stimuli they
found the rate of rise of sensation to be in the order red, green,
blue andwhite for the fovea. However their interpretation has been
questioned, and the suggestion made that the measurements are merely

of the relative effectiveness of flashes of different durations.

The spike frequencies of retinal elements in
the cat produced by light stimuli of different wavelengths.

Donner investigated whether the presence of receptors in the
cat's retina other than those charged with visual purple could be
signalled by a frequency code of a single retinal element (ref.5).

If this were not so, the spike frequency versus time graphs for all
retinal elements coul? be made identical by adjusting the intensities
of the‘variously cblouredkstimuli so that the visual pﬁfple would
absorb equal amounts of energy for ;5111 s-tibmuli. This was found to
be impossible for many elements; which exhibited a rate of rise of

spike frequency for the off-effect dependent on the wavelength of the

, o )
light stimulus. For 6000 A the maximum/spike frequency occurred

: o
0.03 seconds after the light was cut off, for 5200 A after 0.17 seconds
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ang for 4600 X after 0,24 seconds. Spike frequencies at these
moments were measured for stimuli throughout the spectrum, and graphs
resulted which were similar in appearance to the spectral mixture
curvés measured psychophysically in man.

On the ofher hand it may be that single fibre records do not
include the full range of information on which colour perceptions
are based, Measurenents on the transmission of energy through‘

retinal receptors reveal that the receptors possess waveguide

properties. Enoch illuminated human receptors with white light

and found coloured distributions of light within individual receptors,
which altered with the angle of incidence and varied from recepﬁor

to receptor. (ref.16). In order that the performance of the visual
pigments may be separated from the variation from receptor to receptor
it seems likely that an averaging process is performed over a large

number of receptors.

The stabilised retinalvimage.

Methods havé been developed whereby an image can be made to
remain stationary on the retina. The subjective effects resuiting
from this stabilisation suggest locations for the mechanisms uﬁder-
lying colour discrimination, and form additionai experimental data
which must be satiefied by any theory of vision. -

Ditchburn described a technique of compensating eye movements
with an optical system in which the image is reflected by a small
mirror on a contact lens. (refs. 17,18). In a method due to Riggs,
the target is carried on the contact lens. (ref.19).

It appears that the motion of the image across the retina is

13-



essential for the sensory function of the eye. When the image is
stabilised, it soon fades to leave a featureless field. After a time
the image regenerates and is visible to the observer, in whole or in
part, for a fraction of the time of observation. This fraction
depends on the content and character of the image. The effect 9f
stabilisation on colour perception was described as a rapid desaturation

Using a 1° circular bipartite stimulus field of constant |
luminance ( 1 ft. lambert)Clowes investigated the effect of stabili-
sation on colour differences between the two halves of the field;
(ref.zo).v He reported a fusion of colours, leaving a field of ﬁniform
luminance. This effect never occurred when stimuli were on opposite
sides of 5900 X , in accord with the findings of McCree (see below).
Desaturation was marked for all colours, and was greatest for gréen.
There was a partial or total fade out of all colours, the greateét
effect being for green.

Sirilar effects can be produced by intense voluntary fixation
even in the fovea. (refs. 21,22,23). McCree found that, for voluntary
fixation of a square bipartite SO'foveal field, the colour in the two
halves fused after aboué 0.4 seconds, providing that there was an
exact brightness match. For a weak stimulus of less than 60 trolands
retinal illumination, any two spectral colours could be fuséd.

For a higher retinal illuwination of 830 trolands, two colours could
be fused providing they were on the same side of 5800 X . A rapid
desaturation of all colours was measured, and found to be insufficient
to account for the colour confusion, McCree considered that the
necessity for an exact brightness match when producing colour fusion

-14-



indicated a linkage somewhere in the visual system between the
mechanisms underlying colour fusion and brightness eguality. This
linkage must be located above retinal level, since dividing the field

between the two eyes did not alter the effect.

Chapter 2. THE FREQUENCY CODE

The correlation of brightness sensation
and impulse freguency.

The Ferry-Porter law, which states that the flicker fusion
frequency is proportional to the log. of retinal illumination holds
in man over a wide'rangé of illuminations. By psing a microelectrode
technique it is possible to measure the flicker fusion frequency for
an individual retinalkelement, as being that frequency at which each
flash is no longer followed by a separate outburst of spikes.

Eroth found in the cat's retina that the flicker fusion frequency
was proportional to the spike frequency just before fusion occurred.
(ref.5). This suggested that in man there might be a correlatio#

between impulse frequency and the log. of retinal illumination,

thus forming a physiological basis for Weber's law.

The suggested correlation of colour sensation
and the rate of change of impulse frequency.

An account is given below of the hypothesis thch led to the
design and execution of the experiments which form the basis of this
thesis, It can be stated at this point that the results of the
experiments were such as to cast doubt on the hypothesis in its
original form. As will be seen in Chapter B, attempts were made to
modify the hyvothesis on the basis of the new data.

-]15e



From a consideration of Donnert's data for the cat, the
hypothesis was evolved that in man colour information might be
carried in the form of the rate of change of impulse freguency which
results from any change in retinal illumination.

A failure in colour vision would thercfore be predicted if
the light intensity falling on individual photoreceptors were constant,
since most retinal elements respond only‘to the onset or cessation.
of stimulation in some part of their receptive field. (ref.10).
This is in accord with the experimental results of stabilising the
retinal image mechanically or voluntarily which are described in

Chapter I.

The hypothetical response to a single flash is indicated in

the diagram.

impulse
fregquency

Three colour channels dotted

Tinme

Single flash
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The colour perceived would correlate with the relative heights
of the three peaks, and the brightness of the flash would correlate
with the average impulse frequency. It would, therefore, be possible
for three colour channels and a luminosity channel to be located in
a single nerve fibre,

This method of transfer of colour information would probably
hold only at retinal level, since at the level of the lateral
geniculate body there is some evidence that the three colour

channels are anatomically separate. (refs. 24, 25, 26).
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CHAPTER 3 THE METHOD COF INVESTIGATION

When electrodes are attached to the scalp in the occipital
region, an electrical activity can be recorded (E.E.G.) Rhythmic,
wave like potential changes which were called " g rhythms" by
Berger are the most prominent feature of brain activity. Since
Berger's original work, brain rhythms have been subclassified on the
basis of fr=quency and amplitude, and on functional correlation.
Activity in the range 8 - 13 c.p.s is called ¢ rhythm. Theta
rhythms are in the range 4-7 c.p.s. and are typically found in the
parietal and temporal regions. They are associated wifh childhood
and emotional stress in some adults. Delta rhythms are in the range
1-3.5 c.p.s., and are associated with deep sleep in normal adults,
with infancy, and with organic brain disease. Beta rhythms, which
have frecuencies higher than 14 c.p.s are generally associated with

activation and tension. (ref. 27, p.284).

The function of the & rhythm

It has been suggested that the movements of the focus of the
a rhythm which are experimentally observed reveal a scanning process.
An interaction betwezen the scanning process and the rhythmic volleys
of impulses produced by a uniform flickering visual field has been
put forward as the cause of the subjective illusions of mottled
movihg patterns seen under such conditions. Such interactions might
also account for the aberrations of colour vision which are indicated
by the Ishihara plates when they are viewed by flickering light.

(ref.28). There is some evidence that the g rhythm acts as a
| -18-



gating mechanism for efferent signals. Some workers have concluded
that there is a tendency for voluntary movements to be synchronised
with the o rhythm, (refs. 29,30,31). 1In their experiments attempts
were made to establish é statistical correlation between the phase

of the a cycle and the initiation of voluntary movements. However
it is difficult to ensure that the subject has no glue of the «a
phase. After a statisticai analysis of his results Lansing
consider:d the shortest and the longest visuometor reaction times in
some subjects to fall approximately 50 milliseconds apart on opposite
phases of the g cycle (ref.32), However this finding did not apply
to all subjects investigated and was not always reproducible in any
individual subject. The visibility of a line viewed by intermittent
illuripation was found statistically to point with fair confidence to
a heightened :égl’ - when the flicker frequency was the same as the

a frequency. (ref. 33).

The effects produced in the E.E.G. by
. a flashing light.

According to W.G.Walter, on observing a flashing light two
separate effects are produced in the E.E.G. (ref.27).

(a) When the flash rate is approximately the same as the a
frequency there is a synchronisation of the g rhythm, which becomes
locked in phase to the flashes.

(b) A true evoked rssponse is produced. There is often a
flash frequency for which the evoked response showé a well defined
maximum, This fredguency is not necessarily the dominant frequency
of the resting q rhythm, but is generally related to one of the a

components.
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W.G.Walter states that the a rhythm can be identified by its
characteristic phase relations. This conld be done, for example,
by the use of his toposcope. In this apparatus the amplified sigpal
from each elect;ode pair on the scalp is 2pplied to separate cathode
ray tubes. Each tube's time base is a spiral at a repetition
frequency which is a sub-multiple of the ¢ frequency. The amplitude
of the E.E.G. signal modulates the spot intensity, so that the a"
activity appears as localised bright regions on the tube faces.
The ¢ rhythm characteristics are described as:~-

(1) Usually the maximum potential change is earlier in
the anterior region than in the occiput.

(ii) Often, for any one region, the a waves for transverse
electrodes lead by 90o the a waves for longitudinally placed elec%rodes

The true evoked potential does not exhibit these characteristics,
and has a definite latent period behind the stimulus. |

This distinction between ¢ locking and a true evoked response
would seem to be indefinite, since the charécteristics peculiar to
the ¢ rhythm ( (i) and(ii) above) are not described as being applicable

to all subjects, nor true at all times for any particular subject.

The proposed experimental aporoach.

The author proposed to uée the evoked response to light
stimuli in an atteapt to measure the hypothetical differences in the

rate of change of impulse freguency produced by stimuli of different

colours, The further aim was then to measure the characteristics of

the observer's colour vision by purely electrophysiological means,

without the use of any psychophysical measurements.

=20



It was already established over a rather limited range of
freguencies, that if a light flashing at a ffequency f 1is observed,
the E.E.G. contains a component at the frequency f. It is proposed
to refer to the sinusoidal component in the evoked response which is
at the stimulus repetition frequency f as the "synckronous comﬁonept"
of the evoked reosponse, so as to distinguish it from any other
harwonics which might be present.

The assumption was made that for a sinusoidally modulated
stimulus of constant freguency and constant peak retinal illumination,
the synchronous component lags the stimulus by a constant time €
(the latency), even if its amplitude fluctuates, or if the total E,E.G
amplitude fluctuates to a large extent. }

Some evidence to support this a priori supposition was found
in evoked potentials reccorded by W.G.Walter et al. (ref.34). Some
of the records showed .a rather steady amplitude of evoked response at
constant flash frequency for short flashes, although —any other records
exhibited considerahbhle variation. However no real attempt had been
mads to ensure constancy of fiash frequency nor constancy of retinal
illunination over a prolonged period.

It was envisaged that if driving of the ¢ rhythm was all that
could be recorded, there would be a constant phase relation between
the @ rhythm and the volleys of impulses arriving at cortex.

If this phase relation were independent of frequency 6ver a range of
a few c.p.s., variation of frequency would reveal a change in phése
relative to stimulus, which could be attributed to the transmission

time between pkotoreceptors and cortex.

01~



The suggested effect of a variation of
stimulus freguency.

The phase lag of the synchronous component behind the flashes
should be given by:-
g = k + 360 f%
where k? allows for any phase shtifts occurring between photoreceptors
and electrodes thch are not due to the latency t‘ seconds. If the
stimulus frequency f is altered, then there should be & change in the
observeﬁ phase lag ¢° where ;-
& g
360 of

=¥ providing that k is not a function of f.

By varying f, any ambiguity of a whole number of cycles is
removed, and location of the zero of phase is unnecessary.

For a sinusoidal wodulation of retinal illumination, the impulse
freguency due to each photopigment should vary sinusoidally, with a
phase lag characteristic of the particular photopigment. The
resulting impulse frequency, being the vector sum of the three
contributions should also vary sinusoidally, and have a phase determindd.
by tke relative contributions of the three pigments.

The experiment therefore was to carry out measurements of
5 p

3606 f
and also to measure the change of @ for each colour with intensity.

for a series of cblours of photometrically egual intensities,

Pilot experiment at the Maudsley Hospital
using pen recorders.

Short white high intensity flashes illuminating almost the
whole of both retinae were employed. E.E.G. signals from scalp

20



electrodes in the occipital region were amplified and drove

recording pens., Cne recording channel was commected to a photocell
in the path of the stimnlating flashes so as to provide a record of
the stimuli. Direct measurements were made from the records. The
distance on the record between the photocell's response to each flash,
and the peak of the immediately following E.E£.G. wave was measured,
The corresponding phase lag was calculated, and a2ssumed to be composed
of a constant term, plus a term dependent on the latency of the E.E.G.
response. Measurements were made at several flash frequencies in
order to isolate the part of the phase lag dependent on latency.

At any one flashk frequeney, variations of phase lag behind individual
flashes appeared considerable, but on average an abproximately linear
phase lag versus frequency graph was plotted, indicating an apparent
létency of about 100 milliseconds. Errors were very large, mainly

due to miach non-synchronous activity.

The main experiment at the
Northern Polytechnic.

Attempts were made to design high 4§ filters in order to
separate the synchronous compénent from the total E.E.G, but no
satisfactory compromise coﬁld be reached between the high 2 required
for good selectivity, and the dependence of the phase shift caused
by the filter on frequency in the neighbourhood cof resonance.
Accurate phase measufements on the E.E.G. would have necessitated
a degree of stabilisation of stimulus frequency whichk conld not be
attaine? at all casily.

Another approach was to make use of the orthoganality of
sinusoids in a well known method of harmonic analysis (ref. 35).
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If the p.d. at the electrodes is a repetitive function of

time (t), it can be expressed as a series, for cxample:-

n . .
¥ (t):Alsin( - ft-;zil) + A tsin nft-;z!u) + = + | asin (27T£t-8)

. 57 . fén
+ 4,sin (‘ - ft-ﬂﬁl) + A, sin (T ft—¢2> 4 ——-

this term is the
synchronous
component of the
evoked p.d.
In the term representing the synchronous component, ¢ is the
phase lag and A is its amplitude.
It can be shown that:-

UIW(t)sin(Zn ft)dt
= tan @

[W(t)cos(zn ft)dt
where the integration is over the longest period in the expansion.

Also:-

A = \I[}'[:y(t)sin (znft)dt]

22+4 [[&(t)cos (2n ft)d{] )



CHAPTER 4 APPARATUS

A method was required of performing in analogue form the
mathematical operations ~escribed above. It was preferable that
the apparatus should perforwm the analysis while the subject was still
connectad to the recorder, so that the experimenter could recognise
and repeat a crucial measurement, or manipulate the experimental
variables, perhaps to accentuate some trend which might develop.
With the analysis performed during the experiment rather than
subsequently, it would be possible to extract wmuch more information
before new variables were introduced by the passage of timé. |
A block diagram of the apparatus can be found at the end of this

thesis (diagram 1)

The amplitude of the synchronous evoked
E.E.G. response.

The amplitude of the synchronous E.E.G. response was found to
be up to 6 microvolts peak-~to-peak. Usually it lay between 2 anﬁ 4
microvolts peak-to-peak. It was buried in random noise and

unwanted signal of 10 to 30 times its amplitude.

Electrodes

In the early stages of the work, electrodes were used consisting
of saline-soaked pads tied to silver-silver chloride rods, which
were held onto the scalp by means of a rubber net. These electrodes
were found liable to movement, so another standard technique using
stick-on electrodes was adopted. Stick-on electrodes are silver

domes of about 1 cm, diameter, to which flexible leads are connected.
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Before every recording session they are cleaned and chlorided

in order to foym a silver-silver chloride electrode so that
polarisation effects are avoided. The dome 1is then attached to

a de-greased region of the scalp by the use of collodion glue.

While the glue is being applied, the electrode is held onto the
scalp by engaging the shoulder of a small brass rod in a hole in
the centre of the electrode. Round the brass rod are several small
tubes through which air can be forced by a compressor, so as to speed
the drying process. A syringe with a blunted needle is then used
to inject conducting jelly through the hole in the electrode.
Ihter-electrode resistance is measured with an Avometer.

The syringe needle is then abraded gently on the scélp under the
electrodes until interelectrode resistances are all less than

2000 ohws., The electrode leads are then plugged into numbered
sockets in a distribution box. Coloured markers on each end of
each lead enable rapid selection of any desired set of electrodes,

A low inter-electrode resistance is essential to minimise thé
capacitive pick-up of electrical interference at the input grids ‘
of the preamplifier. On the other hand this renders the amplifier'
more susceptible to magnetic interference, and to minimise this the
large transformners and chokes of the arc lamp rectifier are located
in the next room, Other apparatus containing transformers is placed

as far as possible from the electrodes.

pcd . amplifier.

The a.c. coupled p.d. amplifier has a maximum p.d. gain of
2 x 107. I am indebted to Professor G.,D.Dawson for the circuit

of this amplifier. The input impedance is 2 x 107 ohms, grid-to-grid.
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This high value ensures that the inter-electrode resistance is
swanped so that it has a negligible effect on the mecasured p.d.

A balanced input discriminates against in-phase unwanted signal at
the electrodes, such as electrical mains interference. The
preamplifier is installed in a separate screened compartment within
the chassis., A first assembly of the circuit gave trouble with
valve base noise, so “flying lead" valves were subsequently used.
The valves are enclosed in screening cans, and mounted on rubber

to avoid microphony. Polystyrene capacitors are used in the
preamplifier on account of their very high leakage resistance;
polyester capacitors are suitable elsewhere. High quality carbon
film resistors are used in the preamplifier, so that resistor noise
should be as low as practicable. (ref,36). Triodes are employed
throughout rather than pentoées, to avoid the partition noise
characteristic of pentodes.

H.T. supplies are derived from batteries, and valve heaters
are powered by accumulators. This is partly to avoid mains ripple,
and partly as a safety precaution.

In practice by far the greatest source of unwanted signal is
found to be attributable to intrinsic brain activity. Nevertheless
it was felt worthwhile to minimise all sources of random noise, so
that the maximum amplifier gain possible could be employed without
driving the apparatus beyond its linear region. Amplifier noise

was measured, and found to be equivalent to about 2 microvolts

peak-to-peak at the input grids.
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Current amplifier.

The current amplifier supplies the multipliers with a current
which represents the E.E.G. voltage signal in analogue form.
A circuit diagram is given at the end of this thesis (diagram 2),.

The p.d. amplifier drives a single E.C.C. 82 triode, which
feeds an OC 72 transistor (Tr.1). This drives an 0C 35 power
transistor (Tr.2). The two-transistor current amplifier is d.c.
coupled, since a rather large current of 200 milliamps maximum is
required by the Hall effect multipliers. The voltage swing required
to drive 200 mA through the 20 ohms resistance of the two multiplier
coils in series necessitates a 24 volt power supply, which is
obtained by the use of car batteries.

A difficulty with d.c¢. amplifiers is the drift with time of
the gain and the 2zero. To minimise drift arising from changes in
the temperature of the tr#nsistors, they are mounted on large heat
sinks. Drift arising from temperature rises of resistors is
minimised by using resistors of up to 40 watts nominal dissipation.
Sufficiently high wattage ratings to minimise drift were found by
trial and error. The 24 volt supply used is sufficiently high
to allow negative feedback via the emitter resistor of Tr.2, and
to allow a large potential drop across thé load resistors of Tr.1l.
and Tr.2, The use of accumulators, which can provide high currents,
enable small values of Rl’ R2 and R3 to be used. All these factors
contribute to good thermal stability.

It was found impracticable to use a rectified d.c. supply,
since with d,c. coupling and a heavy current drain, the unavoidable

small percentage ripole in the supply volts resulted in a percentage
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ripplé in the current through the multipliers so large as to be
unacceptatle, |

The current biassing of Tr.1 is controlled by the variable Rl’
which varies the p.d. across R3, the base resistor, and so controis
the base current. This in turn controls the biassing of Tr.2 so
as to set its collector current to such a value that there is zero
p.d. across the multiplier coils when there is zero input to Tr.ig
This is monitored by the centre reading meter M2. The tapping‘oq
the 24 volt supply was chosen so that a 280 milliamp swing of coii
current is possible without the occurrence of clipping or bottoming.
A twin beam C.R.C. was employed to compare the output current wave-
form through the coils, with the voltage waveform of a sinusoidali
balanced input which was fed to the p.d. amplifier from the alternator
via an attenuator. A graph of input p.d. versus the current through
the multiplier was plotted, ar® found to be linear up to 200 milliamps‘
R.M.S. to within the 2% accuracy of the Avometers used to measure
current and voltage.

An Avometer (M1 diagram 2) was installed to monitor coil current,
and to check that it does not exceed the limit of linear operation
of the apparatus (sec page 40 ). During E.E.G. recordings this is

ensured by an initial setting of the gain of the p.d. aaplifier,

Multiplication.

A circuit diagram of the multiplier circuits is given at the
end of this thesis (diagram 2).
Each Hall effect multiplier core consists of a germanium

wafer (plate) through which a current 11 passes. The wafer is
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located in a field of magnetic induction B produced by the flow
of current Ia through a coil. In accordance with the Hall effoct,
an e.m. f, of magnitude e is generated across the wafer perpendicularly
to 11 and B where:-
e < I,B
since B & 12
e ¢ 1112

Thus the device will generate an output e.m.f. proportional to
the product of any two variables, providing the variables can be
represented in analogue form as currents.

Any asymmetry in the assembly of the wafer is balanced electric-
ally by feeding a fraction of the output back to the plate input
by means of a 10C0 ohm potentiometer.

The p;d. and current amplifiers pass through the plates a current
I, which has the same waveform as the E,E.G. An alternator, which
is drivén hy gearing at the mpdulation frequency of the light stimulus,
drives through the multiplier plates currents which are accurately
in quadrature, and egual in magnitude (rejection limits: b %o : f
for equality of outputs s %% ). Stepped resistors in series,
with each plate enable the plate currents to bé set to be as large
as possible over any particular speed range. The maltipliers differ
both in plate input resistance, and in output e.m.f. for a éiven

input current. They are balanced by the adjustment of 10 ohm
rheostats in the plate circuits so that the same input voltage
applied to either plate results in identical outputs (with equal

coil currents,)
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Integration

Analogue integration is performed by shunt capacitors and
series resistors. One or two 45,000 uF. electrolytic capacitors,
and a series of stepped rasistors can be selected for each multiplier
output, enabling the time constant to be varied from 0.5 to 200
Seconds.

If, in the circuit below, an input e.m.f. vIN is applied,

the capacitor charges through a resistance R.

ouT

The equation of the circuit is:-

dVour I Vin - Vour

dat Cc RC

If the time constant, RC, is much longer than t, the period

'». v v ;
of apnlication of N’ then the final OUT will be wmuch less

than VIN' Hence, approximately:-
v
Vorr _ _Vin . Vour =N .
dt RC RC

So that in general for an input pulse of arbitrary shape, the
peak output p.d. is proportional to the area under the pulse (i.e.

under the e.m.f, versus time graph), providing that RC >>’ pulse length.
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The time constant used eoxperimentally in the E.E.G.
measurements was usually 15 seconds, It is shown above that
the R.C. integrating circuit will integrate pulses whose duration
is much less than 15 seconéds. Powever, n synchronous input Signal
to the analogue computer produces a d.c. output. The R.C. circuit
above will not act as an integrator to this output. Instead the
capacitor wi'l charge through the resistance R, and the p.d. across

C ( VOUT) will change according to the equation
N

! -t
. _ /RC
Voor = ViIn (1 -e %)

and will tend” to a constant value egqual to -VIN .

Thus the "intégrating circuit" acts as an integrator only for
pulses of duration mich less than 15 seconds. Most of the noise
and unwanted signal falls into this category. For the d.c.output
of the required synchronous input signal the "integrating circuit"

does not integrate at all,

Display of integrated multiplier outputs.

A Leeds-Northrup two pen recording potehtiometer is fed by
the two multiplier output p.d's via the integrators. The full span
of éhe instrument is 10 millivolts for each pen, amd the response'
time 1 second. The paper speed is 1" per 7.5 seconds. The pens
are electrically set to centre zero by the adjustment of two separate
external arrangements of a potential divider across a battery.
The resistance R in diagfam‘3 was chosen to be small, so that the

pen biassing should be little altered on changing the time constant

controls or operating the "reduce span'" control.
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The reduce span controls shown in diagram 3 act as potential
dividers across the multiplier outputs. They enable the output
p.d., to either or both of the pens to be reduced by a predetermined
factor of abhout 2. This can be done rapidly during an E.E.G,
observation if it is seen that a pen is about to leave the edge
of the paper.

A synchronous calibration signal was obtained from the alternator,
and applied via attenuators to thé p.d} amplifier., The reduce span
switches were operated and the %Yreduce span'" factor measured. It.was
also confirmed that the operation of one reduce span control did not
affect the other pen, nor 3id it affect the reading of phase angle
or amplitude indicated by fhe combined readings.

The 5 millivolts pen biassing is also applied across the
electrolytic capacitors in the integrating circuits, thus providiﬂg

the required d.c. polarisation. (diagram 3).
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Calibration of analysing circuits.

The synchronous sinusoidal signal froh the alternator was
passed through the R-C variable phase shifting circuit shown,
then through an attenuator so as to pfcvide a balanced synchronous

signal to the p.d. amplifier.

Variable attenuator ! Balanced
600 £.. . 0-100 db . 1 attenuator
P.D,

g;” Amplifier i
" . .'r’
L__‘r
~

Alternator

The apparatus was calibrated for phase measurements against a
Dawe transistorised vhase meter. A 26“microvolts peak-to-peak
signal with low noise,(24uv p-p) was used. The readings agreed to
within the calibration accuracy of the phase meter ( o3 ).
A calibration graph can be found on pagé 36 . At the fregquencies

used in the E.E.G. experiments a % 3% error is equivalent to
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approximately % o.8 milliseconds,

Sinusoidal noise derived from an audio\frequency oscillator was
added to the signal, aftar removing the phase meter, which was not
.able to operate with other than sinusoidal input. When the noise
frequency was very close to the signal frequency beating made
readings impossible, but with frequencies separated by at least
1 c.n.s. the effect of raising noise amplitude to about 35 times
signal amplitude, while simultaneously exceeding the design limits
of the multipliers, was to cause errors in phase measurerents of
about 100, and about 35% errors in amplitude measureﬁents. The
effects on the accuracy of the analogue computer of noise amplitude
~ and freguency are illustrated on pages 39 and 40,

At a constant fraguency and phase shift, signal amplitude was

plotted against.xﬁdeflection of pen 1)2 + (deflection of pen 2)2
and was found to be linear to within thé * 2% accuracy of the
voltmeter used to measure the amplitude of the input signal.
A calibration graph can be found on page 37.

.A phase lag versus frecquency graph for the apparatus alone gave
a linear plot ovér the range il-l7 CePe S, The slope indicated an

.apparent time lag for the amplifiers of about 12 milliseconds.

Noise Rejection

The basis of the method described in this thesis for selecting
a signal from a large noise background is the ordered relation of
stimulus and response, in contrast to the random relation between
stimulus and noise. Specifically, it is only the synchronous

component of the evoked response which is phase locked to, and at the
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THE EFFECT OF HOISE FREQUENCY ON THE MEASUREMENT OF THE
AMPLITUDE AND PHASE LAG OF A CONSTANT SIGNAL

SIGNAT, : 15.5 c.p,.,s. of amplitude 7.8 p¥% p-pe.
NOISE : amplitude 14 uV. p-p of variable frequency.

Indicated phase lag.
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THE EFFECT OF THE TOTAL INPUT TO THE AMPLIFIERS ON THE
MEASUREMENT OF THE AMPLITUDE AND PHASE LAG OF A CONSTANT
SIGNAT..

Constant noise frequency = 20 c.p.s.
Constant signal: 3.7uV p-p 15.5 c.p.s,
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same freguency as the light modulation. The longer the signal
remains fixed relative to the stimulus, the greater may be the
discrimination against noise.

Constancy of the signal-stimulus relationship is found to be
very dependent on the observer's fixation. If head or eye movements
occur, the eye pupil will move. This will cause an alteration of
effective retinal stimulation due to the Stiles-Crawford effect, or
possibly a cuttine off of part of the beam. Eye movements also
cause stimulation of fresh areas of retina of varying light adaptations
and the result is a varying signal. The technique's dependence on
good fixation was not realised at first, and many trials were
required before a suitable time constant for the integrating circuits
could be established. Until this stage bad been reached it was not
possible to tell whether the apparatus would work at all, The time
constant must be sufficiently long so that the high amplitude
beating of the analysing circuits with the intrinsic braln rhythms
is rejected in favour of the constant synchronous evoked response.

If the tiwe constant is too long however, fixation cannot be
maintained, so that the signal varies and is confused with the noise.

The starting point of the experiments was the standard method
of efoking a large photic response, which is to use very bright short
flashes, so0 large as to stimulate al.ost the whole of both retinae.

The highest retinal 111um1nat10n is obtained with Maxwellian
view, but field size is limlteﬂ by aberrations, particularly spherical
aberration. Its effect ;s that light from the outer zones of the

lens misses the artificial pupil, so that the field appears to be
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of uneven lw:zinance. It seemed likely that at Ligh retinal
illuminations it wou:ld be better to aim at higher field sizes than
still higher intensities, since the impulse freguency along a
ganglion cell axon is proportional to the log. of stimulus intensity.
(ref. 5, p.284). If the evoked response in the E.E,G. varies with
the number of impulses in a synchronised volley reaching the cortex,
the effect of a doubling in field size wouid be equivalent to a .
tenfold increase in intensity. Although this line of reasoning
seemed crude, it suggested that the initial experiment should be made
with a large field size. Accordingly the eye lens was formed of a
well corrected camera objective of f number 2.5 and clear aperture
3 inches, in combination with a moulded aspheric condenser lens of
4.5 inches clear aperture and f number 0.9. Unfortunately the
largest interference filters obtainable were only 2.inches in diameter,
s0 with the beam limited in_this way a field size of about 22° was
the maximum obtainable. Aberrations were troublesome,'since the
aspheric lens was not working under the conditions for which it was
designed, In addition, the cone of light was of high angle with
such a lafge field, Thus the eye pupil had to be placed and
maintained in position with greater accuracy than for smaller field
sizes. It seemed that on balance the better fixation possible with
a 16° field was preferable to the greater effective stimulation of

the larger field,
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The light source.

The image of the brightest region of an500 watt d.c. Xenon
arc is focussed onto a 2 m.m. artificial pupil (diagram 1).

The eye lens is observed in Maxwellian view, It is a general
property of optical systems that, even when absorption and scatter~
ing losses are ignored, the maximum luninance of a retinal image

is efual to the source luminance. (ref. 37, p.152.) For a 2 m.m.
artificial pupil, requirements of high retinal illumination mean
that a source of maximun luminance rather than maximum luminous
intensity should be selected, The 500 watt <.c. Xenon arc lamp was
chosén as providing the highest luminance (about 20,000 cd;per cmz.
over a 2 m.m, diameter circle) without being of impfactically high
power dissipétion, The characteristic stahility of position of the
¥enon arc is essential if the luminous flux through the 2 m.m. pupil
is to remain constant, Bloomed lenses are used so that light losses
and scatter are minimised.

A large rcbust lamphouse was designed to afford containment in
the event of explosion of the lamp. The ends of the lamp are held
in loosely fitting caps, and location is by a single weak spring in
the lower cap. Thus there is little danger of mechanical stress, with
consaquent:. explosion risk, due to thermal expansioh. The uppep cap
was carefully designed so that the lamp could be installed without
putting any mechanical strain on it. The caps are joined by a non-
conducting U shaped bar, made partly of wmetal, and partly of P.T.F.E.
Design calculations on heat transfer through the rod indicated that

it was necessary to shield the P.T.F.E. section from direct raliation
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in order to prevent the production of poisonous fumes by over-
heating of the P,T.F.E. The whole lamp assembly can be rotated

and moved in a horizontal plane by sliding. A screw=-anéd-plunger
enables fine vertical adjustments to be made from the outside,

while the lamp is running. For all positions of the lamp there are
no gaps through which ultraviolet light could escape. The lamp is
cooled through a length of 3 inch diameter flexible steel tubing,
connected from the top of the lamphouse to an extractor fan in tﬁe
next room., Air enters at the bottom of the lamphouse through a
slit coverad by a light trap. Starting is by application of a
40,000 volt radiofrequency pulse. The starter unit is mounted
close to the lamphouse in order to avoid losses in the leads. The
~high voltage lead is a brass rod, led in tﬂrough the centre of a

4 inch diameter P,T,F,E. disc, which provides electrical insulation.
Design calculations showed that the expected temperature drop acréss
the disc would not result in dangerously high P.T.F.E. temperatures.
A tougheﬁed Chance OC 22 infra red filter is loosely mounted
immediately before the first lens. To enable this filter to be
examined frecuently for any signs of cracking, a wmovable diéc and’
examination port are provided on the lamphouse.

It was experimentally found that for reliable striking of the
arc after application of the 40,000 volt pulse it was necessary that
the source of d.c. power should provide an open circuit p.d. of
about 120 volts. Insediately on striking, this output p.d. must
fall to its rumning value of 22 volts at 22 amps. When running, the

light output is required to be very steady so that the modulation
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should be purely sinusoidal. Since the fluctuations of luminance
are much greater than the fluctuations of current producing them,
the ripple content of the arc current must be less than 0,1%.
Also it is characteristic of an arc that its resistance falls with
increasing current. If it were connected to a constant voltage
generator the current would therefore rise until the lamp was destroyed.

A circuit diagram of the rectifier which was eventually designed
and constructed is given on the next page. Stabilisation of the
arc was installed on the a.c. side rather than the d.c. side, since
much less power iIs dissipated by this arrangement. Any tendency for
the arc current to rise results in a rise of input alternating cufrent,
and hence an increase in the voltage drop across the 60 mH. input
chokes, This reduces the input voltage to the rectifer, hence
opposing the original change. Smoothing is by choke input filter.
Twelve separate 5000 microfarad capacitors are used so that their
rated d.c., voltagze is not exceeded during the short interval before
striking when the output p.d. is 120 volts, nor the a.c, ripple
rating exceeded during prolonged running. Each is shunted by a
22 k ohm resistor, since unequal leakage resistances would otherwise
result in an unequal division of <.c., voltage across the series
capacitors.

It was found that the lamp became progressively more difficult
to strike as it aged, and also that the arc current tended to
fluctﬁate slightly, Accordingly, the rectifier supply was via an
8 amp. Variac. A heavy shunt and 3m.A. meter were calibrated against

a sub-standard ammeter so that arc current could be monitored during
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every msession and maintained constant by use of the Variac.

The Photomultiplier.

About 10% of the light flux passes through a mirror into a
photomultiplier housing. The tube is a Mazda 27 M1, and is supplied
by an A.E.I. E,H.T unit. This is operated at voltages between
400 and 800 depending on the colour filter used, An Avo measures
the current through the potentiometer chain, thereby monitoring the
E.H.T. supply.

The dynode current was measured for various constant values
of arc current in order to investigate whether there were any short
term fluctuations in light output of the order of 0.5-10 seconds
(the rectifier supply ripple had been designed to be less than 0.1%).
The apparatus used could detect fluctuations of about 2%. No
fluctuations of this magnitude were observed,

Long term changes in light output were measured by visual
photometry (see below). The smallest change which could be revealed
by this method was 0,14 log units. For the 22 amps constant arc
current employed no change of light output exceeding 0,14 log units
was observed over a period of about 1 hour, nor over a period of i

about 2 months in which about 40 hours running had occurred,

Modulation of retinal illumination.

The intensity of a parallel beam is sinusoidally modulated by
a combination of a stationary and a rotating polaroid.
The light beam, linearly polarised by the fixed polaroid, and

of intensity I1 falls on the rotating polaroid so that at any instant



the angle between the incident electric vector E1 and the
transmigsion direction of the polaroid is @ . If absorbtion is
ignored, the magnitude of the transuitted vector is Elcos 6 .
When the polaroid rotates steadily f times per second, the

transmitted intensity is I, where:-

I=1 cos® 6 = I (L -cos20 )=1, (1 -cos [4n ft] )
1 51 E]. -

The intensity of the transmitted beam is therefore sinusoidally
modulated, and for good quality polaroid is almost 100%. This
modulation is at twice rotation frequency, and is equivalent to a

sinusoidal variation of peak %1 superposed on a steady level of

I
Elo

Modulation frequencies are chosen that are not related harmon-
ically to mains frequency, so that there can be no synchronous
interference caused by nearby apparatus runring at a sub-multiple

of maing freguency.

Neutral filters.

The intensity of the stimulus light can be varied by sliding
Chance neutral density filters in and out of the beam. A range of

5 log. units is available in 0,14 log. unit steps.

-

Photometrx.

A calibrated and aged 1000 watt tungsten lamp is underrun to
give a colour temperature of 2854 k. MgO is smoked onto a white
painted sector, which is rotated by a variable speed motor controlled

by the observer. The sector is placed so that flicker photometry



can be used to measure the retinal illumination produced by

each colour filter. It was found that a photometric match
could most eésilyAbe reached by reducing the field size to 5°.
Matches made in this way were found to be satisfactory when the
field size was increased to 16°, The day to day scatter of the
matches for any particular colour filter was found to be of the
order of the smallest neutral density filter used i.e. 0.14 log
units,

Stabilisation of the speed of
polaroid rotation (diagram 4)

Ad,c, permaﬁent magnet motor is used to drive the polaroid
and magnet alternator via a gear train. Its speed is stabilised
by negative feedback of the alternator's output to the motor power
supply, |

The collector of an 0C 35 power tfansistor (Tr.2 in diagram 4)
is connected via the motor armature coil to a recctified and smoothed
35 volt supply. Tr,2 is mounted on a heat sink, and some emitter
resistor feedback is provided to obtain thermal stability.
The collector current, ané hence motor speed are adjusted by the
fine control of a helical rheostat which varies the base current
of Tr.2. The motor speed is stabilised by negative feedback as
follows., The a.c. voltage outpu£ of the alternator is proportional
to motor speed, Since stabilisation is required at speeds for which
the alternator's output is insufficient to operate a silicon rectifier,
the alternator's output is amplified by a single d.c. coupled OC 35

transistor (Tr.l1). This feeds a full wave rectifier bridge, whose
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smoothed output is arranged to supply negative feedback to be

base of Tr.2.

Measurement and monitoring of modulation

frequencz.

An a.,c, signal at the modulation frequency is obtained from a

modified Magslip Receiver, This consists of coils which surround
a plece of magnetic material which is‘mounted on a shaft, An
auxiliary coil makes possible a d,c. polarisation of the magnetic
material, When the shaft is rotated, sinusoidal e.m.f.'s are
generated across the coils at the fresuency of the shaft rotation.

This‘alternating e.m.f, is applied to the X plates of a C.R.O.
The alternating e.m.f. from a low frequency oscillator is applied
to the Y plates, and the motor speed set by adjusting motor current
until the Lissajou figure is stationary.

The low frequency éscillator used was a master electricity
“meter, This gives exceptional stability of frequency ( f'o.l%)
and can be easily éalibrated by the use of a stop clock, It
consists of a selected domestic electricity meter, essentially a
wattmeter, which registers watts by the speed of rotation of a disc,
The disc interrupts a light beam which falls on a photocell whose
output frequency is proporfional to the wattage., The volts coil
to the wattmeter is supplied by a constant voltage transformer in
order to safeguard arainst variations of mains voltage. The current
in the current coil is measured by an Avometer which is calibrated
in terms of meter output frequency,rmeasured by means of a stopcloek,

Freauent checks of the calibration have shown it to remain constant
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to within at least 0.5%. It was found in practice that the
experiﬁenter could maintain the stimulus modulation frequency

constant during a 1} minute observation to fo.2 CsPe S,

Colour fiiters.

Interference filters are used. The halfwidths vary between
20 g and 120 R . It would have been desirable both from the
point of view of having a sharper cut-off, and also a reduced
bandwidth, to.select stimuli by means of a single or double
monochromator system, but insufficient space was available. Had
spectral stimuli been used it would have been possible to establish
in wore detail the form of the dip in the T 1 versus )\ graph

(diagrams 5,6),
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Chapter 5. OBSERVATIONAL CCNDITIONS

The observer lies face downwards in a Faraday cage. Entry
is by two doors constructed so as to ensure good electrical
continuity and screening when closed. The construction is of a
Dexion framework covered by perforated zinc sheet. Sections of
zinc were either soldered and screwed together, or screwed with a
large overlap. The p.d. amplifier is located inside the cage.

The observer's position is partly determined hy the accommodation
available, and partly chdsen to provide relaxation and consequent
minimum interference from muscle potentials.

Pads support the observers shoulders. The head is supported
by an adjustable padded? semicircle, and by padding round the vertical
eyepiece, Two fixation crosses locate the eye pupil directlylabove
the 2 m,m. exit pupil, and also ensure that the visual axis of the
eye is along the axis of the optical system. This is done by
keeping the eye in such a position that there is no parallax between
the crosses, The purpose is to maintain stimulation of a fixed
region of the retina, and to avoid other variations of effective
stimulation which might arise due to the Stiles—Cfawford effect,

The field is circular and of about 16° subtense with,a dark surround.

The accuracy of a particular reading is limited bj the steadiness
of the §bserver's fixatioﬁ. The éccuracy of a set of readings is
'limited by the precision with which the eye is returned to the same
position over the exit pupil for each reading.

Before each reading the experimenter checks the Xenon arc current,



sets the oscillator frequency, and adjusts the motor speed until
the Lissajou figure is stationary. The pens are allowed to reach
a steady level with the shutterclosed and the polaroid rotating
while the observer is in position. This enables the synchronous
magnetic interference arising froa the alternator to be measured.
To minimise this interference, the electrode leads are twisted
together, and taken away vertically. The shutter is then opened
an? the observer breathes shallowly, or not at all., It is found
that the only effect of breathing during an observation is a type
of irregularity in the recording attributable to shifts in the eye
position produced by chest movements.

In the later experiments this procedure was modified as a result
of an improvement in the apparatus designed to reduce synchronous
magnetic interference, The wmotor and magslip receiver assembly
was installed in the next room, about 12 feet from the electrodes,
and drove the polaroid via an automobile speedometer cable. It was
found that even when running at a steady speed, the driving cable
was twisted through a large angle. The magslip alternator was
therefore installed immediately under the polaroid, and driven frpm
the polaroid by means of a chain and sprocket arrangement. In this
way a constant phase reclationship between polaroid and alternator
was ensured, while still enabling the alternator to be magnetically
screened by enclosing it in a mumetal box.

During an observation the experimenter is silent. He notes
the maximum reading of input current to the multiplier coils to

ensure that the E.E.G, voltages are neither driving the apparatus
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beyond ite linear region, nor causing blocking of the amplifiers.

At the same time he monitors the stimulus modulation ffequency by
glancing at the Lissajou figure. The observer's unused eye is

left open in dim illumination, Thfee minutes recovery in dim
iilumination is allowed between rcadings. This was found to be
sufficient to obtain repeatable readings. Latency measurements

are taken from the constant part of recordings, between approximately
16 to 80 seconds from onset of stimulation.

Many electrode placementé were tried. The arrangement
shown is found to give a comparatively large signal, combined
with minimum beats with intrinsic
rhythmical activity in the E.E.G.,
and was used throughout the

experiments,

"earth"
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CEAPTER 6 SUMMARY OF RESULTS

1, INITIAL TRANSIENT OF.SYNCHRONOUS EVOKED E.%.G. RESPONSE

On stimulating the central retina with a 16° circular stimulus
field which is sinusoidally modulated, a transient synchronous
evoked response is observed in the E.E.G. during the first 16-20
seconds. The stimulus field has a dark surround. The effect has
been observed for‘stimuius modulation frequencies between 11 and
16 c.p.s.,(diagrams 7,8), and for retinal illuminations between
1,000 and 500,000 trolands peak. The amplitude of the synchronous
response varies with the time t from onset of stimulation as
approximately (A + Bt) where A and B are constants., The phase lag
is constant within the limits of error ( I 5° ). The effect has
been observed for stimulus wavelengths from 4337 g to 6335 X .

The total number of definite observations exceeds 90. Absence of
the effect has been found to be attributable to poor initial fixation,

or alterations in stimulus frequency.

2. STEADY-STATE SYNCHRONOUS EVOKED E.E.G RESPONSE

After 16-20 seconds the synchronous response to a stimulus of
constant frequency and peak retinal illumination falls suddenly to
an amplitude which remains constant. The apparent latency also
remains constant. (Experimental variation during a single observation:;
¥ 4° in phase i,e. Z 1 millisecond approximately in apparent
latency: = 10% in amplitude). See diagrams 8,10,11,12,13.

This effect has been observed for stimulus intensities between
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1000 and 500,000 trolands peak and for stimulus wavelengths
between 4337 g and 6335 X . The éffect is observed even when
the total E,.E.G. output reaches 20 times the amplitude of the
synchronous response, Constancy holds till at least 80 seconds
after onset of stimulation. The total number of observations of
this effect exceads 100. The predominant contribution to
fluctuations observed in the amplitude of the synchronous response
after 20 seconds is found to be attributable to changes in the
gtimulated retinal region caused by eye flicks, or to changes in
effective stimulus intensity czused by movements of the eye pupil
over the exit pupil.

3. THE VARIATION OF THE PHASE LAG OF THE SYNCHRONOUS EVOKED
E.E.G. RESPONSE WITH STIMULUS MODULATION FREJUENCY.

The phase lag of the synchronous evoked response behind the
stimulus has heen measured for the steady state response between
about 20 and 80 seconds after onset of stimulation. The phase lag
(g ) is found to vary linearly with the stimuius modulation
frecuency (f) over a range of at lecast 5 to 29 c.p.s (diagram 14).
An attempt was wmade to find the accuracy to which linearity can be
said to rold, It was assumed that @Gof £%, and a graph was plotted

of log § versus log f using the data of diagram 14, It was found
10 10

that n was egual to 1.1 % 0.3,

Since beating with ¢ activity becomes troublesome when f is
near the g frequency, an’ since difficulties of fixation or poor
reproducibility of measurement was experienced near f = 17 c.p.s.

it was Qecide? to restrict latency measurements to 11-16.5 c.p.s.
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The data of diagram 17 was plotted in log-log, form and with
the assumption of @ SC f", n was found to be 0,92 = 0.8,
So over the restricted freguency range used in laiency measurements

linearity could be assumed to hold to ahout 8%.

4. THE VARTIATION OF APPAZENT LATDMCY WITH
STIMULUS WAVELENGTH.

The linear @ versus f graph is interpreted as indicating an
apparent latency of the synchronous response behind stiumulus
fréequency ( t'seconds) which does not vary with stimulus fregquency
between 5 and 29 c.p.8., within experimental error. .t' varies in a
specific manner with stimulus wavelength for stimuli of equal
retinal illuminations. 13 has a ﬁinimum in the region of 5500 K '
'so that 15 is not a monotonic function of >\, and is therefore
unlikely to be thé_only correlate of colour information at:the
cortical level (for example a 75 of 120 milliseconds corresponds to

either yellow-~green or red for 50,000 trolands illuminatiop).

5. THE CORRELATION OF APPARENT LATENCY
WITH SATUZATION.

The apparent latency for a white (5500 OK) stimulus of equal
retinal illumination to the coloure@ stimuli is less than Fhe
longést (blue-éreen) latencies, and longer than the shorteét (yellow)}
latencies for restricted spectral regions. If'.t.was the correlate
of saturation, the white latency would be expected to be shorter

than the yellow latency. It is concluded therefore that T does

not correlate with saturation.
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6. THE VARIATICN OF APPARENT LATENCY
WITH STIMULUS INTENSITY.

It is proposed that:- For a 4387 Z or 4577 K stimulus the
apparent latency"t'is inversely proportional to log.(stimulus
intensity) for intensities above about 12,000 trolands peak.
Below this intensity tf tends towards a Qalue independent of
intensity. Fo% a 5449 3 stimulus the transition occurs around

| [
200,0C0 trolands peak. For a yellow stimulus T has little

variation with intensity.

Experimental data.

For a given stimlus wa?elength, the phase lag of the synchronous
evoked component of the E.E,G., ( 8 ), has been measured for a
constant stimulus frequency of 14.9 c.p.s. It is found that @
varies in a specific manner with stimulus intensity (diagrams‘ls,zo,
22, 24, 26, 28). For stimuli centred on 4387 X and 4577 K, ;he phase
lag is found to be inversely proportional to the log of stimulus
intensity down to about 12,000 trolands peak. Below this intensity,
the phase lag tends towards a value which is independent of intensity.
For a 5449 X stimulus, the transition occurs around 200,000 trolands
peak, -

In the yellow, @ has little variation with intensity. The
interpretation of the @ versus intensity curves which is offered here,

is that the variation of @ with intensity is due to a variation of

apparent 1atency(lf)with intensity. It might be objected that the
hypothetical part of the phase lag, k (which is not due to the real
latency T seconds) is dependent on intensity (see pages T7 and 80

for a discussion of k).
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An attempt was made to check the interpretation of the ¢
versus intensity graphs by calcuiating from the change in Q the
expected values of apparent latency t' for various stimulus
intensities, and then measuring Tf directly at these intensities.

The direct measurement was made by plotting @ versus stimulus
frecuency £ at constant intensity.

The interpretation was confirmed within the limits of experiment-
al error, but since a small quantity (35 milliseconds) was being
measured as the difference of»two large quantities (two values of T )
each with an error of tas milliseconds, the check was very crude.

It should be pointed out that changes ;f ‘t'with intensity
obtained from the @ versus intensity graphs are much more precise,
since the small change in.t' is obtained directly, rather than as a

difference of large quantities.

7. THE DISTINCTICN BET vEEN THE SYNCERONOUS
EVOKED P,D., AND INTRINSIC BRAIN ACTIVITY,

When E.E.G. records are made using occipital electrodes, beats
are observed to occur between the analysing freq&ency and a fixed
non-synchronous frequency (sce pagehéo). The non-synchronous
frequency is identified as the oA freqguency. The synchronous evoked
response appears to be independent of ¥ activity., Conversely,
activity appears to be independent of whether the light stimulus
is off or on, and independent of stimulus frequency. Measurements
could not be taken when the stimulus freguency was less than about
0.5 c.p.s. removed from X frequency, since the beating became so slow

that the analysing apparatus failed to reject it. These conclusions
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are based on about 30 observations.
These effects can be seen in diagrams 10 - 13, but not very
clearly. The recason is that electrodes were placed so as to

minimise beating. In this session the placement of electrodes

‘was successful in this respect.

E. R. G. RESULTS

Measurements werc made of the synchronous component of the
evoked E,R.G, response, Electrodes were placed above and below
the stimulated eye as illustrated on page84 . The small amplitude
of the synchronous E.R.G. responses obtained, coupled with the very
poor signal to noise ratios, meant that E.R.G. measurements were not
so reliable as the E,E.G. measurements, so that only the general

trends of E.R.G. results can be regarded with confidence.

8. THE SYNCHRCONOUS E.R.G. RESPONSE.

After about 20 seconds from onset of stimulation there is a
synchronous E.R.G. component, which remains constant in amplitude
and phase lag till at least BO seconds from onset of stimulation.
The variation during é gingle observation was, at best, t0° in
phase i.e, % 3 milliseconds approximately in latency and X 15% in

amplitude. It was not possible to ascertain whether these variations

were physiological or due to noise, and fixation variations.
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S, THE AMFLITUDES OF THE SYNCHRONOUS COMPONENIS
OF THE RESPONSES EVOXED IN THE E.R.G AND E.R.G.
BY TDENTICAL STIMULIE.

The steady-state synchronous component of the E.R.G. recorded
from electrodes placed above and below the stimulated eye lies
between 0.5 and 1 microvolt peak-~peak. The steady-state
synchronous component of the evoked E.H.G. response recorded from
occpital electrodes lies between 1 and 5 microvolts peak-peak,
Measurements were made between retinal illuminations of 1000 and
500,000 trolands peak and for stimulus wavelengths between 4337 X
and 6335 K . The E.R.G. response was always found to be less than

the B,R.G. response for identical stimuli.

10, THE VARIATION WITH STIMULUS FRE ULENCY OF THE
PHAST LAG OF THE SYNCERONOUS E.R.G. RISPONSE.

The variation with stimulus frequency of the phase lag of the
synchronous E.R.G. response has been measured for the steady-state
response between about 20 and 80 seconds from the onset of stimulation.
The phése lag versus frequency graph is linear over the range 9 to
16 c.pss. for a j\ = 4337 X stimulus: This was the only stimulus
wavelength for which measurable records could be obhtained {diagram

16.)

11, BEATS ARE NOT SEEN IN E.R.G. RECORDS.

This conclusion is based on a total of about 30 records.

12, APPARENT LATENCIES OF THE SYNCHRONOUS E.R.G.
AND E.E.G. RESPONSES FOR IDENTICAL STIMULI.

' 0
For a blue stimulus centred on ?\ = 4337 A, the linear phase

lag versus stimulus freguency graph was interpreted as indicating
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an  apparent latency tﬂ seconds for the syhchronous E.R.G. response
which iz independent of frequency for the range investigated

(9 = 16 c.poSe)o The graph is shown in diagram 16 and can be
compared with the variation of phase lag with freguency in the

E.BE,G, for an identical stimulus, recorded using occipital electrodes.
shown in diagram 15. The apparent latencies of 165 s milliseconds
and 165 * 20 miiliseconds are identical Qithin the limits qf

experimental error.

13. THE VARIATION OF 'THE APPARENT LATENCY OF THE
SYNCHRONOUS E.R.G. RESPONSE “WITH STIMULUS INTENSITY.

o
For a stimulus centred on j\ = 4337 A the apparent latency
of the synchronous E.,R.G. component increases as the intensity is

- reduced over a range of 50,000 to about 5,000 trolands,
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CHAPTER 7 CONMPARISCN OF RESULTS YWITE RELATED DATA

Mzasurements of perceptual latency

(1) Variation of latency with intensity.

When a test field with dark surround is suddenly and brightly
illuninated, the course of the brightness sensation is of the form

indicated below.
Intensity

Time

)

' MAXIMUM

Brightness

—

A i e G a -

LATENCY N

wWwhen attempts are made to measure the latency, it is often
dubious whether the guantity measured is the létency} the latency
of the maximum,or some intermediate time. There are largé
differences in stimulus size, intensity and the state.of adaptation
’used in different investigatigns. Results differ consiéerably,
but there is géneral agreement that latency falls as stimulus
intensity is increased,

Experiments date from Exner in 1868. Farly work is. summarised
by Bills (ref.37).
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Pieron (ref,38) used the masking of a variable dim flash
by a subsecguent bright flash, He observed both flashes with the
same eye. . The criterion on which timing was based was a yes-no
Jjudgement of whether the first flash was visible, He found a
differ=nce o«f about 87 milliseconds between foveal cones and
extrafoveal rods at high intensities by an extrapolation from

lower intensities using the eapirical formula:-

t = ah + k where t = latency difference
i
i = intensity
a,kyn = constants

However, the distinction between rods and cones was made by
gstirulation using red and blue filters. This would be effective
only at low intensities (r-=f.39). Pieron also used motor reaction
time measurements to investigate latency (ref,.38). As with the
masking technique, orly thke intensity Aependent part of latency
can he investigated. A criticism is that the efferent part of the
response nirht also have a latency variatle with intensity.

Arden and Weale (ref.38) presented a circular white field to
each eye, the right of constant internsity and the left variable.
The interval between the flashes was adjusted so that the perceptions
were simultaneous, The criterion of simultaneitvaas the absence
of apparent movement from one flash to the other, The binocular
technique was preferred to the method of presenting both flashes fo

the same eye in order to avoid flicker effects.
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Ferafoveal measurements were performed with a 2,77 test field.
and a 2.7! foveal constaid fielé. At an illuminatisn of about
0:12 trolends, the latént period difference was zbout 160 milli-
seconds for ong ohserver, falling 4o about 25 milliseconds when the
illuminatici: was raised by 4 log. uniis, For another observer the
latency difference fell from ebout 180 milliseconds to about 35
milliseconds over ths sax: range, With a foveal 2,7"tes§ field,
and foveal 2,7' constant £icld the latency difference varied mﬁch
less with intensity, and was always less than 30 milliseconds.

At the highest intensities, the latency of the test patch Showed a
slight rise with intensity.

Roufs (ref.40) also usedvas a criterion of simultaneify the
absence of apparent movement between two fiashes. He used a1°
circular field on a dark background, centrally viewed, and found no
gignificant differencg between monocular and binocular presentation.
The method of subjective cencurrence of a flash and a 400 milli-
second tone of 1000 c,p.s., and the method of motor reactipn tine
were also used. Except for cne observer, allvthree nethods gave

‘results which fitted the formula

over the range 10 to 1090 trolands retinal illumination, where
t and tOVare the perception delays of retinal illuminations of E
and Eo trolands, and T is a constant of about 10 milliseconds.

This held for both white {Fenon) and red (Neon) light. The results

showe:? that the difference betwesn reaction time and perception delay
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in the range considered is almost independent of stimulus intensity.

If an oscillating pendulum is viewed binocularly with one eye
covered by 2 neutral density filter, the path of the bob appears
to be elliptical. This illusion was first described by Pulfrich,
The explanation is often given that different retinal illuminations
in the two eyes result in different pefceptual latencies. Banister
used the gffect to reasure the variation of perceptual latency with
intensity (ref.41). Over the range investigated the latency
difference tetween the eyes fell from about 18 milliseconds:to
about 5 milliseconds, at first rapidly, then levelling off as the
intensity difference was varied over a 20:1 rénge.

If a light stimulus is suddenly switched on, the amplitude of
the @ rhythm is found to be suddenly reduced ( g blocking).
Bernhard measured the latency of a blocking caused by a 37° white
stimulus field (ref,12), He obtained results similar to those of
Arden and Weale for the parafovea over a sinilar range of intensities.
Measurements were made of the latency of the E.R.G. picked up from
a corneal electrode. These supported the view tirat the increase
in a blockineg time as stirulus intensity decreased was mainly due
to peripheral processes. The motor reaction time was measured
simltaneously with the g tlocking tive, Bernhard concluded that
the motor reaction occurred later than the g bilocking. On the
other hand the data on which Bernhard bases his judgement of the
irstant of initiation of the motor reaction involves an assumption
about the unknown éurﬁtion of the efferent part of the reaction.

A rather saall error in this would invalidate his conclusion.
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Bates found the @ blocking to be influenced by instructions
given to the subject and that it had a closer correlation with
tinmes of‘discriminitive reactions than with simple rcaction times
(ref,43).

The author's mezsurements on the latency of the synchronous
component of the evoked E.E.G. response reveal a relationship of
the form Y:;(log (retinalvillumination) for blue and green stimuli
at high illuminations. Roﬁfs found a siwnilar logarithiic relation-
ship for a 1° foveal field at much lower retinal illuminations.
The constant "T" in his formula which he found to be about 10 milli-
seconds, is 10-14 millisecs in the author's E.E.G. results, For
lower retinal illuminations, the apparent latency 1:"tendsAtowards
a constant value. For yellow stimuli there is little varijation of
TJ with intensity. However, the field size of 16° is noﬁ comparzble
with Rouf's, nor Arden and Weale's conditions, nor is the greater
part of the intensity range covercd. Arden and Weale's results
showed that the 16° field would include regions whose 1atenéies

exhihited widely different dependences on intensity.

The variation of latency with colcur.

Using a just noticeable difference technique with a 2° foveal
field Bills measured sensory latency (to maximum sensation) for
~ various colours at three different levels of illumination (ref.32).

Assuming a 6 m,m. diameter pupil, the levels of retinal

illumination were about 2, 4,5 and 36 trolands. Neither field
size nor intensities are comparable with the conditions under which

the synchronous evoked response was weasured, but there is agreement
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on a minimum value of latency in the yellow, and a decrease of
latency with illumination for all colours except yellcw, which
shows iittle variation.

Kleitman and Pierons work is described in Chapter I. They
found the builid up of sensation in the order of red wmost rapid, then
green then blue then white. Pieron used a similar technique to
investigate the build up of zaturation. He found the same order
of events. (ref.44). The method is open to the objection that it
does rot in foct measure latency, but the relative effectiveness of
flashes of different lengths. These measurements were for the fovez
at much lower intensities than the E.E.G. measurements. Méasuremenfs
on peripheral regions gave quitedifferent values of latency, and a
different variation with intensity, indicating that results for
widely different field sizes are not comparable. Pieron also
measured reaction times for different coloured stimuli which had
been adjusted to eqgual brightness. He found a longer time for blue
than for red (ref.45).

Wairaven and Leebeck, following De Lange (ref.46, 47, 48) used
a 2° foveal field ang 100% sinusoidally modulated coloured stimuli
of 2 trolands retinal illumination. (ref.49). Two stimuli of
different colours illuminated the same retinal area alternately.
Their relative phase was varied about 160° until! luminance flicker
disappears?, indicating that the perceptions were exactly in anti-
phase. They found a relative phase shift between the two perceptions
which varied with freguency , so as to enable the calculation of a

latency difference of about 30 milliseconds Letween the fundamental
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red and green systems of Pitt, the red system being slower.

The reduction of latency in the yellow indicated by the author's
results was not found. However their data ~pplied to a szfoveal
region and much lower retinal illumination.

Lennox ond Madsen recorded the electrical response to.coloured
flashes at the primary optic cortex and cornea of the anaethetised
cat. (rzf.50). For both cortical and retinal responses tﬁe
amplitude rose and the latency fell with intensity, The éolour
of the stimulus affected the shape, amplitude and latency of the
cortical response. Corticai responses were usually evoked at
intensities ten times lower than those reguired to give a
measurable retinal response, and the retinal latency was usually
longer than the cortical, When the intensities of the stimuli
were adjusted to give eqgual retinal latencies, the latency of the
cortical response was longer for blue than for =ither green,
yellow or red. For stimuli of equal ¢nergy, the cortical latency
was shortest for responses to green and yellow, and a little longer'

for blue and red,
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CHAPTER 8 DISCUSSICN OF TECHNIJQUE AND RESULTS

The method of rejection of unwanted szignal.

It has been described how the sin( ot) and cos( ot)
multiplying terms are generated by an alternator, which is driven
by gears from a shaft on which the rotating polaroid is mounted.
The polafoid produces the sinusoidal modulation of the light
stimulus. Therefore, if the synchronous component of the evoked
response is locked in phase. to, and has the same frequency as the
light modulation, it is similarly locked to the alternator. So it
is only the synchronous component in the E.E.G that gives a d.c.
output from the multipliers. All other components give a,c. outputs.
The resistors and capacitors in the integrating circuits constitute
a.c. potential dividers, whilst the d.c. outputs are fed to the
recording potentiometers almost unattemmated. A time conétant of
15 seconds is often used, obtained by wmeans of a 330 ohm resistor
and 45,000 microfarad capacitor. For ncise of 1 second period,
for example, the arrangement attenuates in a ratio of about 100:1
relative fo the d.c. =zignal. For higher noise frequencieg, the
rejection is proportionately better.

The technique described in this thesis is designed to detect
a synchronous signal buried in random noise, and in the presence of
other unwanted nonsynchronous signals which may be related to

stimulus, The technique is analogous to the well-known summation

or averaging technique.
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In summation methods , each successive identical stirulus
synchronises an averaging sweep, so that the desired responses add
in phase, The sum of N egual signals of amplituie E will be
NE, 2and the averare E, if each signal occurs exactly the same
time after each successzive stimulus. Activity unrciated to

stimlus (i.e. noise) will sum out of nhase, and trus average out.

- ean um .

The sum of N equal noise pulses of amplitude e can be calculated

using Pythagoras theorem (see diagram), and is given by

L 2
i (e. cose ] !-5‘(‘ (esule )

i=1

N 2 N N
= ;‘ ey + "N E e; e, (cos Gicoses +8in eis1n 98 )
i= i
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If the phases of the noise pulses vary randomly, the @'s
will be as often negative as positive, and the second summation

will be mero. The sum of N pulses will be\'N e, and thé average

g
Thus by averaging N responses, the signal to noise ratio is
improved from % to JE; E N

It is in a somewhat similar manner that the technigue described
in this thesis improves the signal to noise ratio in the E.E.G. by
using the fact thét only the required synchronous component of the
E.E.G. is at the same frequency as the stimulus, and bears a non-
random phase relation to it.

The upper trace in diagram 9 is a direct E.E.G. record before
and during a typical stimulation with a sinusoidall& modulated 16°
light stimulus. The lower row of dots indicates the onset and
frequency of the sinnusoidal light stianli. The gynchronous evoked
component in the upper trace which is hidden by noise, and by «
activity, is at the same fraguency as the lower row of dots. The
hidden synchronous component is here about 5 microvolts peak-to-peak,
and on this scale would be renrezented by a sinusoidal trace of about
2 m.ﬁ. peak~to~peak., This can just be discerned visually in ﬁarts.of
.the upper trace. It can be seen however that bursts of @ activity
occur before, and duriné stimulation.

Diagram 9 should be compared with diagrams 10 to 13 and diagram

8, These are records made before and during a stiwulation similar
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to the stimulation of diagram 9, but the raw E.E.G. has been
processed by the analogue computer so as to reveal the
synchronous component of fhe evoked response, and reject all
else, The steady deflections of the pens from their centre-
zero is caused by the synchronous response., The bursts of a
activity are revealed by the much attenuated Beating with the

alternator visible on the record before and after stiaulation.

Elimination of artifacts

2

A check was often made that thé response of the analysing
,apparatus was caused by an evoked p.d., and was not due to electric
or magnetic interference,

The fixed polaroid was suddenly rotated through an angle
of 90° . The effect of this manoevre was to shift the phase
of the stimulus modulation through 180° with respect to the
alternator, while leaving all electric and magnetic sources of
interference unaltered, If the pen deflectipns were in fact sue
to an evoked synchronous response, both pens would immediately start
to cross the centre zero position, and assume ne& positioné»with
deflections of the opvrosite sign, but the same magnitude, és
initially.

At no point in the apparatus does the light beam strike

surfaces which could introduce photoelectric p.d's into the

analysing circuits.

Features of the technique

The use of a 2 m.m. exit pupil, careful fixation, steady

lamp output and stabilised motor speed ensurc that the stimulus
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is of constant peak retinal illumination and constant frequency.‘
It is also sinusoidal, and so any freguency-dependent effects may
be examined separately, rather than confusing the picture as they
do with non-sinusoicdal stimuli. The light adaptation of the
illuninate? region of the retina closely corresponds to the steady
level which would be produced by a constant light of % (peak
retinal illumination). The stimulus is therefore very simple, and
after the initial 16-20 seconds, transient effects are absent from
‘the photoreceptor-electrodes system (which then attains a steady
state.) The apparatus selects only that component of the evoked
response which is at the stimulus frequency.

By employing a 1ong train of identical sinusoidally modulated
stimuli at a precisely maintained frequency it was hoped to cause
the human visual system between photoreceptors and scalp electrodes
to function in a steady-state condition. It is found experimentally
that froa about 16 seconds to at least 80 seconds after the onset
of stimulation this is true to within I 10% of the amplitude of
the synchronous evoked component and ¥ 1 milliseconds in its
latency (page 55 )g This steady state functioning which is
"independent of large fluctuations in intrinsic brain activity
(page 55 ) is rather different from the type of functioning produced
by a single flash, the response to which is often analysed by the use
of summation techniques. So it ﬁight be envigaged that a study of
this carefully induceé steady state functioning might be complement-
ary to the "single shot" studies. It wight possibly reveal details

of the underlying physiological mechanisms of brightness and colour
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vision operating in the con?itions of complex patterned visual
fields encountered in everyday vision, which may not be evident
in the quite different "“single shot" stimulus conditions;

Support for this view can be adduced frow the experiments of
Armington (ref.51), Te used rectangular wave flashes of an g8°
stimulus field of constant peak intensity. The stimulus wés viewed
through a 1 m.,m. artificial pupil. Fifty occipital and retinal
responses were averaged for various intensity levels at a flash
rate of 2 per seccond, Alt*ough retinal responses showed compara -~
tively little percentage variation, the main features of thg occipital
responses were complexity of waveform, and variability of aﬁplitude
and waveform, The variation of the occipital response with intensity
was also complex, and variable, Armington desired that responses
to successive flashes should not overlap, and showed that to be the
case at 2 flashes per second.

In the author's technigue it is the average response that is
measured. Variations between successive responses, other than
long-term changes, arc lost. So it cannot be decided here whether
the variability observed in responses to widely separated flashes
is reduced when successive responses interact, or whether the
author's apnaratus has reiected any variations.

It should be pointed out that summation techniques are not
restricted to "single-short" stimuli. They could be used in

steady-state conditions also, and with some advantages over the

author's technique.



It might be expectad that the technique described in this
thesis would give simpler results than techniques in which:more
variables are involved such as eye pupil diameter, stimulus wave~
form, the waveform of the evoked response, and level of light
adaptation of the retina.'

It has been alrzady =nentioned that the technique described
here is analogous in some respects to the well known techrjque of
summation. An ac¢vantageous feature though, is the clear on-line
presentation of changes in the evoked response. For oxample,the
initial stages of the computer output are imcediately seen during
the progress of the experiment to be caused by a systematic change
~in the synchronous signal, rather than being due to noise or
nonsynchronous signal, This would not be so obvious if the steady
accunul ation of r=sponses were being observed, although of course
the infor ation would be available. Furter analysis of the data
though;, would be required to reveal such features. Again, a short-~
term high amplitude change in synchronous signal is imnediately seen
on-line using the present technique. This sort of effect would
easlly be averaged out and lost when using a sumnation teghnique.

A further advantage is that any regulafities in the noise are evident.
For example, the beating between the q rhythm and alternator
frejquency enables deductioqs té be made conceraing the nature of the
synchronous response.

A disadvantage of the technique when compared to summation
techniques is that there is no information available about the

waveform of the evoked response. However this is merely a limitation
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of the present apparatué, since a simple modification would make

waveform data availahle. Low amplitude, short-term signal changes

cannot be exarined when the present technigue is employed. For

example, if the integration time is reduced in an attempt to mnake

a direct examination of the éarly stages of the synchronous

component, noise rejection is so iirpaired that the records are

unintelligible. This weasurement could ecasily be cari‘ied out

using sumaation apparatus. VA further limitation vhen compared with
;

summation methods which separately store each response to each

stimulus flash is that any variations in the responses to successive

flashes are lost.

The intepretation of the measured

phase lag.

In the equations:-

# = k + 360 f @ ° - phase lag
t; = ~g = » 2K T secs = latency of
360 6f 360 Sf synchronous component

k% is any phase shift, not due to the latency T ’ occurrihg between
the photoreceptors and the electrodes. If k varies linearly with
frequency over the range investigated, the measufed ¢ g would

360 6 fF.
indistinguishable from [ .

include a contribution
360 6f

‘ 5 ‘ .
The quantity Egg'ﬁf = 2:‘ will therefore be referred to as the

apparent latency.

However if k varied nonlinearly with f, the measured phase
lag versus frequency graph would be nonlinear. This was not fouhﬂ
so over the range 11 - 16 c.p.s., and in fact over the range 5-29 c.p.s:
This suggests that k varies slightly, if at all, with f,
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' ‘
The significance of c E

The objection could he ma‘te, that ﬁy arbitrary adjustment of
the relative intensities of the stimuli the shape of the 1:'versus )\
curve could be altered, However it can be seen by reference to the
phase lag versus intensity gfaphs that this is only true to a very
limited extent, At a retinal illuwmination of 500,000 trolands peak
for all stimuli, the dip in the yelloQ is still pronounced. If
stimuli were independently adjusted between 500,000 trolands peak
and 1,00C trolands peak, it would still not be possible to obtain
egqual values of ]:'for all colours,.

Under the conditions of observation, viz. good fixation over
about 8C seconds and high retinal illumination, it is possible that
colour vision would be erossly disturbed. In particular, YcCree's
results show saturation aﬂd wavelength discrimination to be affected |
by voluntary fixation for a high proportion of observers. The
author is particularly susceptible to this effect. (author is
observer D.R. ref. 22). In addition, when retinal illumination
passes a cartain value, different for each wavelength, saturation
starts to fall withk increasing illumination. At the highest
illuminations vsed by the author there was a subjective impression
that Aesaturation was alwost complete. One might expect that the
mechanisms underlying colour discrimination were alwost inactive
during observations at the highest intensities (500,000 trolands.)
Cn the other hand the IJ Qersus intensity graphs are interpreted to
mean t2at the 15 versus H?\curve at 500,000 trolandés peak is similar,

though with a less pronounced dip in the yellow, to the 1,000 trolands
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peak curve, The maximum level at which standard colour matching

data ras been obtnined in the N.P.L. measurzsments is 1000 trolands
(ref.52), Also, it has been found that although colour matches
break down at glare levels of adaptation, they still hold at 1,000
trolands (ref.2). This suggests that the lowest intensities used
in the present investigations were not such as to disturb colour
vision.

Since Irlis not a monotonic function of TA s it does not appear
possible that it could be the only means of transferring colour
information from photoreczptors to cortex.

The measuring technique selects only that component of the total
evoked response which is at stimulus frequency. The complete response
could contain other harmonics and sub-harmonics, such that the wave-
form of the evoked response ight form an additional channel capable
of carrying hue data. This hypothesis could be investigated by a
simple development of the apparatus described, which simultaneously
analysed at a series of harmonics and sub-harmonics of the stiwmulus
}requency.

The zf versus Tk curve bears a resemblance to the saturatibn
versus )\ curve for spectral stimuli measured by Martin Warburton
and Morgan for a 2° field of about 30 trolands retinal illumination.
(ref, 2, p.162); In addition, an increase of intensity to very high
levels reduces the saturation of spectral stimuli. This effect was
very noticeable during the present observations. The.Tf versus TK
curve shows analogous effects (diagram 6). The similarity of thel
graphs suggested that a measurement should be made on a Vhite
stimulus, adjusted to the sawme retinal illumination as the colours
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already investigated. If a short xr'did correlate with a low
saturation, it was to be expected that white would have a ]:' less
than yellow. The apparatus was modified, and measurements carried
out on a white of about 550C bK colour temperature. (diagram 17).
The t' was found to be intermediate between the yeilow and the
blue—green-fed values. Thus the suggested correlation between 13
and saturation was not supporte?, and the experiment suggested that
the synchronous component measured for a white stimulus was simply

the vector sum of responses to all colours.

The initial stage of the synchronous
componznt of the evoked p.d.

For the first 16-20 scconds of stimulation the records indicate
a muchk larger response than the fipal steady level. This was most
pronounced when the eye and head were held still from the onset of
stimulation. The large response appears to fall to the steady
level quite suddenly (diagram 7,8). The analogue computer output
sppears to ke of the form (a) in the diagram on page 81 , whereas
a steady input gives shape (b). Curve (c) is the suggesfed
variation with tiuse of signal amplitude at the electrodes, which would
produce the observed record (b).

Recordings weres made at storter tiwe constants, in an attempt
to measure directly the early stages of the response, but the

efficiency of noise r=jection was reduced to such an extent that

results were inconclusive,
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(a) Record of output (b) Record of output (c) Suggested time
of analogue computer course of synchronous

of analogue computer
component in E.E.G.

with E.E.G., input as when calibration

in diagram 8. input of steady to produce (a)
(idealised) amplitude supplied. (idealised).
TIME TIME TIME
/N N\ /N

- -‘_,,_..----""e -

\ 16=-20 secs,

Stimulus on \$

wha. ———  commme ctmma.  eewem st fememme  awwmses v g

Amplitude of
. .

/

synchronous component

-8]—



/P_ R
MULTIPLIFR
PEN o — E(time)millivolts
N/

The pen deflection is proportional to V , the p.4. across C,

If q 1is the charge on the capacitor at any instant:-

Qe
+
be

/44
(=) - =

£}
il

Now

av
c.' v + RC(E-E—).; E

It is found, experimentally that V = mt where m = constant,
for the first 16-20 seconds after onset of stimulation,
Therefore mt + RCm = E for the;first 16-20 seconds.

In the initialistage, then, the output of each multiplier,
and hence the signal at the electrodes is of the form A + Bt where
A and B are constants. Calculations were made on the recdrd of
diagram 8 and the results are those illustrated on page 81.
In many records the kink in the amplitudertime curve on page 81 did
not occur. This may bave been due to a shift in fixation.

The variation with time of the amplitude of the synchronous
comporent during the initial 16-20 seconds is coapletely different
from what might be expected from measurements on the time course

of light adaptation.
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W.D;Wright used a binocular matching technique to
investigate the vyrogress with time of light adaptation.

(ref. 2, p.222), Results for a centrally viewed 5° adapting
field of 8,000 trolands and a 1o x 2° test patch of 150 trolands
showed a rapid loss of sensitivity over about the first 20 seconds,
then a levelling off which almost reached cowmpletion after 100
seconds.

A similar form of reduction of the amplitude of the synchronous
component of the evoked response is not found. Instecad, as
described above, it continues to rise rather than fall, for the
first 16-20 seconds, and then exhibits a sudden fall to a‘lével
which then remains constant, This occurs even at 1000 trolands
peak, corresponding to a steady level of light adaptation of 500
trolands, which is comparable with the intensities used by Wright.
On the other hand, the 2° x 1° field used by Wright is quite
differont from the 16° field used by the author. The 16‘{ field
stimulates, in particular, a large number of rods.

However the initial transient stage of the synchronous response
appears similar in form for all colours, and for levels between
1000 trolands peak and SO0,000‘trolands peak,

Now when the spectral sensitivity of a 2° foveally viewed
region is measured psychophysically for very low light infensities,
a curve peaking at about 510 my Iis obtained, which is character-
istic of rod functioning. As the light intensity is increased,
the peak of sensitivity shifts towards the red, and at very high
intensities is located around 560 mp . This curve is character-
istic of cone function. The shift is called the Purkinje shift,
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and suggests that as the light intensity rises, rod activity

is not increasing at the same rate as cone activity. Instead

the activity of the rods is being depressed relative to cone
activity to an extent which increases as light intensity rises.

So at high intensities, and particularly in the red, there is
evidence that rod activity is much reduced. Since the initial
stages of the synchronous component are observed to be similar

for all colours, and from 1000 to 500,000 trolands peak retinal
illumination, it is suggested here ttat this initial large transient
response may be guite unconnected with rod activity. Since the
transient response also appears to have little correlation with
the temporal course of light adaptation, and since the fall to

the final steady-state amplitude clearly occurs very suddenl&,

a central neural adaptation process is postulated. No pron;unced
subjective effects paralleling this electrophysiological transient
were noticed in any of about 90 observations of the effect.

Some subjective change at the 16-20 seconds mark might have

bee2n expected.

Measurements on the E.R.G.

Measurenents were ma’e on the synchronous evoked component

of the B.R.G., using electrodes placed near the stimulated eye

as illustrated. e o )
SN j
! ’
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This placement was found t& give the lowest noise and largest
signal of the electrode placenents tested. The initial reason
for attempting Z.R,G. measurements was to investigate whether the
synchronous component of the B.B,G., being of anvlitude on?y

1 to 4 microvolts peak-to-peak, could be due to a spread backwards
of a large E.R.G. (typically up to 100 microvolts.)

It was found experimentally that the synchronous component
of the E.R.G. was 0,5 to 2 microvolts peak-to=-pcak.

This aﬁplitude of BE,R.G. response is much swaller than has
been described in the literature. The small response may be due
to the light adaptation produced by a sinusoidally modulated stimuli.
The short flashes often employed do not result in such a.high level
of light adaptation. Other factors leading to a smnall response
may be the rather swall 16° stimuli field, and to not using a
corneal =lectrode.

Using a\corneal wick electrode E.D.Adrian recorded the E.2.G.
in response to short, widely separated flashes. (ref.53). He
found that the individual responses to a series of flashes was
reduced when the flash rate exceeded about 10 per second.
Adaptation to gquite emall light intensities also reduced the E.R.G.
response. For exasple, the res?onse to a 30 f.- c¢. flash was
reduced 2 to 3 times by a 2 £, - c. background. | Granda used a
circuit timed to the flash freguency in order to improve the signal
to noise ratio. (ref.,54), For a 25% - 75% light to dark ratio
in a 60° stimulus field he recorded evoked potential differences

up to 30 microvolts peak-to-peak for all colours. At 35 flashes
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per second, where he considered the photopic response woulq
predominate, he found stimuli of egual retinal illuminatioﬁs
to give rosponses of similar amplitudes throughout the speétrum.
However he 2id not neasure the response waveform, nor the latency,
so this rezult does not demonstrate that the ©,K.G. does nat’ carry
colour inforazation, Armington et al. averaged the rasponses to
_ each of a series of flashes, (ref.53). The light source was a
ribbon filament tungstean lamp. Measurements were carriad out
for a series of intensitiss, colours, and stimulus field sizes,
The waveforn of the recponse was found to vary with stiwulus
wavelength, The amplitude:of‘the evoked p.d. was greatly increased
gt higher field sizes., Maximun spectral sensitivity was in the
blue-green, For a 16° stimulus field, for example, the response
to an orange flash réached 18 microvolts at 18 flashes per second.
At 5 flashes per second the feSponse to blue reached 80 microvolts.
For a 3° foveal field up to 4 microvolts was recorded for érange,
ani 20 microvolts for klue. A corneal electrode was used,
Difficulty was caused in the present work by the poor:signal
to noise ratios encountered, which were never better than 40 - 60
times nore noise than signal. In addition, eye movements produced
large pulses, which at times caused hlocking of the amplifiers.
It was found necessary to use 2 3¢ second time constant, instead
of the 15 sccond setting used in the E, BE.G measurements so as to

improve noise rejection. Fixation difficulties were thereby

increased,
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Intepretation of E.R.G. measurements.

With the amplification recuired for mecasurcment of the small
E.R.G. signals, the noise level was so graat that the apparaths
was oiten operating béyond its limit of linear phase and amplitufe
recoriing. (page 40 ‘). The E,7.G., measurements are therefore not
so reliable ae the E.E.G. measurements, and little conficence should
be placed in anything but their general trends.

However it does seem established, that using the electpode
placements shown akove, the synchronous E.R.G. component is’'smaller
in amplitude than the synchronous E.EZ.G. coaponent produced by an
identical 16° stimulus. This has been found to hold for s;nusoidal
stimulus intensities from 1000 trolands peak to 500,000 trolands
peak, and for stimulus wavelengths from 4337 X to 6337 2, - If the
0.5 to 2 microvolts p, - p.E.R.G responsec had been as largevas the
2 to 6 microvolts synchronous E.E,G., component, the amplification
could have been refuced so that the apparatus would not have been
driven beyond its linear region.

This suggests that the E,E,G. is not due to a backwards spread
of the E.R.G. The reliability of‘E,R.G. latency measuremgnt is
not sufficient to enable many further deductions to be mad?, and
in fact it cannot be said with certainty that the synchrongus E.R.G.
component detected is not due to a forward spread of the E.E.G.

A blue stimulus centred on 4337 X gave a sufficiently large
response to enable the apparent latency of the synchronous E,R.G.
component to be measured as 165 % 15 milliseconds, and cémpared

with an apparent latency of the synchronous E.E.G. component of
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165 £ 20 milliseconds. (diagrams 15, 16). Both measurements
were made during the same recording session.

In so far as the E.R.G. data is reliable, this result indicates
thkat for a 160,.>\ = 4337 K stimulus, the synchronous response in
the E.E.G. measurements using occipital electrodes occurs simultan-
eously within the limits of crror with the synchronous response in
the E.R.G. recorded using electrodes #" above and below the
stinulated eye. If the E.R.G. response played a role in the
transmission of colour information to cortex there would be expected;
to be a latency difference‘between E.R.G. and E.E.G. corresponding
to the transmission time from retina to cortex. So it appears that
the synchronous evoked component of the E.R.G. detected by the
apparatus is unlikely to play a part in the transmission of colour

information to cortex. It should be emphasized however that the

reliability of the E.R.G. data is questionable.

Discussion of the quantity measured in
the E.E.G. experiments,

The arousal of the synchronous evocked component of the E.E.G.
would seem to occur some time after the arrival at cortex of the
firsf impulses. | }

Using an averaging techniaque, Cobb and Dawson found the latency
of first arrival at cor?ex to be about 25 %illiseconds foruskort
white isolated flashes. (ref. 56). Assuming that the pupil diameter
returned to about 6 m.m. between flashes, the integrated retinal
illunination was about 10,000 troland.seconds, and the peak
illumination was about 108 trolands. With an 80 times reduction

in intensity, the latency was increased to about 30-35 milliseconds.
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The authbr's results were obtained>$t an intégrated rgtinal
illumination (per modulation c&cle) of 15C0 trolan&.seconds,
»vwith a peak of about 50,000 trolands, but the cofrelation of
vphyéiological stimulus intensities of as isolated shorf.flash,
an? one of a longs train of sinusoidal 50C - 100 willisecond flashes
is of Adubious validity.

Cobb an® Dawson founﬂ the largest component of the response
to 2 single isolated flash to occur with a latency of>90 - 100
milliscconds, and to be of magnitude 5 - 10 micfovolts. For a
16° whitz stimulus the amplitule of the synchronous component is
2 - 6 microvolts peak-to-peak, and latency aBout 165 milliseconds,
for a stimulus intensity much less than that used by Cobb and
Dawson és @escribed ahove. Aﬁ increase in stimulus intensity
s0 as to bring the integrafed retinal illumination of each flash
to the level used by Cobb and Dawson would reduce the apparent
latency to about 130 milliéeconds.

A tentative identification is made of the synchronous component
with the largest component in the single flash response. However
it is likely that interaction would occur between the responsaes
to successive flashes at some or all levels, so that the fprm of
the evoked response fo a single isolated flash might be quite
different to the response to a sinusoidal flash which was one of

a long series of identical flashes.
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The distinction between the synchroncus component of the
evoked response in the X.E.G., @ locking and intrinsic
g activity.

The interpretation is advanced th&t for stinulus modulation
freqﬁencies separated by at least about 0.5 c.p.s froa the ©X
frequency, the synchronous evoked response is a true evoked p.d.,
in that its amplitude and latency are indepenient of the amplitude
of the DC activity, and independent of the difference between
stimmlus frequency and ol frequency. Also that the oL frequency
is independent of whether the 16° sinusoidally modulated light
stimulus is on or off, and independent of the stimrulus frequency,
providing tﬁ;t it is at least 0.5 c.p.s. reﬁoved from the oA
frequency, So the ol activity is separate from the mechaniéms'
underlying the synchronous evoked response to a 16° stimulus over
the frequency range investigated (9 - 17 c.p.s.) providing that the

frequency difference exceeds 0.5 c.p.s.

Experimental Evidence

In the analysing apparatus, the amplified E.E.G. is multiplied
separately by sine (.mt) and cosine ( t) where o = 2T
(stimulus modulation frequency f). Any periodic signal in the
E.E.G at 2 frequency f1 which differs from the stimulus méﬁulatioh
frequency will cause beating at freguency (f - fi). The beating
will bhe atteﬂuated to an extent dependent on the time constant of
the integrating circuits.

Such beating can he seen in diagrams 10 - 13. These are
records of ﬁhe outputs of the analogue computer before and during

light stimulation. Table 1 shows the beat fregquency measured from
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such records, and the calculated frequency of the non-synchronous
signal in the ®E.B.G, which producedrthe beats. It can be seen that
to within I ¢.2 c.p+S. the freguency of the non-synchironous signal
is unaffectzd by whether the light stimulus is on or off. To within
Zo.2 ¢.,p.s. the non-synchronous fregquency is unaffected by stimulus
frequency. Since the stinulus fraquency is constant to 0.2 CiP.8
these are within the limits of experimental error. Table 2
summarises the results of other calculations such as that given

in Table 1.

TABLE 1

16° SINUSOIDALLY MODULATED, 50,00C TROLAND (PEAK) WHITE ST IMULUS

| | [BZAT FREQUENCY c.p.s | NONSYNC*RCNOUS FRE%.cps
A ALYS L VODULATION (STITLUS | STIMULUS | STILULUS | SIINULUS
SAAY elRS) L] L p » ON OFF ON OF‘F‘
16,3 6.7 6.7 9.6 9.6
14.9 5.1 5.3 9.8 9.6
12.5 2.9 3.1 9.6 9.4
1.9 2.0 2.0 9.9 | 9.9
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TABLE 2

STIMULﬁS FOR VARIOUS STIMULUS FrREWUENCIES,

7 AR UR
W AVELENGTH NONSYNCHRONOUS FRELUENCY. C.D.S.
FOR STIMULUS ON OR OFF.
ON OFF o
0 + +
5780 A 9-3 - 0'1 9.2 - 002
5885 A 9.7 * 0.2 9.6 £ 0.3

Aﬁ attempt was made to investigate the nature of the non-
synchronous signal, Immediately after the measurements of beat
frequency given in Table 1, the observers oA freguency was measured
before, and during light stimulation by using an A.E.I. pen writing
oscillograph. The K frequency before stimulation was found to be
9.7 £ 0.1 c.p.s and during stimulation ©.8 ro.3 c.D.s as qompared
with 9.6 ¥ 0.3 c.p.s. given in Table 1 for the frequency of the
nonsynchronous signal. Additional evidence that the nons&nchronous
signal is the intrinsic Ol activity is that beating occurs in bursts
in a similar manner to the ¢A activity.

It can be seen in diagrams 10 - 13 that the d.c. level of the
pens does not appear to be affected by the bursts of beats i.e. by
the bursts of A activity. The d.c. levels of the pens were
measured over a tiwe cegual to the duration of a burst before the
burst, and after the burst. The ratio of the amplitude of the
synchronous response during the burst to the amplitude before the
burst was calculated, and also the ratio of the amplitude after the
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burst to the amplitude before the burst. This was done for a total
of 24 bursts. If there is no systematic change in synchronous
response before, during and after a burst these ratios should average
out to unity. ‘The ratios were on average, (after allowing for the
'time constant) :- amplitude during burst: amplitude before burst
= 1,01, and amplitude after burst: amplitude before burst = 0.93.
So it can be concluded that to at least 7% the amplitude of the
synchronous response is unaffected by the amplitude of A activity.
A similar calculation showed that the tangent of the phase lag is
unaffected to at least 8% by the amplitude of & activity.
Attempts were made to see whether the synchronous component and

ek activities were still independent, when the stimulus frequéncy
was sepafated by less than about C.5 c.p.s. from the & frequency .
Beating was found to be of such low frequency that it passed through
the integfating circuits with little attenuation so that r§su1ts
were unintelligible. Also it was found that the ¥ 0.2 CyP.B.
constancy of stimulus freguency was insufficiently precise:so that
the difference between stimulus and “A\ freguencies was subject to

large percentage fluctuations during the experiment.
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SUMMARY

An optical stimulator has been constructed, which will
produce a sinusoidally ﬁodulated stimulus of constant peak retinal
illumination and modulation frequency.

An analogue computer has been developed which is designed to
detect any evoked component in the E.E.G. which is at stimulus
frequency, in the presence of a large background of noise and
unwantecd signal.

Such a component (synchronous component) has been detected,
and found to have a constant amplitude and phase lag from about
16 to 80 seconds from the onset of stimulation.

Puring this steady-state regime the amplitude and phase lag
of the synchronous response have been measured for various stimulus
frequencies. The phase lag is proportional to stimulus freguency.
This is interpreted as indicating an apparent latency't‘ milliseconds
of the synchronous component, which is independent of frequency.

Fbr a constant modulation frequency the phase lag (and hence
apparent latency) is inversely proportional to the logarithm of
retinal illumination at high intensitiess for blue and green stimuli,
At low intensities the apparent latency tends towards a constant.
For a yellow stimulus there is little variation with intensity.

For stimuli of different colours, but the same retiﬁa} |
illumination, the apparent latency is longer for blue and green
than for red, and least for yellow. This effect is accentuated
at low intensities, and diminished at high intensities. |

The apparent latency for white lies betwzen the values for
yellow and blue stimuli of equal retinal illuminations. So apparent
latency is unlikely to correlate with saturation.

During the initial 16-2C seconds of stimulation there is a
transient synchronous response in the E,E.G. of the form:-

asplitude = A + Bt where A and B are constants.
The amplitude falls suddenly at 16-20 secons to.the steady-state

value. Rods are unlikely to play an important role in this effect.
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The synchronous response is incdevenfent of ol activity.
Conversely, the ¢{ freguency is independent of the light stimulus.
Therefore the synchronous rosponse is a true evoked p.d.

Electrodes ahove and helow the stimulate? eye were use& to
make E,R.G. measurements. Reliability was adversely affected by
poor signal to noise ratios. However, the amplitude of the
- synchronous T.R.G. component can be said to be less than the
amplitude of the synchronous %.,2.G. component for identiéal
stimuli. For a hlue stirmlus, the apparent latency for E.R.G
and B.E.G. synclhronous components were equal. Therefore the
E.E.G. synchronous coaponent is unlikely to be a spread backwards
of the E.R.G. Also, the synchronous E.R.G. coaponent is
unlikely to play a paft in the transmission of colour information

to cortex,
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PHOTOGRAPHS AND  DIAGRAMS

Photograph 1. General view of apparatus.
Photograph 2, Optical system.

Photograph 3, Electrode placement for E.E.G.
recordings.,

diagram
number.

1. Block diagram of apparatus.

2, Multiplier input circuits.

3. Integrating circuits.

4, Stabilised variable speed motor supply.

5. Apparent latency versus iX showing errors. 50,000 Trolands peak.
6. Apparent latency versus :K for three retinal illuminations.

Te Output of analogue computer when synchronous calibration
signal of freguency 14.9 c.p.s and constant amplitude is
applied.

8, Output of analogue computer when clectrodes connected to
observers scalp and constant frequency, constant amplitude
sinusoidally modulated light observed.

9. Direct recording of E.E.G before and during‘observation of
stirulus similar to that in diagrams 8 and 10-13.

10, OCutput of analogue computer before and during stihulqtion
with sinusoidally modulated light of constant frequency and
peak retinal illumination. Frequency 11.4 c.p.s. :

11. As diagram 10. Frequency 12.5 c.p.s.
12, As diagram 190. Frequency 13.7 c.p.s.
13. As diagram 10. Fregquency 16.3 c.p.s.

14. Phase lag of synchronous evoked component versus stimulus
frequency. Range 5-29 c.p.S.

15. Phase lag versus frequency 11-16 c.p.s. A = 4387. E.E.G.
16, E.R.G. stimalus as in diag, 15.

17. Phase lag and anplitude versus frequency at constant
intensity A = 4387 & .

18. Phase lag and amplitude versus intensity at constant
' frequency A= 4387 1.

19. Phase lag and amplitude versus frequency at constant
intensity )\ = 4577 f
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diagranm
number

20. Phase lag ané amplityle versus intensity at constant
frequency A = 4577 A

21, Phase lag and amplitude versus freguency at constant
intensity X = 5449 £

22, Phase lag and amplitude versus intensity at constant
frequency D = 5449 i

23. DPhase lag and amplitude versus fregquency at constant
intensity 3, = 5780 &

24, Phase lag and amplitude versus intensity at constant
frequency A = 5780

25. Phase lag and amplitude versus frequency at constant
intensity A = 5885

26. Phase lag and amplitude versus intensity at constant
frequency A = 5885 §

27. Phase lag and amplityde versus frequency at constant
intensity A= 6337 A o
tulems

28. Phase lag and amplitude versus freguency at constant

int¥sThy O\ = 6337 8

29, Phase lag and amplitude versus frecuency. White. E.E,G.
constant intensity. :
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BLOCK DIAGRAM OF APPARATUS

¥EY TO DIAGRAM 1

A
c.1.

c.2

C.A.

E.L.

F.

1.1., L.2.
I.R.

L
Mol., M.2
N

N

0

P.1., P.2.

P.M.

R.P‘

SE

S.P.
S.8.

MAGSLIP ALTTRNATOR

FIRST FIXATICN CROSS

SECOND FIXATION CROSS

CURZENT AMPLIFIER

EYE LENS

COLOUR FILTZR
INTZGRATORS

INFRA RED FILTER

STANDAPD LAMP

MULTIPLIERS

90% REFLEZCTING MIRROR
NEUIRAL DPENSITY FILTERS

OSCILLATOR

RECORDING FOTENTIONETERS
%OTOMULT IPLIER

MAGSLIP RECRIVER

ROTATING PCLARCID

WEITE MgO SECTOR
SHUTTER

STATIONARY POLAXOCID
STABALIS®D +OTOR SPEID SUPPLY

TACHOMEE TR

VARIABLE SPEUD 1H0TOR
XENON LAMP
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h.o.1,2
h.p.l,z

hecol, 2

ml
m2

p.d. amp.
tr 1

tr 2

S1

S2,83
S4,85

S6

S7

Vv

MULTIPLIER INPUT CIRCUITS

Hall =sultiplier outputs 1 and 2
Hall multiplier plates 1 and 2

Hall wultiplier coils 1 and 2

Avo on 12V a,c, range to monitor coil input
current. This is proportional to the E.E.G.
voltage input at the clectrodes,
d.c. balance. Adjustment of the biassing of
the transistor current amplifier ensures that
there is zero coil current for zero E.E.G input.
potential difference amplifier.
transistor OC 72 )

) current amplifier
transistor OC 35 )
Balance Hall Multipliers
Measure plate currents externally
Adjust plate currents
Meter m2 in or out of circuit

Coarse or fine d.c. balance using m2

valve ECC 82
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INTEGRATING CIRCUIT DIAGRAM 3.

- 81, 82 : set time constants controls. Recording
53, S4 : ’reduce span’ controls. potentiometer
pen 2
raemam it s’
\ -
&
/1 I
N \ Y
Zero -
VYR - alil
'
45,000 pF 2,500 | pF -'
T wwe T | T
‘ o 0
s2
G e
Hall
Multiplier
outputs.
91\131
45,0p0 pF 2,500 | § 3§
- T sl ~l*- s‘ S_
45,030 pE 'T' Recording
55 N e |potentiometer
pen 1
Zero‘i e
pen.
\ \ >4 e M\
) é
AN
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STABILISED VARIABLE SPEED MOTOR.

DIAGRAM 4.,

40 volts.
+ -
D.C. Tr.2.
Motor 5 ?g i
9 volts: Set
Gears —:ﬁ* Speed
X
R ) N ]
Alternatop i ’

+
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DIAGRAM 5

ey
Graph of the apparent latency (‘t ) of the synchronous

evoked E.E.G. response versus stimulus wavelength for

stimuli of egqual retinal illuminations of 50,000 trolands.

t :
The values of t’ are obtained from the linear phase lag
versus stimulus frequency graphs for each individual

stimulus wavelength (diagrams 17, 19, 21,'23, 25, 27).

The stiwmulus is a 16° centrally viewed circular field with
dark surround modulated sinusoidally at a freguency of f. c.p.s.
The errors shown are taken from the phase lag versus gf

graphs for cach stimnlus and are the maximum errors occurring
during the stealy state response measurad (about 20 to B8O éeconds

after onset of sti-ulation.)
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DIAGRAM 5,

Apparent latency

v milliseconds

200~ —
R —_—
. .
100/~
Stimulus wavelength in 2
0 i i ' _I
4000 5000 6000 7000
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DIAGRAM 6

Graph of the apparent latency of the synchronous component

of the evoked T.E.G. response ( t‘seconds) versus the wavelength

of the stimulus for three different stimulus intensities. FErrors

are omitted for clarity.

4
The values of t for each of the individual stimulus wavelengths
for the 50,000 troland intensity level (full line) are obtained from
the linear phase lag versus stimulus frequency graphs for the

individual wavelengths (diagrams 17, 19, 21, 23, 25, 27).

The values of tf for the various stimulus wavelengths at
intensities of 500,000 and ‘5,000 trolands are derived from the
separate graphs of phase lag versus stimulus intensity (diagrams 18,
2¢, 22, 24, 26, 28), These graphs are plotted for a constant
stimulus frequency and variable stimulus intensity. The observed
change in phase lag as stimulus intensity is altered is attributed
to a change in latency with stimulus intensity. The values of‘r‘ ’
for intensities other than the 50,000 trolands for which‘tg is
measured directly, are obtained from these graphs. A note on the

interpretation of the graphs can be found on page 58..
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DIAGRAM o,

{3 5,000 Trolands
v 50,000 Trolands

¥ 500,000 Trolands
Apparent latency
7' milliseconds

100 L T

This point by extrapolation
from 5,000 Trolands peak.

Stimulus wavelength K.
0 1 _ : 9
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DIAGRAMS 7 and 8

Diagram 7 This is a record of the output of the analogue
computer when a constant synchronous calibrating signal
is applied to the preamplifier. The signal is obtained
from the alternator via an attenuator. It is sinusoidal,
of amplitude about 5 microvolts peak-to-peak, and frequency
14.9 c.p.s.

The two traces are produced by the pens of the two
recording potentiometers P1 (red pen) and P2 (blue pen) in
diagram 1, The centre line (marked 5) is the zero line.

The final steady deflection of pen 1 from the zero is

proportional to‘/f (input signal)sin(2 nft)dt and the

steady deflection of pen 2 is proportional to j.(input signal)

cos(2 nft)dt.

The inch marks on the papers correspond to 7.5 seconds.

The tiue constant of the integrating circuits here is 5 secs,

for each pen, The expopential form of rise of the pens'

deflections is evident, ané is according to the equation for

the charging of a capacitor, viz. _£
p.d. across capacitor = applied p.d. (i - e /15

where t is the time (in seconds) elapsed from switching on
the signal.

Diagram 8 This is a record cof the output of the analogue computer
gsimilar to diagram 7. re difference is that here a calibrat-
ion signal is not used. In this record in input signal is

picked up from electrodes placed in the occipital region of
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an observer%scalp. At point A he starts to obsgerve a
sinusoidally modulaté& 16° stimulus of retinal illumination
about 300,000 trolands and wavelength 5780 K . The freguency
is held constant at 14.9 ¥ o.2 c.p.s for the duration qf the
stimulation (about 50 seconds).

The time constant of the integrating circuits is still
15 secends and the sensitivity is the same as for diagram 7.

. The steady deflections of the pens from the centre zero
are due to a synchronous signal of constant amplitude and phase
lag. Noise and unwanted (nonsynchronous) signal can be seen
on the traces. At the electrodes the noise is 15-20 times
signal.,

It can be seen that the initial stages of the pens'
deflection is guite different to diagram 7. Hence the
initial stages of the synchronous response are not a constant
amnlitude signal. The interpretation of this graph is given
on pages 80 -B4 and is that there is a large initial tpansient
response which'sud&enly falls to the constant steady-state
level after 16-20 seconds.

This initial resﬁonse has been clearly obsgrved on more

than 9 occasions.
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PIAGRAM 9

This is a direct recording of the E.E.G. from occipital
scalp electrodes, taken with an A.E.X. pen oscillograph.

The a activity at 9.6 Io0.2 c.p.S. can be prominently seen when
the subject's eyes are closed. The characteristic fluctuations
of amplitude are evident. When the «yes are opened, the d
activity can be seen to be immediately much reduced ( ¢ blocking).

A sinuscridally modulated 16° light stimulus is marked by a
row of dots at stimunlus frequency (14.9 c.p.s). A responsé in
the E.E.G. at stimulus fregquency is just detectable in the ﬁrace,
with an applitude of (very approximately) 5 V. p-p. Whether
its amplitude or phase remains constant cannot be determined from
the trace, as the response is buried in noise, and intrins?c brain
activity. :

Bursts of’a activity of frequency S.4 ¥ o.3 c.p.s8 can be seen
to occur during stimulation.

A response in the % .E.G. which is at Stimulus frequency, and
which is phase ~ locked to thé stimulus will be described as a
synchronous response. The analogue computer is designed to detect
whether there is a synchronous response buried in the E.E.G., and
if so to measure its amplitude and phase lag behind the st@mulus.

Diagram 9, the raw E.E.G., should be compared with diégrams
8? 16, 11, 12 and 13. These are records oflthe analogue computer's

output before, and during similar stimulations to that of diagram 9.
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In diagrams 8, 10, 11, 12 and 13 the steady deflections from

thé centre zero line (marked 5) are produced by the synchronous
response. The ripple visible on the computed traces is a much-
attenuated beating with the a activity.

It can be seen that the analogﬁe conputer clearly detects a
synchronous component in the E.E.G., even though the response is
buried in noise such that its presence is hardly visible in the
raw E,E.G, trace, Furtter~ore, tﬁe conputed T.E.G. resulté show
that from about 16 to 80 seconds after onset of stimulation the
amplitude of the synchronous response rewains constant to : 10%

and trke latency to i milliseconds, even thoﬁgh the total E.XE.G.

activity may reach 20 times the amplitude of'the synchronous response.
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DIAGRAMS 10 - 13

.These diagrams illustrate the method By which the phase lag
and amplitude of the synchronous component of the evoked E.E.G.
response may be measured by the use of the analogue computér s and
stimulation technique described in this thesis., They should be
compared with diagram 9.

The traces are ma2de by the pens of the recording potentiometers
Pl and P2 in diagram 1, Pen 1 gives a steady cdeflection from the
zero (5 line) proportional to vb(t) sin (2 n ft)dt and pen 2 gives
a deflection proportional to ‘jab(t) cos (2 n ft)at. Here)ﬁ(t)
is the waveform of the total E.E.G signal, and f is the stimulus
wodulation freaquency. A positive deflection is counted to the righi
of the zero (5) line, a negative deflection to the left. The chart
speed is one inch (large square) per 7.5 seconds.

It is described in Chapter 3 ﬁow the ratio of the steady
deflections is ejual to the tangegt of the angle of phase lag (¢)
of tke synchronous response behind the stimulus. On each of
diagrams 10-~13 is a vector diagraw illustrating this, and showing
how the phase lag (@) increases as the stimulus frequency (f)

increases.
R

It should be pointed out that this measured phase lag (2)
differs from the true phase lag of synchronous response behind
stimulus. The difference is an integral number of cycles plus

a constant ter+ arising from the constant misalignment of the

rotating polaroid,
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An additional phyéiological constant term is discussed in
Chapter 8. Any contribution to phase stifts due to the
amplifiers is eliminated hy calibration. The variation of
measured phase lag with frequency is due to an apparent timg

1
latency t of the synchronous respgonse behind the stimulus.

The amplitude of the synchronous responsec is proportional

to
\[( deflection of pen 1)2 + (deflection of pen 2)2. (Chapter 3).

The constant of proportionality is obtained by calibration.
The time constant in diagrams 10 -~ 13 is 30 seconds, rather than
15. The result is that the initial transient produces only a slow

initial rise in the traces,
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DIAGRAM 14

This graph shows the relation between stimulus modulation
frequency for a 160, Tx = 5780 X stimulus field of about
50,000 trolands, and the phase lag of the synchronous evoked
E.E.G response behind the stimulus during the steady-state response.

Measurements are made over an extended frequency range of
5 to 29 c.p.s. Measurements were difficult around 9-10¢ c.pn.s.
due to slow beaiing with the q rhythm.

All readings were taken in a single session. The different
frequencies were observed, not in a steady progression from high
to low freguencies, but by a more random selection.

The data was plotted in log form (not shown) in order to
find to what accuracy linearity can be said to hold. It was
assumed that:-

g o £
and log ¢ plotted versus log f. It was found that n = 1.1 % 0.3.

- All measurements of latency‘werg restricted to an 11;16.5 CePeS
range of stimulus frecuencies so as to avoid the high amplitude
beating and apparatus inaccuracy at the lowéf frequencies (see
page 27), and the difficulties of reproducibility or fixation

experienced arcund 17 c.p.s.
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DIAGRAMS 15 and 16

These diagrams show the synchronous evoked responsec in the
E.E.G. (measured using occipital electrodes), and in the E.R.G.
(measured using electrodes just ahove and below the stimulated
eye) for identical stimuli.

The stimulus is a 16°% cirealar centrally viewed field of

;\ = 4387 X which is sinusoidally modulated. The intensity is

constant at akout 50,000 trolands peak.

Diagram 15

E.E.G. Phase lag of synchronous response versus stimulus
frequency. Assuming 2 linear relation between phase lag
and frequency (diagrams 14 ané 18), the slope of the line
is interpreted as an apparent time latency of synchronpus

+
response behind stiiwulus of.t ::160_i 15 milliseconds,

Diagram 16.

E.R.G. Phasc lag of synchrorous response versus stimilus

frequency for an identical stimulus to diagram 15.

Assuming a linear relation between phase lag and stimulus
frequency, the slope of the line is interpreted as indicating
an apparent latency of the synchronous responsc behind the stimulus
of 160 ¥ 20 milliseconds.

The synchronous E.R.G. responses are small, and the noise
level is 40-60 times signal. The apparatus is often driven beyond
full load (40 units on page 40 ). The E.R.G. re;ults are therefore

much less reliable than the E,E.G. results.
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DIAGRAM 16. E.R.G.
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DIAGRAN 17

o
E.E.G. tk = 4387 A , Retinal illumination about 50,000 trolands

peak (ligh£ adaptation equivalent to a 25,000 troland constant
level). Circular, 160; centrally viewed, sinusoidally modulated
stimulus with dark surround.

In the upper part of the diagram the phase lag of the
synchkronous respo;be (#) is plotted against stimulus frequency (£).
The data of this graph was replotted in order to find the

accuracy to which linearity can be éaid to hold. It was aséumed

that : -
g ot £

It was found that n = 0.92 ¥ 0.8 over the range f = 11 to 16 c.p.s.
Assuming that @o(f, the slope of the line of diagram 15 was

interpreted to indicate an apparent latency T =170 % 20 milli-

seconds. of the synchronous response behind the stimulus. This

latency is independent of stimulus frequency from 11 to 16 c.p.8.,

to the accuracy with which linearity can be said to hold ice. £ 8%.
The lower part of the diagram shows the amplitude of the

synchronous response for the various stimulus frequencies;

Amplitude is often found to exhibit a rather large % scatter when

rencat measurements are made, although the phase repeats well

(see Aiagrams 20-29). Here the amplitude repeats unusually well.
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DIAGRAM 18

E:E:G. stimulus as for diagram 17.

Stimulus ffequency constant at 14.9 c.p.s.

In the upper part of this diagram the phase lag of the
synchronous resvonse behind the stimulus is plotted versus
the stimulus intensity.

The interpretation is that apparent latency increases
as stimulus intensity Jecreases. A discussion of this

interpretation is given on page 58,
In the lower part of the diagram, the amplitude of the

synchronous'respohse is plotted versus stimulus intehsity

at constant stirulus fregquency.
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Phase DIAGRAM 18. E.E.G,
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DIAGRAM 19

‘ o)
E.E.G. 7K = 4577 A, Retinal illurmination about 50,000
trolands peak (light adaptation equivalent to a 25,000
troland constant level). Circular, 160, centrally viewed,

sinusoidally modulated stimulus with dark surround.

In the upper part.bf the diagram the phase lag of the
synchronous evoked response is plotted against stimu1u§
frequency.

The‘slope of the line is interpreted to indicate an apparent

+

4
latency ( T ) of 175 = 15 milliseconds of the synchronous

response behind the stimulus. (see page 7).

The lower part of the diagram shows the amplitude of the

synchronous response for the various stimulus frequencies.
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DIAGRAM 20

o
4577 A

1t

E.E.G stirmulus as for Jiagram 19. :\

Stimulus fregquency constant at 14.9 c.p.s

- In the upper part of the diagram the phase lag of the
synchronous recponse behind the stimulus is plotted
versus the stimulus intensity.

The interpretation is that apparent latency increases
as stimulus intensity decraases (see page 58 ).

In the lower part of the diagram the amplitude of

the synchronous response is plottedvyersus stimulus

intensgity at constant stimulus frequency.
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DIAGRAM 20 E.E.G.
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DIAGRAM 21

E.E.G. :\ = 5449 3 . Retinal illumination about
50,000 trolands peak (light adaptation egquivalent to
25,00C troland constant.level). Circular, 160,
‘centrally viewed, sinusoidally =odulated stimulus

with dark surround.

In the upper part of the diagran the phase lag
of the synchronous rcsponse is plotted against stiwulus
fféqﬁenby.

The slope of the line is interpreted to indicate
an apparent latency Tf of 190 ¥ 20 milliseconds of

the synchronous response behind the stimulus (see

page 17 ),

The lower part of the diagram shows the amplitude
of the synchronous response for the various stimulus

frequencies.
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DIAGRAM 22

. [o]
E.E.G. Stimulus as for diagram 21, M\ = 5449 A

Stimulus freduency constant at 14.9 c.p.s.

In the upper part of the diagram the phase lag of
the synchronous response behind the stimulus is
plotted versus the stimulus intensity.

The interpretation is that appoarent latency ( T )
increases as stimulus intensity decreases.

A discussion of this interpretation is given on

page 58.
In the lower part of the diagram, the amplitude of

the synchronous response is plotted versus stimulus

intensity at constant stimilus frequency.
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DIAGRANM 23

E.E.G. )\ = 5780 4, Fetinal illumination about
50,000 trolands peak (light adaptation equivalent to
a 25,000 troland constant level), Circular, 160,
centrally viewed, sinusoidally modulated stimulus

with dark surround.

In the upper part of the diagram the phase lag of
the syﬁchbonous rasponse is plotted against stinulus
frequency.

The slope of the line is interpreted to indicate an
apparent latency ('E') of 135 ¥ 25 milliseconds of
the synchronous evoked response behind the stimulus.

(see page 77).
The lower part of the diagram shows the amplitude

of the synchronous response for the various stinulus

freocuencies.,
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DIAGRAM 24

o
E.E.G. Stimulus as for diagram 23. ’>\ = 5780 A

Stimulus freguency constant at 14.9 c.p.s

In the upper part of the diagram the phase lag of the
synchronous evoked response behind the stisulus is
plotted versus the stimulus intensity.

Any changes of phase lag with stimulus intensity are
interprete? as changes in the apparent latency ( T' )
of the synchronous response (sce page 58).

The scatter in the repeat measurements of the phase
lag is up to % 20° (see diagrams 18, 20, 22, 24, 26,
28). This is attributed mainly to inaccuracy in
replacing the eye pupil éver the exit pupil. Taking
the scatter into account it can be said that the
apparent latency for a '7\ = 5885 X stimulus varies
little, if at all, with stimulus intensity between
about 570,000 and 5000 trolands peak (equivalent

steady intensities about 280,000 and 2500 trolands.

In the lower part of the diagram, the amplitude of
the synchronous evoked response is plotted versus

stirulus intensity at constant stimulus frequency.
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DIAGRAM 24. E.E.G,
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DIAGRAM 25

E.E.G. ‘7\ = 5885 Z. Retinal illumination about
50,000 trolands peak (light adaptation eqguivalent to
a 25,000 trolands constant level). Circular, 160,
centrally viewed, sinusoidally wmodulated stisulus

with dark surround.

In the upper part of the diagram the phase lag of

the synchronous evoked response is plotted against
stimulus frequency.

The glope of the line is interpreted to indicate an
apparant latency ( T ) of 60 £ 20 milliseconds of the

synchronous response behind the stimulus (see page 77).
The lower part of the diagram shows the amplitude

of the synchronous response for the various stimulus

freguencies.
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DIAGRAM 25. E.E.G.
Phase lag : degrees.

(arbitrary zero)

Apparent latency = g0 * 20 nms.

120

160

180

Amplitude pV. DP-D. : I
5#—
3 T
2k .I ]F
L 1 i
1l {
0 L, ‘ { { L i ]
11 12 1% 14 15 16 17

Stimulus frequency. sec™!

~148-



DIAGRAM 26

: : o
E.E.G. Stimulus as for diagram 25, j\ = 5885 A,

Stimulus frequency constant at 14.9 c.p.s

In the upper part of the diagram the phasc lag of

the synchronous evoked fesponse‘behind the stimulus

is plotted versus the stimulus intensity.

Any changes eof phase lag with stimulus intensity are
interpreted as changes in the apparent latency T! of
the synchronous response. (sec page 58)

The scatter of repeat weasurcements of the phase lag

can be seen to be up to ¥ 20°. This is attributed
mainly to inaccuracy in replacing the eye pupil over
the exit pupil. Taking this scatter into account it
can be said that the apparent latency for a :\ = 3885 2
stimulus varies little, if at all, with stimulus intensity
between 500,000 trolands peak and 1200 trolands peak

(equivalent steady intensities 250,000 and 6CC trolands).

In the lower part of the diagram the amplitude of the
synchronous evoked response is plotted versus stimulus

intensgity at constant stimulus freguency.
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DIAGRAM 26. E.E.G,
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DIAGRAM 27

E.E.G. )\ = 6337 A . Retinal illunination about
50,000 trolands peak (light adaptation equivalent to

a 25,000 troland constant level). Circular, 160,
centrally viewed, sinusoidally modulated stimulus with

dark surround.

In the upper part of the diagram, the phase lag of
the synchronous evoked response is plotted against
stimolus freguency.

The slope of the line is interpreted to indicate an
apparent latency ( T' ) of 120 ¥ 30 milliseconds of

the synchronous response behind the stimulus (see

page 77).

The lower part of the diagram shows the amplitude
of the synchronous evoked response for the various

stimulus frequencies.
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DIAGRAM 28

o]
E.E.G. Stimulus as for diagram 27. A\ = 6337 A

Stimulus frequency constant at 14.9 c.p.s.

In the upper part of the diagram the phase lag of

the synchronous evoked response behind the stimulus

is plotted versus the stimulus intensity.

Any changes of phase lag with stiwulus intensity

are interpreted as changes in the apparent latency

T: of the synchronous response. (see page 58).

The scatter of repeat measurements of the phase lag

can be seen to be up to ¥ 20°. This is attributéd
mainly to inaccuracy in replacing the eye pupil over

the exit pupil, Taking this scatter into account it
can be said that the apparent latency for a ?\ = 6337 X
stimulus varies little with stimulus intensity over a
range of about 120,000 to 2500 trolands peak (equivalent
steady level about 60,000 to 1200 trolanés). However
there is a definite trend for apparent latency to

increase as stimulus intensity decreases.
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DIAGRAM 28. E.E.G.
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DIAGRAM 29

E.E.G. White, of colour temperature about 5500 °K.
Retinal illumination about 5C,000 trolands pecak
(light a?aptation equivalent to a 25,000 troland
constant level). Circular, 160, centrally viewed,

sinusoidally modulatef stimulus with dark surround.

In the upper part of the diagram the phase lag of
the synchronous evoked response is plotted against
gtimulus frequency.

The slope of the line is interpreted to indicate an
apparent latency (.t. ) of 165 ¥ 10 milliseconds

of the synchronous resporse behind the stimulus.
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DIAGRAM 29. E.E.G.
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