
SPECTRAL REFLECTANCE 

OF THE 

NORMAL AND ABNORMAL 

HUMAN FUNDUS OCULI 

A Thesis 

Submitted to the Faculty of Graduate Studies 

in Partial Fulfillment of the Requirements 

for the Degree of 

Master of Science 

in the Department of Ophthalmology 

by 

Anthony Peter Cullen 

Saskatoon, Saskatchewan 

October, 1970. 

The author claims copyright. Use shall not be made of the material 

contained herein without proper acknowledgement, as indicated on the 

following page. 

twv 2 01970 500313 



The author has agreed that the Library, University of Saskatchewan, 
may make this thesis freely available for inspection. Moreover, the 
author has agreed that permission for extensive copying of this thesis 
for scholarly purposes may be granted by the professor or professors who 
supervised the thesis work recorded herein or, in their absence, by the 
Head of the Department or the Dean of the College in which the thesis 
Work was done. It is understood that due recognition will be given to 
the author of this thesis and to the University of Saskatchewan in any 
use of material in this thesis. Copying or publication or any other use 
of the thesis for financial gain without approval by the University of 
Saskatchewan and the author's written permission is prohibited. 

Requests for permission to copy or to make other use of material in 
this thesis in whole or in part should be addressed to: 

Head of the Department of Ophthalmology, 

University of Saskatchewan, 

SASKATOON, Canada. 



ABSTRACT 

Studies of the fundus oculi with light of restricted spectrum are 

not new. The object of this investigation is to evaluate the usefulness 

of monochromatic light in differentiating between various structures, 

both normal and abnormal, in the human fundus oculi. Previous work is 

reviewed and the basic principles involved are presented. Transmittance 

of the eye and light losses in the eye are considered and known absorption 

or reflection curves of fundal structures are given since differences in 

these are responsible for their varied appearance. 

The initial studies were carried out using a monochromator and fundus 

camera system; these were unsuccessful because of inadequate illumination. 

Ultra-fast film gave results but these were so grainy and lacking in con

trast that they were rejected. Later studies utilized narrow pass band 

interference filters incorporated into the Zeiss Fundus Camera and the 

resul ts were recorded on fine grain panchromatic fi 1m. These were more 

successful. Colour film offered no advantages since the results were in

evitably monochromatic. Visual observation was not used other than to 

focus the equipment because of the low sensitivity of the human eye at 

either end of its spectral range. Because of cost photography was chosen 

in preference to a television system. 

The results confirm the hypothesis that the appearance of a fundal 

structure depends upon its spectral characteristics. Monochromatism in 

itself is not clinically useful and blue light and red light are of only 

limited value. Monochromatic light between 500 nm and 600 nm produces. 

considerable contrast in the fundus picture and offers information addit

ional to that observed in polychromatic light. 
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1. INTRODUCTION 

Under normal circumstances the pupil of the human eye appears black 

and no refle~ is obtained from the fundus. This is because light enter

ing the eye is reflected back along its original path. In order to see 

the fundus the observer and light source must be in the same straight 

line. Mirrors, prisms and beam splitters have all been used successfully 

to fulfill this condition. 

Ophthalmoscopy is the observation of light reflected from the fundus 

oculi. The physical properties of physiological and pathological ocular 

structures make it possible to differentiate between them. When illumin

ated with white light the fundus appears a bright orange red. Even in 

pigmented fundi the colour is only reduced in intensity. Deficiencies 

in the retinal pigment epithelium enable the choroidal blood vessels to 

be seen; they are broader than the retinal vessels and unlike them 

anastomose freely. If the choroid is deeply pigmented the choroidal 

vessels are separated by pigmented areas producing a tesselated appear

ance. 

The normal optic disc is pale pink with a considerable variation in 

normal limits. The pink colour is not uniform, the centre and outer por

tion usually appearing whiter. The centre of the disc may also be cupped, 

often as far as the lamina cribrosa. The perforations in the lamina 

appear at the bottom of the cup as grey spots on the white. 

The retinal vessels are branches of the central retinal artery and 

vein which divide dichotomously, commencing at the surface of the disc. 

The nasal branches are almost radial whereas the temporal branches tend 

to circle around the macula. The veins are a deep purplish red and are 
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broader than the bright red arteries. Both have a longitudinal light 

reflex due to specular reflection from the convex cylindrical surfaces. 

The macula lutea is central about 3 mm from the outer edge of the 

disc slightly below the horizontal. It varies in appearance, but gener

ally is deeper in colour than the surrounding fundus with a foveal 

reflex, the bright spot of light focussed from the foveal depression. 

Pathological structures in the fundus vary in appearance according 

to their composition, thickness and depth in the retina or choroid. Exu

dates are usually whitish, haemorrhages vary from red to black and tumours 

manifest themselves in a variety of hues. 

For a structure to be differentiated ophthalmoscopically light must 

reach it and be reflected or absorbed differently from its surrounding 

structures. Alterations in the spectral properties of the light source 

will influence the appearance of the fundus and its structures. Examin

ation of the human fundus oculi in light of restricted spectrum is not 

new. The first description of the fundus in spectral light is thought to 

be that of Bezold and Engelhardt in 1877 (Kornerup, 1947). Early investi

gators all encountered the difficulties of low illumination levels and 

the unreliability of the human eye as an observer mechanism. In recent 

years the introduction of high intensity xenon flash tubes and advances 

in photographic materials and techniques have reduced these difficulties. 

Narrow band pass interference filters have made possible the investigat

ion of narrow spectral regions. 

Stereoscopic colour photography and fluorescein angiography have 

become routine methods of examining and recording fundus appearances. To 

enhance these techniques Potts (1965) and Behrendt and his colleagues 

(1965, 1966) have advocated the use of spectral reflectance photography, 
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that is photography of the fundus with monochromatic light. 

The object of this study was to decide at which wavelengths various 

structures in the normal and abnormal fundus appeared with maximum and 

minimum distinctness and to evaluate the clinical value of the technique. 

In this investigation the initial studies were carried out using a 

monochromator to limit the spectrum; this proved unsatisfactory and a 

technique similar to that of Behrendt was employed with an increased and 

different range of monochromatic interference filters. 
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2. HISTORICAL SURVEY 

2.1 Development of the Ophthalmoscope 

At the beginning of the eighteenth century M~ry (170l~) held a cat 

beneath water and found that he was able to see the 'luminosity' and the 

retinal blood vessels. His explanation of this phenomenon was that the 

water filled in the unevenness of the cornea. The fact that the fundus 

was visible because of the abolition of corneal refraction by the water 

was explained by de la Hire (1709). No practical application was made of 

these observations at the time. Throughout the remainder of the century 

no attempt was made to explain the 'spontaneous luminosit)" of human eyes 

in certain pathological conditions. 

By using candlelight reflected from his concave spectacles, Purkinje 

(1823) observed the interior of the eye but his observation went unnoticed. 

BrUcke in 1844 to 1845 and Cumming in 1846 realized that the observer had 

to position himself in the path of the rays emerging from the eye. Using 

a tube with a candle placed close to it, BrUcke explained the conditions 

under which the fundus reflex becomes visible mentioning at the same time 

reasons for colour variations in the reflex. Kussmaul (1845), on the 

basis of de la Hire's work, placed a plano 'contact lens' on the eye 

stating that it "should be of great value in the diagnosis of certain eye 

diseases"; unfortunately, he was unsuccessful because he failed to realize 

the need for external illumination. 

The investion of the ophthalmoscope is attributed to Babbage in 1847 

(Snyder, 1964) with the original clinical ophthalmoscope being recognised 

as that of Helmholtz (1851). With this instrument light v~as reflected 

into the eye by a single plate of glass later to be modiflied to four 
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plates to increase the illumination into the eye, the following year a 

silvered mirror with a central hole was used. Helmholtz's I eye-mirror l 

had a holder for only one lens to compensate for the refractive errors of 

the subject and the observer, this inconvenience was eliminated by the 

instrument maker Rekoss who produced a revolving disc containing a series 

of lenses. 

Duke-Elder (1964, p.117) cites Reute (1852) as introducing the per

forated concave mirror and Sorsby (1948, p.79) attributes indirect 

ophthalmoscopy to him. 

2.2 Fundus studies with light of restricted spectrum 

Since the introduction of the ophthalmoscope as a clinical and 

scientific instrument, it has been realized that an adequate light source 

is important and that the light should have spectral constancy. The 

original sources, candle, oil and gas were inadequate in both respects. 

The spectral composition of the light source influences the appearance 

of the fundus accentuating some structures more than others. 

In 1877 Bezold and Engelhart studied retinal fluorescence using a 

projected prismatic spectrum. They were unsuccessful but they noticed 

differences in appearance of the retinal vessels with varying wave 

lengths. Valentin (1878) examined retinal preparations through glass 

filters and carried out ophthalmoscopy with glass filters between the 

ophthalmoscope and the examined eye. He was the first to use the discon

tinuous spectra of lithium, calcium and barium light. 

NeuschUler introduced his 'ophthalmochromoscope ' in 1898; this in

strument consisted of a Cloquart and Peuchot (Paris) ophthalmoscope with 

an extra disc on the observer's side containing eight coloured glass 
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filters, red, orange, yellow, green, blue, indigo, violet and smoke. He 

claimed that with this instrument one could obtain an exact idea of the 

colour of the different parts of the fundus in the normal and pathological 

eye. He found that the retinal arteries, contrary to the veins, were not 

visible in red light and thought that this would be a method of distinquish

ing between arteries and veins under difficult conditions. He also thought 

that it would be possible to detect early retinal detachment by this 

method of examination. Tscherning (1898) using sodium yellow light noted 

curious fundus appearances while attempting to determine the existence 

of yellow macular pigment in vivo. He mentioned that the vessels looked 

black on a grey background like a photograph. Puech (1898) abandoned the 

use of filters due to difficulties in interpretation. He claimed that 

II normal colour examination gives all the shades necessary for an accurate 

diagnosis". In reply Duboys de Lavigerie (1898) stated that for some time 

coloured filters had been used in front of the objectives in photography 

and microphotography to accentuate certain tints and felt that there was 

something to be said for this technique in ophthalmoscopy. 

Mayou (1903) used a mercury vapour discharge lamp for ophthalmoscopic 

studies; he noted that the retinal reflex was enhanced particularly along 

the course of the retinal vessels but not at the macula, the arteries 

were well defined and could be traced to their smallest branches. He 

claimed that perception of depth was better than with ordinary light. 

Later he disgarded the technique which he felt had not justified itself. 

Gulstrand (1906) found that the mercury vapour lamp was inferior to other 

current light sources but admitted that it was excellent for the detect

ion of small haemorrhages and vessels and for the observation of episcleral 

and corneal vessels. The mercury spectrum has three violet lines (386.3 

nm, 404.7 nm, 435.9 nm), one green line (546.1 nm) and two yellow lines 
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(576.9 nm, 579.1 nm). 

Helmbold (1910) using an a-monbromonaphthalene prism produced a 

spectrum from a Nernst lamp. He used different parts of the spectrum for 

ophthalmoscopy by rotating the prism. He observed that small vessels, 

ordinarily invisible, appeared as black lines in green light and noted 

small haemorrhages and inflamatory foci. Ginestous (1911) found the pris

matic spectrum to be too dim and used photographic filters in his investi

gations. He concluded that yellow light gave no better results than white 

light, green light accentuated all that was red while in red light haemorr

hages and vessels were hardly visible but pigmentation was enhanced. This 

offered a rapid method of differentiation between haemorrhage and pigment

ation. 

Vogt (1913) wondered if the macula was really yellow or if this was 

a post-mortem artifact. He used a carbon arc light source and a filter 

of erioviridin in copper sulfate; the latter is an effective 'red-free' 

filter. He proved his original hypothesis noting also the distinctness 

of nerve fibres, small vessels and haemorrhages in this light; he thought 

that it would be of use in the differential diagnosis of cystic macular 

degenerations. Following Vogt's work red-free light assumed more import

ance in ophthalmoscopy. 

Heine (1918) used it for his studies of the macula. Later Dobson 

(1928), Eidenbenz (1932) and Friedenwald (1924, 1927, 1930) carried out 

investigations with red-free light, the latter advocating more yellow 

content in order to increase the illumination. Retinography with auto

chrome film (" chromoretinographie") was introduced by Pavia (1932) but 

the results were poor because of the long exposure time required. Diaz

Caneja (1934) using infrared illumination and film compared photographs 

taken with this method with those taken in white light and found that the 
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infrared demonstrated the choroidal vessels more clearly. 

The work of Mayou and that of Thiel (1934) with the mercury vapour 

lamp was enlarged upon by Ballantyne (1937) and he also recommended, as 

did Serr (1937), the use of a sodium vapour lamp as a truly monochromatic 

source. The sodium spectrum is 99% yellow (spectral lines 589.0 nm and 

589.6 nm). This light was not distressing to the patient. In sodium 

yellow Ballantyne found that the fundus appeared yellowish-grey and 

agranular, the disc pale yellow and the vessels brownish-black. There 

was little dazzling retinal reflection. He claimed that the most minute 

retinal lesions were visible even the "specks which herald the formation 

of the macular star". In cases of papilloedema sodium yellow light 

eliminated the brilliant rippled surface reflexes in the papillo-macular 

area to reveal the double contour lines described by Vogt lying intra

retinally. There was little contrast between patches of pigmentation 

and haemorrhage. Deep exudates were more noticeable and sclerosed chor

oidal vessels behind intact retina were more easily visualized. Medul

lated nerve fibres appeared as delicate fibrous striations; their fibrous 

stratum was seen due to the enhanced contrast between them and their sur

roundings. Ballantyne's studies using red-free light confirmed previous 

observations and supported the view based on histological appearance that 

there was no normal macular development in the albino because of the lack 

of both the foveal reflex and yellow macular colouration. 

The variation of the fundus appearance in light of different spectral 

composition is due to the varying spectral reflectance and transmittance 

of the different retinal and choroidal structures. 

Kugelberg and Sandstr6m (1936) investigated the spectral properties 

of blood. Their absorption curve for arterial blood showed conformity 
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with the absorption curve of oxyhaemoglobin with absorption bands at 576 

nm and 540 nm (Holling et al., 1958), (Fig. 1), they also concluded that 

there was relative agreement between the absorption spectra of reduced 

haemoglobin and venous blood. The technical difficulties they encountered 

resulted in lower correlation between the diffusion and absorption spectra. 

To ascertain the wavelengths at which the retinal vessels changed in 

appearance Kugelberg (1937) used a monochromator as a light source and 

examined the normal human fundus in successively variable monochromatic 

light. He found that the arteries appeared black at about 578 nm whatever 

their calibre or background. By varying the light towards the shorter 

wavelengths he obtained a K-value (K from Kort = short), conversely by 

increasing the wavelength he obtained an L-value at the wavelength where 

the arteries started to reflect light. He took the mean of these two 

values as his "characteristic value", LK. The point at which the reflect

ion from the arteries was a maximum was at 599 nm with the smaller vessels 

and those at the disc giving a lower value. At 582.5 nm the arteries and 

veins appeared the same. 

eye by Kornerup (1947). 

This work was repeated on the normal and diseased 

He concluded that in the normal eye it is possible 

to distinguish between the arteries and veins in the limbal region as the 

LK of the veins (which are in the majority) is higher than that of the 

arteries. In uncomplicated cases of iritis, keratitis and penetrating 

wounds the LK of the pericorneal injection decreased with improvement but 

an increase in LK was a good indication of possible deterioration. He 

explained the changes in LK as being due to changes in oxygen saturation 

in the area. His examination of the retinal arteries in hypertension, 

arteriosclerosis and diabetes revealed a low LK although they were "appar

ently normal" ophthalmoscopically. Kornerup (1952, 1959) continued his 
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studies first with interference filters when they became available and 

later with an interference wedge. 

Potts, West and Shearer (1959) introduced a monochromatic ophthal

moscopic system in conjunction with a closed circuit television to observe 

normal and diseased fundi. Vodovozov (1961) designed a portable ophthal

moscope for examining the fundus in 'red-free' light and achieved results 

similar to those of Vogt. He also noted that yellow light was best for 

differentiating haemorrhage and purple best for macular examination and 

demonstrating optic atrophy. Potts (1965) using a very high speed film and 

three monochromatic interference filters, with peak transmittance at 489 

nm (blue), 533 nm (green) and 650 nm (red) compared his photographic re

sults with those using white light. He found that the blue and the green 

emphasised oedema; red revealed extensive choroidal vessel involvement in 

heredo-retinal degeneration which was not apparent in white, blue or green 

light. Behrendt and Wilson (1965) carried out more comprehensive studies 

of the normal human eye using seven interference filters with peak trans

mittance at 431 nm, 477 nm, 504 nm, 549 nm, 577 nm, 606 nm, 640 nm but 

later Behrendt and Duane (1966), while investigating the depth and integ

rity of certain structures and lesions in the fudus, reduced this number 

to three (477 nm, 577 nm, 640 nm). The selection of interference filters 

appears to have been arbitrary and the results have coarse limits; however, 

due to individual variation between subjects this does not invalidate 

them. The statement by Behrendt and Duane that blue (477 nm) does not 

penetrate the nerve fibre layer invites suspecion of their understanding 

of the technique they used. 

Orthochromatic film which is insensitive to red has been shown to pro

duce more detail of superficial retinal structures than panchromatic 

(Craandijk and Aan de Kerk, 1969). 
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3. BASIC OPTIC PRINCIPLES 

3.1 Light 

Stimulation of the retina by certain electromagnetic radiations pro

duces in the human observer the psychophysical sensation of light. Light 

occupies a very narrow band (Fig. 2) in the electromagnetic spectrum from 

about 380 nm to 760 nm. So called "white light" from the sun or an arti

ficial source is usually a mixture of these wavelengths with the distri

bution characteristics of a black body radiator at 5, 700 0 K. 

Light incident on the surface of a transparent or semi-transparent 

medium may be reflected, scattered, transmitted or absorbed. 

3.2 Reflection 

Reflection is the re-emittance of energy by the surface molecules 

and may be specular or diffuse. Specular reflection takes place at a 

smooth plane surface in accordance with the laws of reflection which 

state that the angle of incidence between the incident ray and the normal 

to the surface at the point of incidence is equal to the angle of reflect

ion between the reflected ray and the normal, and that the incident ray, 

reflected ray and the normal are all in the same plane. In the case of 

normal incidence the reflectance from the surface is given by Fresne1's 

formu1 a 

p = +( n_l..-----_n-r)"I'\""2 
(n l + n)2 

where p is the radiant reflectance (the ratio of reflected radiant flux to 

incident radiant flux) , n1 is the refractive index of the reflecting medium 

and n is the refractive index of the initial medium. For unpo1arized 
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light reflectance increases with the angle of incidence to total reflect

ance (p = 1) at 90 0 incidence. Diffuse reflection occurs when the bound

ary between two media is rough causing specular reflection to occur at an 

infinite variety of angles. 

Perfectly diffuse reflection is defined by Lambert's law as the con

dition when the luminous flux reflected per unit solid angle is proport

ional to the cosine of the angle measured from the normal to the surface; 

in other words the luminance of a perfectly diffusing surface is independ

ent of the viewing angle. 

3.3 Absorption 

Light that is not reflected will enter the medium to be transmitted, 

absorbed and occasionally scattered. Even a transparent medium will 

absorb some fraction of the radiant energy traversing it and Bouger's law 

assumes that equal layers will absorb equal fractions for each wavelength 

traversing the medium. Thus the radiant flux P remaining of the incident 

radiant flux Po a distance x within the medium is given by the expression 

P = Po exp(-kx) 

where k is a constant. Since most substances absorb selectively k is a 

function of wavelength ~. 

Beer's law is a modification of Bouguer's law and is applied to solut

ions; the law states that the radiant flux transmitted by a layer of thick

ness x cms is 

P = Po exp(-s~ cx) 

where s~ is the absorption coefficient and c is the concentration. When 

the concentration is expre~sed in gram molecular weight s~ is known as the 

molecular absorption coefficient. 
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The spectral transmittance of an object may be defined as the trans

mitted flux Pt divided by the incident flux Pi for a specific wavelength 

TA ='Pt 
Pi 

The term density which is commonly used in photography is the log of 

the reciprocal of T. 

When applying Beer's law Fresnel reflections must be considered and 

only the internal transmittance Ti should be used. 

3.4 Scatter 

These laws only apply to homogeneous and isotropic media. Scattering 

will occur if the transmitting medium has a variation in composition and/or 

optical properties. When the heterogeneities of the medium have average 

dimensions smaller than the wavelength of the incident flux the scattering 

will take place in accordance with Ray1eigh ' s law which states that the 

fraction of the incident flux scattered is inversely proportional to the 

fourth power of the wavelength. This relationship is applicable to gases, 

liquids and solids (Monk, 1963, p.287). The phenomenon is known as the 

Tyndall Effect. With increasing size of heterogeneity the scattering be-

comes non-selective with regard to wavelength. 

3.5 Colour 

Like light, colour is also a psychophysical concept. It is defined 

as the characteristic of light other than spatial and temporal inhomogen

eities; light being that aspect of radiant energy of which a human observer 

is aware through the visual sensations which arise from the stimulation of 

the retina of the eye (O.S.A., 1953, p.221). The visual sensation depends 

upon hue, saturation and brightness which almost correspond to the physical 
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characteristics of wavelength, purity and photometric quantity. 

Hue is the sensation by which an observer detects differences of 

wavelengths of light or mixtures of wavelengths. The spectral hues are 

Red 

Orange 

Yellow 

Yellow-green 

Green 

Blue-green 

Blue 

Violet 

Anm 
760 

630 

590 

570 

550 

510 

480 

450 

380 

in addition to these are black, white and purple and other non-spectral 

mixtures. The sensation of white is produced by any hue if it is suffi

ciently intense. 

Saturation is the sensation by which an observer detects different 

purities of a given hue. Brightness is the sensation which indicates 

differences of luminance. 

It can be seen from the above that an object does not have its own in

trinsic colour; what is generally called its colour is its property of 

selective absorptance, the variation of absorptance with wavelength. This 

colour is variable depending upon the spectral distribution of the incident 

light and also the psychophysical state of the observer's eye. The light 

returned from the surface to the observer is that which is least absorbed. 

In the case of a medium n (Fig. 3), which absorbs Aa light, when light of 

wavelengths Aa and Ab is incident upon its surface, transmittance will be 
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FIGURE 3: 
Transmittance and reflectance of medium n which is transparent to light 
of wavelength Ab and absorbs light of wavelength Aao 
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entirely ~b but ~a an~ ~b will be reflected from the front surface. ~b is 

also reflected from the back surface. The medium will appear ~b by re

flected as well as transmitted light with the transmitted colour being 

the purer. If an object of material n is illuminated by light of ~a it 

will appear black with specular reflection of ~a. The wavelengths absorbed 

by a medium depend on its chemical properties, that is, the selective ab

sorptance is determined by the position of certain atomic groups (chromo

phore groups) within the molecules of the medium. 

3.6 Purkinje Phenomenon 

As the eye adapts from photopic to scotopic vision there is a reduct

ion of sensitivity at the red end of the spectrum (Fig. 4); thus an object 

which reflects predominantly red wavelengths will appear black in reduced 

illumination (Purkinje Phenomenon). With age there is a reduction in 

sensitivity at the violet end of the spectrum. 

3.7 Colour Mixing 

Colours may be mixed in two ways, by addition of projected light 

sources (Fig. 5a) or by subtraction as with filters or pigments (Fig. 5b). 

An example of the latter is the selective absorption of an object giving 

rise to a specific colour. 

For an object to be visible light must reach it and be reflected, 

absorbed or transmitted differently from light incident on the surrounding 

structures or media. It will be invisible if the light does not reach it 

or if it reflects, absorbs or transmits identically to its surrounding 

structures or media. When mixing lights of known composition to the re

sulting hue and degree of saturation may be determined from the C.I.E. 

chromati ci ty dtagram (Fi g. 6). 
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FIGURE 4: 
Relative spectral sensitivity curves of a light adapted eye (photopic) 
and a dark adapted eye (scotopic). Note the shift in relative sensitivity 
toward the blue end of the spectrum in the dark adapted eye. 
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(a) By addition 

(b) By subtraction 

FIGURE 5: 
Colour mixing (a) by addition as with superimposed projected lights 

(b) by subtraction as with overlapping filters or mixed 
pigments. 
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FIGURE 6: 
C.I.E. chromaticity diagram. The numbers on the curve indicate wavelength 
in nanometers of saturated spectral colours, those on the straight line 
are complementary nonspectral colours (bluish-purple to purplish-red) and 
are designated by their complementary wavelength in nm plus a lIe". The 
colours decrease in saturation toward white. The colour resulting from the 
addition mixture of two wavelengths will be along the line joining them. 
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3.8 Fluorescence 

Absorbed light is converted into heat, chemical or electrical energy 

and in some cases it is re-emitted as a different wavelength (Stokes law) 

usually longer than the initial (exciting) wavelength. This re-emittance 

from gases or solutions is called fluorescence. The fluorescent light is 

not a single wavelength but a band of wavelengths with a marked maximum 

intensity, the wavelength of this maximum intensity is independant of the 

exiciting light (Monk, 1963, p.290). However, the more monochromatic the 

exciting light used the more monochromatic is the fluorescence produced. 

The intensity of fluorescence increases with increasing intensity of 

excitation until a plateau is reached known as the saturation point, ex

citation beyond this point produces no more fluorescence. There is again 

an increase in fluorescence with increased concentration of molecules 

within the solution, after a maximum is reached the fluorescence decreases 

with further increased concentration due to dimerization and dampening 

effect. The solvent must be considered along with other solutes present 

because of the dampening effect or the alternative absorption of the excit

ing or fluorescent light. 
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4. ANATOMY AND THE OPTICAL PROPERTIES OF THE EYE 

4.1 Spectral transmittance of the ocular media. 

The original quantitative studies of the spectral transmittance of 

human eyes in the visible spectrum were carried out by Ludvigh and 

McCarthy (1938). Their results were considered too low by LeGrand (p.90); 

more recent studies by Weisinger and others (1956) using the rabbit, Pitts 

(1959, 1961), Dohrn (1967) with intact and separate components of the 

bovine eye, Wolter (1962) with components of the human eye and Boettner 

and McCandless et al (1969) with fish, produced higher results. All are 

in general agreement that the ocular media show uniform transmittance in 

the region of 80% above 475 nm. Below this wavelength transmittance falls 

as wavelength is reduced until at 350 nm in the animals studied and 380 

nm in the human eyes examined zero values are found. The transmittance 

curves were similar in shape but not in absolute values and Dohrn noted 

a reduction in transmittance with age in the bovine eye. He also stated 

that time in vitro up to 3 hrs did not significantly affect his results. 

It is difficult to compare in vitro with in vivo results in human 

subjects; however, Alpern and others (1965) used a technique based on 

experiments of Brindley and Willmer (1952) and in vivo human eyes with 

posterior pole abnormalities "without perceptible overlying retina, 

choroid or significant pigment .... the media in these eyes are clear and 

there is no reason to believe that their transmittance is other than 

normal." Their results, from the three eyes examined, support the more 

recent findings of Boettner and Wolter. 

The results of these investigations enable a reasonable estimate of 

the percentage of any light normally incident at the centre of the cornea 

reaching the retina. (Fig. 7) 
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4.2 Corneal Anatomy and Transparency 

The transparency of the cornea depends upon its anatomical structure 

at the microscopic and ultrastructure level. The cornea in the human 

(Fig. 8) is divided into five layers, namely, surface epithelium, Bowman's 

layer, corneal stroma, Descemet's membrane and endothelium. 

The surface epithelium is stratified and continuous with the conjunct

iva and consists of five layers of cells. The exposed anterior cells are 

squamous, varying in cytoplasmic density probably due to the continual 

sloughing of these cells from the surface. Beneath these the cells become 

progressively more columnar through the intermediate or 'wing' cells to 

the basal cells. The corneal surface is not smooth but a complex pattern 

of ridges varying in complexity from one species to another. This irregu

larity helps to retain the tear film giving the characteristic mirror 

finish to the cornea; absence of the tear layer results in increased 

corneal scatter. Immediately beneath the epithelium is its basement mem

brane and in the human what appears in light microscopy to be a structure

less membrane origianlly described by Sir William Bowman (Jakus, 1964) 

and later given his name. Electron microscopy reveals (Jakus, 1964 p.26) 

that it is a layer of radially orientated collagen fibrils and is now 

designated as Bowman's layer of the stroma. 

The bulk of the corneal thickness consists of stroma (substantia 

propria) made up of regularly orientated bundles of collagen fibrils (as 

opposed to the randomly orientated anastomosing scleral fibrils); this 

type of orientation coupled with a small fibril diameter (-30nm) compared 

with the wavelength of light is the basis of current theories of corneal 

transparency. (Maurice 1957, 1970) Goldmann et ale (1967, 1968). 





- 27 -

The posterior surface of the stroma is bounded by the basement mem

brane of the endothelium, Descemet's membrane. This is a hyaloid and 

somewhat elastic structure. In the ageing eye its transparency may be 

reduced by wart-like elevations known as Hassal-Henle bodies. The endo

thelial cells are very flat and form a single mesothelial layer which is 

continuous with the anterior endothelium of the iris. Disturbance of this 

layer results in a reduction of corneal transparency. 

The normal human cornea is practically opaque to and absorbs, wave

lengths shorter than 295 nm (i.e. short wave ultraviolet) giving rise to 

conjunctivitis and keratitis; subjectively the symptoms experienced are 

pain, photophobia and diffraction haloes due to oedema. The inner struct

ures of the eye are therefore protected from this harmful radiation. 

Transmission increases with increasing wavelength through the near ultra

violet to about 80% at 380 nm, the increase continues into the visible 

and between 500 nm and 1,300 nm more than 90% of normally incident light 

is transmitted. 

4.3 The Aqueous Humour 

The aqueous humour is a clear colourless intra-ocular tissue fluid 

which fills the anterior and posterior chambers of the eye and also per

meates the circumlental areas and the vitreous. Its functions are nutri

tive, respiratory, excretory and the maintenance of the intra-ocular 

pressure. Its site of origin is mainly the ciliary processes with some 

contribution by other areas of the anterior uvea. The aqueous transmits 

above 220 nm with an absorption band at 265 nm which Kinsey (1948) believes 

is due to nucleo-protein. These figures are not significant in vivo since 

wavelengths shorter than 293 nm do not reach the aqueous. Throughout the 
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visible spectrum the aqueous transmits slightly less than an equal thick

ness of water, the difference being due to solutes in the aqueous. Infra

red absorption bands occur at the same wavelengths as those in water (the 

aqueous is 98.75% water) viz. 980 nm, 1,200 nm, 1,430 nm and 1,950 nm. 

Above 2,400 nm there is no transmittance. Age is not thought to change 

the transmittance in normal eyes (Boettner and Wolter, 1962). Inflammat

ions of the uveal tract may cause light scatter (aqueous "flare") due to 

floating cells or protein material. 

4.4 The Crystalline Lens 

The crystalline lens is enclosed in a membrane which has been demon

strated to be collagenous protein by histochemical and x-ray diffraction 

studies. Beneath the anterior capsule of the lens is a single layer of 

cubical cells, the lens epithelium. The lens proper consists of concent

ric layers of protein fibres. The regularity of its architecture (Spooner, 

1957) explains its transparency. The transmittance of the lens is depend

ant on its age. There are considerable individual variations due to de

velopmental and acquired cataracts. In a young child the lens starts to 

transmit at 300 nm but there is an absorption band at 360 nm; above 390 

nm there is a sharp increase in transmittance to over 90% at 450 nm which 

is maintained through the infra-red except for the normal water absorption 

bands. The findings of Said and Weale (1959) and Boettner and Wolter 

(1962) using different techniques show close agreement. With age there 

is a marked increase in the optical density of the lens at the blue end 

of the spectrum and Wea1e (1963) cites the results of a number of workers 

using a variety of methods confirming this. Transmission is significantly 

reduced in the human lens over 60 years old for blue light of 465 nm, 
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this is of importance since this is the optimum exciting wavelength for 

the sodium fluorescein used in fundus angiography. 

4.5 The Vitreous 

Behind the lens is the large vitreous chamber containing the vitreous 

body, this structure has two important physical properties, its gelatinous 

consistency and its transparency to light. Its gel structure is important 

in permitting changes in shape in the ciliary body and lens, also in re

taining the retina in position. Light microscopy reveals the vitreous to 

be structureless and homogeneous but using phase contrast microscopy 

Schwarz and Schuchardt (1950) described nets of coarse and fine threads 

in addition to a variety of nucleoli, round and web-shaped cells. These 

structures have been confirmed electronmicroscopically (Schwarz, 1961). 

If the vitreous is examined in vivo using a slit lamp microscope, layers 

of branching bands are seen. The vitreous absorbs strongly below 300 nm 

and this is believed to be due to ascorbic acid, proteins and hyaluronic 

acid present in the gel (Balazs, 1954). Above 300 nm it increases in 

transmittance to 80% at 350 nm, throughout the visible there is 90%+ over

all transmittance but this drops to zero at 1,400 in the infra-red. 

Water bands occur at 980 and 1,200 nm. 

4.6 Reflections in the Eye 

Light is lost due to specular reflection caused by changes in refract

ive index at the interfaces of the ocular media. These reflections give 

rise to a series of catoptric images known as the Purkinje (Purkinje

Sanson) images. They are classically numbered in order from I to IV and 

their respective positions and relative sizes are shown in Fig. 9. 
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II 

FIGURE 9: 
The Purkinje images. When light enters the eye it is reflected at each 
surface where there is a change of refractive index. This produces a 
series of catoptric images. These are numbered from I to IV and their 
positions and relative sizes in the schematic eye are shown. III(ACC.) 
and IV(ACC.) are the positions and relative size in an accommodated 
schematic eye. 
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The first Purkinje image is formed by the anterior surface of the 

cornea, or rather the precorneal fluid layer, which acts as a convex 

mirror. Since the corneal radius of curvature is very small the image 

is erect, virtual and tiny. It is this image which gave rise to the 

name 'pupil' (pupilla, L. figure reflected in eye) and it also may be 

troublesome in certain ophthalmoscopes. Using Fresnel IS formula, the 

percentage of the incident light reflected from this anterior surface is 

2% and agrees closely with Le Grand's (1968) figure derived from photo

metric investigations. Due to the variation of refractive index with 

wavelength the reflectance will be higher at the blue end of the spectrum. 

The second Purkinje image is formed by the posterior corneal surface and 

is so close to the first image it is virtually impossible to differentiate 

it. Le Grand's calculations indicate only 0.02% reflectance at this sur

face. The anterior lens surface produces the third image and its position 

and size are variable because of changes in anterior lens curvature during 

accommodation. The incident light is refracted twice by the cornea and 

passes through the cornea and aqueous twice. The apparent position varies 

between the centre of the lens and the vitreous. The image may appear 

distorted due to the peu d'orange surface of the lens capsule. Le Grand 

feels that the brightness of this image and of the fourth image are of the 

order of 1% of the first image. The fourth Purkinje image is formed by 

the posterior lenticular surface and is less variable than the third. It 

is situated near the first image but it is inverted; this may be calculated 

or demonstrated by parallax. In addition to these four catoptric images 

other less bright images are probably formed at other interfaces such as 

the zones of discontinuity in tbe lens but their order of magnitude is 

such that they may be disregarded. They are either too faint to be de-
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tected by current techniques or are obscured by the Purkinje images. 

Specular reflection also occurs at the retina due to the structure of 

the fundus and its components. It may be considered as a concave hemi

sphere containing a variety of approximately spherical and cylindrical 

elements. These reflections are useful ophthalmoscopically, revealing 

texture and contour. The general physiological retinal reflex has a 

"shot silk" appearance (Fig. 10), particularly in young hypermetropes, 

which varies in position and shape with the angle of illumination and 

observation. 

The normal macular region gives rise to several reflexes (Fig. 11); 

the foveal pit is a concave paraboidal cup which produces an intense real 

image of the illuminating source about 0.5 mm from the base of the pit. 

Its shape may vary depending on the direction of the incident light or 

the refraction of the eye; its absence may be indicative of pathology. 

There may be a perimacular halo reflex but this is variable. Eidenbenz 

(1932) regarded the absence of a halo reflex around the macula as a sign 

of pathology but i~ presence may indicate a serous detachment of the cent

ral neuro-epithelium. 

The internal limiting membrane of the retina is not the only reflect

ing surface (Ballantyne and Michaelson, 1962); there may be a tapeto

retinal reflex from the retinal pigment epithelial layer deep to the macula. 

Ballantyne (1937) mentions Weiss' reflex (Fig. 12) which may be present 

nasal to the disc due to the elevation of the internal limiting membrane 

by the thickness of the nerve fibre layer. It may also be present with 

early oedema of the disc. Gunn's dots are also thought to be due to the 

nerve fibres and Ballantyne reports their disappearance in a case of optic 

atrophy. Retinal reflexes are reduced by age, high refractive error and 
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hypo- or hyper-pigmentation of the fundus. They may be accentuated by 

light from the blue end of the spectrum. 

A normal retinal vessel may be considered as a cylindrical column of 

blood inside a virtually transparent tube. The reflex is probably a com

bined virtual image formed by the internal limiting membrane, the convex 

cylindrical wall of the vessels; smaller vessels and the choroidal vessels, 

when visible as in albinism, have no reflex. Tortuosity, humping and 

nipping are accentuated by the absence or enhancement of the retinal 

vessel reflexes. 

Any trauma or lesion which gives rise to elevations, depressions, 

traction or pressure folds will produce abnormal retinal reflexes. The 

specular reflection within the eye produces multiple reflections which, 

if sufficiently intense, may produce flare in the eye's optical system. 

Diffuse reflection occurs at the retinal pigment epithelial layer, 

t~e choroid and at the sclera; as the reflected light passes back through 

the retina it may cause halation by stimulating the photo-receptor layer. 

4.7 Scatteri ng 

The scattering produced by the microstructure of the cornea, lens and 

vitreous because of the Tyndall Effect is the basis of a number of clini

cal techniques using the slit lamp biomicroscope. Corneal oedema due to 

excessive contact lens wear or acute glaucoma increases scatter and diff

raction patterns (haloes) are noticed by the subject. Sclerosis of the 

lens gives rise to diffraction patterns. Irregular scattering may be pro

duced by opacities in the media. 70% of the scattering in the eye occurs 

at the cornea with the majority of the remainder taking place at the lens. 

(DeMott and Boynton, 1958) 
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4.8 Fluorescence of the Eye 

The cornea fluoresces in ultraviolet radiation of 315 nm to 360 nm 

(Hosaya, 1929) producing a continuous band of fluorescence between 430 nm 

and 660 nm which increases in intensity with age but with no change in 

wavelengths. Similar exciting wavelengths produce fluorescence between 

450 nm and 660 nm in the aqueous. Hosaya did not find any fluorescence 

of the iris but Klang (1948), using an exciting wavelength of 365 nm and 

visual fluorimetry at only three random wavelengths, reported fluorescence 

of the iris and that blue irides fluoresced more than brown. 

In vivo structure of lenticular fluorescence are difficult because 

of corneal absorption and fluorescence. Maximum fluorescence is produced 

by ultraviolet between 360 nm and 370 nm (Klang) and is a continuous band 

to 600 nm with a peak at 425 nm (Le Grand, 1947). The fluorescence of 

the lens increases with age and it also alters in spectral content (Weale, 

1963). In children the site of maximum fluorescence appears to be the 

nucleus, with increasing years this moves to the anterior cortex; this is 

probably due to increased concentration of fluorescing substances absorb

ing the exciting wavelengths prior to their reaching the nucleus. Klang 

believes that these substances are lactoflavin and dimethyl alloxazimes. 

Normally the retina is not subjected to ultraviolet radiation however, 

in very young children and aphakics, the transmission of wavelengths down 

to 295 nm may cause retinitis and an alteration in the perception of 

green (Le Grand, 1968). 

Fluorescence of the retina permits vision in the ultraviolet, assum-

ing that the retinal receptors are insensitive to this radiation. Helmholtz 

demonstrated that vision in the ultraviolet consists of two superimposed 
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phenomena; retinal fluorescence producing a sensation of blue-green whereas 

the true 'vision' is violet, the resulting combined psychophysical sensat

ion being lavender-grey. Le Grand (1968, p. 94) cites observers who noted 

that the near ultraviolet (~390 nm), under certain conditions, appeared 

violet as a continuation of the extreme end of the visible spectrum whereas 

wavelengths less than this appeared blue-violet to grey at 302 nm (aphakics). 

The visual sensation experienced in total darkness when the eye is subjected 

to e radiation may be due to fluorescence of the media or retina. 

4.9 Apparent Colour of the Fundus Oculi 

Consideration of the microscopical structure of the retina and choroid 

(Figs. 13, 14) suggests that the colour of the fundus seen with the ophthal

moscope is due to a combination of reflection and absorption of the incident 

light by the blood in the choroid, the retinal pigment epithelium, the 

sclera, the visual pigments and the choroidal pigment (Figs. 15-18). Koby 

(1923) stated that light reflected from the fundus shows the absorption 

bands of oxyhaemoglobin and that the absorption and reflection spectra of 

the pigment layer were yellow-brown. Discussing Koby's work, Marx (1923) 

was in general agreement that the principal colour of the fundus was due 

to the blood present. Baurman(1931) found a difference in the absorption 

and reflection spectra of oxyhaemoglobin. 

Kugelburg and Sandstrom (1936) concluded that the light from the human 

fundus oculi (the red fundus reflex) is produced principally by the diffus

ion spectrum of blood in the choroidal vessels; this view is supported by 

the histologically demonstrated variation of pigmentation in the retinal 

pigment epithelial cells, the choroid and the suprachoroid. The degree 

of pigmentation affects the colour of the fundus; it reduces the general 
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FIGURE 15: 
Absorptance of the retinal pigment epithelium and choroid of a medium
pigmented fundus. 
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Reflectance of the sclera. 
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Absorptance of macula pigment (xanthophyll)(Wald, 1945). 
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intensity and the long wave component. The retina is relatively trans

parent and light reflected from it is drowned by the light reflected 

from the sclera and choroid. In deeply pigmented eyes the retina may 

become visible as a blue veil or bloom. 

There are physiological variations in fundus colour other than those 

due to race. The macula and periphery exhibit different reflection curves, 

the difference is attributed to the yellow macular pigment (Brindley and 

Willmer, 1952). Mizumo and his co-workers (1968) demonstrated photograph

ically that the state of dark adaptation of the eye will affect fundus 

reflectometry and that, in the dark adapted eye, due to the reflection 

and absorption of blue-green light in the nerve fibre layer and the 

rhodopsin respectively, the contrast of the nerve fibres is enhanced. 

Since the principal colour of the fundus is due to the blood present 

the reflectance curves from the fundus may be used to determine the oxygen 

saturation of the circulating blood (Gloster, 1967, 1968). 

4.10 Changes in the Eye due to Excessive Light 

Increasing use of the light coagulator in ophthalmology has nececessi

tated detailed investigation of the spectral absorption characteristics 

of the ocular fundus. This information is also of value in estimating 

the burn potential of nuclear weapons. Thermal lesions are caused by the 

selective absorption of light in the fundus faster than the heat can be 

dissipated. Kohner and her co-workers (1967) found that the retinal dis

turbance was proportional to the duration of the exposure and the degree 

of pigmentation of the fundus. Although short exposures showed no appar

ent change opthalmoscopically, fluorescein angiography demonstrated 

changes in the vessels ranging from flow changes to destruction. Mild 
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burns produced pigmenta~ disturbance and shrinkage and severe burns pro

duced additional oedema, haemorrhage and retinal destruction. Their histo

logical studies revealed that the retinal vessels were particularly suscep

tible to high intensity light. DeMott and Davis (1959) found that irrad

iance levels less than 0.7 cal/cm2/sec produced no ophthalmoscopically 

visible lesion after prolonged exposure, probably due to the cooling effect 

of the blood flow. 

The widespread introduction of lasers in science and industry prompted 

further work (L'Esparance, 1966; Geeraets and Berry, 1968; Smith and Stein, 

1968, 1969). The possible ocular damage attributed to trans-scleral laser 

irradiation includes posterior subcapsular cataracts, chorioretinal des

truction, vitreous coagulation and haemorrhage with secondary detachment. 

Other secondary complications, in the anterior segment, include corneal 

vascularization, retro-corneal membrane formation and ciliary necrosis. 
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5. METHODS 

5.1 Preparation of Subject for Examination 

In all studies both pupils of each subject were dilated by placing 

one drop of 1% Mydriacyl (tropicamide) and one drop of 10% Neo-Synephrine 

(phenylephrine hydrochloride) into the lower fornix of each eye. Mydriasis 

was usually complete within 20 minutes, if not an additional dose was in

stilled. Younger subjects were preferred because of the better transmis

sion of their ocular media and their ability to maintain steady fixation. 

The subject's head was positioned with optimum comfort in a standard 

Zeiss headrest and his free eye directed towards the fixation target. 

Since the investigations were carried out in a semi-darkened room both the 

subject and the observer were partially dark adapted. 

5.2 Initial Studies 

A successively variable monochromatic light source is desirable in 

order to give fine reproducible limits to the illuminating source. My in

itial investigations utilized the apparatus illustrated diagrammatically 

(Fig. 19). A xenon flash tube, with a colour temperature of approximately 

6,500 o K was selected for these and later studies. The relative spectral 

distribution of the tube is shown (Fig. 20). White light from the flash 

was reflected and condensed onto the entrance slit of a Beckman DU mono

chromator. Emergent monochromatic light was lead by a fibre optic light 

guide into the fundus camera system. The flash was synchronized with the 

camera shutter and the focussing lamp was extinguished automatically just 

prior to the flash. With the subject's head positioned in the headrest 

and the system focussed on the appropriate part of the fundus a series of 
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MONOCHROMATOR 

tA\ 
XENON FLASH 

Monochromatic light produced by the Xenon flash and monochromator was 
lead by a fibre optic and focussing system into the subject's eye. Light 
reflected from the fundus was recorded photographically. 
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FIGURE 20: 
Relative spectral distribution of the Xenon flash tube, 39 18 06. This 
represents a colour temperature of approximately 6,500 o K. (Courtesy 
Carl Zeiss Canada Ltd.) 
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exposures were taken of the light reflected from the fundus. The wave

length of the incident light was varied from 400 nm to 700 nm. Unfortun

ately light losses in the apparatus were excessive and despite the use of 

extra high speed film (Kodak 2475 Recording Film) the results were disap

pointing (Fig. 21). I therefore decided to abandon this approach until a 

more efficient monochromator coupled with a brighter initial source was 

available. 

5.3 Later Method 

For these later studies I used a Zeiss Fundus camera (Fig. 22) modified 

to provide 'monochromatic' light by the incorporation of narrow band pass 

interference filters (Appendix A). The filters used had transmittance 
I 

peaks at 417 nm, 448 nm, 480 nm, 514 nm, 550 nm, 583 nm, 616 nm, 650 nm 

and 682 nm. Their spectral characteristics are shown in the Appendix; 

peak transmittance varied between 25.5% and 45% and half band widths between 

10 nm and 20 nm. The exact position of the filter in the system is impor

tant. If light incident upon it is convergent or divergent the pass width 

is broadened and if the filter is tilted the peak moves to a shorter wave

length. Filters with peaks less than 400 nm were not used because these 

wavelengths are absorbed by the ocular media. Wavelengths greater than 

700 nm are beyond the sensitivity of the film. In these studies each sub

ject was prepared as described above (5.1).The general technique of using 

the Zeiss Fundus camera and the major difficulties involved have been dis-

cussed in a comprehensive paper by Allen (1964). A complete series of ex

posures of the area of fundus under investigation were taken using each 

of the nine filters in turn, increasing from 417 nm to 682 nm. 

Focussing was a problem for the filters with peaks at the ends of the 
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INTERFERENCE 
FILTER 

XENON 
FLASH 

CAMERA 

Schematic section of the Zeiss Fundus camera. Light from the Xenon flash 
passed through the interference fi 1 ter pri or to bei ng refl ected onto the 
subject's eye. Light reflected from the fundus was recorded photographically. 
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eye's spectral range. Green and orange filters were used to focus the 

blue and red ends respectively. The results were recorded on Kodak Plus 

X Pan film which offers fine grain with a reasonable speed (ASA 125) and 

a fairly level sensitivity between 400 nm and 650 nm. The exposed film 

was processed normally according to the manufacturer's specifications. 

The best exposed negative at each wavelength was printed to give maximum 

detail. The optimum flash setting was found to be III (240 Wsec) for all 

wavelengths except 417 nm which required setting IV (360 Wsec). 

Some of the results were recorded on Kodacolor X and High Speed Ekta

chrome. The monotone colour results were inferior to black and white due 

to graininess and lack of sensitivity at the spectral limits. 

In many subjects 'white light' and 'red-free' stereoscopic exposures 

were made on Kodachrome II for comparison, others also had fluorescein 

angiography. With the latter is was essential to carry out the chromatic 

studies prior to the injection of the dye since residual fluorescein would 

have produced an additional artifact. 

Scanning densitometric analysis (Behrendt, 1966) was not performed on 

the negatives since the size of structures was not important in this study. 
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6. RESULTS 

The amount of pigment present in the normal retinal pigment epithelium 

and the choroid varies with race, skin colour and iris colour. There are 

also variations between individuals of the same race with similar skin and 

iris colour. In the more pigmented fundi the avascular background areas 

appear darker. In the non-tesselated Caucasian fundus (Fig. 23) the chor

oidal pattern is slightly visible at 480 nm and increases in visibility 

to 583 nm; in ~he red spectrum over 600 nm the high general reflectance 

tends to obscure the finer detail. 

The poor transmission of the ocular media at 417 nm reduces the use

fulness of this wavelength. The nerve fibre layer is not discernible until 

448 nm and was most marked at 514 nm and 550 nm; it is only slightly 

visible at 583 nm and is not visible at all in the red spectrum. 

In the blue spectrum (417 nm, 448 nm and 480 nm) there is poor con

trast between the retinal blood vessels and the fundus background probably 

due to: 

a) the relatively high proportion of blue light reflected by the inner 

layers of the retina 

b) the low absorptance of both arterial and venous blood in this region. 

The arteries and veins appear approximately equal in density. Be

tween 500 nm and 600 nm (the peaks of absorption of both haemoglobin and 

osyhaemoglobin lie in this band) the major vessels are clearly defined. 

There is little to choose between the arteries and veins at 514 nm and 

550 nm but at 583 nm the absorption of the arteries is reduced without a 

corresponding reduction in the veins. This correlates with a marked re

duction in absorption by oxyhaemoglobin but not haemoglobin at this point. 
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This difference is noted into the red so that the arteries are practically 

invisible at 616 nm and 650 nm and the veins still quite distinct. 

Of the smaller vessels and capillaries only those on the disc are 

visible at 417 nm. There ,is a slight increase in visibility of these 

vessels at the longer blue wavelengths. The remainder of the smaller 

vessels and capillaries first become visible at 514 nm increasing to a 

maximum at 550 nm. There is a reduction at 583 nm and at 616 nm they are 

scarcely visible. It is possible to differentiate between the arterioles 

and venules at 550 nm and 583 nm, the former appearing lighter. 

At all wavelengths between 400 nm and 700 nm the macula appears 

darker than the surrounding fundus. The physiological halo is also noticed 

except in the red spectrum; it may be present but obscured by the general 

fundal reflectance. An even darker foveal spot is apparent between 448 nm 

and 583 nm probably due to the absence of most of the retinal layers at 

the foveola. The macular capillaries are best seen at 550 nm. 

At all wavelengths the physiological cup (Fig. 23) remains white 

which correlates with its high reflectance and white appearance in white 

light. The remainder of the disc is darker than the surrounding fundus 

at 417 nm and 448 nm but appears lighter at longer wavelengths. A hyaloid 

remnant (Fig. 24) reflects all wavelengths below 600 nm but is transparent 

in red light. Deep peripapillary pigment can only be detected using red 

wavelengths. 

The appear~oe of the fundus varies from normal with hypoplasia and 

hyperplasia of the pigment epthelium (Figs. 25 and 26) and with new de

posits of pigment as in pigmented tumours. 

Superficial pigmentation is well defined from 480 nm to 682 nm with 

maximum contrast in red light. Deeper deposits are evident only as 
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shadows at wavelengths below 583 nmbut their form is revealed by longer 

wavelengths. 

The vascular lesions in diabetic retinopathy (Figs. 27 and 28) are 

varied. The microaneurysms and new vessels are almost invisible in blue 

light «500 nm) but are well defined in green and orange (514 nm - 583 nm). 

In the red it is not possible to detect the neovascularity but a few of 

the larger aneurysms remain at 616 nm and 650 nm confirming that they con

tain venous blood in diabetes. The large subhyaloid haemorrhage makes it 

possible to assess the absorption by varying thicknesses of blood; the 

thinner layers show the characteristics of arterial blood but the thicker 

layers absorb throughout the visible spectrum and appear black. 

A medium sized exudate reflects well and appears white at all wave

lengths other than red where it becomes transparent. A shallow retinal 

detachment (Fig. 25) is best demonstrated by wavelengths between 448 nm 

and 583 nm. 
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FIGURE 23: The normal fundus. 

This is a non-tesselated Caucasian fundus. 

The choroidal pattern is slightly visible at 480 nm and increases in 
visibility to 583 nm; in the red spectrum it tends to be washed out. 
The nerve fibre layer is not visible until 448 nm and is most distinct 
at 514 nm and 550 nm with a slight reduction at 583 nm. It is not 
visible in the red spectrum. 

The arteries and veins are most clearly defined between 500 nm and 600 
nm with a reduction in definition of the artery at longer wavelengths. 
The capillaries are similar but show a narrower absorptance band. The 
macula appears darker than the surrounding fundus at all wavelengths. 
The optic disc in this case may be divided into two regions. The phys
iological cup reflects well at all wavelengths whereas the remainder of 
the disc reflects poorly in the blues and only reflects more than the 
surrounding fundus over 480 nm. Vessel detail is enhanced by the light
ness of the disc. 
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7. DISCUSSION 

Light reflected from the fundus oculi consists of a number of compon-

ents, principally: 

a) specular reflections 

b) spectral reflections from the surface of structures 

c) light reflected from the sclera which has been transmitted twice 

by the retina and choroid. 

It is difficult to differentiate between these compoents. 

Most observers agree (Fig. 18, p.42) that the reflectance spectrum 

of the fundus shows similarity to that of arterial blood. There is poor 

reflectance at the blue end of the spectrum. 

Arterial and venous blood each have a characteristic absorption spec

trum and the colour of structures in the retina containing blood is depend

ent upon these spectra. 

The sclera, myelin and hyalin reflect well in the spectral range 

covered by this study whereas the pigment of the retinal pigment epithelium 

and choroid (melanin, Fig. 15, p.39) absorbs equally well throughout the 

band. Thus the 'colour' of the fundus is darker with more pigmented fundi. 

The macula appears darker than the surrounding fundus due to thickening of 

and increased pigmentation of the pigment epithelium and increased vascu

larity of the retromacular choroid. 

The retina is transparent to all wavelengths in the visible spectrum. 

Even blue light must penetrate beyond the nerve fibre layer otherwise the 

eye would not be sensitive to blue. The photoreceptor cells (the rods and 

cones) are the outermost but one layer of the retina (Fig. 14, p.38). Also 

if blue light does not penetrate the nerve fibre layer no structure other 
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than the nerve fibre layer would be visible in the blue spectrum. There 

is some scatter of the blue due to the structure of the retina and blue 

light is absorbed by the macular pigment (macular xanthophyl, Wald, 1945). 

This pigment is believed to lie anterior to the receptors and accounts for 

a reduction in the sensitivity to blue in the macular region. This yellow 

colour is not usually very apparent but it may be more obvious in some 

cases of central retinal artery occlusion (Fig. 29), against the retinal 

pallor. 

Blood vessels containing arterial blood exhibit the absorption pro

perties of oxyhaemoglobin, thus it is possible to predict that they would 

appear darkest at the peaks of absorptance of oxyhaemoglobin, 540 nm and 

576 nm. In this study the arteries are most clearly defined at 514 nm 

and 550 nm with a slight reduction in definition at 583 nm. They are vir

tually transparent in the red as is oxyhaemoglobin. Although still visible 

at shorter wavelengths they are less well defined. This fact is in con

flict with the results of Behrendt and Wilson (1965) who found that the 

arteries became increasingly absorbent and apparent at shorter wavelengths. 

Blood vessels containing venous blood exhibit the absorption charact

eristics of haemoglobin and appear similar to the arteries until 583 nm 

when the veins are more absorbent and appear darker. Studying the spectral 

trasmittance curves of oxyhaemoglobin and haemoglobin it would have been 

possible to predict these results; it is interesting to note that a suffic

iently narrow spectral band at 560 nm would result in the arteries appear

ing darker than the veins. 

Thin haemorrhages and small aneurysms are most distinct in light of 

wavelength 514 nm, 550 nm and 583 nm which is in agreement with the find

ings of Potts (1965) at 533 nm. They disappear in the red. A thick haem-
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orrhage, larger aneurysm or a deep haemorrhage of stagnant blood will be 

opaque in the red also. It is difficult to differentiate between deep 

haemorrhage and pigmentation in red light hence spectral reflectance is 

of little value in this instance. Fluorescein angiography and retention 

studies would be indicated. 

By definition pigments are substances which absorb visible light. 

In the eye choroidal and retinal epithelial pigments are closely related 

melanins, thought to arise from enzymic action on tyrosine (Lillie, 1969). 

Very thin layers of melanin are virtually transparent whereas 

thicker layers absorb throughout the visible spectrum and the intervascu

lar regions of the choroid and accumulated melanin in pigmented lesions 

appear black even in red light. They are less visible in blue light due 

to scatter by the inner retinal layers. False colour film exposed to 

wavelengths from 510 nm in the visible to 900 nm in the infrared has been 

used to detect melanin in choroidal tumours (Suckling and Donaldson, 1970). 

Exudates vary in composition but may be considered as a mixture of fat, 

serum proteins, fibrin and cells. They reflect more or less equally 

throughout the spectrum below 600 nm appearing white. They are transpar

ent to red light. 

Other non-pigmented lesions such as choroidal metastases also appear 

white or grey. If the sclera is revealed, as in a scleral crescent of the 

disc or coloboma, it will reflect well at all visible wavelengths. 

The retinal nerve fibres are completely transparent to red light but 

in blue and green the characteristic distribution pattern is apparent. 

This is more probably due to scatter and reflection than the "sizeable ab

sorption ll mentioned by Behrendt and Wilson. 

There is reflectance at all wavelengths from the optic cup but the 
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non-cupped part of the disc does not reflect well at lower wavelengths ex

cept in optic atrophy. The greater penetrating power of red light might 

be expected to reveal structures deep in the optic cup; however, the lack 

of absorption of these structures renders them almost invisible and the 

high reflectance of the myelin obscures the detail still more. Studies of 

the deep vascular supply to the optic disc in vivo require the use of 

angiography with either a dye opaque in the red, such as indocyanine green 

(Kogure et al., 1970) or preferably a dye which fluoresces in the red. 

Studies of the depth and integrity of fundal structures using spec

tral reflectance photography (Behrendt and Duane, 1966) are based on the 

assumption that blue (477 nm) does not penetrate beyond the nerve fibre 

layer, green (577 nm) reaches only the pigment epithelium and no further 

and red (640 nm) reaches the choroid. Accepting these premises the fundus 

may be considered as three strata. The choroid is only visible in red 

light unless the retinal pigment epithelium is so thin or absent that 

green light can penetrate it. If all layers of the retina are absent 

blue light will also penetrate. The deep retinal stratum may be reached 

by red and green light but not by blue. The anterior retinal stratum 

(nerve fibre layer) may be reached by red, green and blue light. Behrendt 

and Duane propose that it is possible to determine the absence or lack of 

integrity of each stratum and that the depth of various structures may be 

determined. This study does not support their original assumptions and 

disputes some of their conclusions. They state that the pigment epithelium 

becomes less transparent in diabetic retinopathy; present findings (Fig. 

27, p.67-69) demonstrate excellent definition of fue choroidal pattern in 

the green wavelengths suggesting that the pigment epithelium is more trans

parent, not less. Due to the great variation in normal pigmentation no 
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definite conclusions can be drawn. 

from diabetes mellitus is indicated. 

A longitudinal study on early sufferers 

It is possible that assessment of 

depth by thi s method woul d be of some va 1 ue to a,monocul ar observer exami n

ing the fundus through an undilated pupil (thus eliminating parallax). 

Stereoscopic studies coupled with a partially reduced spectrum as in Ired 

free l photography offer more striking and accurate results. 
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8. SUMMARY AND CONCLUSIONS 

1. The relative reflectance of different structures in the fundus oculi 

is considered at selected wavelengths between 400 nm and 700 nm. The 

results are correlated with known histology and the absorptance/re

flectance properties of the structures. 

2. The degrees of definition of various structures are summarized in 

Table 1. 

3. Structures containing blood exhibit the absorption characteristics of 

oxyhaemoglobin or haemoglobin and are best defined at the peaks of 

absorptance of these pigments. 

4. Ocular melanins absorb equally well throughout the visible spectrum 

and are best demonstrated in the eye using red light. 

5. The visible spectrum may be divided into three equal bands offering 

varying degrees of information in studies of the fundus. 

a) The'blue band" (400 nm - 500 nm) offers no advantages over the 

"green orange band" (500 nm - 600 nm). 

b) This middle band gives good definition of all the structures con

sidered in this study other than deep pigmentation. 

c) The latter is accomplished by the "red band" (600 nm - 700 nm). 

This same band may be used to differentiate between arterial and 

venous blood vessels. However, techniques using infrared are 

probab ly superi or to the II red band" for studi es of deep pi gment

ation and blood vessels. 

d) The "green band" may be used to augment the fi ndi ngs of po lych rom

atic (white light) ophthalmoscopy by giving greater contrast. 

The similarity of the results achieved with this band (514 nm, 
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550 nm and 583 nm) suggests that "monochromatism" is not essential. 

Good contrast may be achieved using a broad band pass interference 

filter or an absorption filter (Appendix 8) with a transmittance 

peak at about 550 nm. The latter is mQre economical and may be 

fitted into a hand ophthalmoscope. Since the sensitivity of the 

eye peaks in this region photography is not essential. 

6. Quantitative studies have yet to be done satisfactorily. 
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TABLE 1 

DEGREE OF DEFINITION OF FUNDAL STRUCTURES 

AT DIFFERENT WAVELENGTHS 

Wavelength (nm) 

STRUCTURE 417 448 480 514 550 583 616 

Choroid + ++ ++ ++ +(+) 

Nerve fi bre layer + ++ ++ ++ + 

Arteri es + + + ++ ++ + 

Veins + + + ++ ++ ++ ++ 

Capi 11 ari es + ++ + 

Thin haemorrhage + + ++ ++ ++ + 

Thick haemorrhage + + ++ ++ ++ ++ ++ 

New vessels + ++ ++ ++ + 

Aneurysms + ++ ++ ++ + 

Exudate + ++ ++ ++ ++ + 

Macula + + + + + + + 

Deep pigment + + + + ++ 

Superficial pigment + + ++ ++ ++ ++ ++ 

++ indicates good definition 

+ indicates fair definition 

(+) indicates variability 

absence of + indicates poor definition. 

650 682 

+(+) +(+) 

++ + 

++ + 

+ 

+ + 

++ ++ 

++ ++ 

The optic disc presents a less straightforward appearance and is not 
included in this table. 
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APPENDIX A 

Transmittance curves of the interfer~nce filters. The manufacturer 

claims that there are no leaks or secondaries between 185 nm and 15 mic

rons. Glass absorbs below 185 nm and the metal film rejects wavelengths 

beyond 15 microns. Thus it may be assumed that only wavelengths within 

the pass band of the filter may reach the fundus. 
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Peak transmittance 448 nm. 



- 92 -

% TRANSMITTANCE 

50 

40 

30 

20 

TO 

450 500 Anm 

Peak transmittance 480 nm. 
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APPENDIX B 

Examples of Ired free l fundus photography using Kodak Wratten 

Filter 58. These prints are from colour transparencies hence some 

loss of detai 1 . 
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Transmittance curve of 'Kodak Wratten 158 1 filter 
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