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+LBOSTRACT,

A short nccount is given of previous work, both on age chnnges
in colour vision response and on some related physicrl nnd chemical
age changes in the visual system. The ains of the present
investigation nre then discussed.

Statisticenl informntion on the effect of age upon a number of
colorimetric functions is recorded and discuassed in Chapters III to
V1 inclusive., The functions ~re: w-velength discrimination; colour
nrtching of a 'white light' test field ~nd of o spectral test field;
the relative luninosities of the mntching stimuli of the W,D.W
chromnticity co-ordinrte systen; ~nd the relative luminous
efficiency of selected wnvelengths in the spectrumn. Some four
hundred observers with normnl colour vision took part in these
investigntions.

The wvrriation of the functions with nge hns been investigated
statistically and the conclusion reached that age changes which
occur are due to the variation in transmission of the optical nedia
of the eye., Known ~nd postulnted varintions in the media have been
applied, by caleculation, to the present data. A4s a result of these
cnleculations, it appears that the lens is the most probable cause
of the age chonges in tronemission of light through the eye to the
retina,

Light scatter is suggested as the physical cause of the
transmission chnanges with nge, since the wavelength dependence of
the changes closely follows Rnyleigh's scattering law.

Some mensurements of light scattering in the human eye, as a
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function of wavelongth, hove been mnde, These measurements tend
to confirm that an increase in Rayleigh scattering, located in the
lens, occurs with increasing age.

Results obtained by Verriest =mnd by Birch have been examined
in the light of the present work, and are found to accord
satisfactorily with the conclusions drawn in the thesis.

Data on the spectral absorption curve of the macular pigment

is given in Chapter 1X and this is shown to differ somewhat from

previous data,
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Chapter I

Previeus Work on Changes in Coleur Vision Respense with Age

and Plan of the Present Investigatien.

A number of previous investigatiens of the change in celour
visien response with age kave been made, but they have usually had
fairly limited objectives. The techniques used have been of two
olasses; either a survey has been made to investigate the visual
response as a whole, or the study has been directed at the age
changes in some particular element of the visual system. The present
work is primarily eof the former class, although the nature of the
measurements has allowed some analytical investigatiem into the

causes of age changes.

Colour Vigien and Age Surveys.

A number of surveys have been carried out, usually with some
type of colour screening chart and with the aims of detecting
changes in coleur discrimination with age. Chapanis (1950) found
8 slightly significant relationship between age and celour vision,
but this was due solely to the poor performance of individuals under
15 years »f age. 547 ebservers toek part in the survey, but they
were not pre-screened for colour defectiveness., As a result,
histograms recording errors in reading the plates were bi-modal in
form, The data were obtained for six sets of colour testing charts.
Chapanis also investigated visual acuity as a function of age and
found a curvilinear relationmship between them., Gilbert (1957) used
355 subjects in an investigation ef the changes in colour

discrimination with age. 48 coloured disecs provided a
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disorimination test, but as they were not always viewed in the
standard illumination (daylight) the data were somewhat unreliable,
Differences between different age groups in the number ef mistakes
made in arranging the discs were signifiocant at .0l level, the
elder groups making a greater number of errors. The results were
also analyzed with respect to sex difference, and women were found
to show better discrimination than men, significant at .05 level,
As the observers were not pre-selected,this latter result dis
presumably due to the greater number of congenitally defective men
which would be tested, The author reported that at all ages, blue
and green were less well discriminated than yellow and red, which
suggests that the discs used to measure discrimination were not
equally spaced in terms of chromatieity steps.

Lakowski (1958) carried out a survey using a Pickford
anomaloscope, and suggested increasing macular pigment thickness as
the cause of changes with age which he ebserved. In a further
paper (1961) he reports anomaloscope findings fer some 900
observers, with an age range 5 years to 95 years,as well as a
group of aphakic observers., Three pairs of stimuli provided the
test fields for matching, these being violet and biue-green,
yellew and blue and red and green., The anomaloscope settings
showed a variation with age, both in terms ef the mean values and
the standard deviation, This was more marked in the firsf two of
the pairs enumerated above, Lakowski interpreted his data in terms
of a change in wavelength discrimination and showed that it eould

be simulated in young ebservers, by placing filters before tha eye.
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These filters were yellow and of approximately simil-r chcctral
distribution of optiecal dénsity to thoat invelved in lens ageing, as ]
meagured by Said & Weale (1959). The filters required were of
greater overall density than given by Said & Weale, however, and this
was interpreted as an indication of an inerease of macular pigment
concentration with age.

The conclusions drawn from these results are open to some
objections. The use of relatively bread-band filters with a
continuous source means that wavelength'discrimination is not being
investigated, if discrimination is the correct description of
measurements on this anomeloscope. The fact that filters change
the anomaloscepe settings indicate that changes in luminance are
being measured, Further, Said and Weale's data are applicable
only to a fully dilated eye pupil and must be corrected for exit
pupil size in practice (Wéale 1961b ). As in this case, the natural
eye: pupil was used at relatively low luminance level, the
differences in lens transmission will be exaggerated due te
variation in eye pupil size with age. The aphakic observers
showed the lens to be at least partly responsible for the age
changes cobtained,

Perhaps the best controlled experimental survey was carried
out by Verriest,“d&&kﬁu&Aand Valderdonck (1962), and by Verriest (1963
who measured the change of hue discrimination with age. In this
experiment, the Farnsworth-Munsell 100 hue test ,Farnswersh (1943),
was used yilluminated always by illuminant C. Some of the results

have been illustrated in Fig, 1 and the reduction of blue-green
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diserimination with age is noticeable, The 480 observers were not
close}y screened for anomaleus colour vision before the experiment,
and although obviously defective ¢bgervers were omitted from the
results, this does mean, as Verriest peints out, that some mildly
defective observers may have been used in the work .+ Verriest
ecncluded that there was a loss of discriminatisn ef the hues with
age, significant at .0l level. This lass ef discrimination he ocould
partly simmlate by the use of filters with abserptien similar te that
of the lens. However, he points eut that other causes, such as
gsenile macular degeneration, reduction of retinal illumination in the
0ld eye to the mesopic range, and permenent selective retinal
adaptation could be of impertance.

These res.lts, which will be discussed again later in the thesis,
were substantially confirmed by the screening tests carried out at
Imperial College by Mrs, Birch,with the 100 hue test, as reportedi;he
Medical Research Council. The results are illustrated in Figure 2,
It is impartant to note that the blue-green region is always more
difficult to discriminate,even far young ebservers,and hence this
suggests that the hue spacing of the 100 hue test is not even. This
may be due to variable mounts ef macular pigmentation a2mongst
obéervers,which would effectively alter the energy distribution of
light reflected from the broad-band pigments used in this test.

The inerease in confusion of the hues as age increases,could then

be due to inerease in maculcr density, but any ether abserption of

blue-green wavelengths could have a similar effect.

Kelly (1958) used the metamerism of a pair of Granville Greys
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(one grey being of simple linear reflection characteristics
throughout the spectrum, the other having a series eof peaks and
troughsl Depending upon the source of illumination, the simple grey
canappear either redder or greener than the complex one, Kelly showed
that the balance point (expressed in terms of the inverse source
colour temperature in.urd), where the tiles appeared to be matched
in chromaticity, was differemt for a 2° and 10° angular subtense.

Tt was. calculated from Stilés (1955) 2° colour mixture data and
algy for Stiles (1955) pilot 10° colour mixture data. 39 observers
found the red-green balance point for the two grey tiles,with both
2° and 10° angular subtense for the pair of tiles., The colour
temperature 2t which the balance eccurred was found, and this was
taken as » measure of thepigmentation of the observer. The results
for the 39 observers are shown for the two field sizes,Fig. 3. As
can be seen, a trend in the red-green balance point with age occurs,
which is stetistically significant at .01 level, for both field
conditions., However, the 2° and 10° data yield two curves which are
approximately parallel and differences between these two curves were
found to have no significant correlation with age. From these
results, Kelly deduced that macular pigmentation did not change with
age. This conclusion is, perhaps, not of great significance, as the
yellow m2cular pigment can vary greatly in density emongst observers
of the same age. (Wright 1928-29).

Stiles and Burch (1959) have also provided data on the possible

light losses in the lems and the mrcular pigmentation. This was

deduced from consideration of colour metching data which they had



P 8

F16.3
KELLY'S DRTR

A . .
{c\r meblbamere m&\aakes . u.gm.ﬁ . Dalv ®f§°
8

200 % .
y s © & ranvi \le é’;“"@ 1S .
::.?@'ﬁ&r-&k%“ Eb (¢ R +] ¥]
a2 o 4 o o, © &
%‘,, :%CQ [ e - °__?° g‘,@..
-~ - o °® .. e —
Jé:’:}\\‘;:‘ @ - °
*N ia » © »
1¢¢ .
0. o
aaﬁOw o
v
-200p
) ks 1 [ ) 1} s
20 &0 LD g0

cge &n yrs.

. o .
Do ¢ — results for 10 field

s s e B S 1S j{'@l’ ‘1‘5 ‘g‘iQIA




13
obtained fer a group of 49 observers. Variations in the colour mixture
functions were correlated with lens absorptien and with macular
pigment absorption., Significant variations due to lens abserption
were demonstrated, by considering differences in colour matching
functions between two wavelengths where macul~r absorption is equ~l.
No such evidence could be ebtained in the case of macular pigment
variation. As regards ageing, at any given wavelength, pre-receptoral
light losses should affect all three colour mixture functions
equally and this was found to be svu, except for the blue stimulus,
rod intrusion being suggested as the reason for this irregularity.
As logs of the colour matching functions were plotted,a single
pigment should produce a set of curves separated from each otherby a
constant difference (Lambert and Beer's laws). From Fig. 4,the
authors showed that this was not se, and suggested that both lens
and mrcular absorption changes may have occurred with age. Said &
Weale (1959) have since shown that the lens absorption is not of a
single pigment form, which may explain Stiles =nd Burch's findings.
Weale(1961b) has shown that the results of Stiles and Burch are in
good agreement with the lens ageing data,except in the macular
absorption region of the spectrum.

Warburton (1954) took a survey of 247 observers who were not
pre~screened to eliminate colour defectives, but the results did net
ineclude one or two observers who deviated wildly from the average
range, The test consisted of matching one of a set of dichroic
patterns with a standard, slightly dichroic sample. The samples lay
approximately along a straight line in a uniform chromatieity spece,

and illuminant 'B' was used for matching. Warburton showed that
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change fruom illumin~nt S to 8Sp was squivalont to a change in ocular
pigmentation, and also that it lead to a different member of the
dichroic series being m~tched to the standard. He thus interpreted
different metches as being equivalent to different degrees of ocular
pigmentation. 4n c¢bvious shift in the average match occurred with
age, 2nd this was interpreted as equivalent to a change in

pre-receptoral pigmentation.

Chemical & Physical Measurement of Age Chonges.

A number of investigations have been made into the chemicrl and
physical changes in the eye which are associated with ageing. Of
these, a few have been reviewed, being relevant to the question of

colour vision changes with age.

Transmigsion of the Humen Crystalline Lens.

Said and Weale (1959) measured the change in optieal density,
with age,of the human crystalline lens, as o function of wavelength,
The method consisted of photographic mensurement of the intensities
of the '"Purkinje Images' produced by reflection of light from the
front ~»nd back surfaces of the lens in vivo. A dilated eye pupil
was used to increase the amount of light reflected and a Xenon =re,
with coloured filters, provided the high light intensities required
for accurate measurement of the image intensity. The results show
that, after the nge ef 20 years, transmission of the lens decreases
steadily with age, this decrease being more marked at shorter
wavelenths Fig, 5. Wenle (private communieation) has indieated to

the author that, especislly amongst older observers, irregularities
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of the back surface of the lens mnke it impossible to obtain a clear
reflection im~ge, hence the observers were carefully chosen so ag %o
avoid this. As a result,Said & Weale's data may not be fully
representative, The results for the young lenses, howemer, seem to
agree fairly well with the dnta of Ludvigh & McCarthy (1938) for

the transmission of the ocular medin as a whole., This was measured
by placing a small reflecting glass plate in conbtact with the vitreous
body., The sclerotie, choroid and retina were removed from the foveal
region usasd, and the reflection from the glass plate mesasured in a
monochromator,

The data were obtained foer observers of different ages but
unfortun~tely were not published, except in a reduced form for young
obgservers. The differences between the two sets.of data ¢ould
presumably be due to light lesses in the cornea and the vitreous
and aqueous humours, which would be included in thedata for the whole
ocul~r media,Fig. 6. Le Grond (1948) states thot the lens =zbsorption
is variable between people of the same ~ge, although no evidence for
this is given, Wald (1949) also mentions variations in lens demsity
within a small age range, and alse published an optical density curve
for a 68 year old lens. This was compared to the lens =zbsorption for
a young observer, and with the density of an 8 yenr old rhesus monkey.

The data for the young (20 year old) observer was deduced from

measurements on aphakic ~nd normal observer rod sensitivity, 8°
from the foven,Fig. 7. Wenle (1961b) has criticized the absorption
curve for the 68 year old lens on the grounds that it may have

become cloudy after extirp-tion.
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In discussing the chemical snd metabolic changes which ocour in
the human ere, Fischer (1948) states that the lens is the main
source of change with age. The water content of the lens decrerses witt
age, ~s first shown by Priestley-Smith, and soluble proteins decrease,
whereas insoluble proteins are accumulated, a fact also pointed out
by Weale (1960). Mazow (1960) states that in a body such as the
lens, with a low rate of metabolism, changes with age would occur at
a regular rate, and this is borne out by Said & Weale's results.

Van Heyningen (1962) states that, with increasing age, the rate
cf growth ef the lens decreases, albthough this occurs virtually
throughout the life history. This growth, which is in the form of
new fibres,causes increasing compression in the central nucleus, as
the older cells are displaced towards the centre, Woelf (1954) also
mentions this, and points out that the lens fibres shrink with
increasing age, and their refractive index increases. Their surfaces
also become irregular., Woolf also stetes that the envelope of the
lens becomes thicker with age, and acquires striations.

Weale (1961a) indicates thnt some incrense with age in light
scatter may occur, both in the cornea and the vitreous humour, the
latter becoming 'yellowish' with age.

The effect of age upon the retina and its neural connectioneg
is virtually unknown, =t least as regards colour response,

Fischer (1948) states that the retina does not change with age,
from the general viewpoint of its metabolism, although Mazew (1960)
reports that the retina becomes thinner and optically denser with
age. Weale (1961b) has caloulated the change in absolute visusl

$hreshold due to increases in lens absorption with age and found
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th=t the calculated changes fitted quite well to experimental
results, including those of Luria (1960) nnd Rebertson and Yudkin
(1944-45)., This is illustrated in Fig, 8. An experiment
corroborating this conclusion is quoted by Chapanis (1950). Ferrara
found that old aphakic ebservers had a lower absolute threshold for
blue light than young normal ebservers, These results sﬁggest that
the rod response, at least, is unoffected by nge.

A final measurement of some importance is thot of Wright (1946)
who, at the nges of 22 years and 38 years, measured the chromaticity
of the white source, Sp, in the W,D,W. co-erdinate system. The
results showed that a mrrked shift in chromaticity occurred, such
a8 to indicate increase in pre-receptoral pigmentation. Due to the
direction of ghift in the chromaticity chart, Wright suggested that
an increase in macular pigment density was the cause of the change

in chromatieity. The result is shewn in Fig. 9.

General Conclusions from Previous Work.

From the above regume of previous work it is clear that changes
do oceur in the response of the eye to colour as age increnses, bub
the possible causes of this are not resolved. That the lens yellows
with age has been ably demonstrated by Said & Weale, and as the
results were obtained in vivo this seems fairly reliable data, fhe
vitreous humour also becomes yellower with age, although Weale (1961a)
is of the opinion th~t this has little photometric significance.

The m-cular pigmentation may increase in concentration, or thickness,
as age increnses, 2nd ns previously mentioned Wright first proposed

this as a cmuse of age changes. Most other workers have suggested
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that the macular pigment may be a contributory fnrctor in ageing,

although this hns never been satisfretorily demonstrated. The

chief difficulty is thnt the macular pigment varies so greatly in
dengity amongst ebservers of the same age., This was found by
Wright (1928-29) from analysis of white point chromaticities, and by
chemical means by Wald (1945). Hence, a large number ef observers
are required if a gtntistical survey is to separate different
components of pre-receptoral sbsorption increases. Finally, the
colour response of the receptors, as a funetion of age, is virtually

unknown,

Plan of the Present Investigation.

The present work consists of a survey of colour vision
characteristies, measured colorimetrically. A large number of
observers took part in this survey, these being pre-screened tc
eliminate observers with abnormal colour response. The observers
were grouped by age and the results investigated for statistically
significant depend@nce upon age. As far ns possible, the
experimental procedure was such as te permit an annlytic
investigation of the causes of any changes which did occur with age.

The tests performed included colour mntching,measuring the
relative luminosities of the m~tching stimuli, wavelength
diserimination, and relntive spectral sensitivity. These are more
fully described in the following chapters. In analyzing the results,
it was mnecessary to consider the effeet of variations in pre-
receptoral light abserption en colour matching or on the relative

spectral sensitivity.
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Treatment ef Pre-receptor~l Absorption as a Filter.

If we consider a standord response system e.g. the 1931 C.I.E
2° ebserver or the Stiles-Speranskaya 10° ebserver, (C.I.E. 1959),
the effect of an incre~se in optical density ef the lens or of the
n~cular pigment can be predicted., Firstly, one hns to obtain a
transformrtion from the C,I.E. system into the W.D.W, system in

which all work in thig thesis hng been plotted.

Transfoermation of C,I.E., to W.D.W, co-ordinnte system.

The W.D.W. system is based on matching stimuli of 46Cn u,
530m u nnd 650m m, the intensities of the two former required for a
moteh of wavelength 494m u being ~rbitrarily mnde equal as are the
intensities of the latter two in a match of wnvelength 582.5m u.

In general we have (for C.I.E, nntohing stimuli X, Y and Z)

¢ = ={(x)+ y(Y¥)+ =z (2) cereenan..(1)
for any spectral wovelength, and from three such equatiuns ns this

for the W,D.W. matching stimuli we can obtain another set of

equations of the type

(x) = (R + Xg (G}) + = (B) PPN ¢-))
and similarly for (¥) and (2)
R ete. nre the matching stimuli of the W.D.,W. system. If
we now express wavelengths 494m u ~nd 582,5m u in the C.I.E system

in the form of (1), equation (2) can be applicd to yield:-

Cagsa = xa94(xm (R) + xg (&) + 3 (B) ) * Vags

(g () + 3 L6 3y (B)) + z494(z @ )+ 5, (@ )+ 2y, (1)



This can now be expressed as
Ca94 = T494(R) + gug4 (6) + byg, (B)
and to transform to primaries of the Wright system we apply a facter

£494 to'%§4B ). The process is repeated for 582.5m u correcting

b
494
this time the red voefficient to be equnl to the greem, and by

substituting brck into (2) we obtain (X etc. in terms of a W.D.W.

prim~ry system

(x) = ié%é;is(R) * X (@) + g%iéib §:) IR )

and similarly for( Y ) and (2) . Expressing this fully in

the W.D.W. system it becomes:~

4 \!
(X) = a % X 8582.5 (R) + xg(G) + xb 8494 (B)i ...(4)
r582,5 bgg94

'a' is required to normalize the equation, as{ X ) is n ‘T-unit!
in the C.I.E. system., This normalization is not necessary for pure
transformation computations.

Any colour, ns expressed by (1) can now be transformed by
equations (3), and then normelized to give (C) in the W.D.W. system.

The transformntion from C.I.E. to W.D.W. co-ordinntes is given
by:-

(x) = ‘'at ( .8183(R) - .504(G) + ,0187(B))

(Y) = t'a' (-.1503(R) + 1.3354(G) -.0495(B) )

(z2) = 12 (-.1371(R) + .0398(G) + .9370(B) )

where 'a' is the normalizing constant.

Represontation of Increased Light Absorption with Age.

Considering the inecreaged absorption of, for example, the
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lens with nge, counsiddr the cptical density to be D at agel3” years

and D' at some greater nge, & years.

Then D& = D+ D,

and D,, =~ function of A can be considered as the effect of age
upon the system. For spectral wavelengths, this will cause only
an intensity chnnge, but for a continuous energy distribution, such
as the white gource Sg, it will result in 2~ change in the energy
distributior. and hence in the chromaticity of the source. ZFrom

D,, the transmission t, of the lens ageing can be calculated

n?

directly.

Calculntion ef Chromnticity Chonge due to Pre-receptoral Absorption.

If the white source hns energy distribution E; , its

chromaticity is computed in the C,I.E, system as:~

x= ZB B, y= ZE¥, y 2z = ZBE
A A L

where A =2 (2E,%,)
xyz( ATA

and x A etc. are the digstribution ceefficients of the C.I.E.
standard observer.
To find the effect of the change in transmission t,, the normal

computation methods are used:-

X = {‘Ex ta(l)%\‘t ete.
are determined and normalized to give the chromaticity ce-ordinates.
The co-ordinates obtained can then be transformed by equations 2
into the W.D.W. co-ordinate system. Therefore, the effect of

pre-receptoral a2bsorption upon the chromaticity co-ordinates of



a continuous source can be caleculated,

Calculaticn of Changes in V3 due to Variation in Pre-receptoral

Absorption,

Relative spectral luminous effieciency (VX ) is directly
related to changes in transmission of the pre-receptoral ocul-r
media. If the change in tranemission is by » factor t,(A ), at
wavelength A, then:-

¥ = Vpta(n)

where 5:& is the value for an observer of a years and V,
the value for a young ebserver.

This treatment of pre-receptoral absorption assumes th~t the
retinal function does not change with age and if changes do occur
in receptoral response the treatment is invalidated. The present
investigation hns also been aimed ot measuring receptoral changes,

Hence, the present work was intended to evaluate both
qualitatively and quantitatively, the degree to which known or
postulated pre-receptoral absorpticn can predict the change of the
visual system with rfge. An nttempt has also been made to detect

any change in receptoral response with increasing age.
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Apparatus, General Experiment~l Methods and Observers.

The apparatus used for the experimental investigation was the
Wright tri-chromatic colorimeter (Fig. 10) which has been fully
described by the designer, Wright (1927-28). For the sake of furihew
references to Fig. 10, it is worth noting certain points, The two
spectira nre formed at I and IJ spectrum I providingthe'lesat land
desaturation stimuli, end spectrum IT providing the three matching
stimuli, Throughout the work on ageing, the three m~tching simuli
used hnve been those of the W.,D.W. system i.e. 650m j1, 530m u ~nd
460m 1 called the 'red', 'green' ~nd 'blue' stimuli end provided
by smnll reflecting prisms pleoced in the spectrum,

The standard white source is nt A, this being used for flicker
photometry and in conjunction with a filter to provide a comparison
field of known colour temperature for colour metching., The
adaptativn source, which can also be used to provide a fixation
peint, is ~t B, A white sector, for providing the flicker source,
is rotated at C, being illuminated by the lamp ~t L. The sector
is a 907 goctor nnd contod with white,mrtt paint. For colour
matching, using the stnndard source, a2 magnesium oxide reflector
is placed 2t C, which reflects light from the standard source inte
the test h~1f of the field.

The colour temperature of the standard lamp was 2854°K, this
being calibrated on a photometer bench with o Lummer-Brodhun contrast
hend. A substitution method wes used, in which the comparison

source was a2 sub-gtandard N.P.L source. This was then converted
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to the C.I.E, standard source SB by use of = Ronis B2:1 filter., This
is a glass filter, made of threepieces of coloured glass, the
wavelength transmission of which is illuétrated in Fig. 11. Also
illustrated is the distribution of emergy in the experimentnl Sp
obtained with this filter, compared with the C.I.E. source S3.

In order to obtain 2 10° field for colour matching, the wide~
field attachment designed by Clarke (1963) wns used. This again hns
been fully described by its designer and will not be further described
here, The only difference in the present condition was that the
field wns viewed continuously, hence the paddlegprovided to iwterrupt

the field, was not required.

Calibration of the Instrument.

In an experiment of the present type, in which quantitative
comparison is to be made between data collected at different times
over 2 total interval of three years, the calibration of the
instrument is of great importance.

The colorimeter calibrations include that of the wnvelength
scales of the two spectra; the intensity scales of the photometrie wedg
the luminance levels of the visual fields and the energy output of

the lamp, measured at the exit pupil of the instrument.

Wavelength Calibration of the Colorimeter.

The wavelength scales were cnlibrated by substituting a line
gource at S nand using nn auxiliary lens to view the position in the
exit pupil of the lines reflected from the spectrum. This technique
was used for all the wavelength scales, including the matching

stimuli. Mercury and Cadmium sources were used to provide the
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spectral lines, and the Cornu-Eartmann equation was used to
interpolate between the lines., This calibration was checked rather
infrequently (about four times during the totnl work), although

a visual compnrison of the hue of any point in the yellow region
for the two spectr~ nrovided a fairly sensitive, and easily
performed check at more frequent intervals. In actu~l fact,

little variation was found in this calibration.

Calibration of the Photometer Wedge Scales.

The transmissions of the three photometric wedges, placed before
the matching stimuli, were calibrated visually in terms of the relativ
logarithmic intensity of the light reaching the eye. This was done
in the usu~nl way.Wright (1946)}by setting the test reflector at the
same wavelength as the m~tching stimulus being calibrated, and
matching the primary stimulus against different intensities of the
test stimulus. The test stimulus was varied in intensity by means of
a series of sechors of known angle, and the reading on thephotometer
wedge scale was noted. In terms of logs.of the intensities, a
good linear plot was obtained for each photomcter wedge. These were
checked about six times during the course of the work and were
fairly constant, except on occasions when the gelatine contracted 4
lenving an sir gop. In such cases, a new wadge was substituted.

The green photumeter wedge was used for the relative luminosity
measurements at a number of spectral wavelengths, nnd hence the
problen of the non-neutrality of this wedge arose. In effect, the
non-ne-ttrality meant that, to a first approximation, the wedge .

calibretion cf Jog (dntensily) against scale reading would have a
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different slope at different wavelengths. Hence,a linear Ffactor
could be used to give an appreximate coerrection to the calibration

at 530m u,but in actual fact, as enly a limited number of wavelengths
were used, the wedge was calibrated separately at each of these

wavelengths., This was done to limit errors due to the use of a

number of wedges duringthe total experiment, for which the variations

from non-~linearity could have introduced systematic errors.

Calibration ef Retinal Illuminntion Level.

The illumination level at whiech the measurements on the
calorimeter were obtained was measured in terms of retinal
illumination units, trolands., This w=s =achieved by menns of the
sub-standard source, which was calibrated for candle power as well
as celour temperature, IFf the output of the lamp is I =nd the light

is reflected from the white sector at S into the eyepiece, the
reflected light can be fliokered for equal brightness against the

light received from th= jiotometer wedges. The illumination of the

sector is

E = I
=

where r is the distance of the source from the sector, g the angle
cf incidence of the light on the secter. In this cases f§ = 45°
and r = ,86 mehres.

The lumin:nce of the sector, B, is thus:-

where p is the reflection faetov of the sector.

Th~ retinal illuminatienrn then becomes

R=2ap Icosp

P

T
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where a is She area of the exit pupil.
The calibration was performed with a sub-standard lamp of
known candle power, and was not checked frequently, as only the

approximate value of retinal illumin~tion was required,

Wavelength Calibration of the Large-Field Lttachment,

The large field attachment was calibrated as was suggested by
Clarke (1963). Agein, the source S was replaced by a line source
(this time a sodium source) and the reflectors were adjusted on the
calibrated test and 'green' wedge scoles so as to reflect the D
lines. The lines were then observed lying across the pin-hole of
the wide-field attachment with a magnifying glass. It was found
useful to illuminete,dimly, the pin-hole from the viewing end of the
colorimeter, (D of figure 10), as it became more easily visible.
The pin-hole was then adjusted until the relevant D-line was
centred in the instrument, This was a somewhnt difficult procedure
to be performed accurately, due to the matural width of the spectral
lines and to the difficulty of judging when the line was centrally
placed in the pin-hole. It was consicdered th~t accuracy of setting

was, at the bestat 1) m u.

Culibration of the Relative Energy Output of the Lamp.

The lamp was calibrated Ly placing a collimating tube and a
photocell at the viewing end of the instrument. The relative
gensitivity ef the photocell to different wavelengths was known
from the National Physieal Laboratory calibration, and hence the
relative energy could be found directly from the photo-cell output.

A G.E.C. photo-cell and measuring unit were used to obtain the
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readings. The ensrgy from the ‘green' rcflector wais maasured ne
10m 1 steps through the spectrum. It was found that if the
col~rimeicr beruns were allowed to strike the cell directly, the
results were very variable, especially at the red end of the
gpectrum, where the cell has low sensitivity. This was presumably
due to voriations in response over the photo-sensitive surface,
and a negativé lens was plnced just beyond the instrumental exit
pupil in order to diverge the beam to cover a larger surface of
photo-cell, The lens was chosen in power go that neither the blue
nor red beams quile covered the arca or the cell's sensitive
surface, to ~void errors duc to different spreading of the two
beams., No correction was mnde for light loss due to this cxtra
lens in ths measuring system, since this would be virtuslly
independent of wavelength,

The calibration was performed only for the 'green' matching
stimulus refiector of the celorimeter, as this was used 2t all
wavelengths for measuring the V¥ curve, for which the energy
calibration is requived.

0f all calibrations/the lamp output was most variable in
time. This was due pertly to 'pitting' of the tungsten ribbon,
due to ecvaporation, which leadsto higher resistance and, as the
applied volbtage was kept coustant, variable oubput. Further,with
useythe tungsten was depnsited on the side of the lamp case,
which left a black residue on the wall of vhe glass case. This
lead to a drop in overall light intensity »~nd, from transmission

measurements on a Beckman spectrophotometer. it was found that
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the deposit was not neutral, but absorbed more heavily in the red
region of the spectrum, To overcome this, a device seeﬁ during

an Open Day at the National Physical ILeboratory was utilized. This
is illustratod in Fig. 12, 4 small can was attnched with araldite
on to the l~mp case, near the top, and cool air blown over the top
of the lamp, Presumsbly due to convection currents within the
lanp, this causes most of the tungsten to evaporate on to the cap
of the lamp case, out of the optical path of the colorimeter. The
lanp was calibrated every four to five weeks of =nctive use. The

relative light energy of wavelength A , incident at the cornea, is

By = BFa g%&

A2

where E%@ is the energy measured for a fixed position 'a' eof the

thus:-

green wedge, and K,y is the energy at some other wedge position
'b!, The term in brackets gives the ratio of the intensities
tronsmitted to the exit pupil by the wedge at positions 'a', at
which the calibration was made, and position 'b'. This ratio is

found from the wedge calibrations.

General Experimental Arrangements.

Observers were allowed about five minutes dark adaptation,
during which they became accustomed to the instrument controls.
The heads of the observers were supperted by a chin rest, and
although this was less satisfactory than the dentsl clamp method,
the 1lorge number of observers made the latter an unrealistic
propesition. The rest was ~djusted so that the eye suffered ne

transverse chromntic aberratien when viewing a nixture of the three
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matching stimuli, thus ensuring that light entered thromgh the

centre of the exit pupil of the eye. This is of imporbtance in view
of the Stiles~Crawford cffect (Stiles & Crawford 1933). Observers
wore correcting spectacles of the required power to overcone any
deficicency ef refraction in the eye. Normelly, this was provided

by the observer, but if the dividing line between the fields could
not be cle~rly distinguished by ~n observer,using his own spectacles,
a set of ruxiliary lenscs were available, and could be attached
beyond the exit pupil, The field was 1° 20' in size, divided
horizontally into two halves, and viewed through a 2 n.m. exit

pupil in Maxwellian view,

The observations were performed in the order colour matching,
luninosity measurenents and wavelength discriminstion. Normally,
two sessions were required for each observer,giving a total
observation time of 1% hours to 2 hours per observer, depending on

how adept the observer was at performing the tests.

Observers.

About 400 obsefvers took part in the colorimetric measurements,
as far a possible equally divided into 5 year age groups. The
total range was 16 years to 72 years, although in the group above
the age of sixty, few observers with age greater than 65 years
were ebtained, and the mean age of this group was only 64 years,
although all observers over the age of 61 years were included in
its values,

Thé distribution of observers was not equal in the groups,

due to the difficulty in nbtaining ‘volunteere' in the older age
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groups, and the relatively small number of these penple attached

to Imperial College.

Oﬁéérvers'were scrcened for any congenital colour defects,
using colour screening plates for this purpose. These plates
included the Ishihara nnd the American Optical (Hordy-Ritter-Rand)
plates,

The criterion used for rejection of an observer was that given

by Belcher, Greenshields and Wright (1958) for the Ishihara plates.
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Wavelength Digerinination ~nd Age.

Introduction.

In order to investigate chonge with age in the light recepbtoral
system, measurements of wavelength discrimination were taken, When
a single wavelength or n~rrow range band of wavelengths is incident
upon the eye, nn interposed filter of sny spectral tronsmission
charncteristic will alcer the intensity, but not the frequency, of
the light quanta (excluding fluorescent filters). As the initinl
light reaction in the retina is = photo-chemical reaction, encrgifedl.
by light qu=nta of energy hv, a monochrom~tic light beam is chonged
only in intensity by any absorbing medium in front of the receptors,
such as the erystalline lens or the mocular pigment.

Hence, diserimin~tion between two wavelengths is independent
of pre-receptoral absorption, assuming that equality of brightness
between the bems c¢~rn be mainteined, and that the loss of intensity
is not sufficient tov affect the discrimination., Consequently,
changes in wavelength discriminntion are symptomntic of changes
in the receptoral system of the cye. Defective colour vision is
an extreme example of varistion in wavelength discrimin~tion due to
abnormal processces in the retina or higher centres.

The wavelength band received by the eye in the colorimeter
varies from sbout 12m u in the red end to 2bout 3m a1 in the blue
end of the spectrum. Wright (1946) found that the eye integrates
this band,so that discrimination is effectively as between two mono-

chromatic lines, as would be expected from the near linearity of
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the spectrum locus over short wavelength steps.

Technique for Measuring Wavelength Digcrimination.

In testing the lorge number of observers, the techmnigue
utilized for measurenent of wavelength discrimination was the just
noticeable difference (J.N.D.) method. The observer comtrols the
wavelength of onc of the ficlds, and the comparison field is set at
a fixed wavelength., A neans of controlling the brichtness of one
of the fields is provided, so that equality of brightness in the two
fields can be maint~ined., The observer is requested to change the
wavelength of the controllable ficld until o difference in colour
between the two fields can be perceived, The difference in wave-
length between the two fields is then taken ~s a measure of the
J.N.D. wavelength discrimination step, 2t the wavelength of the
fixed field, In practice, the mean of the steps taken on cither
wavelength side of the fixed field is taken as the discriminetion
step.

This technique is not completely satisfactory,because of the
lack of ubjectivity in defining o 'just noticeable difference!.
This leads to some uncertainty in interpretation of the results,
because the criterion will depend upon the meﬁtal approach of the
observer, For example, the auther found that in his own case, the
J.N,D., became much smrller with practice. Further Sthe results of
obgservers who are un~ccustomed to critical decisions are somewhnt
more susceptible to variation., The obsebvers were inhomogeneous
in distribution through the age spectrum,regerding scientific or

technic~l training,there being a much higher ratio of people so
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trained in the younger age groups. However, the technique has the
advantage of being relatively quick,2n important factor where the
time available for each observer is strictly limited. Further, it

has becen the method most frequently adopted by other investigntors.

Experinmental.

The 'green' wedge of the colorimeter was utilized to provide
the comp~rison beam from spectrum IT and the test reflector in
spectrun I was used to obtain the difference step. The field size
wes 1° 20' squnre, divided horizontally into two halves, nnd five
minutes dark adaptation preceded the measurements. The observer was
initinlly briefed to distinguish between brightness changes and hue
changes, it being requested that each iime a huc "ifference was
obtained, the observer ghould rematch the beams for brightness,
using the control ef the 'green' photometer wedge. When, on
rematching for brightness, a hue difference still persisted, this
was taken =s the J,N.D. The observer was asked to obtain the J.N.D.
four or five times, on both wavelength sides of the comparison
bean., Measurements were taken on both sides of the comparison
wavelength in order to eliminate the effect of a smnll error in
setting the green wedge., The J.N,D. was taken as equal to the
menan of the two steps,

Three wavelengths were used for the comp~rison beam.at 590m a,
at 530 m u and 490 m u, these being two minima and a meximum of the
wevelength discrimination function for = norm2l observer Mright &
Pitt (1934). These wavelengths were chosen because it is required

to obtain information on colour perfieption through the whole range
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of sensitivity. Although the reclation between diserimination and
the trichromatic response systeris is not known, the two must clearly
be linked ~nd this ascumption has formed the besgis of theoretiecal
work on colour discrimination by Helmholtz and by Schrdédinger
(both quoted by Stiles (1946)), and by Stiles himself (1946), If
it is mccepted that the fundementsl resgponse curves of the
trichromatic systen represent approxim~tely the three independent
regponse systems, it would appenr that the ninirum at 590m u will
be governed by the 'red! and ‘'green' response systems, and that =t
490m 1 by the 'green' and 'blue'! systems., Hence,diserimination 2%
these two wavelengths is related to the three response processes,
the wavelength at 530m u being used for comprrison of sizes of
minima and maxima in the digserimination curves,
The brightness level was kept approximntely const~nt at
100 trolands, neutral filters of appropriate density being

ingerted in spectrum I to achieve this,

Results.

The results obtained for the J.N.D. have becn swmarized in
Table I and in Fig, 13. As in all other results in this work, the
light has been defined in terms of its wavelength at the cormnea.
This hns been done to facilitate comparison with the results of
other authors, although frequency is probably a bebtter variable
to use, being a constant as the light passes through the eye.

Fig. 13 gives the mean J.N.D, steps for each of the age groups
for the three wavelengths, nnd the J.N,D, distributions are grouped

in Tables 2 - 4. In all, 349 observers took part in the investigatio
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Table | Variation of Wavelength Discrimination with Age
Age Group 16 21 26 31 26 41 L6 51 56 61
-20 -25 =30 =35 -LO 45 =50 -55 -60 —
No. of subjects 4o Lz 40 40 34 36 34 30 32 30
Mean Discrimination
Step & A
Wavelength 590mp
AX59O 3,25 2.90 2.90 3.00 3.05 3.20 3.10 4.00 3.40 3.20
- 530mp
AR530 7.10 5.90 6.75 6.80 7.75 6.75 7.00 8.50 7.60 7.30
L90mp
AK49O 4,20 3.30 3.50 3.80 L4.10 3.85 L4.,10 4,75 4.40 4,40
Table 8 Variation of Distribution of J.N.D.s with Age for A = 490mp
Age Group 16 21 26 31 36 L1 L6 51 56 61 Total

-20 -25 =30 =35 k0 -45 -50 -55 -60 -

Discrimination

Step in mu (A A) No. of subjects
1.25mp 0 0 0 0 0 0 0 0 0
3 6 3 2 1 2 3 0 2 o] 22
2.50mp 3 1h 13 7 6 10 4 1 3 3 64
8 9 8 10 7 8 8 L4 L 6 72
3.75mp 12 L 12 6 5 3 L L 2 58
3 6 3 3 4 7 6 4 2 o)
5.00my 3 1 5 5 1 1 o7 3 32
3 1 1 2 1 3 L 3 2 22
6.25mpu 1 1 1 0 2 3 2 1 2 14
2 1 0 0 1 3 2 10
7 ..50my. 1 0 o] 2 2 0 0 3 1 0 9

Total 39 43 39 4o 3L 35 33 29 31 20 343



Table 3 Variation of distribution of J.N.D,s with
© Age  A=590mp
Age Group 16 21 26 31 36 41 46 51 56 61 Total
-20 -25 =30 =35 40 -45 -50 =55 -60 -
Discrimination
Step in mu (&A)

No. of subjects

lme 2 6 5 3 4 5 4 1 4 3 37
1% 08 14 15 10 8 7 3 5 8 91

2 .Qmp. 7 14 10 12 8 8 11 6 7 3 -86
8 7 3 6 6 6 6 6 6 1 55

5 .0mp 3 6 5 2 5 5 5 7 2 L 41
& 2 =2 1L ¥ 2 o 3 2 2 21

7. Omp O 0 O 0o 0 0 1 4 4 O 9
1 0 1 1 0 2 0 0 1 2 8

Total 40 43 40 40 34 35 34 30 31 20 348

rejected 1



Table 4 Variation of distribution of J.N.D,s with
Age for A= 530mp
Age Group 16 21 26 31 36 41 46 51 56 61 Total

-21.-25 =30 =35 =40 =45 -50 -55 =60 -65
Discrimination
Step in myu(ea)

o, of subjects

1.625mp 0 0 1 0 o 0 0 O 0O O 1
1 1 1 1 o 9 1 0 0 O 5
3.25nmp 1 2 3 2 o 1 o0 0 2 0 1
2 3 7 5 3 8 6 0 2 2 38
4.875mp. 4 10 6 7 6 4 4 3 3 2 49
5 11 6 5 8 9 7 4 3 3 6l
6.5my 12 6 3 6 4 4 3 6 5 3 52
4 5 8 5 4 2 1 4 8 4 46
8.1251 8 2 1 4 4 3 4 3 2 2 33
1 1 1 1 2 2 2 3 2 1 16
9.75mp 2 o 1 2 2 1 4 4 2 2 20
0 1 1 1 1 1 2 3 5 1 14
Total 40 42 39 40 34 35 34 30 32 20 7346
rejected 3
Table 5 Relative J.N.D.s

Age Group 16 21 26 31 36 41 46 51 56 61
-20 =25 =30 =35 —40 -45 -50 -55 -60

M
Ratios “2
1590 .491  .460 467 478 464
A 530 .552 459  .497 497  .428
A590  .822 .755 849 719 .804
A90 .963  .825  .919  .885  .804

Mg0  ..822  L486  La96. 556 51T
A530 560 <493 480 511 J486
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Fig. 14 shows the distribution of steps for the total populntion

of observers.

Discussion.

The . plot of averanse wavelength discrimination step aws a function
of age shows a slight trend with age. A minimum of discrimination
occurs At all three wavelengths for the 21 - 25 age group, with
other peaks ~nd minima occurring at various ages. The correlation
coefficients between the J,N.D steps and age, for each nge groﬁp,
were calculated from the Tables 2 - 4 of grouped data.

In treating the resu.ts, a few observers were found to give
results which lay 2 long way outside a range of 2.5 to 39 for the
age group. Hence, the results for these observers were rejected, and
the number of rejected results for each group has been noted. In
actual fact, the distribution of the J.N.D's wns not Gaussian,
either for the single groups or for the total populstion (Fig. 14).
This is almost certainly a result of the technique used to obtain
the results. The existence of a finite discrimination step places
a fixcd lower limit on the step which must be taken to obtain a
difference in colour between the two fields. Although this step
may very somewhat from observer to observer, this does give a lower
limjt to the J.N.,D. which could be ettained if the observer were
sufficiently critical in approach. However, many observers require
a more 'positive! difference before fixing the step and this means
that the upper limit is not finite. The resulting bias demonstrated
in Fig. 14 results from this, As the distributions are single

peaked and not too markedly skew, Gaussian statistics have been
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used to estimnte error ranges,etc. No correction was made for

grouping of results when the correlation coefficients were

calculated. The me~n J.N.D's were calculated from ungrouped data.
The correlation coefficients between the wavelength

discerimination step =2nd age were calculated from the formula:-

correlation coefficient r = 2;(x;y) ¥ and )| LuuA \m‘ues

4
(ZZ(XZ) Z(yz))/i’ re’qtmg Eo Elesr means
x and y being the variables, in this case age and J.N.D. steps.

The correlation ceefficients were calculated from the grouped date

and the values found were:-
- + e, = + = T .0
Togp = + +10 L .055 rogy = + 018 T 405, 1,94 = + 421 5
As can be'seen, the coefficients are small and positive in each
cagse, The standard error of the correlation coefficients were

calculated from the formula:-

s = 2;.:.&;
nk

where 'n' is the number of observers. These coefficients are
significant at ,01 level for wavelengths 530m u ~nd 490m u, but not
for wavelength 590m u. This suggests that there is a decrease with
age in overall wavelength discrimination (increase inAX ), which
is selectively more marked in the green and blue-grcen regions of

the spectrum.

Relative J.N,D, steps.

In view of the uncertainty in the J.N,D technique for
measurement of wavelength discrimination, the data were

re-investigated, using a reduced form of the J.N.D, In this
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treatment, the ratics of pairs of the steps for each observer were
calculated, and plotted as a function of age (Fig. 15). They =re
also tabulated in Tables 5 - 8, This reduced form was investigated
because it helps to allow for varination in the criterion used by
observers, when finding the J.N.D. For example, a ceutious
observer might be expected to take a larger step at each wavelength
and the ratios between these steps would be a better measure of
discrimination. Further, it would certainly be a better indicator
of a change of discriminatien in one part of the spectrum, reletive
to that of another part.

Fig. 15 shows that the ratiss between the three steps are
randon in their maxima and minimn, when these steps are plotted
as a function of age, and this result is confirmed by the very
small correlation coefficients with age which were all less than
|.o4.

Hence, summing the results obtained from the experiments on
349 ebservers, it appears thnat the absolute wavelength discrimination
step,2s measured by the J.N.D, technique, is slightly significantly
correlated with age in the green ard blue-green regions of the
spectrum, 2n increase in step size occurring as age increases.
However, reservations regzrding the technique make a positive
assertion of this correlation impossible., The relative steps at
each wavelength, on the other hand,show no correlation with age,
indicating that relative wavelength discrimination steps are not

dependent upon age.
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for 7\590 relative to }\530

Age Group 16 21 26 31 % 41 46 51 56 61 Tot=ml
~20 =25 =30 =35 -40 =45 =50 =55 =60 )

G190 o, of subject
QKSBO o. of subjects
.22 4 0 4 2 3% 1 1 1 0 2 18
7 3 3 7 6 2 6 2 4 3 43
+36 5 5 3 5 3 5 7 3 3 5 44
3 5 9 8 6 5 4 4 7T 3 54
.50 5 4 8 4 6 7T 4 8 17T 0 53
4 9 4 7T 4 5 3 3 5 2 46
.64 > 5 4 2 1 3 3 1 2 2 26
5 6 1 2 1 3 2 2 2 2 24
.78 3 2 2 0O 1 2 2 3 0 O 15
2 O o 2 2 11 2 1 0 11
.92 o 4 1 0 1 1 1 1 0o 1 10
Total 39 43 39 39 34 35 34 30 31 20 344



Table 7 ‘Distribution of reduced J.N.D. steps with Age

for N,go reletive to wzg

Age Group 16

&N 90
S2530
Yo
A
on56
58

80

-20

S
O

S O N OOy N

21
-25

0
5
7

=
1

r.,
-

N P W

43

26 31

-30 =35

No. of

2 4
10 11

7
10

S O H O N3
O O O W U oW,

o\
O
S
O

36 41 46
-40 =45 =50
subjects

4 2 1
6 6
6 12 8
3 2 3
6 8 8
4 1 1
3 1 5
2 0 1
0 0 1
0 0 0

34 34 4

51

no
O

H N 2NN o

56

\N
N

O O H WM W 0w oY N

61

O 0O H P B U W

N
O

Total

21
73
61
68
56
27
23

W\

53
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Table 8 Distribution of reduccd J.N.D. steps with Age

for x59o relative to K490.

Age Group 16 21 26 31 36 41 46 51 56 61 Total
~20 =25 =30 =35 =40 -45 =50 -55 =60

A 7590
A* 450

.45 8 1 7 9 4 3 2 2 3 3 42
6 2 2 8 11 5 13 2 6 4 59
.75 7 8 13 9 6 10 5 8 7 7 80
5 3 9 6 4 8 4 6 7 2 54
1.05 9 12 4 2 5 5 4 4 6 2 5%
2 8 5 3 2 1 2 3 1 1 26
1.35 1 5 1 0 1 1 1 2 1 1 14
1 0 0 3 0 1 1 1 0 0 7
1.65 1 1 1 0 0 1 2 1 0 0 7
0 1 0 0 1 1 0 0 0 0 3
Total 40 41 40 40 34 36 34 29 31 20 345
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Forced Choice Technique for Wavelength Discriminntion.

The investigation of the ch~nges with age.in the J.N.D.
wavélength discrimination step lead to the conclusion that
discrimiration becomes somewhai impaired with age, although the
relative discrimination steps »t different points in the spectrum
do not change with age. However, as was previously mentioned, the
size of the absolute J,.N.D. is subject to much variation, and se
a limited investigation of wavelength discrimination was made, using

a sounder experimental technique.

Obserfers.

Six observers were used, three aged 18-26 years, onc aged
44 years and two over sixty. These were chosen from the main group
of observers and their results from J.N,D, measurements have been
given,for comparison with the means of their respective age groups.
The size of the observer group in these experiments was limited, due

to the time required to obtain results.

Technigque.

As previously stated, a forced choice technique was used to
mensure the wavelength discrimination step. Two fields are provided,
one of fixed wavelength and the other adjusted by the experimenter.
The observer is requested to name the colour difference between the
two fields e.g. for a yellow comp~rison field, he would be nsked to
say which of the two fields were greener or redder in colour. The
observer is not allowed to state that the two fields are equal, even

if they appear so, but is forced to make a choice of the difference
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between the fields. The experimenter presents the controllable
field a large number of times, at a series of wavelengths, ranging
from equality between the two fields to about one J.N.D., step on
either gide of the fixed wavelength , the order of presentation being
randemized. The observers choice of, say, the redder field in the

example above wns recordcd and plotted.

Experimental.

The 'green' wedge was again used to provide the comparisom
field and the test reflector the variable field., In order to make
the test as decisive as possible, the change in brightness which
occurs as the reflector is mecved through the spectrum was
compensnted for by placing a neutral density wedge in the path of
spectrum I, The change of density of this wedge along its length
was such as to just compensate changes in brightness through the
spectrum in the particular region investigated,as calibrated for a
typical observer., Commercial wedges were used, although individual
observer differences necessitated that every observer re-set the
brightness match for each observation, However,the re-setting
required was much reduced by use of the wedges in the spectrum,

Five wavelengths were investigated. 590m u, 530m u, 490m u,
455m u »nd 445m u. The number of pairs of wavelengths presented
at each wavelength was governed p=rtly by the size of the
discrimination step nnd partly by the dispersion of the spectrum
e.g. 2t long wavelengths, dispersion severely limits the number of
pairs which can be used., ZEach wavelength pair was presented

sixteen times,the test field being obliterated whilst being changed
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in wavelength, No limit was set on observation tire, although
observers were encouraged to make rapid decisions. Presentation
of the pairs was randomized, using a numbered card system, these

cards being shuffled betweeneach set of readings.

Results.

The resalts are summarized in Figs., 16 - 20. Each curve
represents the frequency with which the observer called the test
half of the field by the longer of the two hues to be named e.g.
red in the cnse of yellow (590m u) discrimination, The J,N,D, steps
and the steps obtained by the present method have been btabulated
in Table 9. The forced choice diserimination step has been taken,
arbitrarily, as half the wavelength range between a single error
in naming the fiolour differences on either side of the test

wavelength.

Discussion.

The wavelength discrimination steps obtained by this forced
choice method show marked differences from the J.N,D's prefiously
obtained, The steps are much smaller than the J.N.D's and, further,
are much closer to the steps given by Wright and Pitt (1934) for
wavelength discrimination with a 1° x 2° test field, Although the
small number of observers make it difficult to detect a trend in
discrimination step sizes with age, no such trend seems to occur.
The observers used for this test were not atypical of the age
groups which they represented in the size of the J.N.D's recorded
during the main experiment, as can be seen from Table 9.

These results are indicative of the difficulties inherent



Table 9 Wavelength discrimination as measured by

J.N.D.s and 'Torced Choice' tecarigue
Subject _Age

J.N.D. (mp) D)\ by'Forced Choice'
590 530 Ma90 M M50

590 530

K.H.R. 24 2.5 4.8 2.1 .90 1.30 1.18
J.M.A. 20 3.0 6.0 2.6 .65 1.91 1.15
J.A.S. 26 3.6 9.0 3.3 .85 1.66 .85
W.H.K. 42 2.9 7.0 2.8 .80 2.20 1.21
GR.R. 72 2.9 7.5 5.1 .78 2.05 1.35
V.I.R. 60 2.8 9.0 5.2 .85 1.70 1.20

A\ by 'Forced (hoice' techuique(my).
M5 My
K.H.R., 24 2.6 1.8
Jund. 20 %3 2.9
J.i.5. 26 2.2 1.7
WK, 42 2.9 2.0

V.I.R. 60 3.7 2.0
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in a technique, such as the J.N,D. technique, when applied to

untrained observers. The regult is dependent both upon the visual
response of the obgerver and upon tho decision of what constitutes
a 'Just Noticeable Difference'. The forced choice technique gives
results which indicate that the J.N.D. steps may be a result of two
processges ,of which the decision process is subject to change with
age or training, for as previously mentioned, the groups were not
homsgeneous as regnrds their scientific training. The small number
of observers used in the forced choice experiments makes
generalization difficult, because it could be that the old observers
used were exceptional in the reduction of the size ef the
discrimination step between the two methods, However, considering
the small size of the correlation coefficient of the J.N.D's with
age, coupled with the regults of the reduced J.N.D's and of the
forced choice method, the conclusion is drawn that any change in
wavelength diserimination with age is negligible, if any does in

faet occur.

The Shape of the Forced Choice Discrimination Curves.

The curves obtained (Figs. 16 -~ 20) by smoothing the results
of forced choice discrimination measurements are of interest, as in
general they may well throw some light on the discrimination
mechanisms., The pregent results are too few in number, and based
on too smrll a number of observations, to merit close attention,

but some discussion of their origin has been made.

Fluctuations in the Response Systen,

In general, one would expect the signals in the optic nerve,
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generated by a light beam,to be subject to fluctuatieas. Onuses of
this include, possibly, the guantum fluctuations of the photon beam
(Bouman and Walraven (1961), Boumsn et 2l (1963)), the existence of
thermal decomposition in the photo-pigments (Barlcw (1957)) and
spontaneous discharge in the meural bodies (Granit 1955). Of
these, the first is a Poisson distribution, which would tend to
become Gaussian for l-rge numbers of signals and the other two
would give rise to some form of random signal. Hence, whether one
congiders the optic nerve fibres to be carrying discrete signals
or a current, it will be subject to fluctu~tions. The method of
coding hue information is not known, excepb that it must be c-rried
in at least three separate channels. However +these three signals
are compared e,g. by teking their ratios, the result will still

be subject to an uncertainty. Changing the hue will change the
gignals and hence the poseibility of discrimination will be
equivrlent to discriminating between two Gaussian distributions
with differeégzsziues, assuning the fluctuations in the signals to
be rendom in nature., The Gauss curves represent the spectrum of
the possible values of the signal, which valucs will be separated

in time. Considering Fig. 21, if both Gauss curves are normalized,

the hatched area A is egurl to
: X

i ? x2 ‘
A= 2 zl- 2 { e 2hzd 3
~ Pnh des 4

where 'h'! ig o constant. This assumes that the two Gauss curves

have the sane standard deviation.
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Hence: -
A= 2 erf(x)
when A = 0, probability ox correct discrimination is .5,
and when & = 2 1t is 1. Assuming that the intermediate

’valucs of the probability"df discrimination are proportional
to 4, p=7% {1+ erf(x) ) is the normalized probabil-

ity. If curve P is considered as representing the longer wavelength
and curve Q the shorter, the hatched area represents the
probability of detecting one field as being of longer wavelength
than the other. The assumption that the Gauss curves have equal
standard deviation is probably justified in considering changes in
signal over very short wavelength steps. Hue and wavelength
diserimination have been simil-rly considered as equivalent over

this short range of wavelength.

Results.

The forced choice discrimination curves have been fitted by
Tnetion p for two observers, chosen randonly from the six, The
results are shown in Figs, 22 and 23. The results for 590m .u have
not been used in this comparison, as so few readings were taken at
this wavelength. The curves were normalized for equality at a
probability of discriminating of .84 (equal to the probability at
a value equal to the standard deviation of the fluctuations).

The agreement between the experimental and theoretical curves
ig fairly good, except at high probabilities of correct
diserimination, where the experimental vilues are greater than

the theoretical values. This may well be due to the naive form
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of signal-noise ratio us=d, 2lthough, also,ths oxtreme tnils of
the Gouss curveg represent probabilities which would be equivalent
to much less than 1 in 16 chance of not discriminatin& the two
fields correctly, Purther, the assumption of complete randomness
of fluctuations can only be an approximation to the time distribution
which could cause the tails of the Gauss curves to be non-exist nt.
The curves show a tendency to be agymmetric at 455m u,
probably due to the relatively large discrimination step, which
could rszsult in a difference in the changes in nervous signals
with change in wa%elength on the two gides of the test wavelength.
This theory does not include thepossibility of random guesses by
the observer, although these will be at least partially allewed for

in smoothing the prob~bility curves.
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CHAPTER 1V

The Relative ILuminosities of the Matching Stipuli

Introduction.

In the preceding chapter, it was shown that the functioning
of the receptoral sysgtem, in terms of wavelength discrimin=tion,
changes little if =2t all, with age, This, however, does not
necessarily provide a complete description of the receptoral
response to colour. Wright (1946) hes pointed out that the wave-
length discrimination curve is not directly related to the cclour
mixture curves, In Ffact, from Helwmholtz's treatment of the
wavelength discrimination curve, it was impossible to find a set
of fundamental colour zixture curves which would fit both theory

and experiment. Stiles (1946) was more successful in predicting,

theoretically, both the wavelength discrimination and chromaticity
discrimination.

It does seem, howéver, that the relative luminosity of the
natching stimuli provide information on the functioning of the
fundamental response curves in a more Adirect fashion than is éiven
by the wavelength diserimination. The variation with age of the
relative luminosity of the matching stimuli of the W.D.W.
ohronaticity co-ordinate systen was therefore measured. The
magnitude of these luminesities will depend on the relative
contributions of the three component celour mixture curves te
wavelengths 494m u nand 582.5n u when the colour mixture curves are
plotted on an equal energy basis., Thus, if these colour mixture
curves are changed, either in their wavelength distribution being

distorted or by one curve being changed in overall size relative
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to the other twe, the relative luminosities of the matching stimuli
would be altered,

In the W.D.W. system the scnles of the red (650m.u) and the
green (530m u) stimuli are =rbitrarily adjusted to give equal
valucs in a match of yellow (582.5x m). Similarly, the green and
blue (460m u) values ~re adjusted to be equal when matching against
a blue-green stimulus of wavelength 494m u. The luminosity
neasurements on the three stimuli are then nade in termg of their
sc2les, adjusted, as explained, for matching 494m u and 582,5m u

wavelengths,

Dependence of Relative luminosities of the Matching Stimuli upon

Variation in Pre-receptoral Absorption.

Suppose an observer, having previously measured the relative
luninosities of the mntching stimuli, hss a filter, with
transmission tp ~% 460m u ~nd tG a2t 530m n, placed before his eyes.
Then the int-onsity of blue light reaching the retina will change

by =~ factor B relative to the green light, The goale of the
blue stimulus will therefore require to be multiplied by a factor

Eﬁ to keep the amounts of blue and green stimuli equal in the

B
blue-green (494m p) match. Similarly, the flux of the blue stimulus
will be changed by a factor A2: relative to the green. However,

G
applying the colour matching 'correction' factor to the blue

intensity scale, the net change in the blue luminosity recorded

will be:-
ho: B
tg by

that is, the relative luminosities of the matching stimuli remain
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independent of pre-receptoral absorption.

Experinental,

The colour matches of 494m n and 582.5n u were nade, using
the matching stinuli 650m 1, 530m u and 460m u. The 494nm u test
field was desaturated with sufficient red desaturation‘stimulus to
neke the mateh possible, whereas the yellow match did not, in
general, require any desaturation, as observers were insufficiently
practised to be sensitive to the small amounts of blue desaturation
nornally required 2t this wavelength.

Each match consisted of four settings of the controls of the
photometer wedges. The mntching stinuli were then flickered against
a white field, provided by a 90° white sector. In this measurenment,
spectrun I was entirely obtliterated by a2 screen. The flicker was
performed in two parts, the rcd and green stimuli being flickered
against white in one case, and blue and green in the other, This
was done because of the large difference in energy available in
the blue and red ends of the spectra, in the colorimeter. A4lthough
there is some risk of increasing errors by performing two measurements
instead of one, it was decided that this was off-set by the greater
ease with which the red and green pair could be set for elimination
of the flicker. The blue stinulus was flickered at a level 0;'
about 15 trolands, whoreag the red was flickered at a level of
about 150 trolands.

The criterion for elimination of flicker was not always‘éésy
to obtain in the case of the blue stimulus, and a few people felt

unable to perform this part of the experiment., However, as this



75

almost always occurred when the lamp was old and of reduced light

that no selectivity was introduced in not having the results of
these observers available. Measurements were nade on only about

300 of the observers in this part of the work.

Results.

The results are surmarized in Fig. 24 and T=bles 10-1l. The
resalts show fair agreement with the data given by Wright (1928-29)
for a 2° field, the red stimulus having virtually equal values of
relative luminosity in the two cases, although the blue stimulus
in the present work has a higher value. This may be due to the
change in field size, although in view of the tendency of the fovea
to become tritemopic for small fields (Willmer & Wright, 1945) this
would be surprizing., Alternative reasons could be that Wright's
seven observers were not fully representative of the total
population, or that the present work was not performed with a
Juninous surround to.the field.

The data show virtually no variation with age, as can be seen
from Fig. 24. The correlation coefficients of the relative
luminosities with age are also stntistically negligible. These

were calculated from the grouped data of the Tables 10-11.

Colour Matching Data for the Spectral Test Wavelength 494m .u

Introduction,

In obtaining the relative Juminosities of the matching stimuli,
it was necessary to obtain colour matches of the spectral

wavelengths 494m u and 582.5m n. As explained in the previops
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able \0 Relative Luminosity of the Blue Matching Stimulus (460mu.)
Age Group 16 21 26 31 36 41 L6 51 56 61 Total
~20 =25 =30 =35 40 45 50 55 -60 -
XE No. of subjects
3 1 0 1 0 2 2 0 1 2 10
I 4 8 3 3 4 1 1 1 3 34
5 12 9 11 9 11 10 6 3 81
6 11 9 11 10 11 8 8 5 7 7 87
7 2 b 6 7 5 5 4 2 2 2 39
8 3 3 5 5 ( 3 3 1 2 1 27
9 6 4 2 4 2 1 0 0 1 1 21
10 0 0 1 0 2 0 1 1 0 1 6
11 0 0 0 0 0 1 0 0 0 0 1
Total 39 37 26 4o 31 33 20 20 20 20 206
Mean V_ 6.6 6.6 6.9 6.6 6.6 6.5 6.4 6.4 6.4 6.3
Table (| Relative Luminosity of the Red Matching Stimulus (650mp)
Age Group 16 21 26 31 36 L1 46 51 56 61 Total
=20 =25 =30 =35 40 45 -50 =55  -60 -
X{ No. of subjects
30 1 0 3 1 0 0 0 0 5
4o L4 9 3 6 5 L4 5 L8
50 11 9 12 15 10 9 9 6 6 92
60 15 8 8 13 8 11 11 6 6 10 96
70 8 8 5 6 8 3 L 5 3 58
80 5 1 0 1 3 1 0 1 16
90 0 1 0 2 1 0 1 0 1 1 7
Total Lo 4o 37 4o 31 34 32 21 23 22 322
Mean vr 62.5 63.0 58.4 62.5 60.0 63.0 62.7 61.5 60.9 64.9

The values are relative to a green stimulus (530mp) luminosity of 100
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section, it was found that all observers required desaturation of
the 494m a1 with 650n u wavelength stimulus in order teo obtain a
colour match,whereas most of the observers were insensitive to Dblue
desatursation of the test field 582,.,5m.u, It was therefore possible
to crlculate the chrom~ticity co-ordinate of the 494m a1 match in
the W.D,W. co-ordinate system and to use the co-ordinate values as
a further check on the reletionship between the receptoral response
of the eye and age. Because the W,D.W. chromaticity co-ordinate
systen is based upon spectral colour m~iches, the spectrum locus
is independent of variation in pre-receptoral light transmission.
Any variation of the co-ordin~te values for the spectral wavelengths
can hence be ascribed to variation in the receptoral response.

The experimental det~ils hove been given in the previous

section,

Results.

The results are given in Tables 12 and 15. Table 12 gives the
mean values of the red chromaticity co-ordinate of 494n u for each
age group and Table 13 the distribution of the co~ordinate velues
within the nge groups., As the blue and green co-ordinates are
adjusted to be equal at this wavelength, the chromaticity
co—ordinates are fully described by the red co-ordinate alone. Its

me~n values are plotted as a function of ~ge in Fig. 25.

Discussion.
As can be seen from Fig. 25 the volues of the red chromaticity

co-ordinate of wavelength 494n a1 show little consistent trend with



Table 12 LRed chromaticity co-ordinate of 494mu.
Age Group 16 21 2¢ 31 36 41 46 51 56 61

-20 =25 =30 =35 =40 =45 =50 =55 =60

lMean -.121 -.119 -,140 -.116 -.121
values -.120 -.109 -.1%1 -.126 ~-.124

_Tablcl38Distribution of red co-ordinate values
Age Group 16 21 26 31 36 41 46 51 56 61
~20 ~25 =30 =35 ~40 =45 =50 =55 =60

r No. of observers

-.02 1 0 1 6 0 1 2 1 0 1
3 1 2 2 0 2 2 1 2 1

~.06 3 4 5 5 1 3 3 1 2 4
3 5 4 6 4 3 7 2 2 1

-1.,00 12 11 8 9 4 7 10 5 9 4
g9 12 8 7 8 6 3 P 5 6

-1.40 8 3 11 4 10 9 4 3 5 2
6 4 1 4 2 3 4 4 2 3

-1.80 0 1 2 2 4 4 1 2 1 2
1 1 0] 3 1 2 0 0 2 1

Total 46 42 42 43 34 40 36 22 30 25

Total

13
1€
31
37
79
67
59
33
19
11

365

79
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age. This is confirmed by calcuiation of the ocorrclation coefficient
from Table 13, this coefficicnt having & vrlue of + ,03, which is

not statistiecally significanb,

Conclusions

Both sets of data reported in this chapter appenr to be
independent cf age. As both are independent of variations in
ocular light absorption, the results can be interpreted as
indicating that there is nc mean change with age in the receptoral

response to colour.
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CHAPTER V

Colour Matching Data with White Light Source Sg

Introduetion.

The results of the previous chapters served to allew an
investigation of the change in rcceptor response as a function of
age. In order to find out what chmanges occur in the pre-receptoral
absorption of the eyey;colour natching data for white light source
SE were collected for 373 observers. The likely causes of age-
dependent absorption ~re the lens (Said & We-~le's 1959 data) =nd
tis maculrr pigmentation for foveal ficlds (Wright's 1946 data).
Weale (1961a) indicates that no other factor is likely to be of
much importance in me=surements performed with an artificinl exit
pupil.

Ls explained by Wright (1946), the W.D.W system of co-ordinates
permits measurement of spectral chrom~ticity co~ordinates which are
independent of pre-receptoral absorption, whereas the co-—ordinntes
of ~ continuous light source will depend upon the degree of pre-~
receptoral absorption. The co-ordinates of a white point in the
chromaticity chart will give an indication of the degree of
pre-retinal absorption in the observer and if a large number of
observers are taken in a series of age steps, the shift of the
mean value for the white point chromaticity will indicate a change
in pre-receptoral absorption with =ge.

The deductions made in such a way are complicated by two
factors., Firstly, the white points in a given age group will vary

between individual observers due to variations in pre-receptoral
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abgsorption. Wrighkt (1928-23) showed thrt nreulsr pdgnentotien
varics greatly amongst observers of the same age, whereas Said &
Weale (1959) state that lens absorption is approximately constant
in observers of the same age (excluding subjects with cataracts).
Hence, in order to obt=in a representative mean v-lue of the white
point chromnticity, a large number of observers must be used,

The second factor to be borne in mind in analysis of the mean
white-point chrom=aticitics of each age groun is that they will also
be affected by varintions in recepbtoral response, Hence, individual
yarintions will again have 4o be cancelled out by using = lerge
nimber of observers to obtain a representative mean for each age
group, ~nd these neans will depend on any changes in receptoral
response withoge. It bng becu uwrgued from the resultsd in the
previous chapters thai the rcceptoral response remains constant with
aze. If this is corrcet, it follows that if {the number of obscrvers
is sufficienitly large, the rwean chromaticity co—ordinates of the
white points for ench age group will depend only upon the pre-—
receptoral absorption varinbions with age.

The resulls so oblained can be. conpnred wish. tac caloulated

chronnticity chonges caused by increane in lens absorption or

mrcular pigment.

Experimental,

The white paint, Sg, provided the test field., This was
chosen, as it was the source used for previous work on age changes
in colour mrtching by Wright (1946), The white sourcs was

cnlibrated =5 degeribed in Chapter IL, -nd a smoked magnesiun
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oxide surfrece provided the reflector at position C of Fig, 10. The

natching beam was provided by the three matching stimuli of the
WeD,W. system. The spectral matches of 4%94m u ~nd 582.5m u were
made by each observer,as described in the chapter on the relative
Juninosities of the maiching stinuli. Xach match was mcde four or
five tines by every observer, the experimenter upsetting the matches

between each setting, 373 observers took prart in these nmeasurcments.

Results.

The nean chromnticity so-ordin:tes of the white points at
different nages are given in Pig. 26 and Table 14, The distribution
of the results within eashage group is swmarized in Tables 15-1 7,
which give the distribution of each of the chromaticity co-ordinates
of the white point as a function of age., The nean valuea for each
age group in Table 1, were corpubted from the results of individual
observers, nnd not the data of Tables 15-17. Given with Tables 15-
I/ are the correlation coefficicnts between age and each of the white
point co-ordinates. The standard error of the coefficicnts .is

also given.,

Digcussion of Results.

The mean white points for each 2ge group, plotted in the
chromrticity diagran, show o definite trend with ~ge. If each of
the white point co-ordinates, grouped in 10 year age spans, is
plotted, a series of curves is obtained in which the peak is seen
to shift regularly with age, apart from the two youngest groups,
which nre closely similrr (Fig. 27). The curves were fitted by

cye to hist.-ogrsns, and 10 year nge groups were used in order to
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Tableld  lMean White Point (SB) Chromaticities

Age Group 16 21 26 31 36 41 46 51 56 61 llean

~20 =25 =30 =35 =40 45 =50 =55 -60

Coefficients
r . 247 . 248 .279 284 .298 277
.256 .254 .281 ,298 . 325
g .405 . 598 424 426 440 4273
.415 . 407 429 433 «455
b <348 w354 «297 .290 262
« 300

¢ 329 «349 290 w269 .220

Table 15 Distributions of Green Co-ordinate of wWhite Point

Age Group 16 21 26 31 36 41 46 51 56 61 Totals
-20 =25 =30 --35 =40 =45 =50 =55 =60

g No. of subjects

300 2 1 3% 0 o 0 o0 O 0 © 6
3 2 o o0 o o0 o o 0o ©° 5

. 340 3 2 3 2 3 2 0 0 1 O 16
i 2 66 9 2 1 1 2 2 0 26

. 380 8 6 9 5 5 4 11 2 2 3 55
6 12 g 14 4 11 11 8 3 4 82

420 9 10 5 4 7 9 4 5 13 4 70
6 3 3 5 8 T 4 8 5 6 55

460 2 3 1 1 5 3 6 5 4 3 31
0 1 1 0 2 2 1 2 2 3 14

500 c 1 o0 o0 o0 2 2 o 1 7 13
Totals 40 43 40 40 36 41 40 30 33 30 373
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Table | § Distribution With Age of Blue Co-ordinate of White Point Chromaticities

Age Group 16 21 26 31 36 41 46 51 56 61 Totals
-20 =25 =30 =35 4O 45 -50 -55 -60 —

_b No. of Subjects

0.080 0 0 0 0 0 0 0 0 0 2 2

0.120 0 0 0 0 0 0 1 1 1 3 6
. 160 0 0 0 0 3 4 i i 6 6 27
.200 2 3 4 3 5 b 6 S 3 8 L7
.2h0 n 4 2 4 4 8 4 5 10 3 48
.280 10 10 6 8 9 9 12 5 8 4 81
.320 10 11 6 10 6 11 11 3 1 3 72
. 360 5 6 10 10 2 3 2 2 3 1 Ll
. 400 1 i 9 4 5 2 0 1 1 0 27
440 6 3 0 1 2 0 0 0 0 0 12
.480 2 1 3 0 0 0 0 0 0 0 6
.520 0 1 0 0 0 0 0 0 0 0 1

Total 4o 43 40 40 36 iy 4o 23 30 273

\n
. ©
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Ismblel? Distrivutiong of the R:d co—ordinate of white point

Age group 16 21 26 31 36 41 46 51 56 61 Total
-20 =25 -30 =35 -40 -45 =50 =55 =60 -

r No. of subjects
.16 1 1 1 O 0 0 © 0 0o O 3
3 i 1 2 0 0o O 0O 0 © T
.20 6 T T 2 1 2 0 0 z 0 28
6 8 12 12 5 2 3 3 2 0 53
w24 9 12 7 9 5 7 6 2 4 3 64
5 5 3 7T 7 14 8 4 3 3 59
28 8 5 5 4 Y 6 13 7 > 2 64
2 > 33 e T 6 2 6 A 8
02 0 1 0 1 4 2 2 8 7 8 33
o 0 1 ©0 3 1 1 2 1 ¢4 13
16 0 0 0 0 0 o 1 2 2 5 10
0 0 0©0 © 0 © 0 c 0 1 1
Total 40 43 40 40 36 41 4° 30 33 30 373
Correlation coefficients - R .
of blue co-ordinate = -.49-i~ .04
of red co-ordinate = +.49% .04

of green co-ordinate= +.38 % ,04
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give reasonable frequency in the number of obscrvaticns for each
ordinate on the curves,

The correlation coefficients calculated from the grouped data
are 211 significant at .01 level of significance. This suggests a
definite change in pre-receptoral absorption of light with

increasing age.,

Distribution of Co-ordinates within Age Groups.

Two of the three linearly dependent co-~crdinates were
investigated, namely the biue and red cc-—ordinates. 4As cxplained
in the introductory remarks to the colour matching data, the spread
of co-ordinate values in each age group will be caused by wvariations
between individual. observers in the receptoral response and in
nrcular pigment density. Individual crrors of observation are
also of importance, especially with vnirained observers, but no
attempt was nnde to allow for these, A few results from each 2ge
group were analysed to determine the individual observer errors
and these were found to be, in general, much less than the size of
the co-ordinate ranges used in the Tables 15 — 17 (i.e, .020 in
the red and grecn co-ordinate, and .040 in the blue).

The data, illustrated in Fig, 27, 2ppear fairly close in shape
to Gauss curves. This fonclusion was confirmed, using the G
test, in which the 'closeness of fit' of the data to a Gaussisn
distribution was invegtigated at .05 significance level. The
values of X2 are given in Table 18, from which it appears that
the dnata are not significantly different from a Gauss distrilution.

The single exception to this is the blue co-ordinate for the



Table 13 Values ox X2 calculated for the red and greeun

. I (o
co—ordinates of S
o g

2 2 2 e
Age - X.OB,cr. Xb *.05,cr.
16-25 4.91  9.49 110.54  9.49
| .68 3.68
36-45 5.30 7.8% 5.8 9.49
46"‘55 4‘028 7083 5n93 7-83
7.53
56— 7-53 994‘9 4-04’ 7-83
X2

3 T . . . ‘ .
.05,cr. 18 th= critical value for a SZ level

of significance, for the appropriate no. of degrees
of statistical freedom,
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16 - 26 ye~r mge orvovw. Lo this one case, regrouning of results
into pairs led to the second value of X2, which again indicates =
Gaussian distribution. The curve-fitting is illustrated for the

red co-ordin~te of the 16 - 26 yesr age group, Fig. 28.

Comprrigon between Co-~crdinnte Distributions in different Lge Groups.

The spread in the chrom~ticity co-ordinstes of any perticuiar
age group Cepends upon variations in recepbtoral responsc and
nacular piguentation density between individual observers. As
receptor=al response appears to romain constant with age changes,
any difference in the gpread of chromaticity co~ordinates between
age groups counld be indiontive of a difference in macular
pigmentation.

The gtandard deviations used for calculating the Gauss curves wa%
of the same order for each Age group. but some veriation did exist.
To investignte this wmore closely, the X2 test for consistency of
sanpling was used (Crow et al)., L correction was applied to the
data of T=bles 16 and 17, such that the mean ce-ordinnte values
for each age group were equal to thot of the 16 - 20 age group.

The factor =dded or subtracted to each nean value was then epplied
to all the results in th~t ~ge group, and the results grouped to
give Tables 19 -~ 20. The value of X2 for each co-ordinate is given
with the approprirte table, and at ,05 level the results appear to
be consistent for sampling. Hence, apart from a mean chromaticity
co—~ordinate shift, there is no difference with age changes in the
co-ordinnte distributions. It can therefore be assumed that the

only chonge in mncular pigmentation with ~ge which could occur is
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Table 13 Bed co-ordinatc of 3 corrected for age chanzes

Age Group 16 26 36 46 56 Total
=25 =35 =45 =55 -

r No. of subjects
.160 2 1 2y of 4] 9
.180 i 6 34 si7 5&5 4 21
13 9 10 9 8 %9
.220 14 24 18 16 8 80
21 16 1 15 17 86
.260 10 10 12 16 13 61
13 9 7 5 5 39
.300 50 8] 4 3] 3 21
];} 6 2;8 2j6 1’{4 ~}4 7
Total 83 80 77 70 63 373

X% = 13.0

2

%, 05,24=36.4

Table 20 Blue co-ordinate of S., corrected for age changes

Age group 16 26 30 46 56 Total
-25 =35 =45 =55 -

b Ho. of subjects
.200 5 7 4 5 3 24
8 6 10 8 8 40
.280 20 W 13 13 10 70
21 16 14 12 19 82
2360 11 20 19 18 10 78
5 13 7 11 6 42
440 3 i} 7T 3 5) .
3 314 sLo o3 w7 37
.520 y ol o o 1]

Total 8% 80 77 70 63 373

X~ = 25.5

05,2404
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a steady accunulation of density in all obscrvers.

Shift of the Mean White Points with Age.

The general dircetion of the change in chromaticity with
increasing nge is towards the yellow part of the spectrum locus.

This suggests that the change in pre-receptoral transmission
responsible for the change in chron~ticity is such ns to cause loss
of blue 1light from the retinal image., That the correlation
co—-efficients with ~ge of the chromaticity co-ordinates q¥e significant
h~s previcusly been mentioned.

The best straight line through the means wrns found by *he
nethod of least sgu-res and is given in the r - g co-ordinate plane
in Fig. 29. A linear relntionship between the means can be seen to
be o good approximation to the chromaticity changes a2s age increrses,
and the dominant wavelength of this line is 579.5u u in the C.I.Er

2° spectrum locus.

Comparison between the Colour Matching Data and Transmission

Chonges of the Ocul~r Media.

In Fig. 30, the changes in white point chromaticity deduced
from the lens abso rption data of Snid & Weale (1959) are shown.
The method of calculation was indiceted in Chapter I, and the
actual values for changes in lens transmission with age were
obtained, graphically, from the datn of Said 2nd Weale. Calculation
was performed between the wavelength limits of 400m m and 7002 u in
10m u steps. A correction factor, for the instrunmental pupil size,
was applied to the lens data, as these were obtained with a dilated

eye pupil, The correction was taken from the curve given by
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Weale (1961b). Figure 31 shows the experimentel white points of

the cclour matching comprred with increase in maculsr pigment
density. The pigmnent absorption curve was obtained from the results
of Wald (1945) =nd a lower wavelength limit of 400m u was used,
with 5 u steps being taken for calculation.

Although the present data agree fairly closely with the
falculation based on the lens ageing data, the statistical
significance of the differences between the two lincs was investigated
The difference in slove of the two lines would not provide a useful
means of doing this, as that for the present results is based only
on the men~ns of each ~ge group, and carries no information on the
considerable scatter within the groups. Hence, the t ~ test
(Crow et 1) for testing the significance of differences between the
expecbed and the obtained values of the differeunces in the means
of two samples w-s utilized. The test requires thot samples should
be of the s~ame standard deviation and with normnl distribution.
These limitations have been seen to be approximately obeyed by the
white point chronaticity co-ordinates for the 10 year groups, and
this has been assumed to be true for fIive yenr groups ~lso., Five
year groups were used to investigate changes in order to utilize

the full co-ordin~te change, as obtained from the present data.

t = x3 ~-x2-4d

+ ceceesanes..Was conputed
s, +1)%
o o2

where x; and x5 are the nmeans of the two samples, 'd' the expected

difference in the nmeans nnd nq and n, the number of observations in



a1

_Flﬁ.ﬂ "LERAST  SQUARES LINE TUROWG WRITE  PowTs.

4Of 4

-35 1 PSrTIN & 4 LN
a0, ms a0 SR S
| FI6.30 )

g WHITE "POINT (S) CHROMATICITIES

QIP : . .
.45.
4.0}

+ results gbtalned

colorimetrically
+ results caleulated from
lens ageing




98
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each srmple., 8 is the sbandard deviation of the combined samplesg

and

{2
i

, n% 2 np 2
o = 205 - x)” o+ T2 - xp)
0 _gfYad - = 5202 - x2
(n1+n2—2)

Values of t were computed for the 41 ~ 45 age group and the
61 - 65 nge group combined in each case with the 16 - 20 age group.
The values of 'd' were Saken from Said & Weale's data, as being
the predicted change ine ach of the co~ordinstes. t values

computed are:-

red: t45=199,t65=l°68. blue: t45=1.1,t65:1.92: t.OS =1.99

the critical t-value is for a 5% level of significance. Frou the
results it appears that we cannot reject the hypcthesis that the
present data are consistent with the lens ageing data., In conpearing
these results, it must bz remembered that no error h»s been
agsoribed to the results crlculated from Said and Weale's data, and
as they are based on a snnll number of observers, they may not be
fully representative, However, as can be seen from the Fig., 30

and the statistical tests, the agrecement between the two sets of
data is quite satisfactory, especially as the data for lens ageing
is cnlculated on the basis of a hypothetical standard observer,
Hence, for the average results of a large number of observers, the
lens =ageing data of Said and Weale, with a correction factor for

the pupil size, satisfactorily predicts the change in colour
natching with age. The experinental data do not change with age

at n constent rate, =nd some ~ge groups, especially the younger ones,

have nean vnrlues which nre in reverse of the gencral age trend.
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The data of Snid and Wenle showed a steady change of lens

transnission with age, after the age of 20 years. In view of the
relatively smnll change between ndjacent age groups, comp~red with
the large chromaticity spread within the age groups, it is, howewver,
unlikely that these reversals have any significance.

Conparison with the change in chromaticity due to incrense in
macular pignent concentration is shown in Fig,., 31, Again, the
direction of change of chromaticity in the chart is close to that
yielded by the present datc with increasing nge. The results are
therefore not really capnble of distinguishing between the two
types of absorption., The fact that lens data for ageing, obtained
by an objecti¥e physical measurenent, predict fairly closely the
present data, suggests that this is more probably the cause of the
change in white point chromaticity with increasing age ,as observed

in the present work.

Large Field Data,

"In an effort L, remove, as far as possible, the effect of
nacular pigmentation upon the chromaticities of the white points,
it was decided to perform a gubsidiary colour matching experiment,
using 2 10° field of view, these matches to bz performed by a group
of young ~nd a group of old observers. The 10° matches will be
relatively free of the effect of the high concentrations of macular
pignent, especi~lly if the central area of the field is ignored in
naking the colour match . Hence,changes in chromaticity betwcen
the two groups will be due to lens absorption, nssuming that

sufficient observers are used to give a relisble mean nndsthnt they
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represent an average receptornl response.

Experimental.

The colorimeter was used in conjunction with the 10° attachmént
of Cl~rke (1963). This was calibrated as described in Chapter II.
The white points S; and Sp were both used as test fields for the
young =age group, SB ~lone being used for the old group. The three
natching stinuli of the Wright systern were used and the natching was
perforned with continuous viewing conditions. Observers were
requested to ignore any central non-uniformity in the matches,
especinlly noticeable in matching the 494n u wavelength, which was
desaturcted with 650n u radiation, The metches were repeated four
times each, the experimeter chenging the wedge settings between each
m~tch,

The matching level was about 150 trolands for S, and the
spectral wavelengths and 50 trolands for Sg. The white point SB
was also measured again for ficld size 1° 20’ , the total matching

session occupying about an hour,

Resgults.

The chromaticity co-ordinates for Sp with the 10° field
conditions are given in Fig. 32. The 1° 20' co-ordinntes are given
in Fig. 33. 22 observers provided the results, twelve in the young
group and ten in theold group. The mean age of the young group

was 24 years and that of the old group was 62 years,

Discussion of large Ficld Data.

The results of Figs. 32 - 33 show the white (SB) points for
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1° 20! fields ~nd 10° fields. The small field results show the

expected wide scatter of chromaticities and the two sets of data,
for the young and old groups, overlap in a considerable range. The
SB calculated for lens ageing 1s shown in the diagram and that
predicted by the C,I.E. standard observer data is also given. This
point is fairly centrally placed within the observed results
for smnll fields. The small field white points are distributed over
a wide range, especially for the young observers, as these were
chosen so as to provide bollh lowly and highly pigmented observers

of the young age group.

Commarison with C.I.E. Proposed 10° Data.

The 10° field results, by compnrison, form two guite distinet
groups of results, for the young and old observers. The scatter
between individual results is still fairly considerable, almost
sufficient to cause overlar betw:en the groups. The calculated
Sp from the C,I.E 10° data is given (30 years cldé) and the
expected change of this point with lens ageing is also given, In
this case, the C,I.E. proposed 10Y data do not predict the results
obtained experimentally, for although relatively few observers were
utilized in this part of the experiment, the group of results shows
a very real divergence from the predicted result, both for young
and old observers.

There could be a number of reasons for this disagreement. As
was mentioned in Chapter IT, the wavelength adjustment of the
colorimeter with the widefield attochment presents some difficulty,

and a tolerance of about * 1) 1 was accepted at 590m u. Further,
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the wavelsangth band received ot the eys was about 10m a for the
wide-field viewing (at 590m.u),w<ich is a considerable range, and
the ~ssumption of single wavelengths incident upon the eye, nade
in the transformation of data for the 10° observer, is not valid,
and may be a source of error, L further point is that the level
of retinal illumination was very low and application of the C.I.E
data could lead to incorrect results wnder such condibtioms.

These hypotheses were tested by applying =n error of 3m u to
the setting of the pin-hole at the wavelength of the sodium D~lines,
and testing the effect upon the chrometiecity predicted by the 10°
observer, 3m 1 was perhaps rather greater thon the expected error
at the D~lincs, but it provided fairly 'round number' corrections
to be applied to the other wavelengths used in transforuing C.I.E
to W.D.W co-ordinates. These corrections were, at 650m 1 , 4.5n 1,
at 530m n,2.5m n ~t 494m p,1,5m u nnd &b 460m 1, 1w u. The results
of thage corrections are shown in Ffig. 34, which gives the result
for the average and oldest observers. As can be seen, a considerable
shift in the Sy chromaticity occurs as a result of this correction,
and is in such a direction os to give better agreement with the
present data, Although the mrgnitude of the correction made is
somewhat larger than would have been expected necessary by the author,
a snrller correction would a2lso have resulted in better agreecment
between predicted and observed chromaticities. It was therefore
decided that the disngreenent initially found between observed
and predicted regults wns due to an error in calibration,
Confirmation of this was given by the fact thnt source Sy, which

was natched by a number of the young observers, similarly corrected
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by using the new trrmsforaiion (Mig., 25),gave belver =sgreenent
with the experinental data. The seatter between individual results
ig lnrgely independent of nncul~r variations, observers being
nsked to ignore the 'Maxwell Spot'! effect which occurred in the
centre of the field, Further, according to S2id and Weale, lens
abgorption ig fairly constoant =t any particulsr age and hence the
gertter for the white points should represent only variations in
recepbor response, If the irichromstic systen is viewed in terns
of three 'fundomental' matching wavelengthsthe crlculations of Jxhe
shift in chromaticity with errors of the wavelength setting in the
colorimeter ghow thnt the range of fundamentnl stimuli reguired to
produce such obgerver varintions is not large, The somewh~i lrrger
range of chromnticities for the old observers may be indicative of
some variation in lens abgorpbtion between observers.

As ecan be geen fron Fig. 34, the ~greenent between the present
data for the two nge groups mad the chromaticities calculnted from
the lens ageing ~re in frir agreement, assuming that a correciion
hes to be nnde for mis-calibration of the 10° attachment. This

tends to confirm that the lens ageing can predict, adequately,

the changes in colour n~tching functions with age.
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Transformation Bqu tions for Ww.D.W. and C,I.E. proposed
10° nata
1). .jormal Transformation

(X L7634(R) -.5872(6) + .0281(B)
(Y) = -.2021(R) + 1.4637(¢) -.0701(3)
(2) = =.1173(R) -.0057(@) +X.79¢2(B)

i

i

2). so-ordinates of Standard Sources in '.D.. . System

(10°)

S, = L3012(R) + .4028(C¢) + .2960(3B)
Sy = L1624(R) 4+ .3060{¢) + .5204(B)

3). Transformation in the case of a -3mu error at

590mu in the wavelength calibration
(X) = .895(R) -.600(G) +.009(B)

(Y) ==2% (R) +1.76 (¢) -.071(B)
(Z) =~.4] (R) +.002(C) +1.875(B)
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CHAPTER V1

Relative Lunminogity Furchion and Age

Introduction.

The relative sensitivity of the eye to different wavelengths
(Vh curve) depends both upon the receptoral response and the lighs
losses which occur between the cornea and the receptors. For any

wavelength N\ ;-

Vy = %t Ceeeeaen e, ceea (1)
where ?i is the relative lumirance when a filter of transmission
t A ié placed before an eye having real relative luminosity curve
V3 . Hence, if the leis and nrculsr pigment are considered as
filters, the variation of Vy\ values with age will give intornation
on the change in pre-receptoral light loss with age at those
waveiengths for which the values of Vh are found. Such neasurenents
abe necessary, for albthough the data of chapters ITI, 1V and V
suggest the age changes are probably due to pre-receptoral
"abgorption, only the broadest indication of the type of absorption
can be deduced. Thus, the change in chromaticity of Sy with
increaging light absorption in the occular media is practically
the s=me for maculer absorption or for lens absorption,in spite of
the obvious differences in wavelength dependence of these two
absorptions.

The V5 values can be analyzed in o ginil~r way to the colour
matchine data of chapter V =nd the average receptoral response
systen for cach age group is agnin sssumed to be independent of

age. The individual values of Vx in each age group nmay, however,
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show variations due to obsirver differences both in degree of
ocular light absorption and receptoral response. The work of
Ceblentz ~nd Emerson (1918) indicatesjust how great are the
variations in EL between individual obgerversa., Their results
were obtained under different conditions from those of the present
investigation, the 2° field having a large surround field of aboutb
equal lurinance, but the dataar: valusble for indication of the

variability to be expected in deternining /N

Experimental.

The wavelengths investigated were 600m m, 560m u, 530m u,
515m 1, 460m z 2nd 420m u. The first four wevelengths were
investigated using flicker photometry and the two latter using
heterochromnatic brightness matching. The results were normalized
at 560n xu hence providing 5 measurcments relative to the normalizing
value. The flicker measurements were performed using the 'green’
photoneter wedge of the colorimeter spectrum IT (Fig. 10) to provide
the test beanm, an illuminnted sector being rotated at C to interrupt
the bemm., The ficld was not provided with a luninous surround, as
is usually recommenced. The observer was requested to adjust the
sector speed and the control of the photometcr wedge until a single
wedge position gave a minimum sensation of flicker. Use of a
minimun rather than tobtal extinction of the flicker was found to
give nore consistent results,

The heterochromatic brightness nmatching was carried out using
the test spectrun to provide the comparison field and the 'green'

reflector provided the adjustable field., Matching was performed
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with 515m 1 as 2 comparison fizid for {60m 1 and 450z 1 as a
conparison field for 420m u, errors in individual results being as
ruch as 4 tines greater, for a given observer, than in the method
of flicker photometry. A few observers were unable to perforn the
experinents, being unable to form any criterion of equal brightness
of different hues. Without doubt, the criterion to be used could
not satisfactorily be indicated to observers, and the difficulty of
separating the effects of colour and brightness is well known under
the title "the Helmholbtz-Kohlrausch' effect. In the case of
brightness matching, the ficld was viewed in conditions of dark
adaptation, with about 5 minutes pre-dark adaptation,

The levels of illumination used were about 100 trolands for
flicker photometry, about 60 trolands for the 515m u - 460m .u match
and about 5 trolands for the 420m n watch. The very low level of
retinal illumination in the last case was due to the low output of

grort wavelength from the tungsten lenp used as the light source.

Results.

The results of the measurements of V, as » function of age
are given in tables 21 - 26 and the corvelation coefficients of the
V4 values with age have been given with the tables, These latter
were calculated from the grouped data of the tables. The nean
values of Vy  for each age group, with their standard deviations,
are given in table 21 and the distribution of the values amongst
different groups are indicated, for soue wavelengths, in Fig. 36.

The menn values are plotted in Figs. 37 - 40,
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Table 21 Mean Relative V, values for each fge Group

Lge Group 16 21 26 31 36 41 46 51 56 61

A )
500

530
515
460

420

560ﬁu

-20 =25 =30 =35 -40 -45 -50 -55 -60

.700 +665 . .696 .720 . .707
676 .693 . 705 -739 .697

.864 .901 . .890 .858 ~822
-884 .893 .860 .860 .858

«560 ~581 .550 547 .509
.610 578 .546 523 516

.086 .104 082 .0869 061
. 095 -092 074 .057 . 057
. 034 039  .028 .023 -019
~042 . 035 . 027 .018 . 017

Normalizing value .995

_ZV Standard deviation of mean Yﬁ of each
Age Group 16 21 26 31 36 41 46 51 56 61

A (mp)
600
530

515
4690

420

age group (5)

-20 =25 =30 =35 =40 -45 =50 =55 =50

8.0 7.5 7.2 7.8 6.8 7.4 7.9 9.1 8.2 6.6
9.4 8.0 6.7 6.2 7.5 8.0 8.3 8.1 8.9 8.0
13.2 11.4 14.2 12,2 10.6
10.4 11.6 13.6 13.9 10.5
37.2 3247 34.1 39.1 %6.1
35.1 434 41.9 60.0 28.1
52.9 38.5 357 47.8 36.8
46.3 51.4 4C.7 5C.0 35.3

>

C.1.E.
Present
data

A%

600 560 530 515 460 420
631 .995 .862 .608 .06 .004

Comparison with the standard C.L.L. V. values

655  ,995 ,901 .581 ,104 .039 (data of 26-30

age

group) .



Table 22 lMean values of V. for A = 600mu
Age Group 16 21 26 31 36 41 46 51 5& 61 Total
-20 ~25 =30 ~35 -40 -45 ~50 =55 -60

V6OO Ho. of observers
.600 3 8 10 8 2 4 5 3 4 4 51
640 11 13 15 5 11 7 4 4 3 4 77
«680 10 10 12 15 8 11 10 7 10 8 101
.720 11 10 2 9 5 12 7 5 §5 5 71
760 3 1 1 2 2 2 5 3 4 3 26
3800 2 0 1 1 2 2 b 6 2 0 19
Total 40 42 41 47 30 38 34 28 28 24 345

Table 23 Mean valueg of V. for A = 530mu
Lge Group 16 21 26 31 36 41 46 51 56 61 Total

-20 =25 =30 =35 -40 -45 =50 ~55 (O

V53O Yo. of observers
«660 2 0 0 0 0 1 1 0 2 1 7
1 1 1 0 0 0 0 1 4 0 8
740 2 2 0 1 1 2 5 3 3 2 21
5 7 3 4 5 7 5 5 7 1 49
.820 8 6 4 3 6 9 3 8 5 8 60
8 g 12 12 8 9 11 6 4 7 86
.900 4 9 12 12 5 3 5 2 0 3 55
7 3 4 6 3 5 2 1 2 0 33
. 980 2 5 4 2 1 1 2 2 1 2 22
1 0 1 0 1 1 O 0 0 0 4
Total 40 42 41 40 30 38 34 28 28 24 345
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Table 24  Muan values of V, for A = 51bum

Age Group 16 21 26 31 36 41 46 51 56 61 Total

~20 =25 =30 =35 40 ~45 =50 =55 —60

V515 No. of observers
360 1 ¢ 0 0 0 0 C 0 2 1 4
1 1 1 0 1 2 1 h, 1 2 15
« 440 0 3 3 4 5 6 4 3 3 33
11 9 4 5 7 8 6 6 12 '3 71
«520 5 15 7 10 2 8 5 5 6 11 7
9 4 1 6 5 T 8 2 1 4 57
. 600 6 10 6 9 4 2 5 4 o) 0 50
1 2 3 4 3 3 1 1 0 0 18
. 680 4 0 6 0] 3 3 1 1 0) 0] 18
0 1 0 % 1 0 0 . 0O 0 5
Total 40 42 41 40 30 38 34 28 28 24 345

Table 25 Mean values of V., for A = 420my
Age Group 16 21 26 31 36 41 46 51 56 61 Total
-20 =25 =30 =35 =40 -45 =50 -55 =50

V420 No. of observers
.00 0 1 0 0 0 2 6 7 > 4 25
3 6 1 13 9 11 10 +9 14 15 g9l
.02 g 11 8 4 g 13 10 B8 5 3 80
8 9 17 13 7 5 5 2 1 0 67
04 11 2 3 4 1 3 o 1 0 0 25
3 4 3 1 2 2 1 1 1 0 18
.05 2 5 6 1 1 0 0 0 0 1 16
0] 3 2 1 L0 1 0 0 0 8
.08 1 1 0 2 v 0 O 0 0 0 4
1 0 0 1 0 0O O 0 0 0 2
.10 2 0 0 0 0 0O O 0 0 0 2
Total 40 42 40 40 30 36 33 28 26 23 338
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Table lg; Distribution with Age of V,'s for A = L60my.
Age Group 16 27 26 31 36 4 L6 51 56 67 Totals
-20 =25 =30 =35 =40 <45 50 55 60 -
_\_._1_7_\__ No. of subjects
.010 0 1 0 0 1 2 1 b 2 1 12
.030 7 3 2 7 b 7 10 9 10 10 69
.050 5 12 5 12 9 10 9 7 8 10 87
.070 13 10 9 3 b 6 L b 3 0 56
.090 6 10 13 10 7 6 8 3 1 1 65
.110 3 2 3 2 2 b 1 1 1 1 20
.130 3 1 3 0 2 1 0 0 0 0 10
.150 2 0 1 1 0 0 0 0 1 0 5
.170 1 0 2 3 0 0 0 0 0 0 6
.190 0 2 2 1 0 0 0 0 0 0 5
.210 0 1 0 1 1 0 0 0 0 0 3
Total Lo L2 Lo Lo 30 36 33 28 26 23 338
Correlation coefficients of VNS with age
A (mp) r
600 +.156
530 -.22
515 -.25
L6o -.39
420 -.49
Table 1‘1 'Best Estimate' values of VK
Age Group 21 26 31 36 b4 L6 51 56 61
-25 -30 -35 =40 -45 -50 -55 ~60 -
M)
600 674 680 .687 .693 .700 .708 .716 723 .731
520 .907 .890 .878 .869 .860 .852 .84k .838 .833
515 586 .575 .562 .552 542 .533 .525 .518 .503
k6o .116 ,105 .088 .081 .o74 L,069 .065 .060 .057

420 .0h2 .038 .034 .030 .026 .023 .020 .018 .017
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Discussion of Results.

The nean values of V. show variation with age in each case.

A
Ls 211 the results are relative to a fixed value of V, at 560z u,
they effectively measure the change with ~ge in pre-receptoral
transmission relative to any change at 560m n. The mean VW 's are
positively correlated with age ab 60Cn p and at wavelengths shorter
than 600m u are negatively correl-ted, All correlation coefficients
are significant at .01 level. The correclation coefficients increase
progressively as the wavelength decreases, suggesting that if the

change in V with age is indeed due to loss of pre-retinal

A
absorption, this absorption increases for. shorter wavelengths .

Digtribution of Vo 's within eath Age Group.

The standard deviations of the results have becen given with
Table 21 ~nd the distributions ~re indicated in Fig. 36. The
distributions for the other wavelengths were not shown, as the
groups are not sutficiently different to nake graphical representation
worth-while, The distributions are similar in shape for each age
group at any wavelength,becoming markedly more skew in shape for
the short wavelength results, The values of the standard deviations,
expregsed as a percentage of the mean, seen to be quite independent
of age, or =t least show no discernable trend with increasing age.
In calcul=ating the standard deviations, a few deviations were not
included at 420n u snd 460 n, as they were greater than three times
the average deviation, and hence completely dominated the values of

2

8 © . The readings were not rejected in taking the means, however.

The values of @& are of sone interest, as they reflect the
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variation in response at the different wavelengths investigated,
The lwrge values of g 2t 420 u and 460m u are probably due, in
part, to the method of investigation, although the work of Coblentz
and Enmerson (1918) indicates lerge variations in the values of
\X for their 125 normal trichronnts at the short wavelength end
of the scale, a range of about ,02 - .10 for 460m u being recorded.
Their neasurenents, of course, were not grouped by age and thus
would include the total variation over all the groups of the prescnt
work. The values of s for 600m gz, 530 u and 515n a1 are alnost
certainly representative of the variations in response, as they
were obtained by flicker photometry. The values of s at 5iSna
are siegnificantly higher than those at 530 »and 600w u for all age
groups. This could be due to greater variations in receplor
response betwecn individuals at 515n u, but if the author's work on
nacul~r pigmentation (1963) is correct, the increase in g may
well be due to the variation of maculrr piguent density between
observers., The results of Coblentz and Emerson showed rore gpread
in the yellow - red than the blue - grecen part of the spectrum,
which is sonewhat at variance with the present data. This nay be
due to the fact that in the case of these workers, the VK eurves
were plotted with a peak value of 100, wherens the present results

hrve been normelized at 560 u.

Conparison with Othcer Deteridnations of Vi

The meen values for V. are also worth comparing with the

.\

C.I.E data (C,I.E proceedings 1924). The values at 420 g and

460n n are very different from those of the C.I.E data, as can be
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scen from table 21 (the mean values given are for the 26—30 age
group). This wens not unexpected in view of some recent
investigations, and of these, a few values are plotted. Those of
Stiles (19 55), deduced fron colour mixture data, are nearest in-
value to those of the present data, Figs. (41-42) illustrate this
agreenent both in terms of the relative VK curve for wavelengths
shorter than 460n un ~nd for the same region normalized to unity at
460n u. Results of Ishak and Teele quoted by Stiles (1955 ) are
also shown. The other wavelengths are in approximate agreement
with the C.I.E data, although the values for A = 60011 1 are
higher thnn those given by the C.I.E curve at all 2ges. Considerable
variations in the N curve have been found by different
investigatora, ns the review by Le Grand (1938) clearly shows.
Some of the dissgreenent between the present data and the C.I.E
curve could be due to the experimental conditions of snall field

(1° 20') ~nd dark surroumd,

Estimation of 'Best Valucg' of V3 as a Function of Age.

The nean values of V A ? plotted as a function of age, show
fairly steady trends, although the results for individual age
groups show irregulrr peaks in value. Consequently, smooth curves
have been drawn by eye through the mean V)\'s and an estinated
value of V, for each age group has been obtained (table 27) .

In drawing such a curve, one assumes that the age chenges occur at
a steady rate, and the resiils for the two shortest wavelengths,
where change with age is most narked, appear to justify this

assunption. No estimate hng been nade for the youngest age group,
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as for thie groupn the trend in change of Vi with age was

unaccountably reversed

V, vrlues and Colour Matching.

From the change in Vo with age, values for the change of
transmission through the oculer nmedia can be calculated (equation 1).
The results of this calculation a2re sghown in Fig. 43, where values
at wavelengths greater than 600m m have beentaken fron Said and Weale'
data, corrected for pupil size. This is justified, because the
present results are likely to be principally a result of changes
in lens transmission (Chapter V). From the transmission curve of
Fig. 43 the change in chromnaticity co-ordinntes of the white point
Sp can be caleulated. This erlculation shows that the change in
chromaticity co-ordinates of Sp with age, estinated fron the Vy
data, is in excellent agreement with the experimental colour
natching data (Fig. 44). This indicates thet the ¥V,  and colour
natching data are self-consistent, assuming that age changes in

both are due to pre-receptoral light absorption.

Corparison of Age Chonges in VX. with Transnission chonges of the

Ocular Media.

The valucs of the correlation coefficients of VX with age
suggest that if the age changes in VX are caused by 2 loss in
light transnission in the oculnar nedia, this loss nust be more
narked at shorter wavelengihs, The values for lens ageing obtained
by Said and Weale were applired to the present data. The values

of change in lens transmission for a Zn.m. exit pupil were applied
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to equation 1, using the values of ¥ for the 26-30 age group as
normalizing values. In order to comply with the fact that the VK
data WO normalized at 560m u for all nage groups, the VX values
czloulated from lens ageing data were similarly normalized. The
results arc gsurmarized in Figs. 45-49 and as can be seen, the
general agreenent between the c~lculated VR.'S and the 'best estimate’
set is quite good. There are divergences, however, for at 600n n,
530 1 ~nd 515m u lens ageing gives lerger changes in Vx than
are found experinentally, where~s ot 460m 1 and 420n u the reverse
is true. Statistical investigation of the differences was sonewhat
difficult, due to the skew n~ture of the distribution of Vh velues
in individual age groups (Pig. 35). However, assuming the
distributions to be 'mot too skew! (Crow et al), the t test, =s
described in Chapter V, was applied to the 21-25 and the 61-70 age
groups. The object wrs to test whether the differences in g\
values between these groups, as neasured esperinentally and as
crlculated fron lens ngeing, were statistically significant, It
was found th~t there was a statistical difference at all wavelengths
at .01 level of significance.

This nay be due to the fact that the 'best estim~te' values of
V. are not accurate, but considering the degree of consistency
between the colour nntching data and the VK data, there seems bo
be a snnll, though real, deviation from the lens ageing data. The
gencral trend of wavelengih dependence and the order of magnitude
of the age effect is, howevcr, nuch the sane for the lens and for

the colorimetric data.
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The Vj data wecre also compared with absorp:ion due to possible
' density .
inereases in r.culnr pignent with age. The work of Wald (194%) wes
used for trisg purpose and this indieates that incresse in macular
pignent density should only be detected in the 460 u 2nd 420 .u
Vi velues of the colorimetrie data, The change in the C.I.E.
Vi values due to ~ 100/ increase in the pignent given by Wald is
shown in Fxg. 50,
Consider the v~lues of V%. at 460n u ~ud 420n u. If the
trangnission of a filier placed before the eye is t420 et 420 1

and t46o 2t 460m pii

Vazo | 420 (Vazo 3
V460 sago (Vagn

gives the relative change in the Y& curve due to this filter at

the two wrvelengbhs. Vg ete. refer tc the vnlues of Vy with the

filtee ir plece. From o combination of Beer's aad Lambert's lews:-
b = 1070420 0%

where ¢ is the concentration of absorbing pigment in the filter,

x the pignent thickness ~nd k,,q is the moleculnr extinction

coefficient.

Hence: -

- k -k
b0/ bago = 107°X(Ra20- ka60 ) ... ....(2)

If kaog <« ka60.the ratio of (2) will be grenter then unity
for all positive values of ¢, and so the ratic will increase with
increase in c.

Fron the absorpbior. ¢uweve of erysialline xanthophyll, from that

of extracted macular pigneut (Wald 1945) and fron the work of the
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author (Ruddock 1963}, it is seen that kypq < kggp- Referring to

equation Z.7%t oan be seen immediately that the ratio V,oq should

. V460
increase with 2ge, if this is ~ccompanied by increasing macular

pigment conccntr.tion, whereas in fact, a steady decrease bccurs
(Fig. 51). 1In this figure, ratios calculated for the present data
were c~lculatzd from actual results (not 'best estimate') and the
effeet of orcular pigment change was caleculated assuning the change
in V4g0 to be due to change in macul~r pignent density., The change
in the ratio Vy5n/Vagp due to lems ageing is also shown, and it can
be sgeen that this agrees fairly well with the present data. Further,
the divergence from lens ageing is in an oppositc sense to a
divergence caused by macular pigment increase accompanying the

increase in lens absorption.

Cauge of Differences in Present Data and Lens Ageing Data,

Both the colour natching data and the V; data diverged
gomewhat from the predictions based on age changes in the
crystalline lens. However, only the differences in the V7\ values
were statistically significant. As previously mentioned, this
could be due purely to the fact that the 'best estimnte' values of
v N did not really represent,accurately’the change with age.

However, at 460n u and 420m u, the actual V., wvalues lie very closely

A
to the 'best estimate' values and hence reasons for the
disngreenent should be sought. The fact the Ludvigh & McCarthy's

data show greater absorp¥ion in the bluc end of the spectrun,

relative to the red, comp=-ed with the lemns data of Said & Weale
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(Fig.6 ) suggests other sources of pre-receptoral light loss. The
cornea and the vitreous humour secm the nost probable media for such
a light loss, and the latt-r is reported as becoming yellowish with

age Weale (196ia), It could be, therefore, that the numerical

!
divergence between the present data and lens ageing data is partially
caused by light loss in the ocular nedia other than the lens, nost
probably in the vitreous huwmour. This effect would have to be small
conpared with the lens ageing, however, as this latter is of
sufficient magnitude to give changes comporable in magnitude to the
changes neasured in the colorimetric data. Further, this does not

explain the fact that the lens data predicts larger changes with age

in vy at 600n 1, 530m u and 515m u than are actually found,

Physical Bagis of the Pre-receptoral Idight losses.

In discussing the physicnl basis of light losses which 6ccur
with age, it must be borne in mind that the lens is the cause of
the majority of this light loss, Hence, the discussion of Said
and Weale (1959) will be reviewed in the light of the present data.

Fron the combination of Beer's and Lambert's laws:-

I = 1,107%€°

where I is the transmitted flux and I, the flux inecident through
an absorbing medium of concentrstion ¢, thickness x end nolecular
extinction coefficient € . Hence:=-

-log 1 = D =x¢c
I,
where D is the optical d-naiy of the medium.
Therefore
log D =logx + loge + logék
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which yields an arithmetie increase in logh at 21l wavelengths for
a change in concentration,

In the erystalline lens, the thickness changes with age, and
8505~

leg (g ) plotted for different ages should give a series of

parallel lines, if age cheanges were due to increase in concentration
of a single pignent. Said & Weale showed that the lens optieal
density, plotted as nbove, did not give a series of parallel curves
at different ages. A number of pignents, each contributing to the
age changes in tronsmission, could explain the curves, but Said
and Weale carme to the conclusion that Rayleigh-type scattering nust
play at least sone part in the transnmission cheanges.

The present data has been exanined for evidence of age changes
oceurring due to light scatter.

Rayleigk's law states that, for a small centre scattering

light weves -

Is= k I
s <4 o
where I is the intensity of the scattered light ~nd I, that of the

original beam, A the wavelength of thc light and k a constant,
For absorption in a nediun, giving Rayleigh~type scattering in
nediun of thickness dx:-
dI = ~KIdx
is the light lost in the mediun from a beam of intensity I.
Hence, for thickness e

ﬁog I }I {—Kxj
I

EN
o
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ard X = - 7%2 4 for Rayleigh scattering f
log % = log ¥ = —kx
o A
/
or loglo't'—‘-")\xx ,,00-0.0-0000000.00(3)
hence, as xz changes with age, logygt should give a straight line,
against 1/2\7. x

Equation (3) was applied to the present data, to find how
closely changes in ocular transnission with age were deseribed by
it. The values of Said and Wezle for lens ageing were taken as the
change in transmission at 600k u, The ocular transmission values
obtained from the V, data were then plotted as a function of age,
relative to the 600m u values (Fig. 52). For two wavelengths Kl

and A 5, the changes in transmission in a scattering medium,

fron equetion (3), becones:-—

logigts . A p"
logyota S

which is independent of x.

Using the above equation, ealculating relative to the values
of log (transmission) at 600m u, the transmission of the optical
nedia at other wavelengths was calculated, The results of the
caleulation are plotted in Fig. 52, together with the values of
log (transmission) deduced from the V, data. Ls can be scen, the
two sets of data are very similar, both in their wavelength
dependence and in the nagnitude of the changes in transmission,

It seems, therefore, that the age changes in the ocular nedia
are, at least in prrt, 1. o scattering, which nust arise mainly
in the lens. Scattering .ould also be of some inportance in the

vitreous hunour, where carbohydrates(polysaccharides)are known to
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be deposited with age,

It nust be noted that in caleculating the transmission values
shown in Fig. 52, the wavelength 3 at the cornea was substituted
in equotion (3). In fact, a term 2’171\“3‘? should be used instead
of 5%134?a“ scattering would ocecur mostly in the lens, of refractive
index about 1l.4. No data on the variation with wavelength of the
refraective index of the lens could be found, but assuming it to
follow the normal type of variation with wavelength, the correction
would be too smrll to invalidnte the present conclusions (about a
4% incrense in ;%4 in the violet end of the spectrum, relative to

the red end), This correction would, however, increase the quantity

of scattered light by a factor of aboui 4,

Scattering in the Ageing Leng.

The conclusion that the seattering may be the main cause of
increasing light lossges in the ageing eye implies increase of
scatter in the ageing lens. Loss of water, inereasc in the number
of fibres and hence in weight, ohange in refractive index and
irregular surfaces of the fibres and depositing of insoluble
proteins were all mentioned in chapter I as occurring in the ageing
eye. These could all contribute to increased light sc~ttering, as
they all tend to give rise to irregularities of refractive index,
Salmony and Weale (1960}, in a brief notc, state that they could
not find differences in pigment concentrations, taken fron crushed
young and old hunan lenscs. "o account for the changes nmeasured in

the lens transmission. v numerdical details were given, however,

The lens pigment has been variously identified as a melanin pignent
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by Fischer (1648) and = urochrone,McBwecn (1959 ).

Whether scattering in the lens should be Rayleigh-type is
another qﬁestion which needs consideration, Rayleigh originally
derived his law for scattering by small, independent light
sceattering sources., Scattering in solids and liquids e»n be of
the Reyleigh type, although the theory requires nodifiention.
Theiner & Lell (1953 ) published results of scatter neasuregents
in optical glasses. They found that glass with inperfections
gave nuch larger scrttoring than crdirary glass, and nexina in the
wavelength dependence of the scatter were sometimes found.

Mueller (1938), ¢n theoretic~l grounds, suggested mechanical
strains in glass as a cause of the large scattering sometimes
found., PFinally, Stacey (1956 ) points out that Rayleigh-type
scattering can ocour for particles with one dimension of the order
of wavelength of light (the others being very small), although this
leads to asyrmetrical scattering, instead of Rayleigh's classical
case of symmetrical scattering.

Applying the above congiderations to changes in lens
structure with age, it seeus not unlikely that increased light
geatter could result from these changes., The decreased water
content and build up in the number of fibres could well lead to
irregularities of refractive index., Further, the depositing of
ingoluble protein particles would also give a larger number of
scattering centres in the l-us. It is of interest that light y
scnttering is used as a nesuns of measuring moleculrr weights of

proteins and viruses (Stacey 1956 ).
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Chopter V11

Repults for 3 Individunls,

Results were obtained for threc observers, for whom earlicr
datn exists.

1. W.D.W

Results were recorded for colour matehing of the white point,

Sp, for which previous deta of W,D.W were ~vailable, =2t the ages of
22 yerrs and 38 yenrs (fig. 9). The experimental conditions were
nodified from those deseribed in chapter V, a field size 2° squ~re
being used in conjunction with a lm.n, exit pupil. This change of
field condition nnde the experinental conditions conparable with

those used in the previous npeasurements by W,D.W.

Resulvs.

The chromaticity of Sp was neasured as:i-—

.275 (R) + .420 (@) + .305 (B)

The resiflt is illustrated in Fig, 53a. Ls can be seen, the
datn for W,D.W do not conform to the general trend found in
Chmpter V, becnuse the chronaticity of Sg is virtu-lly unchanged
between the nges of 38 years and 57 years. The difference between
the obscrver W,D,W and the =verage dnta is further illustrated in
Fig., 53b.

This disagreement betwecn the results of an individunl and the
gtrtistical data of the lrrge group is difficult to explain. Thot
receptoral response h~s not changed in the ense of W,D.W. was

checked by enlculntion of the chromatieity co-ordinates of

wnvelength 494n m, which were found as:-—
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(494) = -.116(R) + .558(G) + .558(B)

which is identical to the data given for W.D.W at the age of 38 yrs.

This result uny be indicdtive of irregul~r changes with
incrensing nge of transmission in the ocular media of a given
individual; rather than the steady¢iecrease which appeared to occur
for the nverage of the l-orze ganples of Chapters V and VI,

2. P.L.W

Results were again taken for colour n~tehing of Sg, ~nd

again the modified field conditions described in the previous
section were utilized., The relative luminosities of the natching
atiouli for observer F,L.,W were also nmeasured, g described in

Chrpter 1V,

Results,
The chromaticity co-ordinates of Sg were found as
.310(R) + .435(G) + .255(B).
comprroed with
.272(R) + .376(G) + .352(B)
for a messurenent 30 ye~rs previous.

The result is illustrated in Fig., 53~ and shows th~t the
chromaticity of Sp has progressed townrds the spectrun locus with
inerense in nge., The n~gnitude of the change is approximately
as wculd be expected from the data of Chapter V, although the
direction of the shift is sonewhat different., It is of interest
to unote that the £hange in chromaticity of white point S is closer
to the shift neasured in the present work than to that calculated

fronm the lens ageing data (fig. 30). This appears to confirn that
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the data on the wavelength dependence of transmission changes with ag
given in chapter Vl,are fairly reliable.
The relative luminosity of the matchine stimuli were found as:-~

]
i

V(R) = 79.6; Vg
comprred with
V(R) = 71.5; Vg = 100; Vg = 4.9
There is some divergence in the two results for the red
stimulus, Although the difference is smnll compnared with the
nornal range of values of Vy (chapter 1V), it is rather larger
thn would be expected from experimental error. None the less, the
datn do seen to confirm that the receptoral response renains
unchnnged with age. The results for F.L.W were taken from Mortin
et al (1933) and from private communication.
3. £LaG.G.
The chronnticity co-ordinntes of Sp were found for A.G.G.,
an &phakic observer. In this case, the ficld conditions were as
for the gencral survey, viz. 1°20' square field and 2 2n.n exit

pupil.

Resgults.
The chronaticity of Sg was found as
J127(R) + .216(G) + .657(B)
and this is plotted in Fig. 54. In a paper by the obgerver
(Gnydon (1938 ) it is stated that, before removal of the lens, his
colour vision was normnl., This staterent was based on neasurements
by Pitt ~nd hence it is presumed that the chronaticity of SB 1ny

within the normnl rance, before removal of the lemns., Fig. 54 shows
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that the present Sp lies well outside the rangefr normal observers

of the age group to which 4,G.G. belongs (46-50 year group). In
faet, the result indicates that a yellow filter has effectively
been removed fron before the receptors, ~s would be expected. The
result of renoving the lens is sufficient to give L.G.G. less
pre-reccptornl yellow pignent than the extrene of the youngest age
groups. This regult is indicative of the great effect which the lens
has upon the chromatieity co-ordinntes of Sy . More quantitative
annlysis was not ntterpted, becnuse of the great enh~ncement in
sphokie observers to the blue sensitivity by ultra-violet light.
Geydon reports this (1938 ), as docs Wald (1949), ~nd this effect
would invalidate comparison between colour matches of aphokic and

norn~l trichronatic observers.

Conelusions.,

The results reported in this chapter provide a check as to
whether or not the data of the survey are applieable to individu~l
observers., A4is the previous data have been fairly well explained
by the data on lens ageing of eleven observers, ns neasured by
Said and Wenle, it was expected that individual results would show
agreement with the data of the survey.

The conclusion that the receptor response remains unchanged
with nge is substantinlly confirmed by the colour mntch of 494n u
for W,D.W and the values of the relative luminositics of the
notehing stipuli of F.L.W. The tronsnmission changes with ~ge in
the oculer medis are not so well borne out by the present results.,

However, ns was pointed out, the results do tend to confirn the
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fact that the lens data of S~id =nd Weale yield an incorreect

prediction of the change in chronatiecity of Sp with age. It appears
that +the shift with age in chromaticity is towards a shorter
wavelength in the spectrum locus than is predicted by Snid and
Wenle's data. The.data of the aphakic observer show the extent

to which the lens absorption affects colour natching data.
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CHAPTER V111

Variation with Age in Performance on the Fornsworth-Munsell

100 _hue Test.

As previously menbtioned (Chapter I) Verriest (1963) and
Verricst et al (1962) found that the results of the 100-hue test
for hue discrininntion were significantly correlated with age.
These obscrvations were confirmed in the screening tests carried out
by Mrs. Birch, preliminary to the present colori-ietric investigation.

The test, designed by Farnsworth (1943) as a diagnostic test
for defective colour vision, wses 85 of the Munsell colour chips of
cqual value (lightness) nnd chroma (saturation), which have to be
arranged in order of successive hues, The chromaticity of the
colour sanples, which dependsupon the type of illumin~tion used,
will vary with any coloured filters interposed between the obsgerver
and the test, It was shown by Verriest that performance on the
100-hue test was affected by yellow filters placed before the eye,
and the change in lens trensmission with age nust therefore affect
the results of the test.

The work repdrted in this section was an effort to prediet the
general forn of the change of colour response with age, as nmeasured

with the 100-hue test.

Experimental.

The spectral reflection curves of the Munsell 100-hue discs
were neasured,using a Beckman D,K. recording spectrophotometer.

The discs were sufficiently large to reflect the whole of the
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spectrophotoneter bean, and were nounted behind » sheet of black
cardboard, into which a hole was cut for the disc. Magnesiun oxide
was used as a comnparison surface and 100% and zero lincs were
checked before each nessurement, A few results are shown in Fig., 55.
The energy distribution of source C was taken as the spectral
compogition of the illuminant, this being the approxinate source
used for both Verriest's -nd Birch's investigations. The effect
of ageing on the visual system was taken as cquel to the lens ngeing
neasured by Said and Weale, this being virtually equal to the age
changes deduced fron the present colorimetric investigation. The
conputation was performed for a 3m.m. exit pupil,that is, for a
condition of light adaptation. Under such conditions, the variation
of pupil size with age produces virtually no variation in the
correction to the lens ngeing deta for pupil size (Weale 1961b).
This assumption ef virtual light adaptation was true for the colour
natching cabinet used by Mrs Birch.

The tristinulus values of the Munsell chips were then computed

o]
w

..'...I.(l)
rnd similarly for Y and Z, these being the tristinulus values.
i?X is the distribution coefficient of the 2° C.I.E. obscrver dota;

H

?K the relative energy of source C; f;  the spectral luminance
factor of the sample and 4 a factor representing the change in
lens transmission with age. A represents wavelength in each

ease, Computation was performed in the range 400 - 700m u, this

being the range in which lens ngeing data is availabe, and
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conputation was performed nt 10n n intervals, The tristinulus

values of equntion (1) were normnlized to give chronaticity
co~-ordinates and these were transformed to the Breckenridge and
Schaub (1939) uniforn chromaticity system. The equations used for
this were:-

823 (x+y - 1) x' = ,075 - x"'
1.0x - 7,053y - 1.64

o) b)

! _3.697x - 5.077y - 1.369 y!

x:!

fl
i

y'' - .50

where x and y are the C.I.E chromaticity co-ordinates, and equations

b) adjust the U.C.S. such that the equal energy point is central,
The conmputation was perforned using an Elliot 803 computor

belonging to the Imperial College optics department. Three sets of

volues were computed, with values of ¢ corresponding to lens

A
ageing at 45 years and 65 years and for the normal C,I.E. observer,

that is with + A equal to unity, to represent the young observer.

Resgults.

The results are illustrated in Figs. 56 - 57. Figure 56
gives the C,.I.E co-ordinates for the three age groups, a continuous
curve having been drawn betwecn the samples. The locus of
co-ordinates for the standard C,I.E. observer shows close identity
with the results given by Granville, Nickerson and Foss (1943)
in their description of the 100-hue test. Figure 57 shows the
position of the coloured discs in the uniform chromaticity scale

rnd every fifth sanple co-ordinate has been numberecd,

Digcussion,

4 first inspection of the results irmediately shows either
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thnt the 100-hue test does not consist of equally spaced hues or
that the Breckenridge and Schauh chart is not a truly uniform chart.
Close grouping occurs in the red (81 - 10) and the blue-green
(38 - 54) regions, PFurther, this close grouping becomes more
narked as age increases, in agreenent with the loss of
discrininntion in these regions as nge increases, reported by
Verricst et =21 (1962) and by Birch.,

The following gquantitative investigation of the results has
been attempted on the basis of certain ~nssumptions, in particular
that the Breckenridge and Schaub chart is effectively uniforn.
This is probably justified for the fairly restricted chrouaticity
range in the central arca of the chrrit, where the Farnsworth-
Munsell discs are located. On this assunption, the probability
of discrimination occurring between two points is then .
proportional to the distance between then in the chart, The nmethod
of scoring the errors on the Farnsworth-ilunsell 100-hue test does
not give a direct measurenent of the discrimination sensitivity
of the observer, but it has becn assumed that the ratio of error
scores for different regions of the Munsell locus is directly
proportional to the ratio of the chromaticity sep~ration of the
hue samples in these regions,

Fig, 58 shows the inverse of the distance between every five
discs, as measured in the U,.C,S. chart, i.e, the distance between
85 and 5, 5 and 10 ete,, for the standard C.I.E. observer. They
therefore give an estimate of how the colour confusions in the

100-hue test are distributed for young observers, The envelope
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of Verriest's results for the 26 - 30 age group has also been
plotted with an arbitrary zero, Fig. 59 shows the results of
Birch for the 26-30 group, analyzed to give the error scores in every
set of five disecs. In Fig. 53,%t.e curve has beenn normalized with
present c2lculation at the penk value, and the agrecuent between
chrleulntion »nd experinent is frirly éood, ~t le~st 2s regards the
position of neoxima in the error score. The one region of
dis=2grecnient is in the red region, Nos. 1 - 10, where actual
discrinination is better thnn would be expected from ealculatiomn,
This nay be due to lack of perfect unifornity in the Breckenridge
and Schaub chort,

To estimnte the effect of age, dnverse ratios between distances
in the U,C.S., chart for the young and the two older age groups were
taken, agein for distances between every fifth dise., These ratios
are given in Fig, 58 - 59 and ag can be seen they predict that a
logs in discrimination should occur, with increasing age, in the
red and blue-green hue regions, Tais is ~8 found experinentally
by Verriest ~nd by Birch, and the results of the latter investigator
have been analyzed to provide a comprrison, The ratios of the
error scores for the young and old nge groups 2~re plotted in
Fig. 59. These data show good ngreenent with the calculation,
although they require to be normalized to the calculated values
to give accurate ngreement. This requirement indic~tes the majn
source of disagreement between the calculated and experinental
age changes, nonely that the old observers should show better
discriminating power in certain regions of the 100-hueclocus

(e.g. Nos, 70 - 75), whereas, in actual fact,there is an overall
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loss in discrinination with nge,

There are two possible explanationsg of this disagreement,
One is that there is an overall loss of hue diserinmination with
age, as could be inferred frow the present work on the J.N.D.
wavelength digcrinination steps. However, the non-honogeneity of
the observers referred to in that case was 2lso true in the case of
the 100~hue tests carried out by Birch. The results of the 46-50 yr
old age group, which was conposed a2lrmost equally of observers with
scientific and technical training and those without are shown in
Fig. 60, plotting the two groups separately., The difference in
the number of errors made by the two groups is very narked and as
ne~rly all the younger age group possessed scientific or technical
training, this could well cause the apparent gemeral loss of
discrinination with age. Such an explanation is in keeping with
the discrimination data obtained by the foreced choice technique in
the present work, The overall loss in light transmission due to
the lens is unlikely, at least in the case of the results of Birch,
to lower the illumination to nesopiec levels, in which conditions
the age changes in the 100-hue test are sinulated by young

observers (Verriest et al 1963).

Conclusgions,

It h~s been shown that the selective nature of the loss of
hue discrimination with age, as nmeasured on the 100-hue test, is
predicted qualitatively ~nd quantitatively by consideration of the
change in lens tronsmission with age. An explanation for the
general loss in discrinmination with age throughout the 100-hue test,

has also been suggested,
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Chapter 1X

Light Transmigsion Propcrties of the Macular Pignent and the

Hunan Crystalline Lens.

1). Mocul-r Pigmentation.

Introduction.

In sgsessing the changes with age in transniission of the
optical media of the eye, the possibility of increase with age in
nacul~r pigmnent density was exanined, ALlthough there was no
indieation thet such an inerease did occur, the present colorinmetrie
survey did provide an opportunity of investigating the wavelength
dependence of macular pigment absorption,

Wright (1928-29) published observ~tions on the chromaticity
co-ordin~tes of the white source Sg, for 31 normal t$richrom~ts.

The l-rge varintions obscrved in thesc white points was attributed,
at least in part, to varintions in the density of macular pignent
in different obscrvers. It was poinbted out, howerver, thot
receptoral variations would also cruse differences between observers
in the white point chromaticitics. The mrculer pigment, = yellow
pignent found in the central fovea of dissceted human retinae,was
first observed by Soermering. Gullstrand (1906) claimed that the
pigrent, which he identificd as a carotencid, was a post-norten
effect. Wnld (1945; 1949) identificd the pignent as o carotenoid
and ~lso published an absorption curve, which was very similar to
that of crystalline zrnthophyll, with which he tentatively
identified the mrculrr pignent. Wold also found that the pignent

occurred in variable anounts in different observers, from no
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pignent in some observers to quite high densities in other obscervers.
This fact fitted Wright's experinental observations very
satisfactorily, and also renders the 'post-morten effect'
explanation difficult, because of the fact that some dissected eyes
had no detectable pigment. Rushton (private comnunication) reports
th~t the pigment is visible under a slib’lamp illumination,

Walls and Mathews (1952) suggested that the cause of the
difference in colour-vision response of the foveal and parafoveal
regions of the eye was a difference in distribution of receptors
in the different retinal regions. This distribution was supposed
to be varinble in different observers, Brindley (196 0),however,
pointed out that such an cxplanation would necessitate a variation
in hue of monochromatic light at different retinal locations,

Although the pignent distribution in the retina is not known
exactly, the post-mortem yellow spot is restricted to the fovea.
Wright (1946) neasured the chronaticity co-ordinates of the white
point Sp at retinal locations away fron the central fovea and found
thnt the white point moved away fronm the yellow part of the spectrun
locus as it was located further frou the fovea (up to 6° away).
This he interpreted as being due to the renoval of the screening

macular pigment, as the field was shifted from the fovea.

Ains of the Present Investigation.

The present work has been carried out with two ains, Firstly,
in order to find the extent to which the change in colour vision
response with change in retinal location is due to macular pignent

changes and to what extent it is due to variation in receptor
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response., The second ain was to deduce an absorption curve for the

naculnr pigment from colour natching data.

Colour Matching for White Point Sp in the Parafovea and Fovea.

Observers,

Four observers were chosen fron the 150 young observers taking
part in the colour vision and age survey. Fron Fig. 61 it can be
seen that observers matching the white point Sp near point K will be
observers with small concentrations of macular pigment, whereas those
close to L will have large concentrations. Observer K.H.R possessed
heavy pignentation and R.A.H. about average amounts, whereas J.h.S
and M,G. both posscssed little if any pigment. As previously
mentioned, variations in receptoral response will also cause changes
in the white point chromaticity co-ordinates. To check the
similarity in response systeus of the four observers, the following
noy be noted,

1) All four observers possessed norn:l wavelength
discrinination (some results for K.H.,R and J.4.S are given in
Chapter 111).

ii) The spectrun loci of the four observers were all near the
nornal, A comparison for K.H.R =nd J.A.S is given in Fig, 62.

iii) The relative luminances of the matching stimuli of the

W.D,W systen were

Red stinulus (650m ) Blue Stirulus (460m .u)
M.G 62,4 5.5
R.AH 50,0 5.0
J.L.S  79.6 5.1

K,H.R 66.0 7.0
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FIG W Chromaticity co-ordinates of the spectrum for ten observers as measured by erght.
Shown also are the chromaticities obtained for the white point Sz by the present author from
observers who took part in the initial survey.
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F1G. 61, The spectral chromaticity co-ordinates for observer K.H.R. are shown by the con-
tinuous line. The broken line shows the co-ordinates for J.A.S. The co-ordinates are in terms of
* the matching primarics R, G and B plotted against wavelength, 4, in mgu, ’
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Results relative to a green stinulus (530m.p) Juninosity of 100,

Llthough these are variable fron observer %o observer, they
are well within the range of normnl observers given in Chapter 1V,
and do not show any consistent trend with the estinated mrcular |
pignent concentrations.

As the three sets of observer data discussed above are all
independent of pre-receptoral abgorption, it seens unlikely that
differences in the receptor system of the observers will greatly

affect comparison of the datn for the four observers,

Experinental.

The colour n~tching was perforned, as beforg with the Wright
colorimeter. The Ronis filter, described in Chapter 11, was used
with a sub-standard S, source to give the standard source Sp. A
red fixation spot was provided by the adapting source of Fig, 10,
which was reflected into the cye by means of n~ reflector in the
cye-piece. LAs each obgerver used the right eye, the ficld was
alwnays situated on the tenpornl side of the fovea.

For extra-foweal natching, a flash and recovery cycle was used
to overcome Troxler's effect and progessive adaptation in the
nntches., Following the work of Clorke (1960) a fixed nurber (15)
of flashcs wns used to obtain a match, the cyecle being of 1 sec.
exposure and 3 sec. darkness, No separntion of the ficlds was
required for the smnll eccentricities used in this work. Sone
15 rpin, dnrk adaptation preceded ench series of neasurenments,

matching sessions lasting for about 1 hour.
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Results.,

Figures 63 - 66 show the results of colour m~tching using a
1°20' field at various eccentricities and also » 10° centrally
fixed field. The points ~re plotted in the W.,D,W. system of units,
using the wavelengths 494n u, and 582,51 u as the fixed points of
the system, with 650m u, 530n 1 and 460n n as the instrumental
natching stimuli (R), () and (B). Each point was peasured on three
or four separate occasions for each observer, Rather than plot a
single vanlue with it s standard deviation, it was preferred to show
the neans of each individunl natching session and take the areas
enclosed by these points as respresentative of the error assccizted

with the neasurement.

Discussion.

The author considers the present nmeasurenents as strong
evidence of a pigment existing in the fovea of the living eye, the
optical density of which can vary considernbly from observer to
observer, L difference in receptor rcesponse would be an extrenmely
unlikely explonation of the foveal differences in the chromaticities
of Spand Sy as matched by K.H.R and J.A.5 or M.G,as hns becn
explained in the introduction.

The macular pignent absorption data given by Wald (1949) hns
been used to calculate the dominant wavelength of the macul~r pignent
for sources S, and SB. The calculntion was performed by considering
the pignent as a filter situated before the response systen. The
distribution cocfficients were obtained fron experimental results

for K,H.,R and have been used in the calculation, For R.A.H,.,
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Fxc.b}The chromaticities of the white points $4 and Sp as matched at different retinal locations
by K.H.R. The eccentricitics of the centre of the field is given in degrees with each set of
matches. Also shown are the white point changes due to changes in optical density of xantho-
phyll. ’

O ——chromaticities of S4 for 1°20 fields.

@® —chromaticities of Sg for 1°20’ fields.

O —chromaticities of S4 for 10° fields.

B —chromaticities of S for 10° fields. .

— ——chromaticities of white points due to changes in xanthophyll optical density.
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FiG. bl.’_rhe chromaticitics of white points S and Sg as matched at different retinal locations
by M.G. Symbols as for Fig. 2.
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however, the C.I.E standard observer data were nssuned (Comnission
Internationale de 1'Ecloirage, 1931 proceedings).

The results for the non-pigmented observers J.L.S and M.G
indicate thnt little change in response occurs within the para-foveal
arcn investigated. Therefore, the changes in chromaticity observed
for K.H.,R and R.A.H ghould be due to changecs in concentration or
thickness of the mnculnr pigmentation, In thnt case, the chromaticity
changes should correlate closely with the doﬁinant wavelength curves
of xanthophyll. In the case of R.A,H agreement is quite good for
both sources 5; and SB, whereas for K,H.R agreenent is quite good
for source Sp but not for S,. The results of the latter observer
are widely separated in the chromaticity chrrt and hence any
disagreenment between the calculated and experimentally measured
results is more easily detected. A further notable point is +that
the directions of calculated shift in chromrticity due to variations
in xanthophyll density are clogely sinilnr for K.H.R and the
standard observer. This demonstraotes that the brichromatic response
systems for the two cases are very similar.

The 10° white points for the "pigmentless" observers agrce
closely with those for the small field matches, whereas for the
other observers the 10° point is located in the chromaticity chart
close to the snall field white points measured at 2.5%° and 5° from
the fovea. These results suggest that the differences in chroniaticity
betwecen the two field sizes,viewed foveally,can be ascribed, in the
nain, to the filtering effect of the macular pignentation upon the

snall field. For R,A.H and K,H.R the large field showed a lack of
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uniformity in the blue-green matfhes, having a~ narked central
"Maxwell's Spot". This was ignored by the observers, when nmatching,
and apparently did not exist for the two other observers. Hence,for
a given observer, the comparison of the chromaticities of white
natches for smnll and lhrge fields is a good indicator of the
density of maculnr pigrentation within the eye, ~ssuming "Maxwell's
Spot" is ignored in the 10° case.

The fact that such large variati oms in macular pigment density
occur from observer to observer nakes any functional explanation
of the pigment, such as thatattempted by Dartnall and Thomson (1949),
difficult to accept, especially as some observers appear to have
virtually no pigmnent. The hypothesis of Judd (1952), namely that
the pigrient protects the fovea from over-stimuls~tion by blue light
such as causes long-losting after-images, may be valid. It is hoped
that further experiments will be carried out to investignte hié

suggestion.

The Spectral Absorption Curve of the Mncul~r Pigment.

The megsurenents of the previous section showed that,in the
cases of J.A.S. and M.G. ,the proportions of (B) to (G) required to
notch 494n u were constant with ch-nge in retinal location of the
cclorimeter field, For K. H,.R,however, = large change in this ratio
wns noted, and a similar but small change in the case of R.ALH.
This varintion in the natches of the second pair of observers was
attributed to the change in optical demsity of the macul~r pignent
with chonge in retinal location. Further, it was noticed that a

variation also ocourrcd in the proportions of (R) and (G) in the .
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582,51 1 mnteh, although the effect was less narked than for the

blue-green natch, If this lattcr observation were also due to the
pigment absorption, it is =2t variance with the chemical identification
of Wald, since the ~bsorption by xanthophyll of 530m m or 650m u is
negligible (Fig. 67). If sinil~r measurements ~re carricd out with
other sets of mntching stimuli and test colours, it is possible to
deduce the absorption curve of the n~cular pignent.

Thus, consider two points of the retina with the same cone
response, of which one point is covered with n~cular pignent and the
other clear of pigument. Let F, and F, be the luminous flux of the
wavelengths LS} and A 5 required to match a wavelength A at‘thef
pigment free point and F,'and F,' their flux for a match at the
other point. Further, let the transmission of the pignment at A 1

and X.z be T1 and Tz. Thens

1 t
Fl/F2 =P T4/F5 T,
which expressed log~rithmioally becomes:-
logFq - logPFs = logP;' - dp = logFy' + da (1)

where d; and d, are the pignent optical densities at Xl and A o7

logs being expressed to the base 10,
But from experinent we have:-
logFy - logFp = 8 5 and
logFl'- 1ogF2'= 61
Where logF,, etc., are obtained directly from the instrument sosles ,
which are calibrated logarithricazlly, therefore
(logFy ~ logFo)—(logF{ - logFy) = ~(1-82)

a 2
and from (1) ay - dp =87 - B 2 (2)
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If an observer possessed no nacular pigment,dj and dz would be
zero and hence, from (2), 61~ &, should also be zero. This
calculation has assumed equal cone response at different retinal
locations, and the validity of this assumption has been checked by
finding the values of (§;-& ,) for an observer with negligible
n~cul~r pigmentation,

Expression (2) gives the difference in optical d ensity of the
pignent -t two wavelengths, assuming thnt one of the retinal
locations at which the measurements were taken is free fronm pignment.
If, as is almost certainly true for the present work, neither point
is cle~r of pigrment, the opticaldensities obtained will be
proportionnl tothe difference in concentration of the pignent 2t the
two points. Such ~ neans of measuring the optical density of the
naculnr pigment depends solely on changes in physical stinmuli and
is independent of any subjective assessment of colour qualitv.

This principle hag been applied using natching stimuli over
the range 580n u to 440n u. It wns not possible to extend the range
of measurements beyond 440nm p as there was insufficient light at
wavelengths shorter than this for theu to act as natching stinuli,
Instend ;the changes in a heterochromatic brightness match at
different retin~l locations were used to obtnin th~ optic~l density
of the pigment in the short-wave region. In this case, O is the
logarithmic change in light flux required to maintnin the brightness
natch between A 1 and A, as the field is located at different
positions on the retina., This method could have been used to obtain

the rest of the density curve, but heterochromatic brightness
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natching is a less relinble technique than colour matching,

Experimental,

Two observers, K,H.R and J.A.S., were used for the me~surenents.
The results of J.A.S. were couprred at one or two points with the
results given by M.G. in the first port of this work.

Wavelengths between 590m u and 520m u,taken in steps of 10m m,
were in twrn used as one of the mateching stimuli, 650n u providing
the other n~tching stimulus. The comparison stinulus was in each
case provided by an intermediate wavelength, this lntter being chosen
such that it was ns sengitive as possible to changes in both the
nntehing stimuli, This region of the spectrum locus is sufficiently
dichron~tic to require no desaturation for nrtching. Wavelengths
between 450n 1 2nd 490m u, ~gnin taken in steps of 10m u, were used
as one mntching stinulus with 530m p providing the other, ~nd
sinil~rly wavelengths between 520n u ~nd 490n u were wixed with
460 ;u, In the two latter sets of matches the intermediate matching
stimulus was provided with » minimal amnount of red desaturation.

The trichromatic nature of the mateh wasg ignored for purposes
of calculation, a red natching stirulus being used merely to obtain
a2 satisfactory match.

The field was again presented in a flash and recovery cycle,
this tine only eight flashes being utilized, so os to nininize -ny
progressive adaptation in the nmntches. The retinal positions
investigated were at the foven and 2° eccentrically fron the fovea,
the field again being situated on the temporal side of the fovea

in the latter case.
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Results,

The results are swmorized in Fig, 68. ZEach point represents
the nean of five readings taken in one session, Each wrvelength
wag nrtched on at lenst theee separate occasions. The point at
490n 1 shows rather greater spread in value than other wnvelengths,
due to the fact that forreasons of colour mixture and geometry of
the instrument, it was difficult to devise a semsitive match using
this wavelength, The curve shown is a composite curve, the points
between 440m m and 490n n having been obtained relative to the value
at 530m u and those between 520m u ~nd 4901 p relntive to the value
At 460n pn., Further, the points between 400m u »snd 440n u were

deterrnined relative to the values nt 450n nj.

Digscugsion.

The interpretation of the curve in terns of maculer pignent
absorption seems well founded, as the observers M.G and J.A.S, show
prectically no variation in the function plotted. PFurther, the
point 2t 520n u yields values for the opticnl density of the pigment,
relative to the absorption at both 460n u ~nd 650 m which arc self-
congistent, an extrenely unlikely occurrence if receptor varintions
were the cause of changes in natching.

The res:1ts show an absorption curve for the m~cular pignentation
which is of ~n appenrance suggesting = carotenoid absorption, and
the pignent has been identified =s a carotenoid both by Wald and
Gullstrand, Wnld produced an absorption curve of extrrcted mrculer
which was coupled with visusl observntions. These visual results

were obtained by taking the difference in cone threshold at the
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fovea 2nd 8° from the fovea, and to some extent supported his
identification of the pigment ns xanthophyll. H 45 nethod does
presune, of course, that the cone response is const=nt =as far ¢.58°
fron the fovea, Wald's visunl results h-ve becen plotted against the
present curve and it nny be noted that 2 point which he obtrined at
545.5m 1 ngrees well with the present curve, 28 do his other visual
results which lie within the wnvelength range of the present
investigation (Fig. 68).

However, the differences between the ~bsorption curve obtained
for Wald's extracted chemical ~nd that of the present investigation
suggesats that further work is required to identify the pignent.
Evidence does exist for naturally occurring carotencids which have
absorption extending to 560m 1, as con be seen byexemining the
absorption curves given by Karrer and Jucke. (1948) for substances
such 28 rhodoxanthin.

Other identifications of the maculrr pigrment have been carried
out by Sachs, by Kugelburg and by Henstrom (1940), the last working
on macaca nonkeys. All these investigators obtained absorption
above the upper wavelength sbsorption linit of xenthophyll, although
the gpectrophotonetric curves of Sachs and of Hanstrom did not yield
absorption peaks typical of carotenoids. The maxinun of the curve
for K.,H.R at 490m 1 is somewhat doubtful, although it was found that
a nateh of 470m u, made by mixing 450m u ~nd 490n m, was acceptable
to all observers, honce indicating that the absorption of the
pigment nust have a similear value at these three wavelengths.

This derived absorption curve was used to calculate the chnnge

in chromaticity of Sy and Sp with variation of pignent concentration,
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Figs. 69 ~nd 70. This was done for observer K.H.R.,, and as the

observer's distribution coefficients were agnin used for the
cnlculation, the results are independent of ~ny assuned data, except
for the wavelength distribution of the energy of source Sj. The
agreenent between the caleulnted data and observed changes in the
chronrticities at different retinnl locations is good, supporting
the conclusion thnt these changes ~re due to variation in the

nrcul~r pignent density ot different retinal locations. 4s the

point of zecro pigment density is not kmown,percentages hnve been

expressed relative to a 100% ~bsorption between 0° =nd 2° off the

fovea.

The following n~y be noted:

() the ~greement between c~lcul~tion ~nd experinental results
is much better than the comp~rison based on Wnld's pigment absorption

data
b) the change of pigment densit between the fovea and the
& &L A

different retinnl locations investigated) required to give the
chromaticities of both Sy nnd Sg ~t different retinal locations is
consistent for the two cases. Only nt 5° is there some discrep=ncy
and this is not great in view of the greater error ~ssociated with
the neasurements ~t this point.

(¢) there is ~ disp-rity in the cnlcul~ted and measgured
chron~ticities for the foweal location. The trichronatic
distribution cocfficients involve the neasured values of the relotive
lurinosity curve, the chromaticity co-ordinntes nnd the reletive
lumin-nees of the nmntching stirmli on which the chronsticities are

based, Fron these neasurements, the accunul ted error in the
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Ficb9. O—Values of the chromaticity of the white point Sa for different concentrations of the

macular pigment. The results are calculated for K.H.R. using the optical density curve of

Figh8. The percentage change in the pigment (relative to its value at the central fovea) is
given with each point. '

Also shown are the matches at various foveal eccentricities obtained by K.H.R., and the
calculated change in chromaticity due to changes in coneentration of xanthophyll — —.
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calculrted chrom~ticities of sources 85, and Sg wos estinated at
about f .015 in the red co-ordim~te nnd } 0,020 in the green
co-ordin~te for Sp ond T 0,020 in either co-ordin~te for S;. This
range of error is grenter than the difference in the experimental
and ealculated points.

(d) n distribution curve for the m~cul~r pignent concentration
or thickness variation ncross the fovea can be deduced (PFig., 71).
This curve shows the wvariation ncross the retina, the optical
density of thepigment being directly proportional to its concentration
(Beer's 1~w). The shope of the eurve between the mersured points
is of little significance, serving only to connect these points,

In caleulnting the chromaticities of extra—foveal natches,
~dditivity hns been nssuned throughout this work. Time did not
perrit an investigation of the walidity of this ~ssumption. Previous
work for su~ll fields by Clmnrke (1960) showed that ~dditivity does
not hold ~t 10° from the fovesa. However, the results for the non-
pignented observers seem to indicate th~t ~dditivity holds for the
white points under the present conditions, ~t least =approximntely.
If the non-linear retinal processes are indeed duc to rods
interacting with the cones, it would be expected that the effects
of non-additivity would become more noticeanble, the further fron
the fovea the field ds situnted., Considering the distribution of
rods ncross the retinn, ns given by Osterberg (1935), the breakdown

even ot 5° would be ruch smnller them ot IQ°.
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2) Scattering of lLight in the Hunnn lLens.

Introduction.

Measurenents on the effect of age upon colour vision indicated
that the main cause of age changes was an incrense in absorption of
the pre-receptoral media, This absorption was such as to follow
fairly closely Rayleigh's law, regarding its wavelength dependence
and the possibility of such senttering nrising in the lens was
discussed. It wns decided to attempt to detect such scattering
directly by experiment and to nake sone seni-quantitative
neasurenents,

Previous work on scnttering in the eye has been concerned, in
the nnin, with the effect of scatter as 2o cause of glare. Suéh
work includes that of Stiles (1929) on the veiling effect of a
glare source. Wright (1946) nentions scatter of light in the
ocul~r nedia as ~ contributory cause of glare effects. A4 number of
papers have been written on scatter in the eye by Boynton and co-
workers, Boynton (1953) reports the effect of scattered light on
the b-wave of the human E.,R.G. Conpnrison between the E.R.G.
produced by snnll fields and large fields gave on indication of the
effect of the scattered light (frou. the snall field condition) ~nd
the equivalent direct light intensity required to girulate the
effect of scatter (from the lorge field condition). Boynton found
some indication of greoter efficiency of blue light in producing
the b-wave, which he attributed to Royleigh-type scatter. De Mott
and Boynton (195&&) found that for an excised steer eye, there was

not o nnrked wavelength dependence in the intensity of the scattered
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light, for nlthough the blue cnd of the spectrum was scattered

nrrkedly more thon the green, so wns the red end. De Mott and
Boynton (1953h) report thnt in the excised steer eye, the cornea
and edges and core of the lens give rise to nost of the scatter,
the cornea giving rise to nbout 70% ~nd the lens 30% of the scatter.
Vos (1962) published a photograph for the hunon eye, in which the
cornen and outer regions of the lens appeared to be giving rise to
the light scatter., By consideration of the Stiles-Crawford effect -
upon glare sources for varying glare ~ngles, he deduced that scatter
of light is virtually the saue for all glare angles. He attributed
30% of light seatter to the cornea. Boynton ~nd Clnrke (1964)
attributed 25% of entoptic light scatter to the cornen and the
ren~inder to vitreous nnd lenticul~r scatter. The source of
disngreenent between the last two results nnd the data of Ddiott
and Boynton is not certain, nlthough ~ likely cruse is the existence
of rapid post-norten changes in the excised steer eye. Le frand
(1957) reports that the effect of glare sources upon contrast
sensitivity is not dependent upon wrvelength., Gindy (1963)
ex mined the possibility that scatter of light within the eye was
contributing to colour contragt phenonenn, On this rssunption, he
found that blue light would have to bescattered nmuch nore efficiently
th~n other wavelengths to explnin his experinental data.

Hence, from pnast work, there is only slight evidence for the
existence of Rayleish-type scattering within the eye. Only
Boynton (1953)~nd Gindy (1963) hnve found some evidence for its

existence,
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Experinental,

Apparatus. J

L diagra .ratic representation of the apparatus is shown in
Fig. 72. The source used was a 1,000 watt tungsten filament lamp
at S, focused on t9 a pin-hole by lens Lj. In order to prevent
formation of an image of the tungsten coils, the lamp was turned
so th~t these coils were virtunlly conbtinuous in the inm~nge at the
vin-hole, and the bean was slightly defocussed at the pin-hole to
further prevent any such image formation. The light from the pin-
hole was collin~ted by Lp, =2n achron2t, and re-focussed by L,
another achronntic doublet. The lens Ly, of low converging power,
was used to provide a fine adjustnent of the position of the focus.
Filters could be placed at point G in the systen,

The exit bean was divided by a send-silvered nirror placed at
R, Bean A entered the observers eye, obliquely, at an angle of
about 750 to the line of sight . The observer's head was fixed by
= dentnl clamp, although in order to position the bean correétly in
the gye, it Was necessary to provide further support for the fore-
head, L fixzation spot, D, was provided for the observer's eye,
in order to fix the angle at which the light beam entcred the eye.
Beann B was reflected by a mirror at T, through a neutral density

wedge V and on to a white reflecting surface ~t W. All light

energing fron the instrument, other than the converging light

bean, was excluded.

Method of Measurenent.

The observer was requested to view alternntely the reflecting
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surface W and the fixation spot ~and to adjust the brightness of the

surface, with the wedge V, to be equal to that of the scattered
light visible in the visunl field around the fixation spot. A
nunber of ranid glances were used to obtain the brishtness match.
The ne~surenent was perforned for a series of coloured filters

placed a2t G,

Sources of Error,

The rel~tively simple technique outlined above is subject to
several difficulties. The greatest is the existence of rapid
ndaptation in the eye, which causes the apparent brightness of the
seattered light to change rapidly. No attempt wns nnde to overcone
this, except by using only short tines of viewing the scatter. The
adaptation was ~pparently due to the incident light bean causing
the ssatter, nlthough the observer was virtually unaware of the
incident bean itself. Use of a binocular nmatfhing technique could
have helped to maintrin fixed levels of adaptation., The variation
of ~daptation level rendered the experiment no nore than seni-
quantitative in n~ture, The adnptation change was confirmed by
observation of the eye pupil of the observer.

The quality of light scattered onto the central fovea and that
received fron the reflector was not the sane, Broad-band filters
were used to provide the different ‘'wavelengths' (fig. 73), in
order to give sufficient light to yield visible scrtter. In
scgttering, a colour difference between the scnattered light and the
reflector was apparent, nrking it difficult to obtain a satisfactory

brightness match,
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Finnlly, localization of any nmeasured effect in the lens was
difficult, because the light has to pass through the total ocular
nedia, The oblique angle of incidence ensured that the effeet of
corneal scatter was mininized, but the vitreous hurour would give
rise to soatter (Weale 1961a) es would the retina, although the
1~tter is not likely to be of inportance. The eye was initinlly

dark-adrpted, so that eye »uy il size was fairly large,

Observers.
Fi¥e observers took part in the work., Two of these were of
age 24 yenrs (K.H.R., W.R.W), two 41 years (W.H.XK; C,C.) and one

was 60 years of age (V.I.R).

Regultd,

The results are shown in Fig, 74, each point representing the
nean of four settings of the wedge. The intensity of the scattered
light h~s been plotted as a function of A . The intensity of the
scatter was neasured as the flux required at W to give equality of
brightness between the scattered light and W, It was therefore
taken in terms of the cnlibrated intensity scesle of the neutral
density wedge.

The intensity of the scatterd lisht should be proportionsl to
l/l4. Due to the errors involved in the technique, the wavglength
of the transmission peak of each filter was considered a sufficiently
good sgproxination to the wavelength of the scattered light. The
age dependent loss of transmission through theoptical media also
affects the light reflected inte the eye fron the surface W =nd

the results h~ve to be corrected to allow for this, This correction
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to the results of the older observers was made by c~lculating the

effect of lens ageing data of Said =nd Weale upon the intensity

of the light bean frow W.

Discussion,

The intensity of scattered light at the fovea appears to be
nore n~rked for blue than red light, cven in the ease of young
observers. The dnta were not considered to be of suffiecient
aceuracy to merit ealculation based on Rayleigh's l~w, but the
intensity does appear to be inversely dependent upon wavelength.

The scattering also appesrs to inecrease with age, the results
for the old observers being significantly different fron those of
the young observers, despite lorge scatter of individual results.
The intensity of the scattered 1i:ht, expressed logarithrically,
has been normalized for all observers for the red bean in
Fig, 74. This helps in comparison of the wavelength dependence
of the scatter for different age groups, which is the point of

interest in the investigation,

Conclusions,

The results of this investigntion appenr to indicnte the
existence of wavelength dependent light scatter, which is of
Rayleish form in as nuch thet it is nore n~rked at short wavelengths
than =t long. Further, this seatter appemrs to inerense with age
at short wavelengths, relative to the scatter ~t long wavelengths.
This is as would be expected,if the nunber of scattering centres
were inereasing with ~ge. These data, if &ccurate, provide good
agreenent witht he conclusions drawn from the survey of colour

vision and gge.
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Lhapter X

General Conclusions and Corments.

Measurenents on 400 obscrvers have provided stetistical dats
concorning the variation of colour vision response with inerensing
age. In discussing the genernl importance and appli%bility of the
data, ot least one linitation of the observer saupling has to be
borne in rmind, The observers all had healthy vicion, even those
over sixty years of age. Fischer (1948) hns given data which shows
that the incidence of pathologieal conditions rises significantly
with increasing age. Hence, it should be noted th~t the data
pertain to observers who are selected both for normal colour
response and for healthy condition of the eyes.

The results of Chnpters IITI and 1V suggest that the receptoral
system does not change in colour response with age, ~t least in
terns of rel~tive response to different wavelengths, That wavelength
discerimin~tion is independent of nge is not an entirely definite
conclusion, ~s it rests to sone extent om results obtained for a
very limited s~mple (six observers only).

The #ffect of age upon colour matching and the relative
spectral sensitivity curve of the eye was also neasured (chapters v
~nd V1). Lssuming the response systen of the eye to remain constr~nt
with incrensing age, the effect of lens ngeing upon both the colour
n2tching and the V)h curve was caleulated., It was found that the
lens ageing was such as to give fairly good qu~litative and
quontitative nagrecment with the experimental chenge in the two
functions, Such differences =~s did exist were thought to be due

possibly to =ge chnnges in other parts of the oculer nedia of the
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eye, poriicul~rly the vitreous humour. The data of Wald (1949),

suggests that Snid and Weale's data nay not be strictly accurate in
its wavelength variation., However, the absolute density of Wald's
datn (fig.7 ) is rmch higher then indicnted by the present results,
which renders his datz sonewhrt unreliable., No effect of age upon
the macul~r pigmentation, however, has been detected, and indeed,

the dnta are such as to suggest that no change in macular pignent
density with age does occur (fig.51). Thus, it appenrs thnt the
lens ageing, occurring without any accomnpanying change i~ *le
receptornl response, can successfully predict the effect of ~ge

upon colour vision.

The wavelength dependence of the differences with age in the
transnission of the ocul~r nedia closely follows Royleigh's low
(fig.52 ). It is possible that two or nore piguents, each increasing
in density with age, could cause a similrr light loss. However,
Rayleigh~type light seattering has been demonstrated to occur in
the eye. Ls the intensity of the scattered light wns found to
increase with ~ge, this was presumed to be the sniie effect s that
giving rise to vorintions with »ge in colour m~tching etc. That
the age dependent light loss in the oculrr medin should be due to
scatter rather than pigment nbsorption hns the advontage that it
coald account for the loss of visunl acuity with nge.

Loss of light frow the retinal innge could ~ffect wavelength
diserirdnation (Thomson rnd Trezons 1957 ), but this is unlikely
to be detected unless very low levels of retinal illumdin~tion were
used (Bedford nnd Wyszecki,1958). In view of the level of light

intensity used in neasurenment of wavelength discrimination in the
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present work, this effect is not of inportence.

The effect of age upon the visu~l colour response can, therefore,
be calculated solely in terms of pre-receptoral absorption. Either
the lens ~geing d~ta or the nodified curve obtained from the present
datn (fig. 43 ) can be used to represent the trnnsmission chronges
of the optic~l nedia of the eye. An exrrple of this type of
caleulation hns been successfully carried out, and is given in
chapter V111, The inportance of ageing will, however, depend to
some extent upon the experimental conditions. For exanple, if
only = snnll nunber of observers nre represented in ~ given set
of dat~, the age variations are linble tJE;asked for suall (2°)
fields, by variations in macular pigment density (e.g. see Fig. 33 )
For large (10°) fields, however, the differences between different
age groups become relatively more inportant (e.g. date of Stiles
and Berch (1959), data of Fig.32 ). The fact thot colour vision

response does vary with age should, however, be generally recognised.
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Abstract—Measurements of the chromaticities of two white stimuli have been made for four
observers. From changes in chromaticity which occur as the field is moved from the fovea,
evidence for the existence of a macular pigment in the living eye has been obtained.

From a further series of colour matches, in which the matching stimuli were varied and the
comparison field was provided by a spectral band, the variation of optical density of the pigment
with respect to wavelength was deduced. Calculations of the chromaticity of the white stimuli
based on this optical density curve were found to be in good agreement with the experimentally
observed results. The variation in concentration or thickness of the pigment across the fovea
has been indicated.

Résumé—On mesure sur quatre observateurs les chromaticités de ‘deux stimuli blancs. Le
pigment maculaire est mis en évidence dans I’ceil vivant par les changements de chromaticité
qui se produisent quand le champ sort de la fovea.

Avec de nouvelle séries d’égalisations colorées avec des stimuli variés et un champ de
comparaison obtenu par une bande spectrale, on déduit la variation de la densité optique du
pigment en fonction de la longeur d’onde. On trouve un bon accord entre les calculs de
chromaticité des stimuli blancs fondés sur cette courbe de densité optique et les résultats
expérimentaux observés. On obtient des indications sur la variation en concentration ou en
épaisseur du pigment & travers la fovea.

Zusammenfassung—An drei Beobachtern wurde die Farbigkeit zweier weisser Reize gemessen,
Aus den Anderungen der Farbigkeit, die bei der Bewegung des Reizfeldes von der Netzhautgrube
weg auftreten, wurde auf ein Maculapigment im lebenden Auge geschlossen.

Aus einer weiteren Reihe von Farbtesten, bei denen die Reize variiert und das Vergleichsfeld
von einer Spektrallinie beleuchtet wurde, wurde die Variation der optischen Dichte des Pigments
mit der Wellenlinge abgeleitet. Berechnungen der Farbigkeit weisser Reize, die auf dieser
optischen Spektralkurve beruhten, zeigten eine gute Ubereinstimmung mit den experimentell
beobachteten Ergebnissen. Auf die Variation der Konzentration oder Dichte des Pigments
itber die Fovea wird hingewiesen.

INTRODUCTION

THE W.D.W. method of plotting chromaticities (WRIGHT, 1928-9) makes it possible to
separate the effects of pre-retinal absorption variation from those of receptor variation.
Spectral wavelengths, if matched trichromatically, yield chromaticities dependent only on
receptor response, whereas a match of a continuous energy distribution will vary with
differences in both the receptors and the pre-receptoral absorption. WRIGHT (1928-9)
determined the white point S for a large number of observers and found a large variation
in their chromaticities, which he attributed to the absorption of blue light by a yellow
macular pigment of variable density. Fig. 1 shows similar results obtained in a survey by
the present author. In a further experiment, WRIGHT (1946) measured his own white point
for a 2° field at various points on the parafoveal region and found that a shift in chromaticity
occurred which was consistent with a decrease in yellow pigment as the field was located

417
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further from the fovea. As mentioned by Wright, these results also depend on any variation
in the receptors which may occur at the different retinal locations. GILBERT (1950) also
studied the parafoveal region and obtained results similar to those of Wright, but further
suggested that there was little variation in cone response within 5° of the fovea. ISHAK
(1951) used this method of analysis in treating the results of his Egyptian observers and found
variations between observers consistent with a variation in density of a yellow macular
pigment. Further, his results were in agreement with WALD’s (1949) identification of the
pigment as xanthophyll.
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Fic. 1. Chromaticity co-ordinates of the spectrum for ten observers as measured by Wright.
Shown also are the chromaticities obtained for the white point Sz by the present author from
observers who took part in the initial survey. :

Some disagreement has occurred in the past as to whether or not the yellow pigment
found in the retina .of the eye is a post mortem effect. GULLSTRAND (1906 and 1907)
believed that it was and also identified the pigment as a carotenoid. However, differences
between observers in white point chromaticities and relative luminosity functions have
generally been accepted as evidence of the existence of the pigment in the living eye. A
geometrical factor causing reduction in blue light reaching the central fovea is a possible
explanation of these differences, assuming that such a factor could vary between observers.
However, the post mortem existence of a yellow pigment in the macular, coupled with
Wald’s data, is strong evidence for the pigment theory. WALLS and MATHEWS (1952),
however, have suggested that a receptor density variation across the retina, which is different
for different observers, is the cause of variation in colour response attributed to macular
pigment differences.
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PROGRAMME OF THE PRESENT INVESTIGATION

The aims of the present investigation were twofold. Firstly, an attempt was made to find
the extent to which changes in chromaticity of white points at different retinal locations,
such as were measured by Wright, are caused by differences in the receptors and to what
extent by differences in macular pigment concentration at the retinal locations studied. For
this purpose, matches were performed foveally and at eccentricities of 1°, 2:5° and 5° from
the fovea, the ficld size being 1°20’ X 1°20" angle of subtense in each case. Chromaticities
were also obtained for a foveally fixated 10° field, for comparison with the small field data.

The further aim of the investigation was to deduce an absorption curve for the macular
pigment from colour-matching data. In this case, the matching stimuli were varied and
spectral wavebands used to provide the comparison field. From changes in these matches
as the field was transferred to different points on the retina, a quantitative measurement of
the pigment absorption at different wavelengths was made.

OBSERVERS

Four observers were used, all of whom were normal trichromats. These were chosen
from some 150 young observers who had taken part in a colour vision survey entailing
colour matching, luminosity and wavelength discrimination measurements. From Fig. 1
it is seen that subjects with low pigmentation will match Sp to give chromaticities in the
region of point K, whereas those with heavy pigmentation will give chromaticities near point
L. This simple analysis is subject to complication due to receptor variation, but if observers
are chosen with similar spectrum loci, this will eliminate to a great extent the effect of
receptor variation. All four observers do yield a normal spectrum locus, but K.H.R.
possessed heavy pigmentation, R.A.H. possessed average pigment density and M.G. and
J.A.S. were observers with little, if any, macular pigment. The 150 young observers fully
confirmed the large range of chromaticities for white point matches found by Wright, and
substantially confirmed the mean direction of shift towards the spectrum locus.

APPARATUS

The apparatus used for colour matching was the Wright trichromatic colorimeter
(WRIGHT, 1927-8) in which the field is a square 1°20’ in size and divided horizontally into
two halves. A large matching field, 10° in size, was also provided, using the wide field
attachment of Clarke. Calibration was performed in the usual way, especial care being
taken to ensure that the wide field attachment was accurately calibrated, as any error in
setting would invalidate the comparison of the two sets of data for the large and small
fields. The white sources used were the standard sources S4 and Sg. Source S4 was obtained
directly by calibrating a tungsten lamp for colour temperature on a photometer bench,
using an N.P.L, sub-standard white source for comparison. Source Sg was obtained by
using the S, source in conjunction with a Ronis B 2 : 1 filter, and for purposes of calcula-
tion, the transmission of the filter was combined with the energy distribution of S, to give
the experimental Sg. The transmission of the filter was measured on the Wright photo-
electric spectrophotometer.

EXPERIMENTAL

Colour matching was performed in the usual way for foveal matches, a dental clamp
being used to fix the observer’s eye centrally with respect to the field. For extra-foveal
matching, a flash and recovery cycle was utilized to overcome Troxler’s effect and progressive
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F16. 2. The chromaticities of the white points S4 and S as matched at different retinal locations
by K.H.R. The eccentricities of the centre of the field is given in degrees with each set of
matches. Also shown are the white point changes due to changes in optical density of xantho-

phyll.

O —chromaticities of S4 for 1°20” fields.
® —chromaticities of Sz for 1°20” fields.
O —chromaticities of S for 10° fields.
W —chromaticities of Sz for 10° fields.

— —chromaticities of white points due to changes in xanthophyll optical density.
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F1G. 3. The chromaticities of white points §4 and Sp as matched at different retinal locations

by M.G. Symbols as for Fig. 2.
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adaptation in the matches. Following the work of CLARKE (1960) a fixed number (15) of
flashes was used to obtain a match, a cycle of 1 sec exposure and 3 sec darkness being used.
Approximate matches were obtained before the field was cycled, and the match was slightly
disturbed between each match. For the small angles of eccentricity used in the matches,
no separation of the fields was required, although at 5° the accuracy of the matches would
have been increased somewhat by such a separation.

A red fixation spot was provided for fixing the eccentricity of the field and as the right
eye was used in each case, the ficld was always situated on the temporal side of the fovea.
Some 15 min dark-adaptation preceded each series of measurements, matching sessions
normally continuing for about 1 hr.

The illumination level was about 600 trolands for the small field of view and about
60 trolands for the large field.
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FiG. 4. The chromaticities of the white points S4 and Sz as matched at different retinal
locations by R.A.H. Symbols as for Fig. 2.

RESULTS

Figures 2 to 5 show the results of colour matching using a 1°20’ field at various eccen-
tricities and also a 10° centrally fixed field. The points are plotted in the W.D.W. system
of units, using the wavelengths 494 my, and 582-5 my as the fixed points of the system, with
650 my, 530 mu and 460 my as the instrumental matching stimuli (R) (G) and (B). Each
point was measured on three or four separate occasions for each observer. Rather than plot
a single value with its standard deviation, it was preferred to show the means of each indivi-
dual matching session and take the areas enclosed by these points as representative of the
error associated with the measurement.

DISCUSSION

The author considers the present measurements as almost certain evidence of a pigment
existing in the fovea of the living eye, the optical density of which can vary considerably
from observer to observer. A difference in receptor response would be an extremely

EE
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unlikely explanation of the foveal differences in the chromaticities of S4 and Sp as matched
by K.H.R. and J.A.S. or M.G., as all three observers show normal wavelength discrimina-
tion and similar spectral chromaticity co-ordinates (Fig. 6). These last two properties are
independent of pre-retinal absorption, but do depend upon variations in the receptor
system. ‘
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F1G. 5. The chromaticities of white points S4 and Sz as matched at different retinal locations
by J.A.S. Symbols as for Fig. 2.

The macular pigment absorption data given by WALD (1949) has been used to calculate
the dominant wavelength of the macular pigment for sources S4 and Sg. The calculation
was performed by considering the pigment as.a filter situated before the response system.
The distribution coefficients were obtained from experimental results for K.H.R. and have
been used in the calculation. For R.A.H., however, the C.1.E. standard observer data were
assumed (Commission Internationale de I’Eclairage, 1931 proceedings).
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F1G. 6. The spectral chromaticity co-ordinates for observer K.H.R. are shown by the con-
tinuous line. The broken line shows the co-ordinates for J.A.S. The co-ordinates are in terms of
the matching primaries R, G and B plotted against wavelength, 4, in myu.
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The results for the non-pigmented observers J.A.S. and M.G. indicate that little change
in response occurs within the para-foveal area investigated. Therefore, the changes in chro-
maticity observed for K.H.R. and R.A.H. should be due to changes in concentration or
thickness of the macular pigmentation. In that case, the chromaticity changes should
correlate closely with the dominant wavelength curves of xanthophyll. In the case of R.A.H.
agreement is quite good for both sources S4 and Sg, whereas for K.H.R., agreement is quite
good for source Sg but not for S4. The results of the latter observer are widely separated in
the chromaticity chart and hence any disagreement between the calculated and experiment-
ally measured results is more easily detected. A further notable point is that the directions
of calculated shift in chromaticity due to variations in xanthophyll density are closely
similar for K.H.R. and the standard observer. This demonstrates that the. trichromatic
response systems for the two cases are very similar.

The 10° white points for the “pigmentless” observers agree closely with those for the
small field matches, whereas for the other observers the 10° point is located in the chroma-
ticity chart close to the small field white points measured at 2-5° and 5° from the fovea.
These results suggest that the differences in chromaticity between the two field sizes viewed
foveally can be ascribed, in the main, to the filtering effect of the macular pigmentation
upon the small field. For R.A.H. and K.H.R. the large field showed a lack of uniformity
in the blue-green matches, having a marked central “Maxwell’s Spot™. This was ignored by
the observers, when matching, and apparently did not exist for the two other observers.
Hence for a given observer, the comparison of the chromaticities of white matches for
small and large fields is a good indicator of the density of macular pigmentation within
the eye, assuming “Maxwell’s Spot™ is ignored in the 10° case.

The fact that such large variations in macular pigment density occur from observer to
observer makes any functional explanation of the pigment, such as that attempted by
DaARrRTNALL and THOMSON (1949), difficult to accept, especially as some observers appear
to have virtually no pigment. The hypothesis of JUDD (1952), namely that the pigment
protects the fovea from over-stimulation by blue light such as causes long-lasting after-
images, may be valid. It is hoped that further experiments will be carried out to investigate

his suggestion.
08 —

06

0.0.

04

02

350 350 a0 e 5o
A
Fi1G. 7. The optical density curve of xanthophyll. Wavelength, 4, in mgu.

THE SPECTRAL ABSORPTION CURVE OF THE MACULAR PIGMENT

The measurements of the previous section showed that in the cases of J.A.S. and M.G.
the proportions of (B) to (G) required to match 494 my were constant with change in retinal
location of the colorimeter field. For K.H.R., however, a large change in this ratio was noted,
and a similar but small change in the case of R.A.H. This variation in the matches of the
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second pair of observers was attributed to the change in optical density of the macular
pigment with change in retinal location. Further, it was noticed that a variation also
occurred in the proportions of (R) and (G) in the 582:5 mu match, although the effect was
less marked than for the blue-green match. If this latter observation were also due to the
pigment absorption, it is at variance with the chemical identification of Wald, since the
absorption by xanthophyll of 530 mu or 650 my is negligible (Fig. 7). If similar measure-
ments are carried out with other sets of matching stimuli and test colours, it is possible to
deduce the absorption curve of the macular pigment.

Thus, consider two points of the retina with the same cone response, of which one point
is covered with macular pigment and the other clear of pigment. Let F; and F> be the lumin-
ous flux of the wavelengths A, and A» required to match a wavelength 4 at the pigment free
point and F;’ and F»' their flux for a match at the other point. Further, let the transmission
of the pigment at 1; and Az be 77 and Ts. Then:

Fi[Fs = Fi"Th|F'Ts
which expressed logarithmically becomes:
log Fi—log Fo = log Fi' —di—log Fo'4-do (1)

where d1 and d» are the pigment optical densities at 4; and As, logs being expressed to the
base 10.
But from experiment we have:

log F1—log Fs = dzand
log Fi'—log Fo' = &1

where log F, etc., are obtained directly from the instrument scales which are calibrated
logarithmically, therefore

(log F —log Fg) —(log F’ —log Fz') = —(51—(52)
and from (1)
di—dy = 61—02 )

If an observer possessed no macular pigment di and dg would be zero and hence, from
(2), 61—d2 should also be zero. This model has assumed equal cone response at different
retinal locations, and the validity of this assumption has been checked by finding the values
of (61—d) for an observer with negligible macular pigmentation.

Expression (2) gives the difference in optical density of the pigment at two wavelengths,
assuming that one of the retinal locations at which the measurements were taken is free from
pigment. If, as is almost certainly true for the present work, neither point is clear of pigment,
the optical densities obtained will be proportional to the difference in concentration of the
pigment at the two points. Such a means of measuring the optical density of the macular
pigment depends solely on changes in physical stimuli and is independent of any subjective
assessment of colour quantity.

This principle has been applied using matching stimuli over the range 580 my to 440 my.
It was not possible to extend the range of measurements beyond 440 myu as there was in-
sufficient light at wavelengths shorter than this for them to act as matching stimuli. Instead
the changes in a heterochromatic brightness match at different retinal locations were used
to obtain the optical density of the pigment in the short-wave region. In this case, & is the
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logarithmic change in light flux required to maintain the brightness match between 1; and
Ag as the field is located at different positions on the retina. This method could have been
used to obtain the rest of the density curve, but heterochromatic brightness matching is a
less reliable technique than colour matching,

EXPERIMENTAL

Two observers, K.H.R. and J.A.S., were used for the measurements. The results of J.A.S.
were compared at one or two points with the results given by M.G. in the first part of this
work.

Wavelengths between 590 my and 520 my, taken in steps of 10 my, were in turn used as
one of the matching stimuli, 650 my providing the other matching stimulus. The comparison
stimulus was in each case provided by an intermediate wavelength, this latter being chosen
such that it was as sensitive as possible to changes in both the matching stimuli. This region
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F1G. 8. Estimate of the optical density of the macular pigment
O—Values of dz—J: for observer K.H.R.
@ —Values of da—J1 for observer J.A.S.
H—Wald’s visual estimate of macular pigment optical density.
Wavelength, A, in mpu.

of the spectrum locus is sufficiently dichromatic to require no desaturation for matching.
Wavelengths between 450 my and 490 my, again taken in steps of 10 my, were used as one
matching stimulus with 530 my providing the other, and similarly wavelengths between
520 my and 490 myu were mixed with 460 mg. In the two latter sets of matches the inter-
mediate matching stimulus was provided with a minimal amount of red desaturation.

The trichromatic nature of the match was ignored for purposes of calculation, a red
matching stimulus being used merely to obtain a satisfactory match.

The field was again presented in a flash and recovery cycle, this time only eight flashes
being utilized, so as to minimize any progressive adaptation in the matches. The retinal
positions investigated were at the fovea and 2° eccentrically from the fovea, the field again
being situated on the temporal side of the fovea in the latter case.
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RESULTS

The results are summarized in Fig. 8. Each point represents the mean of five readings
taken in one session. Each wavelength was matched on at least three separate occasions.
The point at 490 my shows rather greater spread in value than other wavelengths, due to the
fact that for reasons of colour mixture and geometry of the instrument, it was difficult to
devise a sensitive match using this wavelength. The curve shown is a composite curve, the
points between 440 my and 490 my having been obtained relative to the value at 530 myu
and those between 520 my and 490 my relative to the value at 460 my. Further, the points
between 400 my and 440 mu were determined relative to the values at 450 mu.
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F1G. 9. O—Values of the chromaticity of the white point S4 for different concentrations of the

macular pigment. The results are calculated for K.H.R. using the optical density curve of

Fig. 8. The percentage change in the pigment (relative to its value at the central foveca) is
given with each point.

Also shown are the matches at various foveal eccentricities obtained by K.H.R., and the
calculated change in chromaticity due to changes in concentration of xanthophyll — —.

DISCUSSION

The interpretation of the curve in terms of macular pigment absorption seems well
founded, as the observers M.G. and J.A.S. show practically no variation in the function
plotted. Further, the point at 520 myu yields values for the optical density of the pigment,
relative to the absorption at both 460 my and 650 mu which are self-consistent, an extremely
unlikely occurrence if receptor variations were the cause of changes in matching.

The results show an absorption curve for the macular pigmentation which is of an
appearance suggesting a carotenoid absorption, and the pigment has been identified as a
carotenoid both by Wald and Gullstrand.  Wald produced an absorption curve of extracted
macular which was coupled with visual observations. These visual results were obtained by
taking the difference in cone threshold at the fovea and 8° from the fovea, and to some extent
supported his identification of the pigment as xanthophyll. This method does presume, of
course, that the cone response is constant as far as 8° from the fovea. Wald’s visual results
have been plotted against the present curve and it may be noted that a point which he
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obtained at 545-5 myu agrees well with the present curve, as do his other visual results which
lie within the wavelength range of the present investigation (Fig. 8).

However, the differences between the absorption curve obtained for Wald’s extracted
chemical and that of the present investigation suggests that further work is required to
identify the pigment. Evidence does exist for naturally occurring carotenoids which have
absorption extending to 560 my, as can be seen by examining the absorption-curves given
by KARRER and JUCKER (1948) for substances such as rhodoxanthin.
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F1G. 10. O—Values of the chromaticity of the white point S for different concentrations of the
macular pigment. For further explanation see Fig. 9.

Other identifications of the macular pigment have been carried out by SACHS, by
KUGELBURG and by HANSTROM (1940), the last working on macaca monkeys. All these
investigators obtained absorption above the upper wavelength absorption limit of xantho-
phyll, although the spectrophotometric curves of Sachs and of Hanstrém did not yield
absorption peaks typical of carotenoids. The maximum of the curve for K.H.R. at 490 myu
is somewhat doubtful, although it was found that a match of 470 my, made by mixing
450 my and 490 my, was acceptable to all observers, hence indicating that the absorption
of the pigment must have a similar value at these three wavelengths.

. This derived absorption curve was used to calculate the change in chromaticity of S4
and Sp with variation of pigment concentration, Figs. 9 and 10. This was done for observer
K.H.R., and as the observer’s distribution coefficients were again used for the calculation,
the results are independent of any assumed data, except for the wavelength distribution
of the energy of source S4. The agreement between the calculated data and observed
changes in the chromaticities at different retinal locations is good, supporting the conclusion
that these changes are due to variation in the macular pigment density at different retinal
locations.

The following may be noted:

(a) the agreement between calculation and experimental results is much better than the
comparison based on Wald’s pigment absorption data -

(b) the change of pigment density (between the fovea and the different retinal locations
investigated) required to give the chromaticities of both S4 and Sg at different retinal
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locations is consistent for the two cases. Only at 5° is there some discrepancy and this
is not great in view of the greater error associated with the measurements at this point.

(c) there is a disparity in the calculated and measured chromaticities for the foveal
location. The trichromatic distribution coefficients involve the measured values of the
relative luminosity curve, the chromaticity co-ordinates and the relative luminances of the
matching stimuli on which the chromaticities are based. From these measurements, the
accumulated error in the calculated chromaticities of sources S4 and Sz was estimated at
about +-015 in the red co-ordinate and +0-020 in the green co-ordinate for Sg and 4-0-020
in either co-ordinate for S4. This range of error is greater than the difference in the experi-
mental and calculated points.

(d) a distribution curve for the macular pigment concentration or thickness variation
across the fovea can be deduced (Fig. 11). This curve shows the variation across the retina,
the optical density of the pigment being directly proportional to its concentration (Beer’s
law). The shape of the curve between the measured points is of little significance, serving
only to connect these points.

)

Degrees

Fic. 11. O—Percentage decrease of macular pigment (relative to the value at the central fovea)
required to give the chromaticity of S4 at different retinal locations.
@ —Percentage decrease of the macular pigment required to give the chromaticity of
Sp at different retinal locations.
The results are derived from Figs. 9 and 10.

In calculating the chromaticities of extra-foveal matches, additivity has been assumed
throughout this work. Time did not permitaninvestigation of the validity of this assumption.
Previous work for small fields by CLARKE (1960) showed that additivity does not hold at 10°
from the fovea. However, the results for the non-pigmented observers seem to indicate
that additivity holds for the white points under the present conditions, at least approximately.
If the non-linear retinal processes are indeed due to rods interacting with the cones, it would
be expected that the effects of non-additivity would become more noticeable, the further
from the fovea the field is situated. Considering the distribution of rods across the retina,
as given by USTERBERG (1935), the breakdown even at 5° would be much smaller than at 10°.
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